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Goed nieuws dat
Antarctica omhoogkomt.
Of toch niet?
Door verlies van ijsmassa veert de ondergrond van WestAntarctica sneller terug dan aangenomen. Kan dat helpen
om de smelt van gletsjers te stoppen, vraagt Rolf
Schuttenhelm zich af.
O 5 september 2018
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Het was weer een zomer vol klimaatnieuws. Recorddroogte, recordhitte,
recordbosbranden. En op Antarctica blijkt de ijssmelt in tien jaar tijd te zijn
verdrievoudigd.
Toch was daar ookgoed nieuws. „De bodem van West-Antarctica komt
onverwacht snel omhoog. Dat proces kan het smelten van de bovenliggende
ijskap in de loop van deze eeuw vertragen. Of misschien zelfs stoppen”, schreef
Marcel aan de Brugh op 21 juni in NRC, verwijzend naar een publicatie van
nieuwe gps-metingen in Science.
Het fenomeen van deze ‘isostatische terugvering’ was al wel bekend: als
ijskappen smelten, stijgt door het afnemende gewicht het onderliggende
gesteente. Zo beweegt Scandinavië ruim tienduizend jaar na de laatste ijstijd
nog steeds omhoog (terwijl daarmee samenhangend in het Noordzeebekken
juist nog bodemdaling optreedt, je moet het zien als een soort wip).
Onder de Amundsenzee bij West-Antarctica verloopt dit terugveren sneller
dan verwacht. De aardmantel blijkt er minder stug te zijn. Ook is het ijsverlies
iets groter dan gedacht. Het gaat nog lO procent sneller dan collegaijskaponderzoekers dezelfde maand constateerden in Nature.

Wig onder de ijskap
Afgezien van die snellere ijssmelt is het goed nieuws. Zeespiegeldaling zet
namelijk een rem op binnendringend warm oceaanwater, dat een wig drijft
onder de randen van de ijskap: het terugtrekken van de zogeheten grounding
line van de gletsjers - de grens tussen de ijskap op land en drijvende
ijsplateaus eromheen. Met een beetje geluk wordt die waterwig onder het ijs
zelfs kleiner. Dat zou leiden tot stabielere (langzamer stromende) gletsjers, en
mogelijk dus ook een afname van de ijssmelt.
Maar hoe past dit fenomeen in het verdere krachtenspel van
klimaatverandering rond de randen van de ijskappen? De voorbije jaren
https://www.nrc.nl/nieuws/2018/09/05/goed-nieuws-dat-antarctica-omhoog-komt-of-toch-niet-a1615341
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j leerden we veel over albedo-effecten, smeltwaterscheuren,
' warmwaterstagnatie en de dreigende vorming van (toenemend instabiele)
gijskliffen. Dat zijn stuk voor stuk positieve terugkoppelingen, mechanismen die
o.het ijsverlies kunnen versnellen. Zeespiegeldaling als gevolg van ijssmelt is
een negatieve terugkoppeling - een rem.
Hoe moetje die feedbackmechanismen nu in verhouding zien? Zal het
terugtrekken van de grondlijn van de West-Antarctische gletsjers
plaatsmaken voor expansie, in de richting van de dalende zee? En zou
isostasie de ijssmelt daadwerkelijk kunnen stoppen?
“De grondlijnen zullen hoogstwaarschijnlijk niet uitbreiden. In het beste
geval zullen ze stabiel worden, of minder hard terugtrekken”, zegt Valentina
Barletta desgevraagd. Zij is de hoofdauteur van de studie in Science en een
deskundige op bodembewegingen van de Technische Universiteit van
Denemarken.
Co-auteur Benjamin Smith van de Universiteit van Washington, bij de studie
betrokken ais gietsjerexpert, deelt die conclusie: “Ik denk dat de grondlijnen
van de West-Antarctische ijskap zullen blijven terugtrekken richting het
centrum van de ijskap. We zullen vast tijdelijke uitbreidingen zien, maar over
het geheel trekken ze landwaarts.”

Een Chinese vingerval
Beide onderzoekers (lees hier hun uitgebreidere reacties) relativeren de
kracht van de negatieve feedback, met name ten opzichte van de meer
primaire effecten van klimaatverandering. Barletta maakt een analogie met
een Chinese vingerval: “Hoe harder je trekt, hoe strakker de val. De feedback
is de cilinder om je vingers en klimaatverandering de kracht die je vingers uit
elkaar trekt, waardoor de rem steeds sterker wordt.”
“Om jezelf te bevrijden uit de val, kun je ook nóg harder trekken, zodat je de
vingerval volledig uit elkaar trekt. Dat is wat er met deze feedback gebeurt
onder extreme opwarming.”
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Uiteindelijk is de terugkoppeling een reactie op de forcering, het maakt de
forcering sterker of minder sterk, maar de primaire forcering is massa-afname
als gevolg van warmer oceaanwater, voegt Roderik van de Wal toe - een
expert op het gebied van Antarctische gletsjers aan de Universiteit Utrecht.
Het begrip van het terugtrekken van de grounding lines over een dieper
wordende bodem was vroeger een problematisch punt in modellen en
dat wordt nu veel beter opgelost. Maar als dit het enige is wat zou
spelen, duurt het heel lang voor ijsplaten verdwenen zijn. Er is echter
ook aan het licht gekomen dat de ijsplaten veel sterker smelten van
onderaf en dat er de mogelijkheid is dat als de sneeuw aan de
bovenkant van de ijsplaten verzadigd raakt, het water naar binnen
dringt en de ijsplaat doet opbreken. Beide hebben invloed op de
snelheid van opbreken.

Kritisch voor de vraag of de ijsplaat langzaam opbreekt of heel snel is volgens
Van de Wal behalve deze ‘hydro-fracturing’ en de basale afsmelting verder of
de interne stroming de weerstand van de ijsplaat op de zijkanten van de
baaien (‘buttressing’) verandert. “Als die afneemt tot nul, dan stroomt de
ijsplaat als het ware direct weg de oceaan in.”
En dan kunnen ook ijskliffen een factor worden, aldus Van de Wal. Hij denkt
niet dat de lokale zeespiegeldaling in dit krachtenspel een grote rol zal spelen:
“Het gravitatie-effect heeft geen directe consequentie voor buttressing,
hydrofracturing en de basal melt en heeft daarmee vermoedeüjk niet zo’n
belangrijke rol in de stabiliteit van de ijsplaat.

Lokale effecten

Ook Benjamin Smith denkt dat andere, lastig te modelleren mechanismen
veel sneller verlopen: “Wat een detailmodel kan doen, maar een volledig
ijskapmodel [zoals gebruikt in de isostasiestudie] meestal niet, is het
weergeven van gedetailleerde smeltprocessen langs het gesteente onder de
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I gletsjer, in de buurt van de grounding lines. Deze leiden tot belangrijke lokale
' effecten die veel sterker zijn dan de elastische opheffing.”
;petailmodellen van West-Antarctische gletsjers laten volgens Smith door
smeltprocessen op de grondlijnen kortstondige episodes van explosieve smelt

o:

Zien.

Deze snelle terugtrekkingen geven een groter netto massaverlies dan
de geleidelijke langetermijnterugtrekking. Ik verwacht dat episodische
terugtrekking die gepaard gaat met snelheden van enkele meters per
jaar met gemak de centimeters per jaar aan bodemopheffing die het
aardmodel voorspelt voorbijstreeft.

Smith noemt de isostatische feedback “enigszins geruststellend voor de
toekomst van de ijskap op de zeer lange termijn, maar in het geheel niet
geruststellend voor wat er gaat gebeuren gedurende het leven van mijn
(theoretische) kleinkinderen.”
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Climate-change-driven accelerated sea-level rise
detected in the altimeter era
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Using a 25-y time series of precision satellite altimeter data from
TOPEX/Poseidon, Jason-1, Jason-2, and Jason-3, we estimate the
climate-change-driven acceleration of global mean sea level over
the last 25 y to be 0.084 ± 0.025 mm/y^. Coupled with the average
climate-change-driven rate of sea level rise over these same 25 y of
2.9 mm/y, simple extrapolation of the quadratic implies global mean
sea level could rise 65 ± 12 cm by 2100 compared with 2(X)5, roughly
in agreement with the Intergovernmental Panel on Climate Change
(IPCC) 5th Assessment Report (AR5) model projections.
sea level | acceleration | climate change | satellite altimetry

Çatellite altimeter data collected since 1993 have measured a
Jrise in global mean sea level (GMSL) of ~3 ± 0.4 mm/y (1, 2),
resulting in more than 7 cm of total sea-level rise over the last
25 y. This rate of sea-level rise is expected to accelerate as the
melting of the ice sheets and ocean heat content increases as
greenhouse gas concentrations rise. Acceleration of sea-level rise
over the 20th century has already been inferred from tide-gauge data
(3-5), although sampling and data issues preclude a precise quanti
fication. The satellite altimeter record of sea-level change from
TOPEX/Poseidon, Jason-1, Jason-2, and Jason-3 is now approaching
25 y in length, making it possible to begin probing the record for
climate-change-driven acceleration of the rate of GMSL change (6).
Unlike tide-gauge data, these retrievals sample the open ocean and
allow for precise quantitative statements regarding global sea level.
However, detecting acceleration is difficult because of (/) interannual
variability in GMSL largely driven by changes in terrestrial water
storage (TWS) (7-9), (;/) decadal variability in TWS (10), thermosteric sea level, and ice sheet mass loss (11) that might masquerade
as a long-term acceleration over a 25-y record, (iii) episodic vari
ability driven by large volcanic eruptions (12), and (n ) errors in the
altimeter data, in particular, potential drifts in the instmments over
time (13). With careful attention to each of these issues, however, a
preliminary satellite-based estimate of the climate-change-driven
acceleration of sea-level rise can be obtained. This estimate is useful
for understanding how the Earth is responding to warming, and thus
better informs us of how it might change in the future.
The satellite altimeter record of GMSL is shown in Fig. 1 (14).
These data reflect a recent update to the TOPEX measurements
discussed in ref. 15 following earlier empirical work by refs. 16 and
17. The acceleration obtained by fitting a quadratic to this updated
25-y record is 0.097 mm/y^. As described in ref. 12, the eruption of
Mount Pinatubo in 1991 caused a decrease in GMSL just before
the launch of TOPEX, followed by a slow recovery that resulted in
an apparent deceleration of sea level of —0.02 ± 0.01 mmly^ over
the 25-y record. To isolate the climate-change-driven accelera
tion, we remove this effect (Fig. 1), which increases the acceler
ation of the adjusted GMSL record from 0.097 to 0.117 mm/y^.
There is considerable interarmual variability in the GMSL time
series due to changes in TWS, mainly driven by El Nino Southern
Oscillation (ENSO) effects (7-9). We use a multivariable empiri
cal orthogonal function (EOF) analysis to isolate the ENSO effects
(Fig. 2) and remove them from the GMSL curve. This reduces the
www.pnas.org/cgi/doi/10.1073/pnas. 1717312115

GMSL acceleration estimate by 0.033 mm/y^, resulting in a final
“climate-change-driven” acceleration of 0.084 mm/jr. Climatechange-driven in this case means we have tried to adjust the
GMSL measurements for as many natural interannual and decadal
effects as we can to try to isolate the longer-term, potentially an
thropogenic, acceleration—any remaining effects are considered in
the error analysis.
We also must consider the impact of errors in the altimeter
measurements, especially instrument drift. To assess instrument
drift, we examine sea-level differences between altimetry and
tide gauges (13) over time. This technique has been used for the
last two decades to assess the instrument drift, but not to assess
errors in GMSL acceleration estimates. Fig. 3 shows a time series
of these differences. Using an ARl noise model, we find that
these differences imply a la uncertainty in the acceleration of
the instrument drift of 0.011 mm/y^.
Finally, we must also consider the impact of decadal variability
in GMSL on acceleration estimates derived from a 25-y record.
While estimates of the impact of decadal variability on the 25-ylong time series are difficult to obtain (18), satellite altimetry is far
less sensitive to decadal variability than tide-gauge measurements
(19) because of its superior global coverage. Estimates of decadal
variability from tide-gauge data (18) are uncertain due to their
poor geographic sampling and other effects, so estimates must be
assembled from measurements of the contributions to GMSL in
cluding TWS (10), the cryosphere (11), and thermosteric sea-level
change (20). We have removed most of the impact of changes in
TWS, but allow 0.01-mm/y^ residual impact on the acceleration
(based on ref. 10). Estimates of the decadal variability in ice sheet
mass loss (11) suggest the impact on acceleration estimates is
~0.014 mm/y^ for a 25-y time series, in the absence of rapid dy
namical changes in the ice sheets. The impact of decadal vari
ability in thermosteric sea level was estimated at 0.01 mm/y^ using
a control run for the National Center for Atmospheric Research
Significance
Satellite altimetry has shown that global mean sea level has been
rising at a rate of ~3 ± 0.4 mm/y since 1993. Using the altimeter
record coupled with careful consideration of interannual and
decadal variability as well as potential instrument errors, we
show that this rate is accelerating at 0.084 + 0.025 mm/y^, which
agrees well with climate model projections. If sea level continues
to change at this rate and acceleration, sea-level rise by 2100
(~65 cm) will be more than double the amount if the rate was
constant at 3 mm/y.
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Fig. 1. GMSL from the adjusted processing of ref. 15 (blue) and after re
moving an estimate for the impacts of the eruption of Mount Pinatubo (12)
(red), and after also removing the influence of ENSO (green), fit with a
quadratic (black). The acceleration (0.084 mm/y^) is twice the quadratic
coefficient.

(NCAR) Large Ensemble (LE) (21). We also include an estimate
from the NCAR LE of the impact of decadal variability in pré
cipitable water in the atmosphere, which can impact GMSL.
Therefore, a conservative estimate of the total impact of decadal
variability on our acceleration estimate is the root sum square
(RSS) of these contributions, which is 0.017 mm/y^.
Table 1 shows a summary of the different error estimates. The
final error estimate for the climate-change-driven GMSL ac
celeration is the RSS of the measurement errors (0.011 mm/y^),
the error in the Pinatubo correction (0.01 mm/y^), the error in
the ENSO correction (0.01 mm/y^), and the errors due to de
cadal variability (0.017 mm/y^). Their joint consideration yields a
final acceleration estimate of 0.084 ± 0.025 mm/y^.
We can perform an approximate validation of the altimeter-based
GMSL acceleration estimate by examining other satellite and in situ

- ENSO Correction
-Detrended GMSL (minus Pinatubo)

'-vÏir...

Fig. 3. Differences between altimeter and tide gauge observed sea level
used to estimate the error in the acceleration estimate (13).

measurements of the components that contribute to the GMSL
acceleration. The Gravity Recovery and Climate Experiment
(GRACE) mission provides estimates of the ciyospheric contribu
tions to the acceleration of sea-level rise, including Greenland,
Antarctica, and small ice caps and mountain glaciers (22), although
these measurements only start in 2(X)2. As shown in Table 2,
Greenland and Antarctica account for most of the observed GMSL
acceleration (6). The acceleration of thermosteric sea level was
determined from an update to ref. 23. The thermosteric accelera
tion is small compared with the ice sheets, but on par with the
acceleration from mountain glaciers and small ice caps.
Table 2 summarizes estimates of the contribution of these
components to the acceleration of GMSL. While the time periods
are shorter than covered by the altimetry record, they provide a
rough validation of the altimeter-based acceleration estimate.
Shortening the altimeter record to match GRACE increases the
acceleration, but also significantly increases the error bar. The
main consequence of the shorter time periods is the potential
influence of interannual and decadal variability. Nevertheless, the
agreement between the climate-change-driven acceleration (ad
justed for ENSO and Pinatubo effects) observed from 25 y of
satellite altimetry and independent acceleration estimates from
the components contributing to GMSL is quite good.
Our estimate of the 25-y GMSL acceleration is 0.084 ±
0.025 mm/y^ (la) after removing the Pinatubo effect and ac
counting for the impact of ENSO variations. The probability that
the acceleration is actually zero is less than 1%. The error includes
both the altimeter drift error and the impact of decadal variability.
Table 1.

Components of acceleration error (la)
Acceleration

Error
Altimeter measurement
errors
Decadal variability

f

-15
1995

2000

2005
Year

2010

2015

Fig. 2. ENSO GMSL correction (blue) compared with detrended GMSL (red,
Pinatubo effects removed).
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Source
Tide-gauge validation

Cryosphere (11)
TWS (NCAR LE)
Thermosteric (NCAR LE)
Précipitable water (NCAR LE)
Pinatubo correction error NCAR LE
ENSO/PDO correction error Joint EOF analysis
RSS
Total

error, mm/y^
0.011
0.014
0.0054
0.0075
0.0013
0.01
0.01
0.025
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Table 2.

Validation of acceleration estimate
Time period

Rate, mm/y; Epoch 2005.0

Acceleration, mm/y^

Greenland
Antarctica
Mountain glaciers and
small ice caps
Thermosteric*
Components total

2002.3-2017.0
200.32-2017.0
2002.3-2017.0

0.66
0.19
0.51

0.0236
0.0332
0.0094

1993.0-2016.0

1.65
3.01

0.0076
0.074

Altimeter observed
Altimeter observed*
Altimeter observed’

1993.0-2017.0
1993.0-2017.0
1993.0-2017.0

3.1
2.9
2.9

0.097
0.117
0.084

Component
Ói'
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‘Corrected for Pinatubo.
’Corrected for Pinatubo and ENSO effects (climate-change-driven acceleration).

When taken with a rate of sea-level rise of 2.9 ± 0.4 mm/y (epoch
2005.0), the extrapolation of the quadratic gives 654 ±119 mm of
sea-level rise by 2100 relative to 2(X)5, which is similar to the
processed-based model projections of sea level for representative
concentration pathways 8.5 in the IPCC Fifth Assessment Report
(24). Stated alternatively, the observed acceleration will more
than double the amount of sea-level rise by 2100 compared with
the current rate of sea-level rise continuing unchanged. This
projection of future sea-level rise is based only on the satelliteobserved changes over the last 25 y, assuming that sea level
changes similarly in the future. If sea level begins changing more
rapidly, for example due to rapid changes in ice sheet dynamics,
then this simple extrapolation will likely represent a conservative
lower bound on future sea-level change. In contrast, few po
tential processes exist to suggest that this estimate is too high.
Projections over shorter time frames (25,50 y, etc.) are therefore
likely more reliable, but will also be more sensitive to internal
climate variability and volcanic eruptions.
Methods
Altimeter Data Processing. The altimeter data were processed following the
recommendations set forth in ref. 15, including the latest orbits, tide models,
sea-state bias models, water vapor corrections, etc. Following ref. 15, the
"cal mode" correction to the TOPEX data was not applied, because the
correction degraded comparisons to tide-gauge sea-level measurements,
and because later investigation showed it should not have been applied in
the first place. Not applying the cal-mode correction slightly increases the
estimated sea-level acceleration. Measured GMSL was corrected for the ef
fects of Glacial Isostatic Adjustment with a global model, which increased
the GMSL rate by 0.25 mm/y (25).
Pinatubo GMSL Contribution. The computation of the effects of the eruption
of Mount Pinatubo on GMSL using the NCAR LE of models (21) is described in
ref. 12. Because this model ends in 2010, we assumed an exponential decay
from 2010 to the present. This correction increases the quadratic accelera
tion estimate by 0.02 mm/y^. The error in this correction was estimated from
the variance of the NCAR LE at 0.01 mm/y^.
Computation of the ENSO GMSL Contribution. We removed the effects of
ENSO and Pacific Decadal Oscillation (PDO)-related variations on GMSL by
computing a correction. This correction was computed via a joint cyclo
stationary empirical orthogonal function (CSEOF) analysis of altimeter
GMSL, GRACE land water storage, and Argo-based thermosteric sea level
from 2005 to present. The physical interpretation of these two modes is
discussed in ref. 26, although here the understanding of the modal de
composition is extended through the inclusion of additional variables.
The two leading CSEOF modes were subsequently projected onto the
altimeter data from 1993 to present and averaged over the global ocean
to arrive at what we refer to as a GMSL ENSO correction. Applying this
correction reduced the quadratic acceleration value by 0.033 mm/y^.
Based on the ENSO and PDO variability during the altimeter record, a
positive acceleration is expected due both to the presences of two large El
Ninos at either end of the record and the recent shift from the positive
to negative phase of the PDO. To allow for the possibility that this

Nerem et al.

correction might have not removed all of the ENSO signal and also based
on sensitivity tests of the decomposition, we carry an error estimate of
0.01 mm/y^ for this correction.
Calculation of Acceleration. We performa least-squares fit of a quadratic using
a time epoch of 2005.0 (the midpoint of the altimeter time series), where
acceleration is twice the quadratic coefficient. All of the data were weighted
equally—weighting the data based on error estimates from tide-gauge
differences did not appreciably change the results.
Tide-Gauge-Based Altimeter Acceleration Error Estimate. The altimeter sealevel measurements were differenced with individual tide-gauge sealevel measurements, and then stacked and globally averaged to detect
changes in the altimeter instrument behavior, assuming the tide-gauge
measurements are perfect, following ref. 13. While there are overlaps
between each of the four satellites in the time series, allowing instru
mental biases to be determined and removed, there was no overlap in
early 1999 when the TOPEX altimeter was switched from Side A to Side B
of its electronics. As a consequence we estimated a bias here of 5.7 mm by
leveling the TOPEX Side A tide-gauge differences to an average of the
Jason-1-3 differences. This is a slightly different value than was found in
ref. 15 (5 mm) because our analysis technique was different. Once this
adjustment was made, an AR1 noise model was used to estimate the 1o
error in the quadratic acceleration coefficient of 0.011 mm/y^. This is al
most certainly a conservative error estimate because it assumes the tidegauge sea-level measurements are perfect.
Acceleration Validation. We computed a rough validation (Table 2) of the
altimeter-based acceleration estimate by comparing to other datasets, al
though they cover different time periods. We used the GRACE mascon data
from ref. 27 and computed time series by averaging the mascons over (/)
Greenland, (//) Antarctica, and (Hi) mountain glaciers and small ice caps
(areas updated from ref. 28).
Constraining the thermosteric contribution to sea-level acceleration is ham
pered by the large discrepancies and related uncertainties that exist in ocean heat
content datasets (20, 29). The root cause of these discrepancies has been at
tributed to errors in the raw data and mapping methods used to infill data gaps,
which are particularly large in the southern oceans, but substantial progress has
been made recently in dealing with these issues (30, 31). Given the systematic
biases imparted by both data errors and infilling methods, a simple averaging
across available datasets is not an effective means of minimizing bias (32),
Rather, the optimization of mapping methods is likely to offer a suitable best
estimate for quantifying both thermosteric contributions to acceleration and
their uncertainty. Here we use the estimate provided from ref. 23. Comparison
with independent data, such as the top of atmosphere (TOA) radiative balance
also provides insight (32), We find the TOA reconstruction of ref. 33 to be
broadly consistent with the value of acceleration derived from ref. 23.
ACKNOWLEDGMENTS. M. Merrifield and P. Thompson provided feedback
on an initial draft of the paper. R. Ray provided helpful comments on the
processing of the TOPEX altimeter data. K. McMenamin assisted with the
analysis of the GRACE data. This study was funded by NASA Grants
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Contribution of Antarctica to past and
future sea-level rise

Robert M. DeConto' & Da\'id Pollard^

Polar temperatures over the last several million years have, at times, been slightly warmer than today, yet global mean
sea level has been 6-9 metres higher as recently as the Last Interglacial (130,000 to 115,000 years ago) and possibly higher
during the Pliocene epoch (about three million years ago). In both cases the Antarctic ice sheet has been implicated as the
primary contributor, hinting at its future vulnerability. Here we use a model coupling ice sheet and climate dynamicsincluding previously imderappreciated processes linking atmospheric warming with hydrofracturing of buttressing ice
shelves and structural collapse of marine-terminating ice cliffs—that is calibrated against Pliocene and Last Interglacial
sea-level estimates and applied to future greenhouse gas emission scenarios. Antarctica has the potential to contribute
more than a metre of sea-level rise by 2100 and more than 15 metres by 2500, if emissions continue unabated. In this
case atmospheric warming will soon become the dominant driver of ice loss, but prolonged ocean warming will delay
its recovery for thousands of years.
Reconstructions of the global mean sea level (GMSL) during past warm
climate intervals including the Pliocene (about three million years ago)‘
and late Pleistocene interglacials^“^ imply that the Antarctic ice sheet
has considerable sensitivity. Pliocene atmospheric CO2 concentra
tions were comparable to todays (~400 parts per million by volume,
p.p.m.v.)^, but some sea-level reconstructions are 10-30 m higher'^ In
addition to the loss of the Greenland Ice Sheet and the West Antarctic
Ice Sheet (WAIS)^, these high sea levels require the partial retreat of
the East Antarctic Ice Sheet (EAIS), which is further supported by
sedimentary evidence from the Antarctic margin*. During the more
recent Last Interglacial (LIG, 130,000 to 115,000 years ago), GMSL
was 6-9.3 m higher than it is today^“'*, at a time when atmospheric
CO2 concentrations were below 280p.p.m.v. (ref. 9) and global mean
temperatures were only about 0-2 °C warmer'". This requires a sub
stantial sea-level contribution from Antarctica of 3.6-7.4 m in addition
to an estimated 1.5-2m from Greenland" '" and around 0.4m from
ocean steric effects'". For both the Pliocene and the LIG, it is difficult
to obtain the inferred sea-level values from ice-sheet models used in
future projections.

Marine ice sheet and ice cliff instabilities
Much of the WAIS sits on bedrock hundreds to thousands of metres
below sea level (Fig. la)'". Today, extensive floating ice shelves in the
Ross and Weddell Seas, and smaller ice shelves and ice tongues in
the Amundsen and Bellingshausen seas (Fig. lb) provide buttressing
that impedes the seaward flow of ice and stabilizes marine grounding
zones (Fig. 2a). Despite their thickness (typically about 1 km near the
grounding line to a few hundred metres at the calving front), a warm
ing ocean has the potential to quickly erode ice shelves from below, at
rates exceeding lOmyr^'^C“' (ref 14). Ice-shelf thinning and reduced
backstress enhance seaward ice flow, grounding-zone thinning, and
retreat (Fig. 2b). Because the flux of ice across the grounding line
increases strongly as a function of its thickness'^, initial retreat onto
a reverse-sloping bed (where the bed deepens and the ice thickens
upstream) can trigger a runaway Marine Ice Sheet Instability (MISI;
Fig. 2c)''’”'". Many WAIS grounding zones sit precariously on the
edge of such reverse-sloped beds, but the EAIS also contains deep

subglacial basins with reverse-sloping, marine-terminating outlet
troughs up to 1,500 m deep (Fig. 1). The ice above floatation in these
East Antarctic basins is much thicker than in West Antarctica, with
the potential to raise GMSL by around 20 m if the ice in those basins
is lost'". Importantly, previous ice-sheet simulations accounting for
migrating grounding lines and MISI dynamics have shown the poten
tial for repeated WAIS retreats and readvances over the past few million
years'®, but could only account for GMSL rises of about 1 m during the
LIG and 7 m in the warm Pliocene, which are substantially smaller than
geological estimates.
So far, the potential for MISI to cause ice-sheet retreat has focused
on the role of ocean-driven melting of buttressing ice shelves from
below*"-'®'"". However, it is often overlooked that the major ice shelves
in the Ross and Weddell seas and the many smaller shelves and ice
tongues buttressing outlet glaciers are also vulnerable to atmospheric
warming. Today, summer temperatures approach or just exceed 0°C
on many shelves"', and their flat surfaces near sea level mean that little
atmospheric warming would he needed to dramatically increase the
areal extent of surface melting and summer rainfall.
Meltwater on ice-shelf surfaces causes thinning if it percolates
through the shelf to the ocean. If refreezing occurs, the ice is warmed,
reducing its viscosity and speeding its flow"". The presence of rain and
meltwater can also influence crevassing and calving rates"" (hydrofrac
turing) as witnessed on the Antarctic Peninsula’s Larson B ice shelf dur
ing its sudden hreak-up in 2002""*. Similar dynamics could have affected
the ice sheet during ancient warm intervals"-’’, and given enough future
warming, could eventually affect many ice shelves and ice tongues,
including the major buttressing shelves in the Ross and Weddell seas.
Another physical mechanism previously underappreciated at the icesheet scale involves the mechanical collapse of ice cliffs in places where
marine-terminating ice margins approach 1 km in thickness, with
>90 m of vertical exposure above sea level"". Today, most Antarctic
outlet glaciers with deep beds approaching a water depth of 1 km are
protected by buttressing ice shelves, with gently sloping surfaces at the
grounding line (Fig. 2d). However, given enough atmospheric warm
ing above or ocean warming below (Fig. 2e), ice-shelf retreat can out
pace its dynamically accelerated seaward flow as buttressing is lost and
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in the few places where such conditions exist today (the Helheim
and Jakobsavn glaciers on Greenland and the Crane Glacier on the
Antarctic Peninsula), hinting that a Marine Ice Cliff Instability (MICI)
in addition to MISI could be an important contributor to past and
future ice-sheet retreat.
Our three-dimensional ice sheet-ice shelf modeF^-^^ (Methods)
predicts the evolution of continental ice thickness and temperature as
a function of ice flow (deformation and sliding) and changes in mass
balance via precipitation, runoff, basal melt, oceanic melt under ice
shelves and on vertical ice faces, calving, and tidewater ice-cliff fail
ure. The model captures MISI (Fig. 2a-c) by accounting for migrating
grounding lines and the buttressing effects of ice shelves with pinning
points and side-shear. To capture the dynamics of MICI (Fig. 2d-f ),
new physical treatments of surface-melt and rainwater-enhanced calv
ing (hydrofracturing) and grounding-line ice-cliff dynamics have been
added^^. Including these processes was found to increase the model’s
contribution to Pliocene GMSL from +7 m (ref. 18) to -F 17 m (ref. 25).
The model formulation used here is similar to that described in ref. 25,
but with improvements in the treatment of calving, thermodynamics,
and climate-ice-ocean coupling (Methods).

1,000

The Antarctic Ice Sheet in the Phocene
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Figure 1 | Antarctic sub-glacial topography and ice sheet features.
a, Bedrock elevations*^ interpolated onto the 10-km polar stereographic
ice-sheet model grid and used in Pliocene, LIG, and future ice-sheet
simulations, b, Model surface ice speeds and grounding lines (black lines)
show the location of major ice streams, outlet glaciers, and buttressing ice
shelves (seaward of grounding lines) relative to the underlying topography
in a. Features and place names mentioned in the text are also shown.
AS, Amundsen Sea; BS, Bellingshausen Sea; WDIC, WAIS Divide Ice
Core. The locations of the Pine Island, Thwaites, Ninnis, Mertz, Totten,
and Recovery glaciers are shown. Model ice speeds (b) are shown after
equilibration with a modern atmospheric and ocean climatology
(see Methods).
retreating grounding lines thicken*^. In places where marine-terminating
grounding lines are thicker than 800 m or so, this would produce
>90 m subaerial cliff faces that would collapse (Fig. 2f) simply because
longitudinal stresses at the cliff face would exceed the yield strength
(about 1 MPa) of the ice^®.
More heavily crevassed and damaged ice would reduce the maximum
supported cliff heights. If a thick, marine-terminating grounding line
began to undergo such mechanical failure, its retreat would continue
unabated until temperatures cooled enough to reform a buttressing
ice shelf, or the ice margin retreated onto bed elevations too shallow to
support the tall, unstable cliffs^®. If protective ice shelves were suddenly
lost in the vast areas around the Antarctic margin where reverse-sloping
bedrock is more than 1,000m deep (Fig. la), exposed grounding-line
ice cliffs would quickly succumb to structural failure, as is happening

The warm mid-Pliocene and LIG provide complementary targets
for model performance, via the ability to produce ~5-20m and
~3.5-7.5m GMSL from Antarctica, respectively. These two time
periods highlight model sensitivities to different processes, because
Pliocene summer air temperatures were capable of producing substantial
surface meltwater, especially during warm austral summer orbits^®.
Conversely, LIG temperatures were cooler^^, with limited potential for
surface meltwater production. Instead, ocean temperatures^® could
have been the determining factor in LIG ice retreat^'.
To simulate Pliocene and LIG ice sheets, we couple the ice model to
a high-resolution, atmospheric regional climate model (RCM) adapted
to Antarctica and nested within a global climate model (GCM; see
Methods). The RCM captures the orographic details of ice shelves
and adjacent ice-sheet margins, which is critical here because the new
calving and grounding line processes are mechanistically linked to the
atmosphere.
High-resolution ocean modelling beneath time-evolving ice shelves
on palaeoclimate timescales exceeds existing capabilities. Instead,
we use a modern ocean climatology^^ interpolated to our ice-sheet
grid, with uniformly imposed sub-surface ocean warming providing
melt rates on sub-ice-shelf and calving-front surfaces exposed to
sea water. The RCM climatologies and imposed ocean warming are
applied to quasi-equilibrated initial ice-sheet states, with atmospheric
temperatures and the precipitation lapse-rate corrected as the ice
sheet evolves.
As in ref. 25, the Pliocene simulation uses a RCM climatology with
400p.p.m.v. CO2. a warm austral summer orbit^®, and 2°C imposed
ocean warming to represent maximum mid-Pliocene warmth
(Extended Data Fig. 1). The model produces an 11.3-m contribution
to GMSL rise, reflecting a reduction in its sensitivity of about 6 m
relative to the formulation in ref. 25, but within the range of plausible
sea-level estimates*'^. Pliocene retreat is triggered by meltwaterinduced hydrofracturing of ice shelves, which relieves backstress and
initiates both MISI and MICI retreat into the deepest sectors of WAIS
and EAIS marine basins.

The Antarctic Ice Sheet during the LIG
Summer air temperatures in the RCM are slightly warmer at 116kyr
ago than 128 kyr ago, but remain below freezing in both cases, with
little to no surface melt (Extended Data Eig. 2). As a result, substantial
oceanic warming >4°C is required to initiate WAIS retreat at 128 kyr
ago, which occurs once an ocean-melt threshold is reached in the sta
bility of the Thwaites grounding line (Extended Data Fig. 3a and d).
Allowing two-way coupling between the RCM and the ice-sheet model
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Figure 2 | Schematic representation of MISI and MICI and processes
included in the ice model. Top-to-bottom sequences (a-c and d-f) show
progressive ice retreat into a subglacial basin, triggered by oceanic and
atmospheric warming. The pink arrow represents the advection of warm
circumpolar deep water (CDW) into the shelf cavity, a, Stable, marine
terminating ice-sheet margin, with a buttressing ice shelf. Seaward ice
flux is strongly dependent on grounding-line thickness h. Sub-ice melt
rates increase with open-ocean w'arming and warm-water incursions into
the ice-shelf cavity, b, Thinning shelves and reduced buttressing increase
seaward ice flux, backing the grounding line onto reverse-sloping bedrock.

c. Increasing h with landward grounding-line retreat leads to an ongoing
increase in ice flow across the grounding line in a positive runaway
feedback until the bed slope changes, d, In addition to MlSl (a-c), the
model physics used here account for surface-meltwater-enhanced calving
via hydrofracturing of floating ice (e), providing an additional mechanism
for ice-shelf loss and initial grounding-line retreat into deep basins, f,
Where oceanic melt and enhanced calving eliminate shelves completely,
subaerial cliff faces at the ice margin become structurally unstable where
It exceeds 800 m, triggering rapid, unabated MlCl retreat into deep basins.

(Methods) captures dynamical atmospheric feedbacks as the ice mar
gin retreats. This enhances retreat (Extended Data Fig. 3b, e), but
still requires >4°C of ocean warming to produce a >3.5m increase
in GMSL. We find that by accounting for the additional influence of
circum-Antarctic ocean warming on the RCM atmosphere (Methods),
the GMSL contribution increases to >6.5 m with just 3 °C sub-surface
ocean warming (Extended Data Fig. 3c and f), despite the cooler orbit
of the Earth 128kyr ago. The ocean-driven continental warming at
128 kyr ago agrees with ice core records*® and supports a Southern
Ocean control on the timing of ice-sheet retreat^®-’', possibly through
Northern Hemisphere influences on the ocean meridional overturning
circulation^-’.
Alternative simulations (Fig. 3) use time-evolving atmospheric and
oceanic climatologies (Methods) based on marine and ice-core proxy'
reconstructions^®. These time-continuous simulations produce GMSL
contributions of 6-7.5 m early in the interglacial, followed by a pro
longed plateau and rapid recovery of the ice sheet beginning around
115 kyr ago. This result matches the magnitude, temporal pattern, and
rate of LIG sea-level change in ref 3. (Fig. 3a), and the simulated recov
ery of the WAIS satisfies the presence of ice >70kyr ago at the bottom
of the WAIS Divide Ice Core’“'.
Combined with estimates of Greenland ice loss" '’’’^ and ocean
thermal effects'®, the simulated, Antarctic contributions to Pliocene
and LIG sea level are in much better agreement with geological estimates’“'* than previous versions of our model'*’', which lacked these
new treatments of meltw'ater-enhanced calving and ice-margin dynam
ics, suggesting that the new model is better suited to simulations of
future ice response.

following three extended Representative Carbon Pathway (RCP)
scenarios (RCP2.6, RCP4.5 and RCP8.5)’®. Future circum-Antarctic
ocean temperatures used in our time-evolving sub-ice melt-rate
calculations come from matching, high-resolution (1°) National
Center for Atmospheric Research (NCAR) CCSM4 simulations
(ref 37, Extended Data Fig. 5). The simulations begin in 1950 to provide
some hindcast spinup, and are run for 550 years to 2500.
The RCP scenarios (Fig. 4) produce a wade range of future Antarctic
contributions to sea level, with RCP2.6 producing almost no net change
by 2100, and only 20 cm by 2500. Conversely, RCP4.5 causes almost
complete WAIS collapse within the next five hundred years, primarily
ow'ing to the retreat of Thwaites Glacier into the deep WAIS interior.
The Siple Coast grounding zone remains stable until late in the simu
lation, thanks to the persistence of the buttressing Ross Ice Shelf (see
Supplementary Video 2). In RCP4.5, GMSL rise is 32 cm by 2100, but
subsequent retreat of the WAIS interior, foüowed by the fringes of the
Wilkes Basin and the Totten Glacier/Law Dome sector of the Aurora
Basin produces 5 m of GMSL rise by 2500.
In RCP8.5, increased precipitation causes an initial, minor gain in
total ice mass (Fig. 4d), but rapidly warming summer air temperatures
trigger extensive surface meltwater production’* and hydrofracturing
of ice shelves by the middle of this century (Extended Data Fig. 4). The
Larsen C is one of the first shelves to be lost, about 2055. Around the
same time, major thinning and retreat of outlet glaciers commences in
the Amundsen Sea Embayment, beginning with Pine Island Glacier
(Fig. 4h), and along the Bellingshausen margin. Massive meltwater pro
duction on shelf surfaces, and eventually on the flanks of the ice sheet,
would quickly overcome the buffering capacity of firn’®. In the model,
the meltwater accelerates WAIS retreat via its thermomechanical
influence on ice rheology (Methods) and the influence of hydrofacturing on crevassing and structural failure of the retreating margin.
Antarctica contributes 77 cm of GMSL rise by 2100, and continued loss
of the Ross and Weddell Sea ice shelves drives WAIS retreat from three
sides simultaneously (the Amundsen, Ross, and Weddell seas), all with

Future simulations
Using the same model physics and parameter values as used in the
Pliocene and LIG simulations, we apply the ice-sheet model to long
term future simulations (Methods). Here, atmospheric forcing is
provided by high-resolution RCM simulations (Extended Data Fig. 4)
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Figure 3 | Ice-sheet simulations and Antarctic contributions to GMSL
through the LIG driven by a time-evolving, proxy-based atmosphereocean climatology, a. Change in GMSL in LIG simulations starting at
130 kyr ago and initialized with a modern ice sheet (blue) or a bigger LGM
ice sheet representing glacial conditions at the onset of the LIG (red).
A probabilistic reconstruction of Antarctica’s contribution to GMSL is
shown in black^ with uncertainties (16th and 84th percentiles) as dashed
lines, b, c. Ice-sheet thickness at the time of maximum retreat using

modern initial conditions (b) and using glacial initial conditions (c).
Ice-free land surfaces are brown. The bigger sea-level response when
initialized with the ‘glacial’ ice sheet is caused by deeper bed elevations and
the --3,000-yr lagged bedrock response to ice retreat^“, which enhances
bathymetrically sensitive MISI dynamics, d. The same simulation as
b without the new model physics accounting for meltwater-enhanced
calving or ice-cliff failure"'. GMSL contributions are shown at top left.

reverse-sloping beds into the deep ice-sheet interior. As a result, WAIS
collapses within 250 years. At the same time, steady retreat into the
Wilkes and Aurora basins, where the ice above floatation is >2,000m
thick, adds substantially to the rate of sea-level rise, exceeding 4 cmyr“*
(Fig. 4c) in the next century, which is comparable to maximum rates of
sea-level rise during the last déglaciation*“. At 2500, GMSL rise for the
RCP8.5 scenario is 12.3 m. As in our LIG simulations, atmosphere-ice
sheet coupling accounting for the warming feedback associated with
the retreating ice sheet adds an additional 1.3 m of GMSL to the RCP8.5
scenario (Fig. 4b).
The CCSM4 simulations providing the model’s sub-ice-shelf melt
rates (Extended Data Fig. 5) underestimate the penetration of warm
Circum-Antarctic Deep Water into the Amundsen and Bellingshausen
seas observed in recent decades*'. As a result, the model fails to capture
recent, 21st-century thinning and grounding-line retreat along the
southern Antarctic Peninsula*^ and the Amundsen Sea Embayment*^.
Correcting for the ocean-model cool bias along this sector of coastline
improves the position of Pine Island and Thwaites grounding lines
relative to observations*- *^ (Fig. 4h) and increases GMSL rise by 9 cm
at 2100 (mainly due to the accelerated retreat of Pine Island Glacier),
but the correction has little effect on longer timescales (Extended Data
Table 1). Ocean warming is important to the behaviour of individual
outlet glaciers early in the simulations, but we find that most of the
long-term sea-level rise in RCP4.5 and RCP8.5 scenarios is caused by
atmospheric warming and the onset of extensive surface meltwater
production, rather than ocean warming as implied by other recent
studies**'*“. Without atmospheric warming, the magnitude of RCP8.5
ocean warming in CCSM4 is insufficient to cause the major retreat of
the WAIS or East Antarctic basins; and even with >3°C additional
warming in the Amundsen and Bellingshausen seas it takes several
thousand years for WAIS to retreat via ocean-driven MISI dynamics
alone (Extended Data Fig. 6). We note that despite the 10-km grid res
olution. the model simulates major ice streams well (Fig. 1 ), including

their internal variability'*. However, during drastic subglacial-basin
retreat the internal variability is quickly overtaken as grounding lines
recede into deep interior catchments (see Supplementary 'Video 10).

Large Ensemble analysis
To better utilize Pliocene and LIG geological constraints on model
performance, we perform a Large Ensemble analysis (Methods) to
explore the uncertainty associated with the primary parameter val
ues controlling ( 1 ) relationships between ocean temperature and subice-shelf melt rates, (2) hydrofracturing (crevasse penetration in relation
to surface liquid water supply), and (3) maximum rates of marine
terminating ice-cliff failure. The combination of Pliocene and LIG sea
level targets is ideal, because Pliocene retreat is dominated by processes
associated with (2) and (3). while the LIG is dominated by process ( 1 ).
Both Pliocene and LIG ensembles are run with combinations of
widely ranging parameter values associated with the three processes,
and the combinations are scored by their ability to simulate target
ranges of Pliocene and LIG Antarctic sea-level contributions (Methods).
The filtered subsets of parameter values capable of reproducing both
targets are then used in ensembles of future RCP scenarios (Extended
Data Table 2), providing both an envelope of possible outcomes and
an estimate of the model’s parametric uncertainty (Fig. 5). Importantly,
the ensemble analysis supports our choice of‘default’ model param
eters used in the nominal Pliocene, LIG, and future simulations
(Fig. 4, Extended Data Table 2). The lack of substantial ice-sheet retreat
in the optimistic RCP2.6 scenario remains unchanged, but the Large
Ensemble analysis substantially increases our RCP4.5 and RCP8.5 2100
sea-level projections to 49 ± 20 cm and 105 ± 30 cm, if higher ( > 10 m
instead of >5m) Pliocene sea-level targets are used. Adding the ocean
temperature correction in the Amundsen and Bellingshausen seas
(Fig. 4d and h) further increases the 2100 projections in RCP2.6,
RCP4.5 and RCP8.5 to 16 ± 16 cm. 58 ± 28 cm and 114 ± 36 cm, respec
tively (see Methods and Extended Data Tables 1 and 2).
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Figure 4 | Future ice-sheet simulations and Antarctic contributions
to GMSL from 1950 to 2500 driven by a high-resolution atmospheric
model and 1° NCAR CCSM4 ocean temperatures, a, Equivalent CO2
forcing applied to the simulations, following the RCP emission scenarios
in ref. 36, except limited to 8 x PAL (preindustrial atmospheric level,
where 1 PAL = 280p.p.m.v.).b, Antarctic contribution to GMSL. c, Rate
of sea-level rise and approximate timing of major retreat and thinning in
the Antarctic Peninsula (AP), Amundsen Sea Embayment (ASE) outlet
glaciers, AS-BS, Amundsen Sea-Bellingshausen Sea; the Totten (T), Siple

Coast (SC) and Weddell Sea (WS) grounding zones, the deep Thwaites
Glacier basin (TG), interior WAIS, the Recovery Glacier, and the deep
EAIS basins (Wilkes and Aurora), d, Antarctic contribution to GMSL over
the next 100 years for RCP8.5 with and without a -1-3°C adjustment in
ocean model temperatures in the Amundsen and Bellingshausen seas as
shown in Extended Data Fig. 5d. e-g. Ice-sheet snapshots at 2500 in the
RCP2.6 (e), RCP4.5 (f) and RCP8.5 (g) scenarios. Ice-free land surfaces
are shown in brown, h. Close-ups of the Amundsen Sea sector of WAIS in
RCP8.5 with bias-corrected ocean model temperatures.
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Figure 5 | Large Ensemble model analyses of future Antarctic
contributions to GMSL. a, RCP ensembles to 2500. b, RCP ensembles
to 2100. Changes in GMSL are shown relative to 2000, although the
simulations begin in 1950. Ensemble members use combinations of model
parameters (Methods) filtered according to their ability to satisfy two
geologic criteria: a Pliocene target of 10-20 m GMSL and a LIG target of
3.6-7.4 m. c and d are the same as a and b. but use a lower Pliocene GMSL

target of 5-15 m. Solid lines are ensemble means, and the shaded areas
show the standard deviation (1er) of the ensemble members. The Icr ranges
represent the model’s parametric uncertainty, while the alternate Pliocene
targets (a and b versus c and d) illustrate the uncertainty related to poorly
constrained Pliocene sea-level targets. Mean values and Icr uncertainties at
2500 and 2100 are shown.

Long-term commitment to elevated sea level

because of their strong dependency on bathymetry. Future simulations
should include coupling with Earth models that account for these pro
cesses. Improved ancient sea-level estimates are also needed to further
constrain model physics and to reduce uncertainties in future RGP
scenarios (Eig. 5).
Despite these limitations, our new model physics are shown to be
capable of simulating two very different ancient sea-level events: the
LIG, driven primarily by ocean warming and MISI dynamics, and the
warmer Pliocene, in which surface meltwater and MIGI dynamics
are also important. When applied to future scenarios with high
greenhouse gas emissions, our palaeo-filtered model ensembles
show the potential for Antarctica to contribute > 1 m of GMSL rise
by the end of this century, and > 15 m metres of GMSL rise in the next
500 years. In RCP8.5, the projected onset of major ice-sheet retreat
occurs sooner (about 2050), and is substantially faster (>4cmyr“'
after 2100) and higher (Figs 4 and 5) than implied by other recent
studies'*^’^^’“*®. These differences are mainly due to our addition
of model physics linking surface meltwater and ice dynamics via
hydrofracturing of buttressing ice shelves and structural failure of
marine-terminating ice cliffs. In addition, we use ( 1 ) freely evolving
grounding-line dynamics that preclude the need for empirically
calibrated retreat rates'*®, (2) highly resolved atmosphere and ocean
model components rather than intermediate-complexity climate
models'*^ or simplified climate forcing'*'*, and (3) calibration based on
major retreat during warm palaeoclimates rather than recent minor
retreat driven by localized ocean forcing.
As in these prior studies, we also find that ocean-driven melt is an
important driver of grounding-line retreat where warm water is in contact
with ice shelves, but in scenarios with high greenhouse gas emissions
we find that atmospheric warming soon overtakes the ocean as the
dominant driver of Antarctic ice loss. Surface meltwater may lead to
the ultimate demise of the major buttressing ice shelves (Supplementary
Videos 8 and 9) and extensive grounding-line retreat, but it is the long
thermal memory of the ocean that wiU inhibit the recovery of marinebased ice for thousands of years after greenhouse gas emissions are
curtailed.

Ocean warming alone may be limited in its potential to trigger mas
sive, widespread ice loss, but the multi-millennial thermal response
time of the ocean“*^ will have a profound influence on the ice sheet’s
recovery. In simulations run 5,000 years into the future, we conserv
atively assume no ocean warming beyond 2300 and simply maintain
those ocean temperatures while the atmosphere cools assuming dif
ferent scenarios of CO2 drawdown beginning in 2500 (Methods). For
RCP8.5 and natural CO2 drawdown, GMSL continues to rise until
3500 with a peak of about 20 m, after which the warm ocean inhibits
the re-advance of grounding lines into deep marine basins for thou
sands of years (Extended Data Fig. 7). Even in the moderate RCP4.5
scenario with rapidly declining CO2 after 2500, WAIS is unable to
recover until the global ocean cools, implying a multi-millennial com
mitment to several metres of sea-level rise despite human-engineered
CO2 drawdown.
Given uncertainties in model initial conditions, simplified hybrid ice
dynamics, parameterized sub-ice melt, calving, structural ice-margin
failure, and the ancient sea-level estimates used in our Large Ensemble
analysis, the rates of ice loss simulated here should not be viewed as
actual predictions, but rather as possible envelopes of behaviour
(Fig. 5) that include processes not previously considered at the
continental scale. These are among the first continental-scale simulations
with model physics constrained by ancient sea-level estimates, simulta
neously accounting for high-resolution atmosphere-ice sheet coupling
and ocean model temperatures.
However, several important processes are lacking and should
be included in future work. In particular, the model lacks two-way
coupling between the ice sheet and the ocean. This is especially
relevant for RCP8.5, in which > 1 Sv of freshwater and icebergs would be
supplied to the Southern Ocean during peak retreat (Extended Data Fig. 8).
Rapid calving and ice-margin collapse also implies ice mélange in
restricted embayments that could provide buttressing and a negative
feedback on retreat. The loss of ice mass would also have a strong effect
on relative sea level at the margin owing to gravitational and solid-earth
deformation effects^*, which could affect MI SI and MIGI dynamics
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METHODS
Ice sheet-ice shelf model. We use an established ice-sheet model, with hybrid ice
dynamics following the formulation described in ref. 27, and an internal condition
on ice velocity at the grounding line' '’ that captures MISI (Fig. 2a-c) by accounting
for migrating grounding lines and the buttressing effects of ice shelves with pinning
points and side shear. Bedrock deformation under changing ice loads is modelled
as an elastic lithospheric plate above local isostatic relaxation. A grid resolution
of 10 km is used for all simulations, the finest resolution computationally feasible
for long-term continental simulations. The model includes newly added treat
ments ofhydrofracturing and ice cliff failure (Fig. 2d-f) described in ref. 25 and
extended here. Basal sliding coefficients are determined by an inverse method’',
iteratively matching ice-surface elevations to obsen'ations until a quasi-equilibrium
is reached. In this case, inverted sliding coefficients are derived from a modern
(preindustrial) surface climatology, using the same RCM used in our Pliocene,
LIG, and future simulations.
In addition to the Pliocene and LIG targets highlighted here, the ice sheetice shelf model has been shown capable of simulating: (1) the modern ice sheet,
including grounding-Une positions, ice thicknesses, velocities, ice streams, and ice
shelves (Fig. lb), (2) the Last Glacial Maximum (LGM) extent'^, (3) the timing
of post-LGM retreat'*, and (4) the ability of the ice sheet to regrow to its modern
extent following retreat’*.
Calving and hydrofracturing. Calving depends on the combined penetration
depths of surface and basal crevasses, relative to total ice thickness’* ’*’’’ *’.
Crevasse depths are parameterized according to the divergence of the ice velocity
field”, with an additional contribution depending on the logarithm of ice speed
that crudely represents the accumulated strain history (ice damage) along a flow
path*’. Rapid calving is imposed as ice thickness falls belmv 200 m for unconfined
embayments. The 200-m criterion is decreased in confined embayments accord
ing to 200 X max[0, min[ 1, (n - 40)/20]], where a is the ‘arc to open ocean’ (in
degrees), crudely representing the effects of ice mélange in narrow seaways. The
unconflned onset thickness of 200 m was increased from its value of 150 m in ref.
25 in order to improve modern Ross and Weddell Sea calving-front locations.
A similar dependence on q is imposed for oceanic sub-ice-shelf melt rates, as
described below.
Surface crevasses are additionally deepened (hydrofractured) as they fill
with liquid water, which is assumed to depend on the grid-scale runoff of
surface melt and rainfall available after refreezing**-’*. The crevasse-depth
dependence on surface runoff plus rainfall rate R (in metres per year) has been
modified slightly for low R values. The R used in equation (B.6) of ref. 25 is
changed to:
0

for R < 1.5 m yr“*

4 X 1.5 X (R — 1.5) for 1.5 m yr ' < R < 3 m yr“‘
R*

for R > 3 m yr~ ‘ (as before)

This supposes that minimal hydrofracturing occurs for relatively small R values.
The linear segment between 1.5 m yr" ' and 3 m yr" ' intersects the R* parabola as a
tangent at R = 3. This modification prevents small amounts of recession in some
East Antarctic basins for modern conditions, where small amounts of summer
melt and rainfall occur.
Structural failure of ice cliffs. To account for structural ice-cliff failure**'*'* (MlCl
in Fig. 2), a wastage rate of ice W is apphed locally to the grid cell adjacent to tide
water grounding lines with no floating ice, if the required stresses at the exposed
cliff face exceed the yield strength of ice. This condition depends on the subaerial
cliff height at the interpolated grounding line relative to the maximum ice thick
ness that can be supported, modified locally to account for any meltwater-en
hanced crevasse penetration (hydrofracturing), and any reductions in crevassing
caused by backstress. For dry crevassing at an ice margin with no hydrofracturing
and no buttressing (backstress), the maximum exposed cliff height is 100 m,
assuming an ice yield strength of 1 MPa**’**. The formulation of W results in a
steep ramp in wastage rates of 0-3 km yr” ', where exposed ice cliffs ramp from
80m to 100m. The maximum wastage rate of 3kmyr”' used as our default is
conservatively chosen, based on recent observations of the lakobsha-vn Isbrae Glacier
(upto~12kmyr"') and the Crane Glacier (~5 km yr“') foUowingthe loss of their
ice-buttressing shelves*’”.
Other modifications to ice-sheet model physics. The model is modified from
ref. 25 to include a more physically based parameterization of the vertical flow
of surface mobile liquid water (runoff and rainfall) through moulins and other
fracture systems towards the base**’’*, which affects the vertical temperature
profiles within the ice sheet. Vertical sub-grid-scale columns of liquid water are
assumed to exist, through which the water freely drains while exchanging heat by
conduction with the surrounding ambient ice that cools and can freeze some or
all of the liquid water within the ice interior.

We use uniform parameter values everywhere: we set the fractional area of sub-grid
columns to overall area to be 0.1, and the horizontal scale of drainage elements
to be 10 m (R in ref. 22, used in the calculations of conductive heat exchange W'ith
ambient ice). The fractional area includes both large moulins and any downward
movement of liquid water in crevasses or cracks of all scales, which would be
prevalent in the future melting scenarios investigated here. Offline sensitivity tests
show low sensitivity of our model behaviour to these values, but further investi
gation is warranted.
For reasonable numerical behaviour, the horizontal heat exchange needs to be
part of the time-implicit vertical diffusive heat solution for ambient ice temperature
in the main model. To avoid an iterative procedure in cases where all liquid water is
frozen before reaching the bed, a time-explicit calculation of the water penetration
is made first, and one of the following measures is applied in the time-implicit
ice-temperature step: (1) the conductive heat exchange coefficient at all levels is
reduced by a constant factor for the column, so that the hquid penetrates to the
low'est layer but no further; and (2) the conductive coefficient is set to zero below
the depth of furthest penetration. Both methods give very similar results in ide
alized single-column tests; method (1) was used for all runs here. In cases with
greater surface liquid flux, there is no reduction of coefficients and some water
reaches the base.
A minor bug fix is corrected in the calculation of vertical velocities within the ice
(iv* in ref 27), which previously did not account for the removal of ice at the base
due to oceanic melting. This only affects advection of temperature in ice shelves,
and has negligible effects on results.
Ice-sheet initial conditions. Ice-sheet initial conditions and basal sliding coeffi
cients are provided by a 100-kyr inverse simulation following the methodology in
ref 51, using mass-balance forcing provided by a bias-corrected RCM climatology
and modern observed ocean temperatures (described below). In the inverse proce
dure, basal sliding coefficients under modern grounded ice are adjusted iteratively
to reduce the misfit with observed ice thickness, with grounding-line positions
fixed to observed locations. The LIG simulation using ‘glacial’ initial conditions
(Fig. 3) uses the same basal sliding coefficients (along with a relatively slippery
value for modern ocean beds), but initialized from a previous simulation of the
LGM with a prescribed, cold glacial climate representing conditions at ~20 kyr ago.
The total ice volume in the modern and glacial ice sheets is 26.55 x 10* km’* and
32.30 X 10*km*, respectively, equivalent to bedrock-compensated GMSL values
of 56.80 m and 62.28 m.
Atmospheric coupling. Atmospheric climatologies providing surface massbalance inputs to the ice model are provided by decadal averages of meteorological
fields from the RegCM3 RCM’*, adapted to Antarctica with a polar stereographic
grid and small modifications of model physics for polar regions. The RCM uses a
40-km grid, over a generous domain spanning Antarctica and surrounding oceans,
nested within the GENESIS v3 Global Climate Model*"’*'. The GCM and RCM
share the same radiation code** and orbitally dependent calculations of shortwave
insolation, important for the Pliocene and LIG palaeoclimate simulations.
Anomaly methods are used to correct a small <2°C Antarctic cold bias in the
RCM:
= ^xp "b T)bs “ Ttl
P = fexp ^ fobs / fill

where T is monthly surface air temperature and P is monthly precipitation.
Subscripts ‘exp’, ‘obs’ and ‘ctl’ refer to model experiment, observed modern clima
tology, and model modern control, respectively. A modern (1950) RCM simulation
is used for the model modern control, and the ALBMAP data set*-* is used for
observed modern climatology.
In the climatic correction for the difference between the ice-model surface ele
vation and the interpolated elevation in the climate model or observational data
set*', precipitation is now corrected as well as temperature. As before, air temper
ature T (in degrees Celsius) is shifted by AT=yAz, where ') = -0.008°Cm“‘ is
the lapse rate (that is, the decrease in atmospheric temperature with respect to
altitude) and Az is the elevation difference. Now, precipitation P is multiplied by
a Clausius-Clapeyron-like factor:
P X 2*^*'
Rates of surface snowfall and rainfall are now consistently multiplied by a factor
1.1, where and p; are the densities of liquid water and of ice respectively.
This consistently converts between the units of most climate models and clima
tological databases (metres of liquid water equivalent per year) and the ice-model
surface budget terms (metres of ice equivalent per year).
Oceanic sub-ice shelf and calving-face melt rates. Direct coupling of highresolution ocean models and ice sheets remains challenging. For present-day
simulations we use a parameterization of sub-ice shelf melt rates, similar to that
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Used by other model groups*'^. The parameterization-^ links oceanic melt rates to
ithfe nearest observed (or modelled) ocean temperatures:
r'j~ i

PM
where is ocean temperature interpolated from the nearest point in an observa
tional (or ocean model) gridded data set, Tf is the local freezing-point temperature
at the depth of the ice base, and Q, is the specific heat of ocean water. The trans
fer factor fC] = 15.77 m yr" ' °C~ ' results in a combined coefficient {Ktp^C^-IpM)
of 0.224 myr”'°C“^. The depth dependence on T| produces higher melt rates at
the grounding line, as observed, and the dependence on To — Tf is quadratic'”.
Although spatially coarse obsen’ational data sets and standard GCM ocean models
fail to capture detailed ocean current systems below ice-shelf casaties, this approach
(Extended Data Fig. 6e and f) is preferable to the ad hoc prescription of single
temperatures and transfer coefficients along indisadual sectors of the Antarctic
margin as in ref. 27.
The effects of confined geography on ocean currents are represented by reduc
ing basal melting depending on the total arc to open ocean a, representing the
concavity of the coastline-’. The melt rate computed from ocean temperatures as
above is multiplied by the factor:
max[0, min[l,(n -20)/20]]
This effect, combined with the reduction of thin-ice calcung with a similar depend
ence on n described above, allows ice to expand into interior basins during cool-cli
mate recovery after major retreats of marine-based ice, as presumably occurred
many times in West Antarctica over the last several million years*'’.
Melting of vertical ice surfaces in direct contact w’ith ocean water is derived
from the oceanic melt rate (OM) of surrounding grid cells, but is increased by a
scaling factor of 10, producing more realistic calving front positions and in better
agreement with hydrographic melt rate observations and detailed modelling’'.
Present-day sub-ice shelf and calving-face melt rates described here use the 1°
resolution World Ocean Atlas””* temperatures at 400-ra depth, interpolated to
the time-evolving ice model grid and propagated under ice-shelf surfaces using
contiguous neighbour iteration to provide T„ The depth of400 m represents typical
observed levels of Circum-Antarctic Deep Water, a main source of warm-water
incursions into the Amundsen Sea Embayment today*'*'.
Pliocene simulation. Our default Pliocene simulation uses the same nested
GCM-RCM climatology' used in a prior study-'’, with 400p.p,ra.v. CO2 and a
generic warm austral summer orbit-** (Extended Data Fig. 1). Ocean tempera
tures are increased uniformly by 2 °C everywhere in the Southern Ocean. The
resulting Antarctic contribution of 11.3 m GMSL implies > 15 m GMSL rise if
an additional -~5 m contribution from Greenland'" and the steric effects of a
warm Pliocene ocean are also considered. This result is ~6m less than in ref, 25,
reflecting a reduction in the sensitivity of the model with the changes described
above.
LIG simulations. The LIG spans a ~20-kyr interval with greenhouse-gas atmos
pheric mixing ratios comparable to the pre-industrial Holocene". Opportunities
for Antarctic ice-sheet retreat within this interval include a peak in the duration of
Antarctic summers coeval with a boreal summer insolation maximum at 128 kyr
ago, and an Antarctic summer insolation maxima one half-precession cycle later at
116 kyr ago (Extended Data Fig. 2). We target these two orbital time sbces because
they contrast radiatively long and weak (128 kyr ago) versus short and intense
Antarctic summers (116 kyr ago), both of which have been postulated to be impor
tant drivers of ice volume on glacial-interglacial timescales'*.
LIG simulations that include climate-ice sheet feedback asynchronously couple
the GCM-RCM and the ice-sheet model. In this case, the nested RCM land (ice)
surface boundary conditions are updated at the end of the initial retreat at ice
model-year 5000 and the ice-sheet model is rerun using the updated climatol
ogy. This improves the representation of ice-climate feedbacks \ia albedo, ocean
surface conditions (sea surface temperatures and sea ice), and dynamical effects
of the changing topography on the atmosphere. We find that explicitly including
climate-ice feedbacks improves model performance, relative to simple lapse-rate
adjustments.
LIG simulations (Extended Data Table 1; Extended Data Fig. 3d, e) apply
anomaly-corrected RCM mass-balance forcing at each LIG time slice, using the
appropriate greenhouse gas" '- and orbital values' ’ in the nested GCM-RCM. Ocean
temperatures are provided by the World Ocean Atlas data set”, with incremental
warming of 1-5 °C applied uniformly over the Southern Ocean grid domain.
To allow the RCM atmosphere to respond to a warmer Southern Ocean in
addition to applying elevated ocean temperatures to the ice model, tve increase
the southward ocean-heat convergence in the nested GCM-RCM using the meth
odology described in ref. 28, effectively warming the Southern Ocean sea surface

temperatures by ~2‘’C and reducing sea-ice extent. Accounting for the effect of
a warmer Southern Ocean on the overlying atmosphere produces more LIG icesheet retreat for a given ocean warming, improving our model-data fit. With this
technique, only 3 °C of assumed sub-surface ocean warming is required to produce
>6m GMSL rise from Antarctica at either LIG orbital time slice, reinforcing the
notion of a dominant oceanic control on LIG ice-sheet retreat.
The two time-continuous LIG simulations using prescribed climatologies (Fig. 3)
use bias-corrected, present-day RCM climatologies with a uniform, time-evolving
perturbation derived from the average of Antarctic ice-core climatologies compiled
in ref, 29. Southern Ocean temperatures are treated similarly, with World Ocean
Atlas temperatures” increased according to the average of circum-Antarctic LIG
anomalies’". Only records from marine drill-cores poleward of 45° S are used in
the averages, but we note that there is considerable uncertainty in the prox)’ sea
surface temperature estimates (>2°C)’". This approach also assumes that the proxy
sea surface temperatures reflect changes at sub-surface depths (--400m), w’hich
is uncertain. The resulting anomalies are applied to the ice sheet model at 130 kyr
ago, 125 kyr ago, 120k>T ago, and 115k)T ago and the ice-sheet model is run con
tinuously from 130 kyr ago to 115 k>T ago. The pairs of air and ocean temperature
perturbations applied at each 5-kyr LIG timestep are 1.97° and 1.70°, 1.41° and
1.51°, 0.83° and 1.09°, -1.57° and 0.31°, respectively.
The time-continuous LIG simulations are initialized from either a present-day
initial ice state (Fig. lb), or from a prior Last Glacial Maximum simulation with
5.76 X 10’km* more ice than today. The latter initial condition may better represent
the ice sheet at the onset of the LIG and leads to a greater potential sea-level rise
owing to the deeper bed conditions early in the déglaciation, which enhances the
hathymetrically sensitive MISI dynamics.
The proxy-forced LIG simulation clearly supports a maximum Antarctic con
tribution to GMSL early in the interglacial period (Fig. 3), How’ever, we note that
owing to the demonstrated influence of Southern Ocean temperature on the timing
of retreat and the uncertain magnitude and chronolog}' of our imposed forcing*",
these results cannot definitively rule out maximum Antarctic retreat at the end of
the LIG, as has also been proposed'*'"'
Future simulations. Because of the new ice-model physics that directly involve the
atmosphere via meltwater enhancement of crevassing and calving, highly resolved
atmospheric climatologies are needed at spatial resolutions beyond those of most
GCMs. However, multi-century RCM simulations are computationally infeasible.
To accommodate the need for long but high-resolution climatologies, the nested
GCM-RCM is run to equilibrium with 1 x PAL, 2 x PAL, 4 x PAL and 8 x PAL
COi. In the ice-sheet simulations, COi follows the extended RCP greenhouse gas
emissions-” to the year 2500, and the climate at any time is the average of the twm
appropriate surrounding RCM solutions, w'eighted according to the logarithm of
the concentration of COi. The RCM climatologies follow total equivalent CO1.
which accounts for all radiatively active trace gases in the RCP timeseries. In
RCP8.5, equivalent CO2 forcing exceeds 8 x PAL after 2175, but it is conserva
tively limited here to a ma.ximum of 8 x PAL (Fig. 4a). A 10-yr lag is imposed in
the RCM climatologies to reflect the average offset betw'een sea surface temper
atures and surface air temperatures in the equilibrated RCM (with equilibrated
sea surface temperatures from the parent GCM) and the transient response of the
real ocean’s mixed layer.
Ocean temperatures in the RCP scenarios are provided by high-resolution
(0.5° atmosphere and 1° ocean) NCAR CCSM4-'' ocean model output, follow'ing the RCP2.6, RCP4.5, and RCP8.5 greenhouse gas emissions scenarios run to
2300. Ocean temperatures beyond the limit of the CCSM4 simulations at 2300 are
conservatively maintained at their 2300 values. As with.the World Ocean Atlas,
W'ater temperatures at 400-m depth (between ocean model z-levels 30 and 31 ) are
used in the parameterization of oceanic sub-ice melt (oceanic melt rate) described
above. The CCSM4 underestimates the wind-driven warming of Antarctic Shelf
Bottom Water"' in the Amundsen and Bellingshausen seas associated w'ith recent
increases in melt rates and grounding-line retreats*" '** '*-'. To account for this,
additional w’arming is added to the Amundsen and Bellingshausen sectors of the
continental margin. We find the addition of 3 °C to the CCSM4 ocean temper
atures increases melt rates to 25-30 m yr“ ' (Extended Data Fig, 5f), While stUl
less than observed, this substantially improves grounding-line positions in the
Amundsen Sea ( Pine Island Glacier in particular) from 1950 to 2015. When applied
to RCP4.5 and RCP8.5, the ocean-bias correction accelerates twenty-first-century
WAIS retreat (Fig, 4d, g, h) but is found to have little effect beyond 2100 (Extended
Data Table 1 ).
Extended RCP greenhouse gas scenarios-'** are available up to 2500, beyond
which we assume two different scenarios: (1) natural decay of CO2**' '*' and no
further anthropogenic emissions, or (2) engineered, fast drawdown towards pre-in
dustrial levels with an e-folding time of 100 years. These choices are not intended
to be definitive, but serve to illustrate the ice-sheet response to a wide range of
possible long-term future forcings.
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Future high-resolution ocean-model output is not available on multi-millennial
timescales. In our long (5.000-year) future simulations (Extended Data Fig. 7),
CCSM4 ocean temperatures at 400 m depth are assumed to remain at their 2300
values for thousands of years beyond 2300 (until 7000). This assumption is based
on the thermal inertia of the deep ocean (thousands of years)'*', its longwave radia
tive feedback on atmospheric temperatures”, and its relative isolation from surface
variations. The response of the intermediate and deep ocean to atmospheric and
surface-ocean warming before 2300 is heavily lagged in time, and consequently
deep-ocean temperatures would continue to rise long after COi levels and sur
face temperatures began to decline after 2500”. However, at some point several
thousand years later, intermediate- and deep-ocean waters would start to cool if
CO2 levels decay as in Extended Data Fig, 7. The trajectory of these temperatures
would vary spatially and depend on details of the ocean circulation. To our knowl
edge, the state of the ocean as it recovers from a greenhouse gas perturbation over
these timescales is largely unknown, as relevant coupled atmosphere-ocean global
climate model simulations at the resolution and duration appropriate to our ice
model have not been run. Consequently, our assumption of constant 400-m ocean
temperatures after 2300, although likely to be conservative beyond 2500, may be
questionable for the latter parts of the simulations assuming fast, engineered CO2
drawdown. However, assuming the slow, natural pace of CO2 recovery^^, atmos
pheric concentrations would remain above twice the current level of carbon dioxide
(2 X CO2) for thousands of years in the RCP8.5 scenario (Extended Data Fig. 7).
Assuming a global temperature sensitivity of ~3 °C per doubling of CO2, our ocean
temperatures applied to the long RCP8.5 scenario are probably conservative over
the duration of the simulation.
Geologically constrained Large Ensemble analysis of future ice-sheet retreat.
To quantify model uncertainty due to poorly known parameter values, ensembles
of future RCP scenarios are performed with varying model parameters affecting
sub-ice oceanic melt rates, meltwater-enhanced calving (hydrofracturing) and
marine-terminating ice cliff failure. Ensemble members use the high-resolution
atmospheric and ocean forcing described in the main text and above. Alternative
ensembles are run both with and without the bias correction of CCSM4 ocean
temperatures in the Amundsen and Bellingshausen Seas. The three parameters
and four values used for each are as follows.
OCFAC is the coefficient in the parameterization of sub-ice-shelf oceanic melt,
which is proportional to the square of the difference between nearby ocean water
temperature at 400-m depth, and the pressure-melting point of ice. It corresponds
to K in equation ( 17) of ref. 27. The relationship between proximal ocean condi
tions and melting at the base of floating ice shelves remains a challenging topic
of ongoing research''", and a simple parameterization"'* is used here. Ensemble
values of OCFAC are 0.1,1,3 and 10 times the default value of 0.224myr“-°C~".
CREVLIQ is the coefficient in the parameterization of hydrofracturing due to
surface liquid. It replaces the constant 100 in equation (B.6) of ref 25, and is the
additional crevasse depth due to surface melt plus rainfall rate, with a quadratic
dependence. This crudely represents the complex relationship between surface
water and crevasse propagation, and basic model sensitivity is shown in supple
mentary figure 7b of ref 25. 'Values of CREVLIQ are Om, 50 m, 100 mand 150 m
per (myr'*)~-.
VCLIF is the maximum rate of horizontal wastage due to ice-cliff structural
failure. It replaces the default value of 3,000 (3kmyr~*) in equation (A.4) of ref
25. Its magnitude is based on observed retreat rates of modern large ice cliffs, and
basic model sensitivity is shown in supplementary figure 7a of ref 25. Values of
VCLIF areOkmyr“*, Ikmyr“*, 3kmyr‘* and 5krn)T“‘.
Medium-range, default values of OCFAC, CREVLIQ, and VCLIF used in our
nominal Pliocene (Extended Data Fig. 1), LIG (Fig. 3), and Future (Fig. 4) simu
lations are OCFAC = 1 (corresponding to 0.224 m yr~- °C“’), CREVLIQ = 100 m
per (m yr“*)“^, and VCLIF = 3kmyr“*, respectively.
Simulations for the PUocene and LIG scenarios are run with all possible com
binations of these parameter values, that is, 64 (=4’) runs (Extended Data Table
2), Each run is subject to a pass/fail test that its equivalent GMSL rise falls within
the observed ranges for the LIG (3.6-7.4m) and the Pliocene ( 10-20 m). The fdtered subset of parameter combinations that pass ( 15 out of 64) are then used
in an ensemble of future RCP scenarios. An additional ensemble calculation is
performed using the same LIG criteria, but a lower accepted range for Pliocene
sea-level rise (5-15 m), to reflect the large uncertainty in Pliocene sea-level recon
structions* (29 out of 64 passed this test). The mean and 1 a range of each ensemble
are shown for the three RCP scenarios in Fig. 5, providing both an envelope of
possible outcomes and an estimate of the model s parametric uncertainty. Two
alternative sets of future RCP ensembles are run with the ocean-temperature bias
correction in the Amundsen and Bellingshausen seas shown in Extended Data
Fig. 5. This increases Antarctica’s GMSL contribution by ~9 cm over the next cen
tury in both RCP8.5 and RCP8.5, but has almost no effect on longer timescales
(Extended Data Tables 1,2). In the RCP2.6 ensemble calibrated against the higher

> 10 m Pliocene sea-level targets, the ocean-bias correction increases both the
ensemble-mean and Icr standard deviation to 16 ± 16 cm in 2100 and 62 ±76 cm
in 2500 (Extended Data Table 1). The increased variance is caused by three simu
lations in the RCP2.6 ensemble set, in which the stability of the Thwaites Glacier
grounding line is exceeded and the WAIS retreats into the deep interior. Although
the ensemble members with bias-corrected ocean temperatures are generally more
consistent with observations of recent retreat in the Amundsen-Bellingshausen
sector, the validity of the bias correction in the long-term future is unknown.
Code availability. Ice sheet and climate model codes, results from Pliocene, LIG,
and future simulations, and tabulated ensemble results are freely available from
the corresponding author.
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Extended Data Figure 1 | Warm mid-Pliocene climate and ice-sheet
simulation, a, January (warmest monthly mean) difference in 2-m
(surface) air temperature simulated by the RCM relative to a preindustrial
control simulation with 280p.p.m.v. COz and present-day orbit. The
temperature difference is lapse-rate-corrected to account for the change
in ice-sheet geometry and surface elevations. The Pliocene simulation
uses 400p.p.m.v. CO2, a warm austral summer orbit, and assumes a

retreated WAIS to represent maximum Pliocene warm conditions, b, The
Pliocene ice-sheet is shown after 5,000 model years, driven by the RCM
climate in a, and assuming 2 °C ocean warming relative to a modern ocean
climatology^'. In the model formulation used here, maximum Pliocene
ice-sheet retreat w'ith default model parameters is equivalent to 11.26 m
GMSL, about 6 m less than in ref. 25.
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Extended Data Figure 2 | LIG greenhouse gases, orbital parameters,
and RCM climates, a, Greenhouse gas concentrations* '^ converted
to radiative forcing shows the LIG interval (light red bar) and the best
opportunity for ice-sheet retreat, b, Summer insulation at 70° latitude
in both hemispheres'* (red, south; blue, north) and summer duration
at 70° S (black)'* shown over the last 150kyr, and the two orbital time
slices (vertical dashed black lines at 128 kyr ago and 116 kyr ago), c, Table
showing the greenhouse gas atmospheric mixing ratios (CO2 in parts
per million by volume; CH4 and N2O in parts per billion by volume) and
orbital parameters (eccentricity, obliquity, precession) used in the
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GCM-RCM at the LIG time slices (dashed lines 1 and 2 in a and b),
respectively, d-f, January (warmest monthly mean) differences in 2-m
surface air temperature relative to a preindustrial control simulation at
128 kyr ago (d), 116 kyr ago (e), and the present-day (2015) (f). Simulated
austral summer temperatures at 116 kyr ago (e) with relatively highintensity summer insolation is warmer than the long-duration summer
orbit at 128kyr ago (d), but unlike the Pliocene (Extended Data Fig. la),
neither LIG climatology is as warm as the present day, producing little to
no rain or surface melt on ice-shelf surfaces.
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Extended Data Figure 3 | Effect of Southern Ocean warming on
Antarctic surface air temperatures and the ice sheet at 128k)’r ago.
a-c, January (warmest monthly mean) differences in 2-m surface air
temperature at 128 kyr ago, relative to a preindustrial control simulation
(top row). GHG, greenhouse gas; SST, sea surface temperature, d, e.
Ice-sheet thickness (m) after 5,000 model years, driven by the
corresponding climate in a-c. a and d, Without climate-ice sheet coupling
(present-day ice extent and surface ocean temperatures in the RCM), and
prescribed 5 °C sub-surface ocean warming felt only by the ice sheet, b and
e. With asynchronous coupling between the RCM atmosphere and ice
sheet, and prescribed 5 °C sub-surface ocean warming felt only by the ice

sheet, c and f. With asynchronous coupling between the RCM atmosphere
and ice sheet, prescribed 3 °C sub-surface ocean warming felt by the ice
sheet, and ~2 °C surface ocean warming felt by the RCM atmosphere, c
shows the locations of East Antarctic ice cores (EDC, EPICA Dome C; V,
Vostock; DF, Dome F; EDML, EPICA Dronning Maud Land) indicating
warming early in the interglacial'® and previously attributed to WAIS
retreat*®; this warming is similar to that simulated in c from a combination
of ice-sheet retreat and warmer Southern Ocean temperatures, supporting
the notion that the timing of LIG retreat was largely driven by far-field
ocean influences, rather than local astronomical forcing.
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Extended Data Figure 4 | RCM climates used in future, timecontinuous RCP scenarios and evolving ice-surface melt rates linked
to hydrofracturing model physics, a-d, January surface (2-m) air
temperatures simulated by the RCM at the present-day (2015) (a), twice
the present level of carbon dioxide, 2 x COi (b), 4 x CO2 (c), and 8 x CO2
(d) with the retreating ice sheet. The colour scale is the same in all
panels. Yellow to red colours indicate temperatures above freezing with

the potential for summer rain, and surface meltwater production,
e-h, Evolving ice-surface meltwater production (in metres per year) in
the time-evolving RCP8.5 ice-sheet simulations, driven by a timecontinuous RCM climatology (Methods) following the RCP8.5 greenhouse
gas time series (Fig. 4a). Black lines show the positions of grounding lines
and ice-shelf calving fronts at discrete time intervals—e, 2050; f, 2100;
g, 2150; and h, 2500—with superposed meltwater production rates.
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Extended Data Figure 5 | NCAR CCSM4 ocean temperatures and
oceanic sub-ice-shelf melt rates, a, RCP2.6 ocean warming at 400-m
depth, shown as the difference of decadal averages from 1950-1960 to
2290-2300. b, Same as a but for RCP4.5. c, Same as a but for RCP8.5.
d, CCSM4 RCP8.5 ocean warming from 1950-1960 to 2010-2020 showing
little to no warming in the Amundsen and Bellingshausen seas. The red

line shows the area of imposed, additional ocean warming, e, f. Oceanic
melt rates at 2015 calculated by the ice-sheet model from interpolated
CCSM4 temperatures (e), and with 4-3 °C adjustment in the Amundsen
and Bellingshausen seas (f), corresponding to the area within the red
line in d.
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Extended Data Figure 6 | Effect of future ocean warming only.
a, Antarctic contribution to future GMSL rise in long, 5,000-yr ice-sheet
simulations driven by sub-surface ocean warming simulated by CCSM4,
following RCP8.5 (black line), with a -1-3 °C adjustment in the Amundsen
and Bellingshausen seas (blue line; see Extended Data Fig. 5) and a warmer
-1-5 °C adjustment (red line). Atmospheric temperatures and precipitation
are maintained at their present values, b-d, Ice-sheet thickness at

model-year 5,000, driven hy sub-surface ocean forcing from CCSM4
(b) and from CCSM4 with a 4-3 °C (c) or 4-5°C (d) adjustment in the
Amundsen and Bellingshausen seas. Note the near-complete loss of ice
shelves, but modest grounding-line retreat in b, the retreat of Pine Island
Glacier in c, and the near-complete collapse of WAIS once a stability
threshold in the Thwaites Glacier grounding line is reached in d.
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Extended Data Figure 7 | The long-term future of the ice sheet and
GMSL over the next 5,000 years following RCP8.5 and RCP4.5.
a, Equivalent CO: forcing following RCP8.5 until the year 2500, and then
assuming zero emissions after 2500 and allowing a natural relaxation of
greenhouse gas levels (red) or assuming a fast, engineered drawdown
(blue) with an e-folding timescale of 100 years, b. Antarctic contribution
to GMSL over the next 5,000 years, following the greenhouse gas scenarios

4000
5000
Year (CE)
in a. c, The same as a, except showing long-term RCP4.5 greenhouse gas
forcing, d. The same as b, except following the RCP4.5 scenarios in c. The
insets in b and d show the ice sheet (and remaining sea-level rise) after
5,000 model years in RCP8.5 and RCP4.5, respectively, assuming fast CO:
drawdown (blue lines), highlighting the multi-millennial commitment to a
loss of marine-based Antarctic ice, even in the moderate RCP4.5 scenario.
Note the different y-axes in RCP8.5 versus RCP4.5.
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Extended Data Figure 8 | Freshwater input to the Southern Ocean.
Total freshwater and iceberg flux from 1950 to 2500, following the future
RCP scenarios shown in Fig. 4b. Freshwater input calculations include
contributions from ice loss above and below sea level and exceed 1 Sv in
RCP8.5.

LÇ' 2016 Macmillan Publishers Limited. Ail rights reserved

i-> •

'j;;-

ARTICLE RESEARCH

I

Extended Data Table 1 | Summary of Antarctic contributions to GMSL during the Pliocene, LIG, future centuries, and future millennia
.. RCM climate forcing, default model parameter values

Pliocene GMSL (m)
11.26

■>Ti

LIG 128ka GMSL (m)
-1.63
0.41
0.85
1.43
2.94
3.73
6.71
7.16

Modem ocean
+2 “C ocean
+3 “C ocean
+4 “C ocean
+5 “C ocean
+5 “C ocean, ice-climate feedback
+3 “C ocean, ice-climate-SST feedback
■r-S °C ocean, ice-climate-SST feedback

LIG 116kaGMSL (m)
-0.69
0.65
1.12
1.73
3.29
3.84
6.01
7.52

Proxy-based climate and ocean forcing,
default model parameters

LIG max. GMSL (m)

Modem ice-sheet initial conditions
Glacial ice-sheet initial conditions
Old model physics

6.09
7.54
1.07

RCM climate forcing, CCSM4 ocean,
default model parameters

2100 CE GMSL (m)

2500 CE GMSL (m)

0.03
0.32
0.77
0.77
0.86

0.20
5.03
12.30
13.62
13.60

RCM climate forcing, CCSM4 ocean, ensemble-filtered model
parameters: LIG 3,6-7.4 m. Pliocene 10-20 m

2100 CE GMSL (m)

2500 CE GMSL (m)

RCP2.6
RCP4,5
RCP8,5

0.11±0.11
0.49±0.20
1.05±0.30

0.25±0.23
5.69±1.00
15.65±2.00

RCP2.6 +3°C AS-BS adjustment
RCP4,5 +3“C AS-BS adjustment
RCP8,5 +3°C AS-BS adjustment

0.16±0.16
0.58±0.28
1.14±0.36

0.62±0.76
5.76±1.00
15.65±2.00

RCM climate forcing, CCSM4 ocean, ensemble-filtered model
parameters: LIG 3.6-7.4 m, Pliocene 5-20 m

2100 CE GMSL (m)

2500 CE GMSL (m)

RCP2.6
RCP4,5
RCP8.5

0.02±0.13
0.26±0.28
0.64±0.49

0.19±0.42
3.97±1.97
13.11±3.04

RCP2.6 +3°C AS-BS adjustment
RCP4.5 +3°C AS-BS adjustment
RCP8.5 +3°C AS-BS adjustment

0.14±0.19

0.70±0.78
4.20±1.80
13.09±3.05

Long-term simulations using default model parameters

7000 CE GMSL (m)

RCP4.5 no CO2 drawdown
RCP4.5 natural CO2 drawdown
RCP4.5 fast CO2 drawdown

8.47
4.48
4.72

RCP8.5 no CO2 drawdown
RCP8.5 natural CO2 drawdown
RCP8.5 fast CO2 drawdown

35.99
15.41
9.55

RCP2.6
RCP4,5
RCP8.5, no ice-climate feedback
RCP8.5
RCP8.5 +3°C AS-BS adjustment

0.41 ±0.30
0.79±0.46

Antarctic contributions to GMSL for the Pliocene and LIG simulations (rows 1-9) with t2*C ocean warming in the Pliocene and incrementally imposed ocean warming in the LIG simulations. Values
shown represent ice retreat at the end of quasi-equilibrated 5000-yr simulations. Time-continuous LIG simulations forced by proxy-based atmosphere and ocean climatologies (rows 10-12) list
maximum GMSL contributions occurring early in the LIG (Fig. 3a). The remaining rows list Antarctic contributions to GMSL at specific times (years as shown) in time-dependent future simulations.
Ensemble means and standard deviations (1.^) of the RCP ensemble members listed in Extended Data Table 2 are also shown. Future GMSL contributions are shown relative to 2000.
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Extended Data Table 2 { Ensemble simulations of Pliocene, LIG, and future Antarctic contributions to GMSL
Parameter
values
0.1,0,0
0.1,0,1
01,0,3
0.1,0,5
0.1,50,0
0.1,50,1
0.1,50,3
0.1,50,5
0.1,100,0
0.1,100,1
0.1,100,3
0.1,100,5
0,1,150,0
0.1,150,1
0.1,150,3
0.1,150,5
1,0,0
1,0,1
1,0,3
1,0,5
1,50,0
1,50,1
1,50,3
1,50,5
1,100,0
1,100,1
1,100,3
1,100,5
1,150,0
1,150,1
1,150,3
1,150,5
3,0,0
3,0,1
3,0,3
3,0,5
3,50,0
3,50,1
3,50,3
3,50,5
3,100,0
3,100,1
3,100,3
3,100,5
3,150,0
3,150,1
3,150,3
3,150,5
10,0,0
10,0,1
10,0,3
10,0,5
10,50,0
10,50,1
10,50,3
10,50,5
10,100,0
10,100,1
10,100,3
10,100,5
10,150,0
10,150,1
10,150,3
10,150,5

Pliocene
GMSL
(m)
3.54
3.52
3.65
3.66
4.39
8.29
10.72
10.89
4.31
8.42
11.15
11.31
4.14
8.66
11.24
11.57
3.74
3.81
4.36
4.50
4.57
8.53
10.93
11.00
4.56
8.83
11.26
11.47
4.51
8.88
11.39
11.81
4.21
4.63
4.87
4.95
4.76
9.02
11.29
11.45
4.82
9.28
11.38
11.60
4.84
9.40
11.49
11.90
5.36
5.73
5.84
5.89
6.01
9.69
11.59
11.83
6.01
9.86
11.88
12.05
5.98
9.97
11.97
12.41

LIG
GMSL
(m)
-0.45
-0.44
-0.43
-0.42
-0.30
-2.63
3.53
3.76
-0.27
3.41
4.44
4.72
-0.23
3.68
4.75
4.92
1.15
1.17
1.22
1.18
1.20
4.68
5.73
5.92
1.20
5.02
6.09
6.22
1.13
5.12
6.21
6.41
3.18
3.28
3.31
3.27
3.28
5.37
6.23
6.34
3.30
6.31
7.70
6.55
3.32
6.36
7.89
7.99
5.32
5.65
5.80
5.81
5.28
7.67
8.55
8.66
5.32
7.80
8.79
8.89
5.34
7.82
8.93
9.04

LE#

1
2

3
4
5
6
7

8
9
10
11
12
13
14
15
16

Future GMSL ensembles (m)

Future GMSL ensembles (m)

LE#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
mean
1-0

LIG 3.6-7.4 m. Pliocene 5-15 m
No AS-BS ocean bias correction
RCP26
RCP4.5
RCP8.5
2100
2500
2100
2500
2100
2500
-0.06
-0.13
0.20
4,07
0.66
13.51
17.27
0.08
0.07
0.51
5.69
1.15
-0.01
0.01
0.28
4,56
0.74
13.57
0.18
0.21
0.64
6.30
1.29
17.45
-0.16
-0.53
-0.03
1.97
0.21
10.64
0.02
0.06
0.31
4.74
0.77
13.59
0.21
0.27
0.67
6.53
1.34
17.48
-0.17
-0.46
-0.04
2.03
0.19
10.66
-0.03
0.06
0.25
4.52
0.69
13.58
0.25
0.55
6.10
17.38
0.11
1.20
-0.14
-0.38
-0.01
2.32
0.22
10.69
0.03
0.20
0.32
5.03
0.77
13.62
0.67
1.33
17.47
0.22
0.41
6.80
-0.13
-0.32
0.00
2,41
0.24
10.70
0.25
0.35
5.24
0.81
13.62
0.06
0.25
0.46
0.72
6.94
1.38
17.50
-0.10
-0.19
0.04
2.59
0.27
10.75
0.04
0.36
0.34
5.09
0.80
13.66
0.18
0.54
0.67
6.61
1.34
17.50
-0.07
-0.04
0.07
2.79
0.30
10.78
0.33
0.76
0.83
7.12
1.48
17.59
2.87
10.77
-0.05
0.00
0.08
0.31
-0.05
0.17
-0.01
1.21
0.09
9.76
0.00
1.44
0.10
9.78
-0.04
0.44
9.95
-0.02
1.01
0.02
2.00
0.11
10.20
0.03
1.44
0.04
2.37
0.12
0.03
1.86
0.18
10.22
-0.04
0.21
0.22
0.03
1.96
0.20
10.22
-0.03
10.22
-0.03
0.21
0.04
2.00
0.20
0.02
0.19
0.26
3.97
0.64
13.11
0.13
0.42
0.28
1.97
0.49
3.04

LIG 3.6-7.4 m, Pliocene 5-15 m
With AS-BS ocean bias correction
RCP2.6
RCP4.5
RCP8.5
2100
2500
2100
2500
2100
2500
-0.06
-0.10
0.20
4.06
0.65
13.52
0.07
0.10
0.51
5.71
1.14
17.32
0.01
0.04
0.28
4.55
0.74
13.58
0.18
0.24
0.62
6.31
1.28
17.43
-0.16
-0.50
-0.03
2.00
0.21
10.66
0.02
0.08
0.31
4.80
0.77
13.59
0.22
0.30
0.68
6.62
1.34
17.47
-0.14
-0.33
0.00
2.32
0.23
10.65
0.01
0.23
0.31
4.66
0.77
13.56
0.16
6.22
1.30
17.38
0.42
0.63
-0.11
-0.22
0.03
10.67
2.51
0.26
0.07
0.37
0.39
5.16
0.86
13.60
0.27
0.58
0.78
6.83
1.45
17.48
-0.10
-0.17
0.04
2.59
0.27
10.69
0.10
0.41
0.43
5.37
0.88
13.62
1.48
17.51
0.31
0.62
0.84
7.04
-0.04
0.52
0.14
2.89
0.39
10.74
0.12
1.54
0.55
5.31
0.99
13.63
0.37
2.16
1.02
6.67
1.66
17.47
0.00
0.64
0.18
3.09
0.43
10.74
0.53
2.35
1.17
7.12
1.75
17.55
0.01
0.19
3.17
10.77
0.70
0.44
0.22
1.19
0,25
2,03
0.35
9.72
0.29
1.40
0.34
2.26
0.42
9.75
0.41
1.88
2.74
0.54
9.91
0.45
0.57
10.15
2.05
0.61
2.87
0.71
0.22
1.22
0,31
2.31
0.51
10.18
0.23
1.24
0.33
2.38
0.53
10.18
0.23
1.22
0.33
2.34
0.53
10.18
0.14
0.70
0.41
4.20
0.79
13.09
0.19
0.78
0.30
1.80
0.46
3.05

LE#
1
2
3
4
6
7
g
10
12
13
15
16
18
19
21
mean
1-0

LIG 3.6-7.4 m, Pliocene 10-20 m
No AS-BS ocean bias correction
RCP2.6
RCP4.5
RCP8.5
2500
2100
2500
2100
2500
2100
-0.06
-0.13
0.20
4.07
0.66
13.51
17.27
0.08
0.07
0.51
5.69
1.15
0.01
0.28
4.56
0.74
13.57
-0.01
0.18
0.21
0.64
6.30
1.29
17.45
13.59
0.02
0.06
0.31
4.74
0.77
0.21
0.27
0.67
6.53
1.34
17.48
13.58
-0.03
0.06
0.25
4.52
0.69
6.10
17.38
0.11
0.25
0.55
1.20
13.62
0.03
0.20
0.32
5.03
0.77
0.41
0.67
6.80
1.33
17.47
0.22
13.62
0.06
0.25
0.35
5.24
0.81
17.50
0.25
0.46
0.72
6.94
1.38
0.04
0.36
0.34
5.09
0.80
13.66
0.18
0.54
0.67
6.61
1.34
17.50
17.59
0.33
0.76
0.83
7.12
1.48
15.65
0.11
0.25
0.49
5.69
1.05
0.11
0.23
0.20
1.00
0.30
2.00

LIG 3.6-7.4 m, 1Pliocene 10-20 m
With AS-BS ocean bias correction
RCP8.5
RCP2.6
RCP4.5
2100
2500
2100
2500
2100
2500
-0.06
0.65
-0.10
0.20
4.06
13.52
0.07
0.51
5.71
17.32
0.10
1.14
0.01
0.04
0.28
4.55
0.74
13.58
0.18
0.24
0.62
6.31
1.28
17.43
0.02
0.08
0.31
0.77
13.59
4.80
1.34
17.47
0.22
0.30
0.68
6.62
0.01
0.31
0.77
0.23
4.66
13.56
0.16
0.42
0.63
6.22
1.30
17.38
0.07
0.39
5.16
0.86
13.60
0.37
0.27
0.58
0.78
6.83
1.45
17.48
0.10
0.43
5.37
0.88
13.62
0.41
0.31
0.62
0.84
7.04
1.48
17.51
0.55
5.31
0.99
13.63
0.12
1,54
1.66
17,47
0.37
2.16
1.02
6.67
0.53
2.35
1.17
7.12
1.75
17.55
0.16
0.62
0.58
5.76
1.14
15.65
0.36
2.00
0.16
0.76
0.28
1.00

17
18
19
20
21
22
23
24
25
26
27

28

29

Varying combinations of three model parameters (first column) correspond to OCFAC, CREVLIQ and VCLIF. respectively (see Methods). The resulting GMSL contributions of each ensemble member
driven by Pliocene and LIG climatologies are shown in the second and third columns. Combinations of model parameters satisfying Pliocene and LIG sea-level targets are assigned a Large Ensemble
number (LE#) in the fourth column. Default model parameter values (LE# 12) and resulting Pliocene and LIG GMSL rise are in bold type. Four future ensembles using alternative sets of the palaeofiltered Large Ensemble members and following RCP2.5. RCP4.5 and RCP8.5 emissions scenarios are shown at right The top two ensembles use 29 combinations of parameter values that satisfy LIG
sea-level targets and a range of Pliocene sea-level targets between 5 m and 15 m. The bottom two ensembles use a more restricted set of 15 parameter combinations that satisfy a higher Pliocene
target range >10m. Future RCP ensembles at left correspond to the GMSL time series in Fig, 5. The two ensemble sets at far right include the ocean-temperature bias correction described In the
text. Fig. 4 and Extended Data Fig. 5. Antarctic GMSL contributions for each ensemble member are shown at 2100 and 2500. Ensemble means and In- standard deviations are also shown. GMSL
contributions in future ensembles are relative to 2000.
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Abstract
The potential for break-up of Antarctic ice shelves by hydrofracturing and following ice cliff
instability might be important for future ice dynamics. One recent study suggests that the
Antarctic ice sheet could lose a lot more mass during the 21st century than previously thought.
This increased mass-loss is found to strongly depend on the emission scenario and thereby on
global temperature change. We investigate the impact of this new information on high-end global
sea level rise projections by developing a probabilistic process-based method. It is shown that
uncertainties in the projections increase when including the temperature dependence of Antarctic
mass loss and the uncertainty in the Coupled Model Intercomparison Project Phase 5 (CMIP5)
model ensemble. Including these new uncertainties we provide probability density functions for
the high-end distribution of total global mean sea level in 2100 conditional on emission scenario.
These projections provide a probabilistic context to previous extreme sea level scenarios
developed for adaptation purposes.

1. Introduction
Sea level rise is one of the main consequences of global
warming (Arnell et al 2016). Knowing how fast it can
develop given a scenario of future greenhouse gas
emissions is crucial for both mitigation and adaptation
choices (Wong et al 2014). Unfortunately there
remains considerable uncertainty. The Antarctic ice
sheet is potentially the largest contributor to future sea
level rise but also the most uncertain (Meehl et al 2007,
Church et al 2013, Levermann et al 2014, Ritz et al
2015, Deconto and Pollard 2016). In 2013 the fifth
assessment report (AR5) from the Intergovernmental
Panel on Climate Change (IPCC) assessed the
likelihood for an extensive grounding line retreat of
the Antarctic ice sheet, that would contribute
significantly to sea level rise, to less than 34% (Church
et al 2013). In such a case, there was a medium
confidence that the magnitude would be ‘several
tenths of a meter’. However, for long term projects that
have a high risk aversion, low probability events also
need to be taken into account (Veerman 2008, Ranger

© 2017 lOP Publishing Ltd

et al 2013, Hinkel et al 2015). This can be done in
different ways: convening an expert committee to
develop extreme scenarios (Katsman et al 2011,
Ranger et al 2013), conducting a large expert
assessment survey (Horton et al 2014) or combining
expert assessment of ice sheet contribution (Bamber
and Aspinall 2013, de Vries and van de Wal 2015) with
climate models projections (Jevrejeva et al 2014,
Grinsted et al 2015). It is difficult with these
approaches to capture the correlation between ice
sheet mass loss and all the other processes. Also
important subjective choices are involved in each of
these methods (de Vries and van de Wal 2015). Until
recently such choices were unavoidable as climate
projections with an ice sheet model were either not
available at all, or carried out by models that did not
include processes that become important when
identifying the high end of the distribution. However,
as ice sheet models continue to improve and include
new processes it has now become timely to carry out a
probabilistic assessment of the high end of the
distribution. Therefore we propose here an alternative
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method where extreme mass loss from numerical ice
sheet simulations is used in a ‘process-based’ method
(Church et al 2013).
Recently, Deconto and Pollard (2016) included the
potential for break-up of Antarctic ice shelves in a
dynamical ice model showing that Antarctica could
contribute to global mean sea level by up to 114 cm
with a Iff of 36 cm in 2100 relative to 2000 under the
Representative Concentration Pathway RCP8.5 sce
nario. This estimate is much higher than the IPCC
AR5 upper bound of the likely range, which was set at
14 cm. Another important conclusion from Deconto
and Pollard (2016) is that future mass losses strongly
depend on the emission pathway, with an order of
magnitude less melt occurring in the RCP2.6 scenario.
In particular, Pollard et al (2013) and Deconto and
Pollard (2016) argued that ice fracturing of the ice
shelves by surface melt (hydrofracturing) and ice cliff
failure when cliffs become too high could increase
Antarctic mass loss dramatically after they included
these effects in their dynamical ice sheet model. These
findings need to be taken with caution because they are
not confirmed by other studies (Clark et al 2013).
Nevertheless the Deconto and Pollard (2016) projec
tions haven’t been demonstrated to be unphysical.
Therefore it is timely to explore the impact of rapid
mass loss from the Antarctic ice sheet on global mean
sea level rise and to update the techniques to project
future total sea level rise in a high-end scenario.
To be able to construct a probability density
function (PDF) instead of a likely range the main two
issues are ( 1 ) the quantification of the uncertainties in
ice-sheet contribution and (2) the uncertainty in
climate models projections (Meehl et al 2007, Church
et al 2013). Here, we will discuss the modifications of
the process-based method that are necessary to
quantify the probabilify of extreme sea level rise.
The objective of such a probabilistic scenario is to
update previous high end estimates based on expert
judgment (Katsman et al 2011, Ranger et al 2013,
Sweet et al 2017) and to provide a probability density
function that feeds into the policy requirements to
assess the likelihood of high risk, low probability
events.

2. Method
The process-based’ method used to compute total sea
level rise projections is based on IPCC AR5 (see
supplementary material of Church et al (2013)). We
take the same processes into account; ocean dynamics
and steric expansion, glaciers and ice caps, Antarctic
and Greenland ice sheets and land water storage. The
estimates for all processes are also the same as in
Church et al (2013) but we successively introduce
three key differences to change the focus to high-end
projections. Firstly, we look at the impact of the new
Antarctic mass loss estimates from Deconto and

Pollard (2016) on the global mean total sea level PDF.
Secondly, we develop a method to make the ice sheet
mass loss dependent on temperature for a given
emission scenario. This is important because it
broadens the PDF of total sea level rise and therefore
increases the values of the high quantiles. Thirdly we
explore the implication of the uncertainty related to
confidence in climate model projections of global
mean temperature. This uncertainty also leads to
increase the high quantiles of the PDF. For simplicity
we only focus on the sea level rise in 2100 compared to
the reference period 1986-2005 and not on the
pathway leading there. A detailed description of each
process contributing to sea level and a mathematical
description of the method to compute the PDFs is
given in appendix

3. Antarctic ice sheet mass loss
Ice sheet mass loss may be decomposed into surface
mass balance, the difference beUveen snow fall and
melt/sublimation, and ice-dynamics (iceberg calving,
and basal melt of ice sheet and ice shelves). With
climate change the snow fall may be considered to
increase with temperature. Church et al (2013)
assumed 5.1% per ‘’C. Changes in dynamics were
based on the probabilistic framework of Little et al
(2013), represented with a uniform distribution with a
minimum of—2 cm and a maximum of 18.5 cm global
sea level equivalent in 2100 relative to 2005.
To estimate the total Antarctic ice sheet mass loss,
we use the results from a recent numerical model
simulation (Deconto and Pollard 2016) (referred later
as DP16) that includes both surface mass balance and
ice-dynamics. In their high-end estimate, the expected
value for the Antarctic contribution in 2100 relative to
2000 are 58 cm and 114 cm, with standard deviations
28 cm and 36 cm respectively for the RCP4.5 and
RCP8.5 scenarios. These numbers represent the most
extreme outcome from this study, other h)pothesis
were also tested and lead to differences (see appendix B).
The standard deviations stated above represent the
uncertainty in three important parameters of an ice flow
model: ocean melting under the ice shelves, hydro
fracturing due to surface melting and horizontal wastage
due to ice-cliff structural failure. A PDF can then be
constructed for the Antarctic contribution to sea level
rise at vear f:
nP16.w(0 + ^A’oP16.Sd(0

(1)

with Adpi6„m the expected value, Xop,(, sD the standard
deviation, r randomly chosen from a normal
distribution with zero mean and standard deviation
1 (Af(0. 1)) and See that can either be the RCP4.5 or
the RCP8.5 scenario. We note that the reference period
from Deconto and Pollard (2Ü16) is slightly different
from the one used by the IPCC AR5, but mass loss in
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Figure 1. Comparison of the probabiliri’ distribution of Antarctic mass loss (left) and global total sea level rise (right) in 2100
compared to 1985-2005 for the RCP8.5 scenario for: IPCC AR5 (red), Antarctic mass loss DP16 (blue), including temperature
dependent Antarctic mass loss DP16T (green). A sensitivit)' of global estimates to the y parameter representing CM1P5 model
ensemble uncertainri’ is also added: DP16T with y = 1.64 (black) instead of 1 for the other curves.

Table 1. Percentiles of the PDFs of total global sea level rise in
2100 compared to 1986-2005 for RCP8.5 using three methods:
IPCC AR5, Antarctic contribution from Deconto and Pollard
(2(116) (DP16) and including a temperature dependence in the
Antarctic contribution (DP16T).
AR5
Percentiles

y= 1

y = 1.64

DP16
1

1
5
10
20
50
80
90
95
99

44
51
56
62
73
85
92
98
111

36
46
51
58
73
90
99
108
127

96
121
135
152
184
216
233
247
273

DP16T
1
71
104
121
143
184
225
247
265
299

1.64
41
81
103
131
184
238
268
292
339

Antarctica from 1996 to 2005 is very small (0.25 cm,
Church et al (2013)) so we do not take into account
this difference in our computation.
These projections of Antarctic mass loss are a lot
higher and more uncertain (wider PDF) than the ones
considered by Church et al (2013) (figure 1). This is
mostly because Church et al (2013) did not try to
determine an upper end of Antarctic mass loss since
the simulations to do it were not available and their
estimates are meant to be a best guess instead of a
high-end scenario. As a result for RCP8.5, the median
of total sea level rise was 73 cm, but in this high-end
estimate it becomes 184 cm and the impact is even
higher for the extremes with for example an increase of
the 95% quantile from 98 cm to 247 cm (table 1). It
should be stresses that by focusing on the high-end
distribution we do not undertake the same exercise as
in Church et al (2013), as we are not considering other
sources of information for Antarctic ice sheet mass loss
than DP16.

4. Temperature dependence of antarctic
mass loss
When using the process-based method, the way
processes are added is important, especially when
computing the extremes. If two or more processes are
independent the PDF of their sum has a smaller spread
than if they are correlated. For example, when Uvo
independent random variables are added, an extreme
in one of them, defined here as above the 95%
quantile, ivill only happen together with an extreme of
the other variable 5% x 5% of the time. That is a
0.25% likelihood. In contrast, if these two variables are
perfectly correlated the same extreme has a likelihood
of 5%.
For each process contributing to sea level rise the
uncertainty can be separated into two parts, a
methodological part and a part depending on
temperature. Our approach concerning the correlation
between processes is based on the nature of their
uncertainties. The time series of global mean surface
air temperature (T) comes from the CMIP5 climate
models and is expressed as an anomaly with respect to
its time-mean for 1986-2005. Using the ensemble
mean
and standard deviation Tsd we write:
T{t) = Tuit) + r2Tsi){t),

(2)

with T2 randomly sampled from 7V’(0, 1). This is
the scalar form of equation (5) discussed in
appendix .3.
The uncertainty that depends on temperature is
fully correlated between all processes while the
methodological parts are independent of each other.
Processes that have some temperature dependence are
land glaciers and ice caps and Greenland surface mass
balance. Also the ocean thermal expansion is consid
ered fully correlated with temperature. Greenland ice
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sheet d)Tiamics and land water storage are considered
fully uncorrelated with temperature. In IPCC AR5 the
Antarctic surface mass balance is considered tempera
ture dependent but not the Antarctic ice sheet
dynamics. Here is where we deviate from AR5, based
on Deconto and Pollard {2016) we consider the
Antarctic ice sheet mass loss linearly related to global
mean surface temperature for a given emission
scenario, assuming the following relationship:
X^neTit)=X^I,,{t) + Sr2Tf^{t),

(3)

with
S=

ji^RCP8.5
'-DP16.M
«CP8.5

T

_

vRCP4.5

,

(4)

(0 -

For complete consistency with Deconto and Pollard
(2016) the mean temperature used to compute S
should come from their climate model, GENESIS v3
Global Climate Model. Howe\'er this model it not part
of CMIP5, therefore we ha\'e taken the ensemble mean
of the CMIP5 models instead. Making the mass loss
from Antarctica temperature dependent also makes it
partially correlated to all the other processes that
depend on temperature. These correlations broaden
the PDE of total global sea level rise (figure 1 ) with
largest increases in the high quantiles, for example the
95% quantile increases from 247 cm to 265 cm for
RCP8.5 (table 1).

5. Uncertainty related to confidence in
model projections
One assumption that we made is that the uncertainties
associated with the variables available from the climate
model ensemble are normally distributed with a mean
and variance computed from the ensemble (see
equation (2) and appendix equations (5) and (6).
The mean and variance are then used to build the
PDFs. This approach is simple as it requires no further
expert judgment. However, it should be noted that in
IPCC AR5 the likelihood associated with projections
computed from the climate model ensemble is
reassessed when formulating the likelihood range
for the real world. This is done for at least three
reasons. Firstly, other sources of information than the
multi-model ensemble are available to constrain
climate sensitivity, like paleoclimate proxies, suggest
ing that the range displayed by the model ensemble
might be too narrow. Secondly, climate models share
some common limitations like the parameterisation of
clouds in the atmosphere, and mesoscale eddies and
vertical mixing in the ocean, implying possible
common biases. Thirdly, the climate model ensemble
does ‘not represent a systematically sampled family of
models but rely on self-selection by the modelling
groups’ Collins et al (2013). All these elements imply
that the multi-model ensemble may present an
incomplete picture of the range of possible futures

and may provide only a limited sampling of the
uncertainties (Ranger et al 2013). As a result the
projected 5 to 95% range of global mean surface
temperature from the climate model ensemble is
considered a likely range (Collins et al 2013). In the
language of the AR5, this means that it has a likelihood
between 66 and 100% and not exactly 90% if one
would only consider the model ensemble uncertainty.
And Church et n/ (2013) uses the same approach for
other variables originating from the CMIP5 model
ensemble like thermal expansion and ocean dynamics.
To include this additional uncertainty in the results
we use a parameter y to modify the standard deviation
of the normal distribution computed from the climate
model ensemble (Temperature and ocean dynamics
and expansion). Mathematically this means that
parameter t2 from equation (2) is sampled from
Af{0.y^) instead of
1). For y equal to 1 the
standard deviation does not change but for y larger
than 1 the uncertainty of the ensemble increases
leading to a broader PDF (figure 1 ). We use y equal to
1.64 because this changes the likelihood of the 5%—
95% model range from 90% to 66% which is the
minimum likelihood that the AR5 gives to this range.
As can be expected this additional source of
uncertainty has almost no impact on the median of
total sea level rise (table 1). However, it is very
important for the extremes. In particular it leads to an
increased estimate of the 95% quantile from the AR5
PDF from 98 cm to 108 cm. And in case of a
temperature dependent Antarctic mass loss the
sensitivity to y is further increased as well. The
95% quantile then changes from 265 cm to 292 cm.

6. Conclusion and discussion
We have constructed a new high-end projection for
global sea level rise in 2100 by modifying and
extending the AR5 process-based method in three
ways. First, we replaced the AR5 Antarctic contribu
tion by new estimates from Deconto and Pollard
(2016). Secondly, we included correlation between
temperature and Antarctic mass loss. And finally, we
accounted for additional uncertainty in the CMIP5
model ensemble projection of global mean surface
temperature. For the RCP8.5 scenario, the PDF
obtained has a median of 184 cm and a 95% quantile
of 292 cm. The large shift of the median is entirely
caused by replacing the AR5 median values by new
high-end Antarctic estimate but a considerable part of
change of the higher quantiles comes from the other
tvvo extensions. The method described here provides a
systematic way to build a probabilistic projection of
extreme sea level. It depends only on one modelling
study of the future Antarctic ice-sheet mass loss but
the results will be updated as more projections of the
possible impact of hydrofracturing and ice cliff failure
on future Antarctic mass loss become available. Other
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processes that are not yet parameterised in dynamical
ice sheet models, like the developments of rifts from
below the ice shelves (Jeong et al 2016, Alley et al
2016), might also be included in the future.
We chose to keep the contribution from Greenland
and from glaciers and ice caps the same as Church et al
(2013) even though our focus is on extreme events.
This is because uncertainties from these processes are a
lot smaller than those for Antarctica and new
projections are mostly in line with Church et al
(2013) (Clark et al 2015, Slangen et al 2016). The
choice to take a normal distribution for the Antarctic
ice sheet contribution is based on the fact that Deconto
and Pollard (2016) do not mention important
skewness in their projections. This seems to be at
odds with other projections. For instance Levermann
etal (2014) obtained skewed distributions that seem to
arise from the uncertainty in the subsurface ocean
temperature forcing basal melt. Deconto and Pollard
(2016) is exploring the high end of the distribution by
including feedback processes that exclude the more
probable low end of the distribution. By just focusing
on the small probability high-end sea level rise it seems
reasonable to assume a normal distribution as in
Deconto and Pollard (2016).
As can be expected from our approach, the highend projection that we present is higher than
previously published PDFs of best guess estimates
(Jevrejeva et al 2014, Grinsted et al 2015, Jackson and
Jevrejeva 2016). The main difference is that we use the
highest published projection of mass loss from
Antarctica (Deconto and Pollard 2016) instead of an
expert judgment assessment (Bamber and Aspinall
2013). Other so called 'extreme’ or ‘worst’ scenarios
that are not probabilistic can be compared with our
PDF. The Dutch Delta Committee (Veerman 2008)
projects 110 cm that is between the 10% and 20%
quantiles of our PDF. The UK H-l-l- scenario (Ranger
et al 2013) of 270 cm and the NOAA scenario of
250 cm (Kopp er a/2014, Sweet etal 2017) fall betu'een
the 80% and 95% quantiles of our PDF, so these values
are not radicaDy different from our high end estimate.
The main difference is the approach taken to arrive at
the high-end estimates. We suggest that our new
framing for extreme sea-level scenarios, by rigorously
using the process-based method, eliminates the largest
sources of subjectivity. As such, it can stimulate further
discussion between sea level specialists and policy
makers to improve the robustness of long-term
planning of adaptation measures, managing environ
mental risks and help making choices concerning
mitigation measures.
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Appendix A. Method
In this section we present each process that is expected
to contribute to sea level rise in the coming century
and the uncertainties associated with them. The
processes are evaluated in the same way as Church et al
(2013) except for the Antarctic ice sheet dynamics and
its surface mass balance. The following method
description builds on Vries et al (2014) and is more
detailed than in Church et al (2013).
A.1. Global mean surface temperature
The temperature fields are derived from 21 climate
models that are part of the Coupled Model
Intercomparison Project Phase 5 (CMIP5). More
than 21 models participated in CM1P5 but only these
models provided all the necessary variables for
making the sea level projections. No other selection
was performed. These 21 models are forced by
tvN'^o different scenarios of greenhouse gas
emissions: RCP4.5 for which some mitigation
measures are implemented and RCP8.5 which is
business as usual.
The number of models is not large enough to
determine the shape of the underlying distribution of
the time varying global mean surface temperature.
Therefore, we assume that this distribution is normal.
We represent the global annual mean surface
temperature information from all models by a matrix
T, whose first dimension is time (f), and second
dimension are the member of the model ensemble. A
vector (N) of size n (n = 7 x 10^) is built from
randomly sampling the normal distribution of mean 0
and standard deviation 1 (A/"(0,1)). Then for each
time t the temperature distribution (T) is computed
from the mean temperature (T) and a standard
deviation (o(T)) over the climate model ensemble.
as:
T{t) = T{t)+cT{T{t,.))N.

(5)

The temperature is generally used as an anomaly
compared to a reference period. In this case the mean
temperature during the reference period has to be
removed from each model time series before
computing the distribution T. This is important
because the term or(J(t,.)) also depends on
the reference period. In the following a reference
temperature distribution computed with the reference
period 1986-2005 will be written Ti986-20osA.2. Global steric expansion
Many climate models conserve volume and not mass
because of the so called 'Boussinesq approximation’.
Therefore, in these models an increase in temperature
does not lead to a global expansion of the water. This
effect is computed off-line from the density fields.
Because climate models have a drift in steric expansion
it is necessary to diagnose this drift from each model
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Table 2. Parameters for the fits to the global glacier models.
ƒ (mm °C ' )T ') p (no unit)

Global Glacier Model
Giesen and Oerlemans (2013)
Marzeion et al (2012)
Radie cffll(2ül4)
Slangen and V'an De Wal (2011)

3.02
4.96
5.45
3.44

0.733
0.685
0.676
0.742

using a control experiment that uses a constant
forcing. The drift is then removed by subtracting a
polynomial fit as a function of time to the control
steric expansion time series. Global mean steric
expansion from each model and at all time t is stored
in a matrix X^t. The distribution is computed in the
same way as for the global mean temperature:
A’s,(r)=^„(t)+or(X„(f,.))N.

(6)

The vector N here is the same as in equation (5). This
means that the temperature and steric expansion are
assumed to be completely correlated.
A.3. Land glaciers and ice caps
The contribution from land glaciers and ice caps
excludes Antarctic glaciers that are included directly in
the Antarctic contribution but includes Greenland
glaciers. This contribution is derived from four global
glacier models (Giesen and Oerlemans 2013, Marzeion
et a/2012, Radie et a/2(114, Slangen and Van De Wal
2011) that take into account local climate change and
its effect on the surface mass balance and the
hypsometry of individual glaciers. Each of these
models computes the glacier contribution to sea level
depending on a temperature pathway. Since these
models where originally forced with different temper
ature pathways we first need to fit the time series of
cumulated contribution to flit)'’, with I(t) the time
integral of global mean surface temperature from year
2006 to t. The integrated temperature needs to be used
here because the cumulated sea level contribution
depend on past temperatures. The fitting parameters ƒ
and p obtained for each model are shown in table 2.
This method allows to apply these four models for any
temperature pathway. In particular for the RCP
scenarios:

T 1986-2005 dr',

J(r) =

(7)

2006

(8)
i=l

where A’gic is the sea level change in cm and i is an
index looping over the four sets of parameters from
the glacier models. The factor 10 is used to convert
from mm to cm. The sum in the second term of the
right hand side of equation (6) shows that the average
over the four glacier models is taken. The spread of the
four models estimates around the mean is about 20%.
This uncertainty is included with the vector
of

size n whose components are drawm from Af{0, 0.2").
N2 is independent from N which means that glacier
modelling uncertainties are not correlated with
temperature. The final distribution A’gjc is still
partially correlated with temperature because
T]9S6-2005 is used to compute J'. An additional
= 0.95 cm) is added to include the
constant
change from 1996 to 2005.
Â.4. Greenland ice sheet surface mass balance
The following parameterization is used for the surface
mass balance tendency (A'csmb) in terms of global
temperature change (Fettweis et al 2013):
10->o

-^GsmbCf) =---- T—(71.5Ti980-1999(f)
PivAjc

+ 20.4T,,j,q_j555 -E 2.8T]5gQ_]c,9,),

(9)

3vhere the factor 10“’° is used to convert GT to kg and
= 1 X lO^kgm“^ is the w'ater density
m to cm,
and Aoc = 3.6704 x lO'’ m" is the ocean surface area.
This equation is then integrated in time:
X(t')dt'

(10)

2006

where
is the observed contribution between
1996 and 2005. Different studies give different
estimates. This uncertainty is implemented as L a
vector of size n w'hose components are sampled from
the log-normal distribution e-2'The log
normal distribution is used because the estimates
of the various Greenland surface mass balance
(SMB) models are positively skew'ed. A positive
feedback between SMB and surface topography is
also added. As the ice sheet looses mass its altitude
decreases and the temperature at its surface
increases, leading to increased melt. This is included
with the vector U of size n w'hose components are
sampled from the uniform probability distribution
betw'een 1 and 1.15.
A.5. Greenland ice sheet dynamics
As in Church et al (2013) the range of the Greenland
ice sheet dynamical processes contribution for 2100 is
1.4 to 6.3 cm for all scenarios, except RCP8.5 for which
it is 2 to 8.5 cm. These ranges are based on an expert
assessment of the literature. The mass loss rate at the
beginning of the projection is taken as half of the
observed rate from 2005 to 2010 (half of 0.46—0.80
mm yr“’), the other half being accounted for in the
surface mass balance. A maximum (minimum) time
series is then built starting in 2006 from the maximum
(minimum) estimate of recent mass loss and ending in
2100 at the maximum (minimum) of the range for
2100 and assuming second order in time. These
maximum and minimum time series are called
and ATgJ",, respectively. An additional 0.15 cm is added
for the contribution before 2006 (-T^dyn). The
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Table 3. Global mean sea level PDFs in 2100 for RCP8.5 for the
four scenarios from Deconto and Pollard (2016), Scenario 2 is
discussed in the main text.
Scenarios
Pliocene
Ocean bias correction

1
10-20 m
Off

2
10-20 m
On

3
5-20 m
Off

4
5-20 m
On

Table 4. Percentiles of the PDFs of global sea level rise in 2100
compared to 1986-2005 for RCP4.5 using three methods: IPCC
AR5, Antarctic contribution from Deconto and Pollard (2016)
(DP16) and including a temperature dependence in the Antarctic
contributions (DP16T).
AR5
Percentiles

Percentiles
1
5
10
20
50
80
90
95
99

40
77
98
124
175
227
255
278
323

41
81
103
131
184
238
268
292
339

0
34
55
82
135
190
220
247
315

13
50
71
98
150
202
231
255
305

1
5
10
20
50
80
90
95
99

DP16T

DP16

y= i

y = 1.64

y= 1

P= 1

y = 1.64

30
36
39
43
52
62
66
70
78

25
32
36
42
52
64
70
76
87

37
57
67
80
105
130
143
153
173

25
48
61
76
105
134
150
162
186

12
37
52
70
106
142
161
177
208

2,0 -

1,0 -

50
Antarctic mass loss (cm)

100

150

200
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300

350

Global sea level rise (cm)

Figure 2. Comparison of the probabilitç’ distribution of Antarctic mass loss (left) and global to sea level rise (right) in 2100 compared
to 1985-2005 for the RCP4,5 scenario for: IPCC AR5 (red), Antarctic mass loss DP16 (blue), including temperature dependent
Antarctic mass loss DP16T (green), A sensitiWtç’ of global estimates to the y parameter is also added: DP16Tvvith y = 1,64 (black)
instead of 1 for the other curves.

distribution is then taken as uniform between the
maximum and minimum time series as follows:
-ŸGdyn(f) =

^ “ U2)^S™(f)l OD

where U2 is a vector of size n whose components are
sampled from a uniform probability distribution
between 0 and 1.
A.6. Antarctic ice sheet
This contribution is taken from Deconto and Pollard
(2016). See the main text.
A.7. Groundwater changes
This term is based on projections of future dam
constructions and depletion of ground water from
human activities. The 5 to 95% quantiles for 2100
are —1 and 9 cm (Wada et al 2012). The time
evolution is done with a second order polynomial

starting from present observed rate estimates of (0.26,
0.49) [mm yr“'] (5%-95% range). A lower (upper)
time series is constructed that start at the lower
(upper) initial rate and end at the lower (upper) final
estimate. These time series are called
and
A central estimate
is obtained as the
mean of the two. The final distribution is then
computed as;
=

(12)

where N3 is sampled from

with
)\
(13)

<7gnv(f) =
«95 - «05

and Uq is the quantile function for a normal
distribution. The groundwater contribution is taken
as independent of temperature and emission scenario.
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A.8. Final combination of processes
Once all the contributions have been computed the
total is obtained as:
“^total — “^st + “^gic "b A:"Gsmb + bb”Gdyn “b <^Ant

+ A’:grw

(14)

A probability density function can then be constructed
from bftotai for each time t.

Appendix B. Other scenarios from Deconto
and Pollard (2016)
In the main text the most extreme Antarctic mass loss
scenario from Deconto and Pollard (2016) was chosen
because the focus is here on possible extremely high
sea level rise. However, three other scenarios are also
available depending on the assumption about sea level
high-stand during the Pliocene and depending on
whether the cold bias of the climate model CCSM4 in
the Amundsen Sea-Bellingshausen Sea is corrected for
or not. The results for the global mean sea level in 2100
for RCP8.5 with y = 1.64 and for each of these
scenarios are given in table .T

Appendix C. Results for the RCP4.5
scenario
The computation is also done for the RCP4.5 emission
scenario and results are given in figure 2 and table 4
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Abstract Mechanisms such as ice-shelf hydrofracturing and ice-cliff collapse may rapidly increase dis
charge from marine-based ice sheets. Here, we link a probabilistic framework for sea-level projections
to a small ensemble of Antarctic ice-sheet (AIS) simulations incorporating these physical processes to
explore their influence on global-mean sea-level (GMSL) and relative sea-level (RSL). We compare the new
projections to past results using expert assessment and structured expert elicitation about AIS changes.
Under high greenhouse gas emissions (Representative Concentration Pathway [RCP] 8.5), median pro
jected 21st century GMSL rise increases from 79 to 146 cm. Without protective measures, revised median
RSL projections would by 2100 submerge land currently home to 153 million people, an increase of 44
million. The use of a physical model, rather than simple parameterizations assuming constant accelera
tion of ice loss, increases forcing sensitivity: overlap between the central 90% of simulations for 2100 for
RCP 8.5 (93-243 cm) and RCP 2.6 (26-98 cm) is minimal. By 2300, the gap between median GMSL esti
mates for RCP 8.5 and RCP 2.6 reaches >10 m, with median RSL projections for RCP 8.5 jeopardizing land
now occupied by 950 million people (versus 167 million for RCP 2.6). The minimal correlation between the
contribution of AIS to GMSL by 2050 and that in 2100 and beyond implies current sea-level observations
cannot exclude future extreme outcomes. The sensitivity of post-2050 projections to deeply uncertain
physics highlights the need for robust decision and adaptive management frameworks.
Plain Languags Summary Recent ice-sheet modeling papers have introduced new physical
mechanisms—specifically the hydrofracturing of ice shelves and the collapse of ice cliffs—that can
rapidly increase ice-sheet mass loss from a marine-based ice-sheet, as exists in much of Antarctica. This
paper links new Antarctic model results Into a sea-level rise projection framework to examine their
influence on global and regional sea-level rise projections and their associated uncertainties, the potential
impact of projected sea-level rise on areas currently occupied by human populations, and the implications
of these projections for the ability to constrain future changes from present observations. Under a high
greenhouse gas emission future, these new physical processes increase median projected 21st century
GMSL rise from ~80 to ~150 cm. Revised median RSL projections for a high-emissions future would,
without protective measures, by 2100 submerge land currently home to more than 153 million people.
The use of a physical model indicates that emissions matter more for 21st century sea-level change than
previous projections showed. Moreover, there is little correlation between the contribution of Antarctic to
sea-level rise by 2050 and its contribution in 2100 and beyond, so current sea-level observations cannot
exclude future extreme outcomes.

This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
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Probabilistic sea-level rise projections aim to characterize plausible Bayesian probability distributions
— usually conditional upon greenhouse gas emissions scenario—of future global-mean sea-level (GMSL)
and local relative sea-level (RSL) changes over time (e.g., Jackson & Jevrejeva, 2016; Kopp et al., 2014,2016;
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Mengel et al., 2016; Nauels et al., 2017; Slangen et al., 2014; Wong et al., 2017). Those projections explicitly
labeled "probabilistic" generally aim to include estimates not Just of central or "likely" ranges (e.g.. Church
etal., 2013b), but also estimates of the tails of probability distributions; others are conceptually similar
but do not attempt to estimate low-probability hazards (e.g.. Slangen et al., 2014). Many probabilistic pro
jections are developed through frameworks that incorporate regional contributions to sea-level change,
allowing them to be combined, for example, with estimated distributions of local flood frequencies to esti
mate an expected amplification of local flood frequencies overtime (e.g., Buchanan et al„ 2017) and vertical
elevation allowances needed to maintain expected flood frequency at a constant level (e.g., Buchanan
etal., 2016; Slangen etal., 2017). There is a good degree of agreement on future GMSL among many
of the studies producing probabilistic projections, as well as between these studies and the IPCC's Fifth
Assessment Report (AR5; Church etal., 2013b). In some cases, this is by construction; for example, Kopp
etal. (2014) used ice-sheet projections based on a reconciliation of the structured expert elicitation study
of Bamber and Aspinall (2013) with AR5. In other cases, this agreement represents independent lines of evi
dence leading to similar conclusions: for example, the agreement between AR5 and recent semi-empirical
models relating GMSL change to global-mean temperature (Kopp et al„ 2016; Mengel et al., 2016).
This agreement is not universal, however (e.g., Jackson & Jevrejeva, 2016), and may be misleading. The
response of polar ice sheets to forcing remains an area of "ambiguity" and "deep uncertainty" (Heal & Millner, 2014; Kasperson, 2008), for which it is currently impossible to identify a uniquely "correct" probability
distribution. Approaches beyond historically calibrated statistical models (Kopp etal., 2016; Mengel etal.,
2016) and consensus-based expert assessment (Church etal., 2013b) can provide additional reasonable
ways of estimating probability distributions of the ice-sheet response. Notably, structured expert elicitation
about the Antarctic ice-sheet (AIS) response (Bamber & Aspinall, 2013) yielded a broader range than
consensus-based AR5 expert assessment. Direct use of results from Bamber and Aspinall (2013), without
reconciliation with AR5, drives the higher projections in Jackson and Jevrejeva (2016). Most physical
models of the AIS response have been generally consistent with AR5 and Kopp etal. (2014); for example
Ritz et al. (2015)'s physical-statistical model estimated a 95th percentile AIS contribution to GMSL of 30 cm
sea-level equivalent between 2000 and 2100, consistent with Kopp et al. (2014)'s 33-35 cm. Golledge et al.
(2015)'s deterministic model found a 39 cm contribution under high emissions and their higher treatment
of basal ice melt. However, DeConto and Pollard (2016) (henceforth, DPI6) found that the inclusion in a
physical model of previously omitted processes such as ice-shelf hydrofracturing and structural collapse
oftall, marine-terminating ice cliffs has the potential to drive an order-of-magnitude increase in Antarctic
mass-loss rates.
Ideally, the integration of process models into probabilistic frameworks such as those of Kopp etal.
(2014) (henceforth, K14) and Jackson and Jevrejeva (2016) would involve the development and use of
fast models—or fast statistical emulators of more complex models—in a mode that allows Monte Carlo
sampling of key uncertainties and the conditioning of uncertain parameters on multiple observational
lines of evidence. The development of such fast models or model emulators is an involved task, however,
and the publication of DPI 6 triggered an increase in stakeholder interest and a demand for more expe
ditious approaches. For example, regional sea-level assessments for the City of Boston (Douglas etal.,
2016) and State of California (Cayan etal., 2016) adopted the K14 framework but substituted, as a set of
discrete samples, an ensemble of AIS projections from DPI 6. For the United States' Fourth National Climate
Assessment, a U.S. Interagency Task Force on Sea-Level Rise report (Sweet et al„ 2017) semi-quantitatively
assessed how DP16's results might shift the probability distribution of future GMSL change.
Here, we extend the approach of Douglas et al. (2016) and Cayan et al. (2016) to a global scale, substitut
ing DP16's AIS ensembles for K14's expert assessment- and expert elicitation-based probability distribu
tion. This substitution allows more complex temporal dynamics than the simple assumptions of constant
acceleration that underlie many expert-judgment-based projections (e.g., Bamber & Aspinall, 2013; Kopp
etal., 2014; Little etal., 2013a, 2013b). It also allows identification of the importance of different physical
assumptions regarding AIS for total GMSL and RSL projections. However, this approach comes with some
limitations. DPI 6 did not originally develop their ensemble to produce a probability distribution. Instead,
they sampled their key physical parameters from a discrete, somewhat arbitrary set of values, and they inte
grated paleo-observations via a simple pass/fail test. A more probabilistic approach would have employed
continuous prior probability distributions for key parameters and integrated observations—potentially
KOPPETAL.
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instrumental observations as well as paleo-constraints—via Bayesian updating. The more limited approach
taken means their ensemble may give excessive weight to certain ensemble members, while also having
unrealistically thin tails delimited by the discrete values selected for the prior parameter values.
This substitution approach differs from that taken by Le Bars etal. (2017), who sought to integrate DP16
projections into comprehensive projections of GMSL rise between 2000 and 2100. They fit a normal distri
bution to DPI 6 ensembles for 2100, while also introducing a linear dependence of AIS mass loss on global
mean surface temperature. In contrast to the approach here, their approach neglects the non-normality
in the DP16 ensemble and gives significant weight to values represented in the tails of their fitted nor
mal distributions but not within the physically modeled DPI 6 projection ensemble. The approach in their
current paper is thus more conservative with respect to extrapolation beyond the DPI 6 ensemble values.
In addition, by using the DPI 6 projections directly, this study considers not just a single time point but
also the course of sea level over time. Leveraging the K14 projection framework, this study also ties global
projections to their regional manifestations.
Because of the limitations associated with using the DPI6 projections directly, the resulting GMSL and
RSL projections should not be viewed as constituting well-constructed Bayesian probability distributions.
Accordingly, we refer to the resulting distributions as simulation frequency distributions, not probability
distributions; this terminological choice parallels that of National Academies of Sciences, Engineering, and
Medicine (2016) in the context of social cost of carbon dioxide estimates. These simulation frequency
distributions can be used in some contexts—e.g., decision frameworks leveraging multiple alternative
probability distributions—as if they were probability distributions. Doing so effectively treats the DP16
choices of parameter values as though they constituted a well-constructed, equally weighted prior, and
the DPI 6 paleo-constraints as though they were well-represented by uniform likelihood distributions.
Given the weaknesses in these assumptions, we would advise against using these simulation frequency
distributions in isolation as new "best-estimate" probability distributions.

2. Methods
2.1. Projections Framework
The framework employed to generate GMSL and RSL projections in this analysis is based on that of K14. The
K14 framework combines multiple lines of information to construct probability distributions for key contrib
utors to GMSL and RSL change. It employs a joint probability distribution for global mean thermal expansion
and regional ocean dynamics derived from the Coupled Model Intercomparison Project Phase 5 (CMIPS)
(Taylor et al., 2012) ensemble. Its projections of glacier mass-balance changes are derived from the Marzeion
et al. (2012) surface mass-balance model, forced by the CM1P5 ensemble. Following the approach of Rahmstorf et al. (2012), its projections of the global-mean contribution of anthropogenic changes in land-water
storage are based upon historical relationships between human population, dam construction, and groundwater withdrawal (Chao etal., 2008; Konikow, 2011; Wada etal., 2012).The regional contributions of nonclimatic effects such as glacio-isostatic adjustment, tectonics, and sediment compaction are based upon a
spatiotemporal statistical model of tide-gauge observations. Ice sheet contributions are derived from the
AR5 expert assessment and the structured expert elicitation of Bamber and Aspinall (2013), as described
below. Glacier and ice sheet projections are translated into RSL changes using static-equilibrium finger
prints for 18 glacier regions, the Greenland Ice Sheet, the West Antarctic Ice Sheet (WAIS), and the East
Antarctic Ice Sheet (EAIS) (Mitrovica et al., 2011 ).
Bamber and Aspinall (2013) elicited from 14 experts central 90% probability estimates for the rate of GMSL
rise in 2100 due to the Greenland Ice sheet, WAIS and EAIS. They did not distinguish between surface-mass
balance and dynamic contributions, nor did they distinguish between emissions scenarios. In turning these
rates into cumulative 21st century GMSL rise contributions, they assumed a linear increase in rates based
on the experts' rate estimates for the last decade and for 2100.
AR5 assessed the likely (central 66% probability; see exegesis by Church etal., 2013a) range of Greenland
and Antarctic contributions in 2080-2099, distinguishing between surface-mass balance and dynamic
terms. They did not distinguish between EAIS and WAIS. For the dynamic AIS contribution, they did not
distinguish among RCPs.
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K14 combined the Bamber and Aspinall (2013) and AR5 approaches in a manner intended to retain con
sistency with the likely ranges of AR5. In particular, K14: (1) calculated probability distributions for EAIS,
WAIS, and Greenland changes over time from Bamber and Aspinall (2013), assuming linear changes in rates;
(2) calculated probability distributions for AIS and Greenland over time based on the AR5 likely ranges for
2080-2099, again assuming linear changes in rates to achieve these values; (3) added a time-varying factor
to the first set of distributions so the medians of the two sets align; (4) separated the AR5-derived Antarctic
distribution into EAIS and WAIS terms by assuming the EAIS/WAIS ratio is the same as in the median pro
jection from the first set; and (5) applied multipliers (separately for values greater than and less than the
median) to the difference of the values in the final distribution from the distribution's median, so that the
central 66% probability range matches that of AR5.
2.2. Revised Antarctic Projections
In this paper, we compare two sets of projections. The first, which we label K14, follows the original method
ology of K14, extended in space and time. The second, which we label DPI 6, replaces the AIS projections of
K14 with projections based on new physical modeling (DeConto & Pollard, 2016). These processes include
the influence of surface meltwater, driven by summer temperatures above freezing and the increasing ratio
of rain to snow in a warming climate, on the penetration into ice shelves of surface crevasses that can lead
to hydrofracturing. Hence, in DPI 6, buttressing ice shelves can thin or be lost entirely due to sub-ice ocean
warming, the extensive spread of surface meltwater, or a combination of the two. In places where thick,
marine-terminating grounding lines have lost their buttressing ice shelves, a wastage rate of ice is applied
locally at the tidewater grounding line in places where vertical ice cliffs are tall enough to produce stresses
that exceed the yield strength of the ice (see DeConto & Pollard, 2016; Pollard etal., 2015 for complete
formulation).
Three uncertain but key model parameters relate to (1) the rate of sub-ice shelf melt rates in response
to warming ocean temperatures (OCFAC), (2) the sensitivity of crevasse penetration to meltwater input
(hydrofracturing) (CREVLIQ),and (3) the maximum rate of cliff collapse (VCLIF). Because, as discussed below,
there are no modern analogues to widespread ice-cliff failure, model performance cannot be adequately
judged relative to Holocene or recent trends in ice-sheet behavior. Instead, the new model physics were
tested relative to past episodes of ice sheet retreat during the Pliocene (~3 Ma) and the Last Interglacial
(LIG, ~125 ka), when Antarctic ocean and surface air temperatures were warmer than today (Capron et al.,
2014; Rovere et al., 2014). The three key parameters were varied systematically. From an initial 64 versions
of the ice-sheet model, 29 were found to satisfy both Pliocene and LIG sea-level targets, with Antarctic con
tributions to GMSL ranging between 5-15 m (Pliocene) and 3.6-7.4 m (LIG). The range of oceanic melt rate
model parameters passing the Pliocene and LIG sea-level tests are comparable to those determined from
a large, 625-member ensemble of the last deglacial retreat of the WAIS using the same ice-sheet model
(Pollard etal., 2016); however, the deglacial simulations do not provide guidance on hydrofracturing and
ice-cliff physics, because the background climate was too cold to trigger those processes.
One challenge of formulating a parameterization of ice-cliff physics is the lack of observations of
marine-terminating ice without buttressing ice shelves and of sufficient thickness (~1000m) to allow
subaerial ice cliffs tall enough (~100 m) to drive structural collapse (Bassis & Walker, 2011). The few calv
ing fronts of this scale that exist today (e.g., Helheim and Jakobshavn Glaciers on Greenland, and Crane
Glacier on the Antarctic Peninsula) are experiencing rates of calving and structural failure at the terminus,
comparable to the seaward flow of the glaciers, on the order of ~2 to > 12 km/yr. (e.g., Howat et al., 2008;
Joughin etal., 2014; Wuite etal., 2015). Unlike several major Antarctic outlet glaciers, these Greenland
outlet glaciers are in relatively narrow (5-12 km wide), restricted ^ords, with substantial mélange (a mix of
ice bergs and sea ice that can provide some supporting buttressing/back pressure at the terminus), and
supportive, lateral shear along the fjord walls. Hence, using observed rates of cliff collapse to constrain the
model physics representing these processes could lead to underestimates.
In Antarctica, there is potential for much wider ice cliffs to form along vast stretches of the coastline if floating
ice tongues and shelves are lost. For example, the throat of Thwaites Glacier is about 120 km wide, but
at present its grounding line is mostly on bedrock too shallow (about 600m deep; Millan etal., 2017) to
drive extensive structural failure at the terminus (Bassis & Walker, 2011 ). In the DPI 6, VCLIF—the maximum
horizontal rate of ice loss applied at the marine "tidewater" calving terminus where ice cliffs are tall enough
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to generate stresses that exceed the strength of the ice— is 5 km/yr. This rate is about half the rate of mass
wastage at the front of Jakobshavn, which currently has a relatively stable terminus position but is flowing
seaward at >12 km/yr (Joughin et al., 2012). To include the potential for even faster rates of ice sheet mass
loss than in the existing model formulation, future work should consider a wider range of parameter space.
We note that the paieo-sea-level targets used to test and calibrate the model physics provide limited guid
ance regarding potential rates of ice-sheet retreat. While Kopp et al. (2009) do provide an estimate of the
rate of sea-level rise contributed by the AIS during LIG retreat, both their temporal resolution and their abil
ity to attribute GMSL changes to AIS are limited. Moreover, given limited Antarctic atmospheric warming
during the LIG relative to the Pliocene, initial WAIS retreat was more likely driven by oceanic warming than
atmospheric warming (DeConto & Pollard, 2016), and therefore offers little in terms of validating rates of
retreat driven by extensive surface melt, hydrofracture, and cliff collapse.
As described in DeConto and Pollard (2016), the 29 versions of the ice-sheet model satisfying geological
constraints were used to simulate future ice-sheet retreat following RCP 2.6, 4.5, and 8.5 greenhouse gas
pathways. In the future simulations, time-evolving oceanic melt rates were driven by NCAR CCSM4 (Gent
etal., 2011; Shields & Kiehl, 2016) subsurface ocean temperatures. Surface mass balance and meltwater
production rates were calculated from monthly air temperatures and precipitation provided by the RegCMS
regional climate model (Pal etal., 2007) run offline and bias-corrected relative to a modern climatology
(DeConto & Pollard, 2016; Le Brocq et al., 2010).
Coupled atmosphere-ocean models are known to struggle with subsurface ocean temperatures in the
circum-Antarctic (Little & Urban, 2016). To minimize the effects of a general cold bias in NCAR CCSM4 Antarc
tic Shelf Bottom Water in the Amundsen and Bellingshausen Seas, a correction of 3°C was applied to ocean
temperatures at 400 m depth. This bias correction is meant to compensate for the recent warming observed
there (Schmidtko etal., 2014). The correction is greater than the actual temperature offset, but given the
formulation of the sub-ice melt rate parameterization used in DPI 6, a 3°C correction is required to bring
modern oceanic sub-ice shelf melt rates closer to observations (Rignot et al., 2013). The effect of not using
the ocean temperature/melt-rate correction in future simulations is shown in Supporting Information SI.
2.3. Detection Simulation
To simulate the process by which new observations of GMSL change can help detect whether the world is on
a path leading to high or low levels of GMSL rise, we first define GMSL scenarios in a manner similar to Sweet
et al. (2017). In particular, we pool the simulations of GMSL rise under RCP 2.6, RCP 4.5, and RCP 8.5, and then
filter the pooled set to arrive at sets of simulations consistent with either 50 ± 10 or 200 ± 10 cm of GMSL
rise between 2000 and 2100. We use the 5th-95th percentile range of these filtered sets to define scenario
time paths. At each decade from 2000 to 2100, for each scenario, we compute the simulation frequency
distribution of GMSL rise in 2100, conditional upon the observed GMSL in the decade being within the
bounds of the scenario's time path. Finally, we compare the resulting conditional distributions to assess the
detectability in a given decade of the difference between a pathway leading to about 50 cm of GMSL rise
in 2100 and one leading to about 200 cm of GMSL rise.
2.4. Extensions of the Spatial and Temporal Domain
The projections framework in this paper has a more extended spatial domain than the original K14 projec
tions. While the original K14 projections were generated only at the precise location of tide gauges, here
we also generate projections at points on a 2' x 2‘-resolution global grid that intersects world coastlines.
At these points, we use the spatiotemporal statistical model described in K14 to estimate (with larger errors
than at the tide-gauge sites) the long-term, nonclimatic, background contribution to RSL change. The pro
jection assumes that the background rate of change estimated from tide-gauge data continues unchanged
over the duration of the projections.
The projection framework also has a more extended temporal domain than the original K14 projections.
Whereas the original K14 projections end in 2200, here we generated projections to 2300. This extension
requires no computational modifications to the K14 framework. Flowever, we regard this time frame as more
appropriate when considering projections in which AIS behavior are determined by a physical model rather
than by a simple, temporally quadratic projection.
KOPPETAL.
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2.5. Assessment of Population Exposure
As an integrative metric of RSL changes, we assess the population currently occupying land threatened
with submergence under different sea level rise projections. To do this, we compare land elevations from
NASA's 1-arcsec SRTM 3.0 digital elevation model (NASA JPL, 2013) against nearest-neighbor water eleva
tions derived from adding the K14 and DPI 6 projection grids to measured local mean sea surface elevation
augmented by a modeled tidal supplement. We intersect the resulting inundation surfaces with contem
porary population (Bright et al., 2011 ) and national boundary (Hijmans et al., 2012) data to estimate current
national populations occupying land at risk of permanent submergence. SRTM data are the most practi
cal option and widely used for global coastal exposure research, but bias estimates low (Kulp & Strauss,
2016). For each set of sea-level rise projections, we assess the population exposed assuming each grid cell
followed its 50th, 5th, or 95th percentile RSL projection. Further details are provided in Supporting Infor
mation SI. We emphasize that the resulting values are not projections of the impacts of RSL change, which
would require a dynamic model considering both population growth and migration away from inundated
regions; rather, population here serves as a convenient integrative metric.

3. Results
The K14 Antarctic projections—like those of Bamber and Aspinall (2013) and Little etal. (2013a, 2013b),
among others—assumed that changes in the rates of ice-sheet mass change occurred linearly. For example,
Bamber and Aspinall (2013) elicited expert opinion on the rate of AIS mass change in 2100, and assumed
that the elicited rate was achieved following a linear growth rate. The result is a quadratic change in ice
volume overtime. K14 took the same approach (Figures 1 and 2). By contrast, process modeling as in DPI 6
shows considerably more complex behavior, with periods of rapid increases in mass loss rate as individ
ual sectors of ice sheet collapse, and other intervals of stable or declining rates of retreat (Figure 1). Siz
able nonlinearity appears in all simulations under strong forcing (Figure 1, RCP 8.5) and under all forc
ings in almost all simulations with high maximum rates of ice-cliff collapse (Figure 1, purple and magenta
curves).
In the first half of the 21st century, the range spanned by DPI 6 Antarctic projections is similar to that
spanned by K14 (-10 to -1-23 cm contribution to GMSL in 2050, versus a 1st-99th percentile range of-2
to -i-14cm under K14). Both sets of projections show minimal emissions-scenario dependency in the first
half of the 21st century. The central tendency among the DPI 6 projections is slightly higher, with a median
contribution to GMSL of about -i-5 cm under DPI 6, compared to a median of-i-2 cm under K14. These slightly
higher values are driven by the ocean-temperature bias correction, which is needed to improve consistency
with observed oceanic sub-ice melt rates in the Amundsen and Bellingshausen Sea sectors of West Antarc
tica (Rignot et al., 2013). Without this correction, there is a tendency toward Antarctic growth in the early
decades of the century (in 2050, RCP 8.5: median -3 cm, range of -9 to -Fl 2 cm, RCP 2.6: median -2 cm,
range of -10 to -t-6 cm). However, even with the bias correction, Antarctica's median contribution to GMSL
is still 0.1 mm/yr, which is about a factor of 3 less than that currently observed for the early 21st-century
(Church et al., 2013b; Harig & Simons, 2015; Shepherd et al„ 2012). Overall, the substitution of DPI 6 has a
very limited effect on mid-century GMSL projections (Table 1 ).
Under strong forcing, the overall picture changes dramatically by the end of the 21st century, with sev
eral of the DPI 6 simulations leading to AIS contributions to GMSL exceeding -i-l m by 2100 under RCP 8.5
(Figure 2). These high projections are driven by high maximum rates of ice-cliff retreat (VCIF = 5 km/yr) in
combination with nonzero sensitivity of ice shelves to hydrofracturing (CREVLIQ > 0) (Figure 2, Figure S11 ).
As a consequence, the median DPI 6 GMSL projections for 2100 under RCP 8.5 reaches 146 cm, the 98th per
centile projection under K14. The low tail is curtailed by the incorporation of physical modeling, with a first
percentile of 80 cm exceeding the median of K14. With a high VCLIF, the median GMSL projection reaches
213 cm (in excess of the 99th percentile of K14); with no cliff collapse mechanism or no hydrofracturing, it
is reduced to about 125 cm (96th percentile of K14) (Table S3 and S4).
DPI 6 RSL projections indicate the risk of significant changes to the global coastline by 2100. Without pro
tective measures, the 5th-95th percentiles of RSL projections under DPI 6 would inundate land currently
home to 106-236 million people. This contrasts with 82-154 million people under the K14 projections
(Table 2, full table in Data Set S6 in Supporting Information).
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Figure 1. Rates of contribution of the Antarctic ice sheet to globai-mean sea-ievel (GMSL) under three Representative Concentration Pathways (RCPs). Dark/light shaded areas
represent 5-95th and 0.5th-99.5th percentiie of K14. Dashed black line represents 99.9th percentile of K14. Colored curves are DPI 6 runs, with colors reflecting different maximum
rates of ice-cliff collapse (VCLIF) (green: no ice cliff collapse: orange: 1 km/yr; purple: 3 km/yr; magenta: 5 km/yr). Left panels show 2000-2100, right panels show 2100-2300. Note
change of horizontal and vertical scales.

A significant enhancement of the AIS contribution to GMSL also occurs for 2100 under moderate
forcing: the median DPI 6 total GMSL projection of 91 cm under RCP 4.5 is consistent with the 93rd
percentile of K14. The low tail is modestly curtailed: the DP16 1st-99th percentile values for RCP 4.5
(39-180 cm) resemble the K14 9th-99.8th percentile range. Under low forcing (RCP 2.6), there is little
effect, with the DPI6 1st-99th percentile range (18-111 cm) resembling the K14 0.5th-99th percentile
range.
These differences build over the 22nd and 23rd century. By 2300, under RCP 8.5, the median DPI6 GMSL
projection of 11.7 m exceeds the K14 99th percentile. Although the ice-cliff collapse mechanism contributes
to this projection, the median projection remains as high as 10.0 m by 2300 even without it (Table S3).
Without protective measures, median DPI 6 RSL projections would submerge land currently home to 950
million people worldwide, a roughly three-fold increase relative to K14 (Table 2). The DP16 1st-99th per
centile range (8.6-17.5 m) resembles the K14 97th-99.8th percentile range. Under RCP 4.5, the median
DPI 6 GMSL projection of 4.2 m resembles the K14 90th percentile, and the DPI 61 st-99th percentile range
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Figure 2. Projections of the Antarctic ice-sheet contribution to global-mean sea-level (GM5L) under three Representative Concentration Pathways (RCPs). Dark/light shaded areas
represent 5-95th and 0.5th-99.5th percentile of K14. Dotted black line represents 99.9th percentileofKl 4. Colored curves are DPI 6 runs, with colors reflecting different maximum
rates of ice-cliff collapse (green: no ice cliff collapse: orange: t km/yr; purple: 3 km/yr; magenta: 5 km/yr). Left panels show 2000-2100, right panels show 2100-2300. Note change of
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(1.6-8.1 m) resembles the K14 42nd-98th percentile range. The median is reduced to 3.0 m (75th percentile
of K14) without the ice-cliff collapse mechanism, and 3.2 m (79th percentile of K14) without the hydrofrac
turing mechanism. Under RCP 2.6, by contrast, the median DP16 GMSL projection of 1.4 m matches the
K14 median, and the DPI 6 1st-99th percentile range (0.2-4.0 m) resembles the K1414th-92nd percentile
range.
Taken together, the incorporation of the DPI 6 AIS ensemble pulls the projections much higher by 2100 and
beyond under RCP 4.5 and especialiy RCP 8.5 (Figure 3). It thus leads to a significant reduction in overlap
among projections of GMSL change based upon different emissions scenarios. This is to be expected
based on the difference in construction between the K14 Antarctic projections and the DPI 6 projections.
In K14, as in AR5, AIS surface mass balance is scenario-dependent, but the ice-sheet dynamic term is
treated as scenario-independent: it is assumed that the uncertainty in physical understanding of ice-sheet
behavior swamps the forcing uncertainty. By contrast, the physical model of DPI 6 yields a strong forcing
dependence.
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Table 1.
Projections of Global-Mean Sea-Level (GMSL) Rise (cm)
17-83
50

5-95

1-99

99.9

K14
RCP 8.5
2050

29

24-34

21-39

17-46

59

2100

79

62-101

51-123

40-159

232

2200

195

131-284

94-380

64-552

886

2300

318

175-516

98-737

37-1093

1929

2050

26

21-31

18-35

15-41

55

2100

59

44-77

35-95

26-128

205

2200

126

70-197

36-278

8-433

780

2300

192

70-349

0-531

-55-900

1717

2050

24

20-29

18-33

15-40

55

2100

49

36-66

28-84

20-120

203

2200

97

48-163

23-242

6-406

803

2300

142

32-288

-22-470

-57-847

1773

RCP 4.5

RCP 2.6

DPI 6
RCP 8.5
2050

31

22-40

17-48

13-54

59

2100

146

109-209

93-243

80-267

297

2200

719

595-896

558-962

525-1049

1193

2300

1169

980-1409

913-1552

861-1751

2006

2050

26

18-36

14-43

10-52

57

2100

91

66-125

50-158

39-180

197

133-455

102-510

594

163 - 806

995

RCP 4.5

2200

266

176-396

2300

421

275-595

211 -696
RCP 2.6

2050

23

16-33

12-41

9-50

54

2100

56

37-78

26-98

18-111

122

2200

110

70-161

47-206

30-250

314

2300

142

83-230

50-300

22-404

552

Note. Columns indicate percentiles of simulation frequency distributions. RCP = Representative Concentration Path
way.

As a consequence of this difference, the proportion of total projection variance attributable to emissions
changes significantly with the incorporation of the DPI6 ensemble (Figure 4). Under K14, relative to RCP
4.5, thermal expansion is initially the dominant contributor to projection variance (accounting for about
70% of total variance in 2020). By 2060, AIS accounts for one-third of total variance and is the single largest
contributor. The AIS share grows over time, accounting for more than 60% of total variance by 2300. Assum
ing RCP 2.6,4.5, and 8.5 are all treated as equally likely, scenario uncertainty accounts for only ~10% of total
variance in 2050, a share that grows to 20%-30% by 2070 and stays in this range through 2300.
Under DPI 6, physical uncertainty in AIS initially dominates total variance (89% in 2020). This share declines
over time, predominantly losing out to emissions scenario uncertainty, which grows from 8% of total vari
ance in 2050, to 45% in 2070, to 65% in 2100, and continues to grow to 89% in 2250. This shift reflects the
larger sensitivity of the DPI 6 AIS projections to emissions scenario.

KOPP ETAL.

lyVGU Earth's Future

10.1002/2017EF000663

Table 2.
Population exposure (millions ofpeople)
Region

Total pop.

RCP2.6/K14

RCP2.6/DP16

RCP8.5/K14

RCP 8.5/DPI 6

Current population occupying land exposed to inundation under 2100 RSL projections
World

6836

97.4(75.0-131.1)

108.2(82.3-153.5)

152.5(106.2-235.5)

1330

94.3 (73.3-127.6)
26.3(19.1-37.5)

China

26.9(19.8-38.3)

30.2 (21.8-45.0)

156

7.6(5.5-10.6)

8.0(5.7-11.1)

8.9 (6.5-14.0)

42.9 (28.3-67.0)
14.0(8.9-23.5)

India

1173

6.8(5.2-9.1)

7.1 (5.3-9.4)

8.0 (5.8-11.4)

11.5(8.0-18.5)

Indonesia

243

5.4(3.8-8.0)

5.6 (4.0-8.4)

6.3 (4.6-9.9)
12.9(10.1-17.0)

17.0(12.7-23.9)

Bangladesh

Vietnam

90

11.5 (9.1-15.1)

11.7 (9.3-15.5)

9.8(6.1-16.6)

Current population occupying land exposed to inundation under 2300 RSL projections
World

6836

165.9(55.4-495.9)

167.0(82.8-357.9)

306.4(102.1-704.0)

950.4(765.6-1162.6)

China

1330
156

41.6(17.3-97.8)
29.9(16.8-54.5)

79.9(20.7-171.1)

Bangladesh

41.5(11.2-125.6)
29.7(11.2-70.7)

49.8 (20.1-95.1)

207.4(171.1-251.9)
117.0(101.5-129.2)

12.7(4.3-42.8)

25.1 (8.0-71.1)

105.3 (78.1-132.5)

19.6 (4.3-50.8)
27.4 (9.6-49.5)

65.7 (52.9-81.0)
57.0(50.7-61.4)

India

1173

Indonesia

243

9.1 (1.7-35.7)

12.8 (6.5-28.3)
9.0(2.9-24.8)

Vietnam

90

16.2 (5.4-38.7)

16.2(8.0-31.4)

Note. Population currently living on land at risk of permanent inundation based on median (5th-95th percentile)
RSL projections. Population densities based on 2010 estimates. The top five countries with the most exposure in
2300 under median RCP 8.5/DPI 6 are included in this table. RCP = Representative Concentration Pathway.

The assumption of a simple linear change in rate of mass loss underlying K14 leads to a perfect correla
tion between the rate of AIS mass loss observed in the near term and that projected for the long term
(Figures 5a and 5b). If this assumption were correct, knowing that AIS mass loss in the first decades of this
century fell in the middle of the estimated distribution would rule out high-end mass loss late in the cen
tury or beyond. By contrast, DPI6 projections reveal no correlation between the AIS contribution to GMSL
in 2020 and that in 2100 (r=-0.08, pooling across RCPs and both with and without an ocean tempera
ture adjustment), and only a weak correlation between the AIS contribution in 2050 and in 2100 (r = 0.26).
In the second half of the century, observed AIS behavior becomes more strongly predictive of long-term
behavior; the correlation with the AIS contribution to 2300 grows from r = 0.26 in 2050 to r = 0.82 in 2100,
r = 0.97 in 2150, and r = 0.997 in 2200. The general lack of correlation between the AIS contributions in 2020
and 2100, and the rapidly strengthening correlations in the second half of the 21st century, are caused by
a transition in the model from an ocean-dominated driver of ice-shelf loss (and reduced buttressing) to an
atmosphere-dominated driver via hydrofracturing.
The lack of correlation between early 21st century and subsequent projections has important implications
for the ability of GMSL observations to constrain future GMSL rise. In K14, simulations consistent with
50±10cm of GMSL rise in 2100 diverge by the 2020s from those consistent with 200 ±10 cm of GMSL
rise (Figure 5c). The median conditional projections for 2100 under the 200 cm scenario exceed the 95th
percentile under the 50 cm scenario by 2030, and the 5th percentile of the 200 cm conditional distribution
exceeds the 95th percentile under the 50 cm scenario shortly thereafter. About 95% of projections for 2100
under the 200 cm time path exceed 100 cm in the 2030s and 150 cm in the 2040s (Figure 5d). By contrast,
the more complex temporal dynamics of the DPI 6 simulations delays the divergence of the 50 and 200 cm
time paths until around 2050 (Figure 5e). The median conditional projection for 2100 under the 200 cm
scenario does not exceed the 95th percentile of the 50 cm scenario until the 2050s, with the 5th percentile
of the 200 cm conditional distribution exceeding the 95th percentile under the 50 cm scenario in the 2060s.
About 95% of projections for 2100 under the 200 cm time path exceed 50 cm in the 2040s, 100 cm in the
2060s, and 150 cm in the 2070s (Figure 5f ).
The effect of DPI6 on RSL projections is as would be expected based on the change in projected VJMS
and EAIS contributions and their associated static-equilibrium fingerprints (Figure 6 and Supporting
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Figure 3. Projections of global-mean sea-level (GMSL) rise for three Representative Concentration Pathways (RCPs) under K14 (a, b) and
DPI 6 (c, d). Lines indicate median; boxes indicate 5th-95th percentiie range for 2100 (a, c) and 2300 (b, d). Light gray lines in (b) and (d)
indicate axes limits of (a) and (c).

Information SI). Relative to K14, the effect on RSL projections for 2050 is minimal (<4cm). By 2100,
however, the increase in median ASL contribution decreases projected RSL rise in the Antarctic, while
enhancing it most strongly in a geographic swath including North America, the central Pacific, Australia,
southeast Asia, and parts of India, and Africa same. (Detailed simulation frequency distributions of RSL at
tide gauge sites and on the global coastal grid are provided in Data Sets in Supporting Information.)

4. Discussion and Conclusions
The replacement of the probabilistic, expert-assessment-, and expert-elicitation-based AIS projections of
K14 with the physical-model-based projections of DPI 6 leads to a number of significant effects on GMSL
and RSL projections.
First, the use of explicit physics including novel ice-shelf-hydrofracturing and ice-cliff-collapse mechanisms
in DPI 6 leads to a significant upward shift in central projections for strong (RCP 8.5) and moderate (RCP 4.5)
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Figure 4. Fractional contributions to the variance in global-mean sea-level (GMSL) projections over time under K14 (top) and DP16
(bottom) from: Antarctic ice sheet (AIS; red), Greenland ice sheet (GIS; cyan), thermal expansion (TE; blue), glaciers and ice cap (GIC;
green), land water storage (LWS; magenta), and scenario uncertainty (Seen; yellow). Variances are calculated from bottom to top, so (for
example) the top of the GIS wedge is the variance in the summed contributions of AIS and GIS to GMSL. All components are taken from
Representative Concentration Pathway (RCP) 4.5 except for the final total variance including scenario uncertainty, which is based on
equally weighted, pooled projections for RCP 2.6,4.5, and 8.5. The discontinuity between 2100 and 2110 is due to the reduction in the
number of CMIP5 model simulations available beyond 2100.

forcing scenarios. The DPI 6 simulations provide physically meaningful pathways that can lead to >2.0 m of
total GMSL rise by 2100 under RCP 8.5 and >1.5 m under RCP 4.5 (Oppenheimer & Alley, 2016; Sweet et al.,
2017).
Second, in the second half of this century and beyond, sea-level projections incorporating the DPI 6 ensem
ble are significantly more forcing-sensitive than the K14 projections. Due primarily to the significant number
of simulations involving collapse of parts of AIS under strong forcing, the gap in the median GMSL projec
tion for 2100 between RCP 8.5 and RCP 2.6 grows from 30 cm under K14 to 90 cm under DPI 6. Under RCP
2.6 and DPI 6, the 99th percentile projection remains below 2 m through 2200. If these findings are correct,
they point to a significantly larger mitigation benefit than indicated by the AR5 or K14 sea-level projections.
Third, the DPI 6 projections indicate a much weaker correlation between the near-term behavior of AIS and
its contribution to GMSL rise over the course of this century and beyond. Finding the planet on a "moder
ate" sea-level rise pathway over the first half of the 21st century thus cannot exclude "extreme" outcomes
subsequently. For end-users employing discrete scenarios of sea-level rise, such as those constructed by
Sweet et ai. (2017), this means that "extreme" future scenarios need to be considered even if they over
estimate current rates of sea-level rise. Constraining the future behavior of the AIS requires more detailed
process-based modeling than the simple relationships used by Bamber and Aspinall (2013), K14, and others
would indicate.
That said, end-users of sea-level rise projections should be cognizant of single-study bias: the DPI 6 simula
tions should be viewed as expanding scientific understanding of the space of the physically coherent, rather
than as offering firm projections of what will be. More robust projections of future Antarctic contributions
KOPPETAL.

j'-.i.

f'-*-

AGU Earth's Future

10.1002/2017EF000663

® 200

■
4

o 150
o

A

ƒ
RCP 8.5
RCP 4.5
RCP 2.6

.H. 1000

C\J

c 100

.£

600

50

=

400

1 0
<

-50
-5

0

0

5

200 S, 150 -

5

AIS contribution in 2020 (cm)

AIS contribution in 2020 (cm)

200 cm
50 cm

£ loo
ts 502000

2010

2030

2060

2010

2030

2060

2080

2090

_i 200 S 150 o 100-

2090

DPI 6
200 3, 150 W 100-

2010

2060

2040

200 S 150 -

2000

2010

2030

Year
Figure 5. (a and b) Relationship between the Antarctic ice-sheet contribution to global-mean sea-level (GMSL) in 2020 and that in (a)
2100 or (b) 2300. Black line is the relationship in the K14 projections. Red/blue/green is the DP16 ensemble (red = RCP 8.5; blue = RCP 4.5:
green = RCP 2.6; filled = with bias correction; open = without bias correction), (c, e) GMSL projections consistent with 50 ± 10 cm (green)
and 200 ± 10 cm (orange) of GMSL rise in 2100 under (c) K14 and (e) DPI 6. (d, f ) GMSL projections for 2100 conditional on observations
in a given decade falling within the bounds of the 50 cm (green) or 200 cm (orange) time paths. In (c-f), heavy line = median;
dashed/shaded region = 5th-95th percentile.
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to sea-level rise require a more through exploration of appropriate values for parameters such as the max
imum rate of ice cliff retreat and the sensitivity of ice-shelves to hydrofracturing, as well as of uncertainty
in the regional climate response to forcing. They also require more physically based representations of key
processes, including structural cliff failure. Currently, the potential for model intercomparisons is hampered
by the lack of representations of these processes in most continental-scale ice-sheet models.
Moreover, there remain important physical processes that are not currently in any continental-scale
model but could be critical for the timing and pace of major ice-sheet retreat. For example, at present,
continental-scale ice-sheet models poorly represent the meltwater-buffering capacity of firn, the transi
tional layer between newer snow and underlying ice. In the future, as summer air temperatures begin to
drive the production of more rain and surface melt, meltwater will be absorbed by the firn layer as long as
the layer contains uncompacted pore space, limiting the meltwater's potential to flow into crevasses and
hydrofracture the underlying ice (Munneke et al., 2014),
The breadth of published projections, as well as of remaining structural uncertainties, highlight the fact
that future sea-level rise remains an arena of deep uncertainty (Heal & Millner, 2014; Kasperson, 2008). For
the foreseeable future, there will not be a single, uniquely valid approach for estimating the probability of
different levels of future change. End-users should therefore consider applying robust decision frameworks
and/or adaptive management frameworks appropriate for deeply uncertain contexts. Where feasible, they
could employ decision criteria that seek to minimize regret or optimize weighted mixtures of expected
utilities across multiple possible distributions (e.g.. Heal & Millner, 2014), rather than relying on a single
distribution.
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They could also try to structure decisions in a staged fashion, such that the decisions being made today
depend primarily upon mid-century projections while leaving open a variety of options for later in the cen
tury (e.g., Ranger et al., 2013). The value of this approach stems from the robustness of mid-century sea-level
rise projections relative to those for later in the century. Through 2050, the K14 and DPI 6 projections overlap
substantially, as do the projections within both sets for different RCPs (Table 1 ).
One simple multiple-probability-distribution approach involves giving special consideration to physically
plausible but low-likelihood projections in the high-end tail of projected probability distributions (e.g.,
Buchanan et al., 2016). Kl 4 suggested that the 99.9th percentile of their projection for RCP 8.5, which yielded
~2.5 m of GMSL rise by 2100, represented a physically plausible "worst case." The highest values from the
DPI 6 projections are only modestly higher, although high values occur with greater frequency: under RCP
8.5, the DP16 ensemble revises the frequency of a >2.5 m GMSL rise upward from 0.1% to 3%. However,
even higher frequencies for >2.5 m outcomes are conceivable; the DPI 6 ensemble may not cover the full
space of plausible outcomes. Notably, rates of ice-cliff collapse faster than the 5 km/yr maximum of DPI6
have been observed in parts of Greenland, and faster rates of ice-cliff collapse would yield faster rates of
ice-sheet retreat.
Moving forward, the development of probabilistic ice-sheet models that incorporate ice-sheet instabilities
in a manner consistent with more detailed ice-sheet models is a key challenge for sea-level risk assessment
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(e.g., Nauels et al., 2017; Wong et al., 2017). Such probabilistic models will enable estimation of sea-level rise
probabilities that reflect emissions sensitivity and the potential for rapid increases in discharge rate more
accurately than current approaches. Probabilistic projections are a valuable input into the design of projects
and policies intended to manage coastal flood risk (e.g., Buchanan et al., 2016; Lempert et al., 2012; Oppen
heimer & Alley, 2016; Wong et al., 2017), as well as assessments of the value of climate change mitigation
(e.g., Diaz, 2016; Hinkel et al., 2014; Houser et al., 2015). They will also enable value-of-information analy
ses, which can inform the design of observation systems intended to reduce the key physical uncertainties
underlying future sea-level projections (Cooke et al., 2014).
Probabilistic assessment also requires more research on potential bounds for factors that influence the AIS.
For example, it is unclear whether even a full ensemble of GCMs would fully constrain the range of plausible
distributions of near surface ocean temperature, sea ice, and storm tracks near the AIS. More research is
also needed on interactions and feedbacks across the AIS and between the AIS and the rest of the world,
including through poorly understood mechanisms like ocean circulation that could over long time scales
influence both ice-sheet retreat and other drivers of coastal flood risk (such as tropical cyclones) around the
globe.
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Abstract. Currently a paradigm shift is made from global
averaged to spatially variable sea level change (SLC) pro
jections. Traditionally, the contribution from ice sheet mass
loss to SLC is considered to be symmetrically distributed.
However, several assessments suggest that the probability
distribution of dynamical ice sheet mass loss is asymmetri
cally distributed towards higher SLC values. Here we show
how asymmetric probability distributions of dynamical ice
sheet mass loss impact the high-end uncertainties of regional
SLC projections across the globe. For this purpose we use
distributions of dynamical ice sheet mass loss presented by
Church et al. (2013). De Vries and Van de Wal (2015) and
Ritz et al. (2015). The global average median can be 0.18 m
higher compared to symmetric distributions based on IPCCAR5, but the change in the global average 95th percentile
SLC is considerably larger with a shift of 0.32 m. Locally
the 90th, 95th and 97.5th SLC percentiles exceed -f 1.4, -f-1.6
and -1-1.8 m. The high-end percentiles of SLC projections are
highly sensitive to the precise shape of the probability distri
butions of dynamical ice sheet mass loss. The shift towards
higher values is of importance for coastal safety strategies as
they are based on the high-end percentiles of projections.

1

Introduction

Sea level change (SLC) will be one of the major impacts
of climate change in the 21st century (Nicholls et al., 2011;
Cazenave and Le Cozannet, 2014). Coastal safety standards
are often formulated by analyzing the high percentiles of
the probability distribution, resulting in magnitudes of events
with an acceptable return frequency (Katsman et ah, 2011).
These types of studies are executed in order to analyze events
that are infrequent but expected to have a large impact on
economy and society (Jonkman et ah, 2011). Including highend SLC projections is therefore the logical next step in
coastal safety analysis, since coastal decision-making also
needs information on the upper boundary of possible future
sea level when assessing future extreme events (De Winter
and Ruessink, 2017). This requires two aspects: the transfor
mation from global average SLC projections to regional SLC
projections and the provision of insight of the uncertainties
of these regional SLC.
Local impact studies (e.g.. De Winter and Ruessink, 2017)
show that the amount of SLC may affect coasts and the corre
sponding mitigation measures significantly. This emphasizes
the need for regional SLC projections, since the amount of
SLC can deviate from global average values due to changes
in ocean currents, thermal expansion and gravitational and
rotational effects induced by land ice and terrestrial ground
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and surface water mass changes (Mitrovica et al., 2001 ). Re
cent studies show those spatially variable SLC projections
(Slangen et al., 2012; Perrette et al., 2013; Slangen et al.,
2014; Lyu et al., 2014; Kopp et al., 2014; Grinsted et al.,
2015).
There are several components that contribute to SLC: sur
face mass balance changes of glaciers and ice sheets, global
steric plus dynamic topography and atmospheric pressure,
groundwater depletion, glacial isostatic adjustment (GIA)
and dynamical ice sheet mass loss. Particularly the uncer
tainty of the last component, dynamical ice sheet mass loss,
is under debate (Vieli and Payne, 2005; Pattyn et ah, 2012;
DeConto and Pollard, 2016). Traditionally, the contribution
from dynamical ice sheet mass loss to SLC is assessed by
analyzing the median and the standard deviation. Two in
dependent expert-judgment-based studies (Bamber and Aspinall, 2013; Horton et ah, 2014) and a model-based assess
ment (Ritz et ah, 2015) concluded that the probability dis
tributions of the ice dynamical contribution may be asym
metrical. The method in the expert-judgment-based studies is
criticized (Gregory et ah, 2014; Clark et ah, 2015; De Vries
and Van de Wal, 2015), but from a physical point of view it
cannot be excluded that the ice dynamical contribution of ice
sheets has a larger uncertainty towards higher-SLC values
(Jacobs et ah, 2011; Ritz et ah, 2015; Pollard et ah, 2015)
than considered so far. This is due to nonlinear behavior of
the ice dynamics and ice shelve collapse and the possibility
of a threshold affecting the rate of decay of the ice sheetshelf system. At the same time there is a large difference be
tween the expert-informed dynamical ice sheet mass loss and
most of the numerical modeling studies (Little et ah, 2013;
Golledge et ah, 2015; Ritz et ah, 2015). Particular, DeConto
and Pollard (2016) project high values due to ice cliff in
stability in combination with parameterizations for rapid ice
shelf disintegration. These higher projections are primarily
caused by the possible collapse of marine-based sectors of
the Antarctic ice sheet (AIS) (Church et ah, 2013; Favier
et ah, 2014). An asymmetric probability distribution for the
Greenland ice sheet (GIS) can also not be excluded due to
a rapid decay of marine-terminating glaciers (Nick et ah,
2013). This implies that there is a greater uncertainty for
events with an uncertainty above 1 standard deviation in the
future contribution of dynamical ice mass changes to SLC
than previously assumed, which will influence the projec
tions of higher percentiles of the SLC probability distribution
(Bamber and Aspinall, 2013; Horton et ah, 2014). As such,
it is necessary to examine the consequences of asymmetric
probability distributions for the ice dynamical contribution
on regional sea level projections.
Higher percentiles of the probability distribution are used
to study uncertainties of SLC projections, in line with coastal
safety assessments that use a retum-frequency-based ap
proaches to determine safety levels (Nicholls et ah, 2011;
Hinkel et ah, 2015). Previous studies of the high-end per
centiles of SLC projections for specific locations like the
Nat. Hazards Earth Syst. Sei., 17,2125-2141,2017

Netherlands (De Vries et ah, 2014) or northern Europe (Grin
sted et ah, 2015) and at a network of tide-gauge sites (Kopp
et ah, 2014) show that adopting asymmetric distributions for
ice sheet mass loss have large impacts on high percentiles of
SLC projections. Kopp et ah (2014) use a data assimilation
technique for tide-gauge sites combining historical data of
sea levels with IPCC-AR5 SLC projections and expert judge
ment analysis of Bamber and Aspinall (2013) to estimate the
impact of the ice dynamical contribution. They use the study
of Bamber and Aspinall (2013) to calibrate the shape of tail
of the distribution and concluded that at most location un
certainties of future SLC projections are driven by uncertain
ties in the ice sheet contribution. In contrast to Kopp et ah
(2014), Grinsted et ah (2015) use a distribution presented by
Bamber and Aspinall (2013) to project regional SLC pattern
of northern Europe and the uncertainty ranges therein. They
concluded that with the distribution from Bamber and As
pinall (2013), the 95th percentile may be an additional 0.9 m
above median. Both studies assume the contribution of the
AIS to be independent of scenario.
The main objective of this paper is to analyze the sensitiv
ity of higher percentile of regional SLC projections to asym
metric probability distributions for dynamical ice sheet mass
loss. This is done by comparing the impacts of the prob
ability distributions of Church et ah (2013), De Vries and
Van de Wal (2015) and Ritz et ah (2015) on high-end re
gional SLC projections. Especially the development of the
tail of the probability distribution is of interest because these
higher percentiles are, in contrast to the mean or median, of
ten used to determine safety standards.

2
2.1

Methods
Components contributing to sea level rise

In order to make a comparison between symmetric and asym
metric contributions of dynamical ice sheet mass loss to SLC
all other components contributing to SLC are kept the same
for all simulations. Regional SLC fields of Slangen et ah
(2014) (their Fig. 1) under RCP8.5 (Representative Concen
tration Pathway) climate scenario (Moss et ah, 2010) are used
for all contributions except dynamic ice sheet mass loss. The
regional SLC fields of Slangen et ah (2014) include contri
butions to SLC from surface mass balance of glaciers and
ice sheets under RCP8.5 (their Figs, lb and 2b), global steric
plus dynamic topography and atmospheric pressure loading
under RCP8.5 (their Figs. Id and 2d), scenario-independent
groundwater depletion (their Figs. If and 2f) and scenarioindependent GIA (their Figs. Ig and 2g).
The normal, symmetric contributions for dynamical ice
sheet mass loss are based on the median and likely range
from IPCC-AR5 (Church et ah, 2013, their Table 13.5)
(green, dash-dotted line Fig. la-b and e-f). Over the last
few years, several new probability density functions (PDFs)
www.nat-hazards-earth-syst-sci.net/17/2125/2017/
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Figure 1. Probability density functions (left column) and cumulative density functions (CDFs) (right column) for dynamical ice sheet mass
loss of Greenland ice sheet (GIS). Antarctic ice sheet (AIS), West Antarctic ice sheet (WAIS) and East Antarctic ice sheet (EAIS). IPCC-AR5
does not have separate distributions for WAIS and EAIS. In the CDEs the dotted lines indicate the 90th, 95th and 97.5th percentiles.
of the contribution of dynamical ice sheet mass loss to SLC
have been published (Bamber and Aspinall. 2013; De Vries
and Van de Wal, 201.5; Ritz et al., 2015). These new studies
differ in median (indicated by the 50th percentile in the
right column of Fig. 1) and asymmetry (shape of the PDF).
The PDFs show the skewness/asymmetry of a distribution,
whereas changes in higher percentiles (the right tail of the
PDF) are visible in the cumulative density function (CDF) of
Fig. 1. The PDFs of De Vries and Van de Wal (2015) (here
after VW 15) are chosen to study impacts of an asymmet
ric contribution of ice sheet mass loss on higher percentiles
of SLC projections because this data set contains distribu
tions of all ice sheets (West Antarctica ice sheet or WAIS,
East Antarctica ice sheet or FAIS, and Greenland ice sheet
or GIS). VW15 reanalyzed the data from Bamber and As
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pinall (2013) (hereafter BA13). As the expert judgments in
BA 13 were not weighted equally, VW15 more rigorously es
timated the lack of consensus in the projection by fitting a
log-normal distribution to the data and deriving uncertainties
for the different levels of confidence. The effect of different
input distributions on high-end SLC percentiles is analyzed
by comparing the SLC projection composed with a dynami
cal ice sheet contribution of WAIS, EAIS and GIS according
to VWL5 and with the SLC projections containing probabil
ity distributions of Ritz et al. (2015) for WAIS and EAIS and
the GIS contribution of IPCC-AR5. An overview on how the
data are used and combined is depicted in Fig. 2.
Mass loss of an ice sheet does not result in a globally uni
form rise in sea level as a result of the gravitational effect,
the added water mass will be redistributed according to a
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All components except dynamical ice sheet contributions
(symmetric) (Slangen et al., 2014)

Asymmetric ice dynamical
contribution Greenland VW15
(De Vries and Van de Wal, 2015)

Symmetric ice dynamical
contribution Sreeniand
(after) IPCC AR5

Asymmetric ice dynamical
contribution West Antarctica VW15
(de Vries and van de Wal, 2015)

Symmetric ice dynamical

Asymmetric ice dynamical
contribution East Antarctica VW15
(de Vries and van de Wal, 2015)

Symmetric ice dynamical
contribution East Antarctica
(after) IPCC AR5

Asymmetric projections: median and
90*, 95* and 97.5* percentiles
(Sections 3.1-3.3, Figs. 3,4, 5, 6)

Asymmetric ice dynamical
contribution West Antarctica

contribution West Antarctica
(after) IPCC AR5

(Ritz et al, 2015)

Asymmetric ice dynamical
contribution East Antarctica
(Ritzetal, 2015)

Symmetric projections: median and
90*, 95* and 97.5* percentiles
(Sections 3.1- 3.3, Figs. 3,4, 5, 6 and
Section 3.4, Fig. 7)

Asymmetric projections: 90*, 95* and
97.5* percentiles (Section 3.4, Fig. 7)

Figure 2. Overview of the used data: which data are combined and in which section the computations are discussed. Each box represents a
distribution for the global average; these global average data are converted to a regional contribution using the fingerprints of Slangen et al.
(2014).
geographical pattern, the so-called fingerprint. Fingerprints
of each ice sheet (Slangen et al., 2014) are used to convert
the global projections of ice sheet mass loss to regional sea
level projections. IPCC-AR5 (Church et al., 2013) does not
make a distinction between WAIS and EAIS for the ice dy
namical contribution. The contribution to SLC is assumed to
originate from WAIS because, relative to the EAIS, this ice
sheet is generally considered to make a larger contribution to
SLC.
The regional SLC fields of Slangen et al. (2014) and the
symmetric IPCC contributions are projections for the period
of 1990-2010 to 2080-2100. The asymmetric distributions
of VW15 and Ritz et al. (2015) contain SLCs in millimeter
per year in 2100. In order to be consistent with the projec
tions of Church et al. (2013) and Slangen et al. (2014), a lin
ear increase in SLC rates between 2010 and 2100 is assumed
so that changes between 2010 and 2090 due to dynamical ice
sheet mass loss could be analyzed.
Two aspects influence changes in the median between the
PDFs constructed with symmetric and asymmetric compo
nents. First of all, the medians of the asymmetric projections
for ice sheet mass loss are higher compared to the symmetric
IPCC distributions (Fig. le-h). Secondly, even if the medians
of the input PDFs are the same, the final PDF for the SLC
projections might be different as a result of the asymmetry
yielding higher SLC projections for higher percentiles.
Finally it is important to note that we first assume that all
components of SLC are uncorrelated, and eventually a corre
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lation between climate-driven projections of SLC and ice dy
namical contributions of SLC is also investigated (Sect. 3.3).
2.2

SEAWISE: combining probability distributions

Future probability distributions of regional SLC are calcu
lated by combining the probability distributions of the differ
ent components that contribute to sea level changes. For this
analysis the SEAWISE model is developed. Computations
are done on a global grid, with a grid size of 1° in longitude
and latitude.
The composed distribution Pcom(J^) consists for each x of
all contributions of two independent distributions Pi (xi ) and
Pl{x2) for which the summed x-axis values xi and X2 add
to X. Each combination for which x —X\+X2 applies yields
a contribution of Pi(xi) times P2(x2) to PcomU); i-e-> sum
ming over all relevant combinations x —x\ 4- X2 determines
PcomU) for a certain x:
Pcomix) = ^ Pi(x -mAx)P2(mAx),

(1)

where x is the SLC and Pi and P2 are the probability dis
tributions for SLCs of two individual components. See for
example Fig. 3, where the PDF of panels (a) and (b) are com
bined to calculate the PDF in panel (c). Selecting 99.9 % of
the integrated distribution around the mode (the peak of the
PDF) defines for each probability distribution a left and right
boundary. The distribution is normalized on this selected inwww.nat-hazards-earth-syst-sci.net/17/2125/2017/
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I jerval. The left and right boundaries of P\ are defined as
and ,r/,; for P2 the left and right boundaries are defined
as X( and xj. The interval counter, m, runs between c and
d. corresponding with av and .v, while taking a'2 — inAx
and Ai = X—111 Ax. To obtain the entire distribution Pcom(x),
Eq. (1) is calculated from x„ up to xi,+xj.
This combined SLC probability distribution can be com
bined with a third SLC probability (e.g.. Fig. 3d) distribution
by a recursive approach and so on until all components that
contribute to SLC are combined and Etotai is created (e.g.,
Fig. 3g).
Appendix Al provides more details on how SEAWISE
combines probability distributions if the components are as
sumed to be correlated.
For the regional projections, Ptotai is saved for all SLC
values as depicted in Fig. 4. For the global projection, per
grid point Ptotai is determined to calculate the specified per
centiles (e.g., 90th).
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Changes in median

Combining the SLC probability distribution for the symmet
ric ice sheet contribution with the probability distribution
for all other components to SLC results in an area-averaged
global median (50th percentile) SLC of -1-0.68 m in 2090
(Fig. 5a). This is slightly higher than the -1-0.63 m projected
in IPCC-AR5 (Church et al, 2013, their Table 13.5). The
difference between these projections results from larger pro
jected SLC contributions from glaciers and groundwater de
pletion in Slangen et al. (2014). Most of the regional SLC
projections have a higher median for the simulations where
the contribution of ice sheet mass loss to SLC is considered
to be asymmetric according to VWL5. Using the asymmetric
VW15 data rather than the symmetrical IPCC-based distri
butions for the ice dynamical components results in an areaaveraged global median of -1-0.86 m (Fig. 5b). This shift in
median of 0.18 m (Fig. 5c) indicates that the estimate we use
for the contribution of ice sheet mass loss is directed to higher
values when using the asymmetric components. The expla
nation for this is twofold. First of all, medians of the contri
bution following the ice dynamical mass loss of IPCC-AR5
are 0.70 and 0.82 mmyr“' for CIS and AIS, respectively. In
contrast to median contributions of 2.39 mm yr“' for GIS,
they are 1.49 mm yr~ ' for FAIS and 0.17 mm yr“ ' for WAIS
for the VW15 distributions (Fig. le-h). Second, even if the
medians are assumed to be the same, the asymmetry towards
higher SLC values results in a small shift of the median in
the combined projection.
More important than the average shift in median is that
both regional SLC projections (with symmetric and asym
metric components) show large regional variability. These
spatial variations (Fig. 5a-b) are the result of changes in
www.nat-hazards-earth-syst-sd.net/17/2125/2017/
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Figure 3. Example of the merging of several probability density
functions (PDFs), here depicted for Denmark Strait (Fig. 4a). The
input PDFs of dynamical ice sheet mass loss of the Greenland ice
sheet (GIS) and climate forcing are merged following Eq. (1 ) to cal
culate Pcoml. This combined PDF is subsequently combined with
a PDF of the ice dynamical contribution of the West Antarctic ice
sheet (WAIS) to sea level change to Peom2; finally the ice dynam
ical contribution of the East Antarctic ice sheet (EAIS) is added to
constmet Ptotal- The input PDFs (blue lines panels a, b, d and f)
vary regional, as depicted in Fig. Al for three locations.
global steric plus dynamic topography and atmospheric
pressure loading, surface mass balance of glaciers and ice
sheets, groundwater depletion, GIA (Slangen et al., 2014)
and the impact of the ice dynamical contribution. The lat
ter is because mass redistribution from the land to the ocean
does not result in a globally uniform increase in sea level
Nat. Hazards Earth Syst. Sei., 17. 2125-2141,2017
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Figure 4. Total combined probability density of sea level change by 2090, for three locations marked in panel (a): (b) Denmark Strait, (c) New
York Bight, (d) east Pacific, (e) North Sea, (f) Mekong Delta Vietnam, (g) Tasmin Sea (east of Australia) and (h) southeast of South Africa.
Regional projections by Slangen et al. (2014) following RCP8.5 combined with (blue, solid lines) the symmetrical IPCC-based distributions
of ice sheet mass loss and (red, dotted lines) asymmetrical VW 15-distribution of ice sheet mass loss. The stars indicate the median and the
plus sign indicate the 95th percentile. The difference in median is indicated in yellow and the difference in the 95th percentile in green. Note
that the increase of the 95th percentile is larger than the increase in median. The input distributions for each location are depicted in Fig. AT
(Slangen et al., 2012, 2014; Perrette et al., 2013; Lyu et al.,
2014). Near an ice sheet, for instance, mass loss of this ice
sheet will result in a sea level fall, since the gravitational
pull of the ice sheet becomes less when the mass decreases.
In the far field of an ice sheet the rise of sea level will be
above average. Using symmetric IPCC-based dynamical ice
sheet mass loss contribution to SLC, the median SLC varies
regionally from —1.07 to 4-1.03 m (Fig. 5a). Assuming the
VW15 asymmetric dynamical ice sheet mass loss, the me
dian SLC projection ranges regionally from — 1.90 m close to
the location of mass loss to -f 1.03 m in the far field (Fig. 5b),
with the largest differences in the central Pacific and Arctic
oceans.
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3.2

Changes in higher percentiles

Changes in the tails of the probability distribution are much
larger than the shift in median, as indicated by the probabil
ity distribution for seven locations (Fig. 4). At the Denmark
Strait (northwest of Iceland), the CIS contribution to SLC is
negative and the gravitational pull of GIS becomes less when
mass is lost; subsequently less water is attracted towards GIS
and sea levels are projected to fall compared to present day at
this location. In contrast, the FAIS and WAIS have a strong
positive contribution at this location (Fig. 3), as the Denmark
Strait is in the far field of FAIS and WAIS. As a result the GIS
contribution has a long tail towards negative values (Figs. 3a
and Alb-c), whereas FAIS and WAIS contribute positively
to SLC (Fig. Ald-e). Consequently, the total probability diswww.nat-hazards-earth-syst-sci.net/17/2125/2017/
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Figure 5. Median sea level rise projections by 2090; regional pro
jections of Slangen et al. (2014) following climate scenario RCP8.5
combined with the contributions to sea level rise due to dynamical
ice sheet mass loss: (a) symmetrically distributed ((Church et al.,
2013)) and (b) asymmetrically VW15 distributed (De Vries and
Van de Wal, 2015). (c) The difference in median (b — a). The areaaveraged global median depicted in panel (a) is 0.68 and 0.86 m
in panel (b). The area-averaged global median difference between
panels (b) and (a) is 0.18 m.

tribution including the asymmetric VW15 contribution of dy
namical ice sheet mass loss to SLC is broader compared to
the probability densities that include IPCC-AR5 values for
dynamic ice sheet mass loss (Fig. 4b).
At locations where the GIS contribution is near zero (e.g..
New York Bight, Fig. 4c). the shape of the tail in the com
bined distribution of the asymmetric simulations is domi
nated by the AIS contribution (Fig. Ale). The largest changes
occur where the contributions of the GIS, FAIS and WAIS
are all positive (Fig. Al). At these locations, for example the
east Pacific Ocean, the Mekong Delta. Pacific Ocean east of
Australia and the Indian Ocean near South Africa, the tail of
the probability distribution becomes skewed towards higher
SLC values (Fig. 4d, f-h).
www.nat-hazards-earth-syst-sci.net/17/2125/2017/

The spatial pattern of the (change in) the higher percentiles
including the asymmetric VW15 dynamical ice sheet contri
bution are shown in Fig. 6. The 90th, 95th and 97.5th per
centiles of SLC locally exceed -1-1.4. -hi.6 and 4-1.8m in
large parts of the ocean (Fig. 6a-c). Asymmetric VW15 dis
tributions of ice sheet mass loss alter the global average 90th,
95th and 97.5th percentiles by 4-0.27, 4-0.32 and 4-0.39 m,
respectively, compared to the symmetric IPCC-AR5 prob
ability distributions (Fig. 6d-f). This is considerably larger
than the shift in the median, which has a global average of
4-0.18 m. It also shows that the difference increases for larger
percentiles. The asymmetric VW15 distribution results in a
shift of the upper percentiles to lower values near GIS and
WAIS. This is the result of a decrease in the gravitational at
traction due to the mass loss of the neighboring ice sheet and
hence a negative contribution to SLC. The change in higher
percentiles is. however, positive in other places, with a max
imum where the fingerprints of the different ice sheet are all
larger than one. For the asymmetric VW15 projections the
increase between the 90th and 95th percentile is of the same
magnitude as the increase between the 95th and 97.5th per
centile.
As mentioned before, the globally average value increases
by 4-0.18 m if the ice dynamical contribution is asymmet
ric compared to symmetric (Fig. 5c). However, this differ
ence is much smaller than the difference in the higher per
centiles, with a shift of the globally average 97.5th percentile
of 4-0.39 m. In order to determine whether the increase in sea
level of higher percentiles is related to generally higher val
ues (higher median) or to the shape of the distribution, we
corrected the change of the higher percentiles for the change
in local median SLC for each location (see Fig. 7 where
Fig. 5c is subtracted from Fig. 6a-c). Generally, the corrected
higher percentiles of SLC are still much larger compared to
the projections with symmetric IPCC-based ice dynamical
contributions, with changes up to 0.3 m (Fig. 7d-0- For both
analyses (corrected and uncorrected for changes in the me
dian), the increase to higher SLC values becomes more pro
nounced for higher percentiles. This has significant impli
cations for the high-end uncertainties of future SLC projec
tions, since with a higher mean sea level the allowance for
extreme events becomes lower as critical thresholds are ex
ceeded more frequently (Slangen et al., 2017).
3.3

Correlation between ice sheet mass losses
and steric SLC

Based on the IPCC-AR5 (Church et al., 2013) we initially
assume the dynamical ice sheet contribution to SLC to be
independent of climate-change-induced changes in SLC. Re
cent studies (Bamber and Aspinall, 2013), however, suggest
a dependency between climatological changes and dynami
cal ice sheet mass loss as the processes driving the changes
are partly similar, implying that the contribution of GIS and
WAIS to SLC are correlated. This correlated dependency
Nat. Hazards Earth Syst. Sei., 17,2125-2141,2017
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Figure 6. Sea level change (SLC) projections for high-end percentiles and the change therein by 2090. Left column: (a) 90th, (b) 95th
and (c) 97.5th percentile for the asymmetric VW15 distribution of dynamical ice sheet mass loss combined with regional SLC projections
following RCP8.5 (Slangen et al., 2014). Right column: difference between (d) 90th, (e) 95th and (f) 97.5th percentile for asymmetric VW15
and symmetric IPCC-based contribution, both combined with regional SLC projections following RCP8.5 (Slangen et al, 2014). Percentiles
for the symmetric IPCC-based probability distribution are depicted in Fig. A2.
is investigated by examining changes in the 90th, 95th and
97.5th percentiles when dynamical ice sheet mass loss of GIS
is fully correlated with climate-driven changes in SLC. Dy
namical ice sheet mass loss of WAIS to SLC is subsequently
assumed to be correlated with 70% this combined probabil
ity distribution (Appendix Al). Mass loss of EAIS is still
considered to be independent of the other components. A
result of the correlation is that the combined distribution is
less wide, with low- and high-end percentiles that are closer
to the mean. For the asymmetric distribution, the high-end
percentiles of SLC will therefore be lower compared to sim
ulations where the SLC components are merged indepen
dently (Fig. A3). A correlation between the different com
ponents that contribute to SLC would therefore result in a
smaller range of sea levels. A better physical understanding
of whether, and to what extent, dynamical changes are cou
pled to climate changes is therefore important.
3.4

Impact of different input distributions

To analyze the impact of different PDFs of dynamical ice
mass loss on regional SLC, we computed the 90th, 95th
Nat. Hazards Earth Syst. Sei., 17,2125-2141,2017

and 97th percentiles for projections that include probabil
ity distributions for FAIS and WAIS following Ritz et al.
(2015). The GIS contributions are based on IPCC-AR5,
while the probability distributions are combined with the re
gional fields of Slangen et al. (2014). In these simulations
SLC projections increase nonlinearly for the analyzed per
centile; e.g the increase is approximately the same between
90th-95th and 95th-97.5th (Fig. 8a-c). A difference of the
regional Ritz projections compared to the regional IPCC pro
jections is that mainly in the Northern Hemisphere the SLC
values shift towards higher values, up to 0.2 m (Fig. 8d-f).
This is related to the fingerprints of FAIS and WAIS by mass
loss in the far field of the ice sheet. The range of projected
SLC is different in the regional Ritz projections compared to
the regional VW15 projections (Fig. A4). This is not only be
cause the contribution of GIS is based on IPCC-AR5 but also
because the input distributions of FAIS and WAIS have a less
heavy tail towards high SLC values (Fig. le-h). This analy
sis shows the importance of accurate probability distributions
for dynamical ice sheet mass loss for higher percentiles of re
gional SLC, which based on ice dynamical models.

www.nat-hazards-earth-syst-sci.net/17/2125/2017/
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Figure 7. Sea leve! change (SLC) projections by 2090 for high-end percentiles corrected with shift in local median. Left column: (a) 90th,
(b) 95th and (c) 97.5th percentile for the asymmetric VW15 distribution of ice sheet mass loss combined with regional SLC projections
following RCP8.5 (Slangen et al., 2014), corrected with the local shift in median depicted in Fig. 3c. Right column: difference between the
asymmetric VW15 (corrected with the difference in local median) and symmetric IPCC-based (both combined with regional SLC projections
following RCP8.5; Slangen et al., 2014) for the (d) 90th, (e) 95th and (f) 97.5th percentile.
4

Discussion

The asymmetric probability distributions for the contribution
of ice sheet mass loss in this research are based on two pro
jections of dynamical ice sheet mass loss. One of these stud
ies (VW15) is based on an expert judgment data set. This ap
proach has a number of limitations. Firstly, the interpretation
of the expert data can largely influence the shape of the tail of
the probability distribution (De Vries and Van de Wal, 2015).
Secondly, according to Gregory et al. (2014) some surveyed
experts to the expert analysis by Horton et al. (2014) sug
gested SLC projections outside a range of physically plausi
ble scenarios. Furthermore, they argue that an expert judge
ment analysis is an opaque way of data gathering and that es
pecially outliers to high values cannot be verified. The study
by Ritz et al. (2015) established a physically based proba
bility distribution of dynamical ice sheet mass loss of the
AIS. Indications of the possibility of a collapse of parts of
ice sheets (Little et al.. 2013) show that the contribution of
the AIS to SLC is highly uncertain. For the CIS a physically
based probability distribution of dynamical ice sheet mass
vvww.nat-hazards-earth-syst-sci.net/17/2125/20I7/

loss is not available; it is not expected that the probability
distribution of the GIS has a large tail towards high SLC val
ues and thus it would be good to replace expert judgement
analysis with physically based probability distributions. The
data sets for dynamical ice sheet mass loss to SLC available
at this moment (Fig. 1 and DeConto and Pollard, 2016) show
a large range of values. In this study we show that when these
global projections are used for regional SLC projections, the
differences in higher percentiles will be amplified for loca
tions in the far field of an ice sheet.
In Sect. 3.3 we analyze the impact of a correlation between
climate-induced changes to SLC and ice dynamical contribu
tions to SLC. We show that a correlation between different
contributions to SLC impacts the high-end percentiles of the
projections to generally slightly lower values. The ratio of
correlation is based on an expert judgement analysis (Bamber and Aspinall, 2013). Le Bars et al. (2017) concluded,
based on symmetric contributions, that the combined PDFs
becomes wider if the contributions are assumed to be cor
related, suggesting that the shape of the distribution is also
imported.
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Figure 8. Left column: (a) 90th, (b) 95th and (c) 97.5th percentile for the asymmetric Ritz distribution of dynamical ice sheet mass loss of
East and West Antarctica ice sheets (EAIS and WAIS) combined with symmetric IPCC-based contributions of dynamical ice mass loss of
the Greenland ice sheet (GIS) and regional sea level change projections following RCP8.5 (Slangen et al, 2014). Right column: difference
between (d) 90th, (e) 95th and (fj 97.5th percentile for asymmetric Ritz and symmetric IPCC-based ice dynamical contribution of EAIS and
WAIS, both combined with symmetric IPCC-based contributions of dynamical ice mass loss of the Greenland ice sheet (GIS) and regional
SLC projections following RCP8.5 (Slangen et al, 2014). Percentiles for the symmetric IPCC-AR5 probability distribution are depicted in
Fig. A2.
In coastal safety assessment higher percentiles are often
used to calculate retum-frequency-based extremes. The un
certainty bands of these extreme events are often used to
project whether a specific event is changing significantly un
der a future climate. The projections of high-end uncertain
ties also have an uncertainty (De Vries and Van de Wal, 2015,
their Figs. 3 and 4). Including this in future studies would
make it possible to determine the bandwidth of the tail of
the CDF for SLC projections and analyze the significance of
extreme SLC.
The method presented here could also be used to ana
lyze the effect of (asymmetrical) uncertainties in other com
ponents that contribute to SLC such as thermal expansion
(Stiver et al, 2012), changes in ocean currents and tempera
ture (Sallenger Jr. et al, 2012; Yin and Goddard, 2013), or
non-climatological local effects (Santamaria-Gómez et al,
2014). Furthermore, in the study of Slangen et al. (2017)
SEAWISE is used to determine the impact asymmetric prob
ability distributions on sea level allowances.
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Conclusions

Until recently, SLC studies focused on projections with sym
metric uncertainty ranges. Here, we have shown that the tail
towards high values of SLC of the probability distribution
of dynamical ice sheet mass loss highly influences the 90th,
95th and 97.5th percentiles of regional SLC. This shift of
higher percentiles has large regional variability due to local
differences in the contribution to SLC from dynamical ice
sheet mass loss, related to the distance to the ice sheets of
Greenland and East and West Antarctica. Asymmetric dis
tributions of dynamical ice sheet mass loss can affect the
median of SLC projections, with a global average shift in
median of 0.18 m for the simulations with the asymmetric
distributions of dynamical ice sheet mass loss by De Vries
and Van de Wal (2015) compared to the symmetric distribu
tions based on IPCC-AR5. This can be related to a higher
input median of the dynamical ice sheet mass loss compo
nents and to the skewed tail of the probability distribution
towards higher values. The shift of the higher percentiles is
www.nat-hazards-earth-syst-sci.net/17/2125/2017/
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even more pronounced compared to the shift in median when
.the contribution of ice sheet dynamics to SLC is assumed to
be asymmetrically distributed towards higher values. For the
97..5th percentile the shift can be up to 0.54 m and over 0.3 m
if the local shift in median is taken into account between the
asymmetric distributions by De Vries and Van de Wal (2015)
and the symmetric IPCC-based distributions.
The 90th, 95th and 97.5th percentiles of regional SLC are
strongly effected by the analyzed asymmetric probability dis
tribution. The difference between the asymmetric input prob
ability distributions of dynamical ice mass loss of De Vries
and Van de Wal (2015) and Ritz et al. (2015) shows that the
high-end percentiles can differ up to 0.5 m depending on the
applied PDF for dynamical ice sheet mass loss. Hence, we
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conclude that the uncertainty in ice sheet dynamics domi
nates the uncertainty in the local high-end percentiles of SLC
projections. This is highly relevant for flooding safety since
with a higher mean sea level critical thresholds are exceeded
more frequently under extreme events, such as storm surges.
Focusing on the median regional SLC with a symmetric un
certainty range underestimates future climate-change-related
flooding risks.

Data availability. The data set is freely available at https:
//dataverse.nl/dataset.xhtml ?persistentld=hdl: 10411/X8BTEB
(De Winter and Reerink, 2017).
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Appendix A
A1

SEAWISE: combining correlated PDFs

In order to analyze the effect of dependent components that
contribute to SLC, Eq. (1) has to be generalized for combin
ing correlated components. Therefore a correlation function
is constructed that uses fractional intervals instead of x val
ues. For each distribution the interval between the left and the
right boundary is scaled from 0 to 1. The fractional interval
ƒ] for Pi is defined by
ƒ! =

X, -Xa

(Al)

Xh-Xa

and the fractional interval ƒ2 for P2 is defined by
f2 =

X2 -

(A2)

Xd-Xc

If the distributions of the two combined components are
fully correlated then only the combination of P| {f\) and
P2if2=f\ ) contribute to the combined distribution. When P|
and P2 are assumed to be independent all combinations of fi
and ƒ2 yield contributions to the combined distribution.
Therefore the fractional difference fd is defined as
^ = l/l(^l)-/2U2)|.

(A3)

which indicates how far the fractional intervals of x\ and xi
are separated: e.g., if /^ = 0 then x\ and X2 are at the same
fractional interval. For the anticorrelation case when r is neg
ative, fd has to be
fd = l/i(-ïi)-(l - f2{xi))\.

(A4)

Subsequently a correlation function 'I'(xi,X2) is con
structed which is a function of fd at the 0-1 interval. This
function is parameterized by the correlation r: high r val
ues generate contributions to the combined distributions if
XI and X2 are close to each other, while r = 0 indicates that
the distributions are independent. A function which satisfies
this criteria and which is used in the analysis is
vl/(xi.X2)=e V

f
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where the numbers 0.6 and 12 control the correct behavior
of 'I', but their precise values are slightly arbitrary. Examples
of three different r values are shown in Fig. A5. Over the
interval r = 0 — 1 Eq. (A5) is defined as
1
'I'(j:i,-ï2) =

=

independent
distributions
(

l-l'-l

}

fora <xi <b
and c <X2<d
else

(A6)

Note that in Eq. (A4) we use the absolute value, this reduces
the fd interval from —1 to 1 to 0 to 1 and enables the possi
bility to use an odd power in the exponent of the 4^ function
in Eq. (A5).
The generalized form of Eq. (1) for combining two corre
lated SLC probability distributions Pi and P2 becomes

P(x)- y^ Pj (x -mAx)P2(mAx)
4^(x — mAx.m Ax),

(A7)

which reduces to Eq. (1) in case that Pi and P2 are indepen
dent.
The numerical form of Eq. (A7) adopted in the study is
P(( —;'o) =

Pi(i — m)P2(m)'i>(i —m.m).

(A8)

where /q is the counter along the x axis at x = 0, so c and d
could be taken relative to iq. Note that the correlation func
tion 'I' depends on the interval boundaries x,,, Xft, x^ and xj
as well. Other correlation functions which satisfy the global
behavior in Fig. A5 for such r values may be used, but they
do not yield qualitatively different results for combining cor
related probability distributions.

(A5)
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Figure Al. Contributions of dynamical ice sheets mass loss to sea
level change at three locations (depicted in Fig. 4a). (a) All regional
changes in sea level change (SLC), except the dynamical ice sheet
mass loss of Greenland and Antarctica, following RCP8.5 (Slangen
et al., 2014). The dynamical ice sheet contribution to SLC of the
Greenland ice sheet based on (b) the symmetric IPCC-AR5 prob
ability distribution (Church et al, 2013) and (c) the VW15 asym
metric probability distribution (De Vries and Van de Wal, 2015).
The dynamical ice sheet contribution to SLC of the Antarctic ice
sheet based on (d) the symmetric IPCC-AR5 probability distribu
tion (Church et al., 2013) and (e) the VW15 asymmetric probability
distribution (De Vries and Van de Wal, 2015) with a distinction for
East Antarctica only and West Antarctica only. Note the large tail to
the left side with negative SLC values for the GIS contribution (b,
c) for the Denmark Strait located close to the GIS and the large tail
towards positive SLC values (e) for the asymmetric EAIS and WAIS
contributions.
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Figure A2. Sea level change (SLC) projections for high-end per
centiles by 2090 with symmetric IPCC-based distribution of dy
namical ice sheet mass loss combined with the regional SLC pro
jection of Slangen et al. (2014) following climate scenario RCP8.5,
(a) 90th, (b) 95th and (c) 97.5th percentiles.
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Figure A3. Sea level change (SLC) projections for high-end percentiles and the change therein by 2090 if asymmetric VW15 dynamical ice
sheet mass loss is partly correlated with climate-change-induced SLC changes. Left column: (a) 90th, (b) 95th and (c) 97.5th percentile for the
asymmetric VW15 distribution of dynamical ice sheet mass loss combined with regional SLC projections following RCP8.5 (Slangen et al.,
2014). It is assumed that the dynamical ice sheet mass loss of Greenland ice sheet is fully correlated with all other regional changes in SLC.
Dynamical ice sheet mass loss of West Antarctic ice sheet is assumed to be 70 % when correlated with this combined probability distribution.
The dynamical ice mass loss contribution of East Antarctic ice sheet is assumed to be fully uncorrelated with the other components. Right
column: difference between the uncorrelated and partly correlated simulations (both combined with regional SLC projections following
RCP8.5 (Slangen et al., 2014) and VW15 distributions) for the (d) 90th, (e) 95th and (f) 97.5th percentile.
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Figure AS. »P ( fj (.v j. .vn ) ) as in Eq. (A7) for various r. The correla
tion r is a parameter in which varies from 0 to I. Here 'l' is shown
as function of fj for several r values, as indicated by the labels in
the figure.

'>-0,2

Figure A4. Difference between the (a) 90th, (b) 95th and (c) 97.5th
percentile for the asymmetric VW15 simulations (dynamical ice
sheet mass loss of the Greenland. East and West Antarctic ice sheet
(GIS, EAIS and WAIS) according to De Vries and Van de Wal,
2015) and the asymmetric Ritz simulations (dynamical ice sheet
mass loss of EAIS and WAIS according to Ritz et al. (2015), GIS
following the symmetric IPCC-AR5 distribution), both combined
with regional SEC projections of Slangen et al. (2014) following
climate scenario RCP8.5.
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Long-term trends and decadal variability of sea level in the North Sea and
along the Norwegian coast have been studied over the period 1958-2014. We
Ithe spatially non-uniform sea level and solid earth response to largescalftube melt and terrestrial water storage changes. GPS observations, cor*ecteÉfor the solid earth deformation, are used to estimate vertical land moe find a clear correlation between sea level in the North Sea and along
the N%)rwegian coast and open-ocean steric variability in the Bay of Biscay
d west of Portugal, which is consistent with the presence of wind-driven

r

oastally-trapped waves. The observed nodal cycle is consistent with tidal
uililjrium. We are able to explain the observed sea level trend over the pe

riod^ 1158-2014 well within the standard error of the sum of all contributing
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processes, as well as the large majority of the observed decadal sea level vari
r:;>

ability.
fc
i‘Key points:
^

• Regional sea level budgets at the Northwestern European shelf over the
3t decades are closed
• Correlation between open-ocean steric and shelf sea level is consistent
with^ropagation of coastally-trapped waves
• Vertical land motion and solid earth deformation are kej^ to close the bud-

©2016 American Geophysical Union. All Rights Reserved.

1. Introduction
Sea level rise is one of the most important consequences of climate change. On regional
large deviations from the global mean trend are observed, as well as significant
||^_jaüi^lity on interannual and decadal scales [Stammer et al, 2013; Hughes and Williams,
The emergence of remote sensing techniques and the global Argo program has
ajlpwed closure of the sea level budget over the last decade by direct observations of mass

W p'
and ^eric components, both on global [Leuliette and Willis, 2011] and regional scales
Rietbroek et al, 2016]. However, the presence of multidecadal variability hampers the
stimation of long-term trends from short records. Multiple studies have been undertaken
,jito q?qD|ain the observed global trends over the past few decades by looking into the sources
»

ofÆeailevel change [Church et al, 2011; Gregory et al, 2013; Hay et al, 2015]. On time
r ■

scales longer than the satellite era, closing the sea level budget on regional scales still
m open challenge. Knowledge about the origin of trends and variability of regional
^an sea level on these longer time scales is of key importance for determining future
.4

regional sea level rise, which is needed to ensure coastal safety [Nicholls and Cazenave,
One of the first attempts to close the regional sea level budget on multi-decadal
|cales has been made by Slangen et al [2014], who studied regional trends, and
most basins, but for individual tide gauge stations.
rgqffleviations occur.
^p. t^ paper we present a study into the sea level budget at the North-western European
^^^^fcntal shelf over the period 1958-2014. This region has a dense network of tide gauges
Sequent hydrographic measurements are conducted in the surrounding North-east

©2016 American Geophysical Union. All Rights Reserved.
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Atlantic ocean. Sea level rise in this region is widety recognized [Wahl et ai. 2013]. The

k,'

,

decadal variability has also been extensively studied and has been linked to wind-driven
^^astÄly-trapped waves, which can travel large distances along the shelf edges [Richter

(->■

Calafat et al. 2013; Dangendorf et al, 2014]. To date, no studies exist that
^xplain the observed sea level trends in this region. We use a combination of models
^

and observations to determine the influence of mass and steric effects on sea level trends

_^^^^^j^terannual to decadal variability. GPS observations are used to account for vertical
^and motion (VLM) that cannot be explained by GIA and present-day mass redistribution
p-hffeets. The modelled sea level is compared to tide gauge observations in the North Sea
Ihe Norwegian coast.

2. Data and models
We have obtained monthly tide gauge (TG) records from the Permanent Service for
^Mean Sea Level (PSMSL) [Holgate et al, 2013]. The tide gauge stations have been divided
^nto two regions, based on their location, as shown in figure la. All stations have a long
(50+'years) record, are not subject to known datum instability and are in proximity of a
manent GPS station.

iA,

or each station, to reduce the inter-station variability, the local effects of wind stress
d ï^mospheric pressure on sea level are removed using simple multiple linear regression
:ime series from the 20th Century Reanalysis project [Compo et al, 2011], similar to
le rfithod of Dangendorf et al [2014]: for each component (sea level pressure anomalies
d wind stress in the zonal and meridional direction), the grid point that shows the
highest correlation within 250 km around the station is used as regressor. For both
©2016 American Geophysical Union. All Rights Reserved.

regions, an index time series is constructed from the arithmetic mean of all stations that
have data at the specific month. Satellite altimetry observations are based on AVISO’S
■%.

Jtitnission gridded SLA product (aviso.altimetry.fr) over 1993-2014. A Gaussian filter
radius of 150 km has been applied to remove high-frequency signals.

e

|2»WJ^ass signals and fingerprints
5

exchange between land and ocean causes a spatial non-uniform relative sea level

j(RSL)' response, due to changes in the geoid and eustatic sea level, and deformation of
he solid earth. This effect is taken into account by solving the elastic sea-level equation
Clark, 1977; Tamisiea et al. 2010] including the earth-rotational feedback [Milne and
roiica. 1996 .
sider the mass contribution of glaciers, Greenland and Antarctic ice sheets and
terrestrial water storage (TWS). Glacier mass changes are based on the modelled mass
^alanee of Marzeion et al [2015]. For both ice sheets, a simple input-output model is
4used. The smface mass balance (SMB) is modelled by RAGM02.3 [Noël et al, 2015; van
Wëssem et al, 2014]. For the Greenland ice sheet, estimates for discharge are used as listed
den Broeke et al [2016]. For Antarctica, output is based on GRACE [ Watkins et al,
^OlSJ^nd IMBIE [Shepherd et al, 2012] constraints. The mass balance for Antarctica
before 1992 is poorly constrained, although semi-empirical estimates [Mengel et al, 2016
aid polar wander observations [Mitrovica et al, 2015] suggest that the contribution to
^eaM||el rise is limited over this period. Therefore, we assume that before 1992, the ice
^s^eetMischarge is in long-term equilibrium with the SMB. Before 1979, when no SMB is
available, we assume no mass changes in Antarctica. The spatial partitioning of the mass

©2016 American Geophysical Union. All Rights Reserved.
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loss is based on GRACE estimates. The TWS component includes dam retention, natural

■t'-.;'

variabilitv. and groundwater depletion. Dam retention is based on the GRanD database
kmr et al, 2011], and the method of Chao et al [2008] to determine hlling and seepage
raJii^2*Natural variability and groundwater depletion are both estimated from the global
A
hydrological
model PCR-GLOBWB [Wada et al. 2010. 2014]. A detailed description of
the,computation of all mass components, the validation of the ice sheet mass balance, the
•{

^g:h^ds to determine the uncertainties, and the computation of the elastic response is
;iven in the supplementary material [Pfeffer et al, 2014; A et al, 2013; Whitehouse et al.
^Q012:Ægnot et al. 2011
.2. Vertical land motion, GIA, and the nodal cycle
"4.

Tidç gauges measure sea level relative to land, and therefore, VLM will affect the

observations [Wöppelmann and Marcos. 2016]. Both GIA and present-day mass effects

F

ps^olid earth deformation, which results in VLM. To separate these known effects

^ïrom unknown VLM, we use GPS observations to estimate VLM not explained by GIA
:

and present-day mass effects:
^VLM-r(^) = ^GPS(^) “ ^mass(t) - *GIA(*)
mass the solid earth deformation due to large-scale mass effects and
eért^fideformation due to GIA. The residual VLM term

(1)
solid

hence accounts both for

nm^elled VLM and errors in GIA and mass loading models. For each tide gauge station,
determine a linear rate of residual VLM from a nearby permanent GPS site. Processed
GPS time series were obtained from Nevada Geodetic Laboratory (geodesy.unr.edu). For
t^ stations along the Norwegian coast, linear trends from Kierulf et al [2014] have been
@2016 American Geophysical Union. All Rights Reserved.

used. Estimates of the GIA impact on VLM and sea level come from the global ICE6GVM5a modellPeltier et al, 2015 .
e'lB-S year nodal cycle also causes variability on decadal scales. According to a longbelief, the phase and amplitude of the nodal cycle follow the equilibrium law
^roÆman, 1960; Woodworth, 2012]. We account for the nodal cycle by assuming that
i^plitude follows the self-consistent equilibrium law and no phase shift occurs [ Wood2012]. The procedure to estimate linear trends and confidence intervals of GPS
l;ime series, and a figure of the regional GIA estimates can be found in the supplementary
terial \Bos et ai. 2013 .

^ feteric height
continental shelf is generally shallow, and therefore, the local contribution of steric
('xpansion will be small on interannual time scales. However, steric effects in nearby open

'

I
Ijggarr^will influence sea level on the shelf [Länderer et al, 2007], although serious decouÔ; ■

Kipling between coastal sea level and open ocean steric variability could occur [Bingham
and Hughes, 2012]. Wind-driven coast ally-trapped waves are known to decouple coastal
%

mpen-ocean sea level and dominate the decadal sea level variability in our region of
Tnte^t [Çalafat et al, 2012, 2013; Dangendorf et al, 2014.
Xo determine the relationship between open-ocean steric signals and shelf sea level, we relove the sea level response to all large-scale mass contributors and the equilibrium nodal
^vcleJErom observed RSL. and compute the correlation between the resulting de-trended
^nd ^-month low-pass filtered residual RSL and steric sea level over the North Atlantic,
cic changes have been computed from 3D temperature and salinity grids from EN4

©2016 American Geophysical Union. All Rights Reserved.
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version 4.1.1 [Good et al. 2013] from a depth of 1000 m to the surface over the period

I

Ki'

1958-2014. The resulting correlation pattern (figure lb) shows that the open-ocean steric

i'-»

<5
“

%

li^tl in the Bay of Biscay and west of Portugal correlates strongly with sea level

vari

ability in the North Sea. Satellite altimetry observations show a very similar correlation
%

attern and they also point at the coherence between the North Sea and the Norwegian

^coast .((figure Ic). Therefore, we use the average steric signal over this area as a proxy
for tte impact of ocean dynamics on the shelf. The area over which the steric height is
iP •

gl^veraged, and the method to compute the time series and accompanying uncertainties are
-described in the supplementary material [Gouretski and Reseghetti, 2010: Pawlowicz et al.
2012; Jîoemmich and Gilson. 2009; Bos et al. 2014]. Since open-ocean steric anomalies
%

below the shelf bottom affects on-shelf bottom pressure, self-attraction and loading effects
I

will amplify the signal. This effect, however is relatively small [Richter et al. 2013]. and
“therefore not taken into account.
C^4.' Reconstructed RSL
We define our reconstructed RSL as the sum of all contributing processes, which reads;
C(0 - Cdyn(0 + Cmass(i) + CgIA(^) + Cnodal(^) “ ^VLM-r(^)
•)• represents reconstructed RSL at time t. Cdyn

(^)

dynamic contribution, for which

tnejpric height over the aforementioned area is used. Cmass the local RSL response to
le s'l^ of mass effects. CqiA

response to GIA. The RSL response to GIA and

i‘ effects consists of geoid and eustatic changes, and solid earth deformation. Cnodal
|the contribution of the nodal cycle, and hyLyj_j.(t) the residual vertical land motion as
in equation 1. The mean has been removed from all time series. Note that the
(c)2016 American Geophysical Union. All Rights Reserved.

reconstructed RSL is simply the sum of all components and no parameters are estimated
in equation 2.

cu

3. Results
observed and reconstructed relative sea level for both regions of interest are disin figure 2.
dynamic signal shows large variability on decadal scales, while large-scale mass

ects are varying more slowly, but show a clear acceleration. The amplitude of the equipibriui|i nodal cycle is in the order of 10
mm.
Th^i^ttom part of figure 2 shows that the sum of all contributors explains the large maof the observed variability on interannual and decadal scales. Along the Norwegian
coa^the same dynamic signal is still clearly visible, although the residual shows larger
than in the North Sea. After removing the linear trend and applying a 25-month
dg mean, the fraction of explained variance (i?^) is 0.79 between the detrended conÆibu^rs and sea level in the North Sea. The corresponding correlation coefficient is 0.89.
Tway, the numbers are 0.63 and 0.79 respectively,
en we compare the linear trends of the reconstructed and observed sea level (table
,we see that the model explains the observed trend well within confidence intervals for
th'|egions. Note that the listed uncertainties are on the la level.
4
ifhificant uplift takes place along the coast, for which a large part is explained by
^piA àand solid earth deformation due to mass exchange. It must be noted that GIA
predict a steep gradient in vertical land motion and relative sea level along the
jne, which makes the model locally prone to model errors. The residual VLM term
©2016 American Geophysical Union. All Rights Reserved.

can compensate for these errors nnder the condition that the errors in geoid changes staj^
small. Without correcting GPS observations for solid earth deformation due to present'j':

É
\
iiy-l^ss

transport, the observed VLM trend over the GPS era would be regarded as a

;-|érm trend. However, the modelled solid earth response shows an upward acceleration
wer 0e period of interest, which causes GPS observations to overestimate the long-term
Si •'
peaj|:rend in vertical land motion. For the North Sea. removal of solid earth deformation
caused by present-day mass changes results in a decrease of 0.5 mm/y of the estimated
ong term VLM trend. For Norway, this effect is even larger, due to the proximity of the
reenland ice sheet.
ig^u^e of the proximity of many glacierized regions and the Greenland Ice Sheet, their
'contribution is well below the global average, while the dynamic contribution is close to
the global mean. Due to the contributions of GIA, vertical land motion and the nodal
^cyclcf^the sum of all contributors to the North Sea is close to the global mean sum of
.

fcesses. For Norway, no significant upward trend can be found: GIA and residual VLM

^jGpmpensate for all mass and steric effects.

Discussion
b evaluate the properties of the correlation pattern between the open-ocean steric and
ng-shelf sea level signal, we use the historical run from CMIP5 earth system model
'NorESMl-M [Bentsen et al, 2013]. The ocean component has a horizontal resolution of
if the isopycnal-coordinate model is mass-conserving, which makes the model suitable
st^y sea level variability driven by changes in steric height and ocean bottom pressure
‘ichter et al, 2013]. The model is able to reproduce the observed longshore coherence.
©2016 American Geophysical Union. All Rights Reserved.

as depicted in figure 3a. Figure 3b shows that the open-ocean steric signal correlates with
the mass signal in the North Sea and at the Norwegian shelf. Along the Norwegian coast,
^eric effects still explain the majority of sea level variability (figure 3c).
PHHG^^equently, to maintain longshore coherence, the steric component along the shelf
loiA mimic the steric effect in the Bay of Biscay. Steric heights computed from T/S
^profil(y from fixed hydrographic stations along the Norwegian coast (Bud, Sognesjpen,
Ytre ytsira, Indre Utsira and Lista, data from imr.no/forskning/forskningsdata/stasjoner,
location map can be found in the supporting material) confirm the coherence between
n-0cean and on-shelf steric variability on the lowest frequencies (figure 4a), though
decadal scales, differences can be noticed. GRACE-derived on-shelf OBP signals
'fih^^^linger et al. [2016], see supplementary material for details Klinger et al. [2016];
Klees et al. [2008]; Swenson et al. [2008]; Cheng et al. [2013]; Dobslaw et al. [2013]), are
..... 1

siéent with sea level on both shelves, which indicates that the remote steric signal
^S^appears as an on-shelf mass signal. The observed along-shelf coherence corresponds
''^ell with the presence of coastally-trapped waves, which travel counterclockwise on the
■^^jnUj^^rn hemisphere [Huthnance, 1978]. These waves have the ability to create a spatially
^^^&|nt monthly to decadal sea level signal over along-shelf distances exceeding thousand
[iAxÿ/îes and Meredith. 2006; Sturges and Douglas, 2011]. Along the eastern
B^iic boundary, longshore winds drive coastally-trapped waves over long distances,
pad^g to a coherent decadal sea level signal [Calafat et al., 2012, 2013]. These waves
:rjg^’r westward-travelling Rossby waves, causing open-ocean adjustment to coastal sea
ï'Iarcos et ai. 2013]. Hence, the open ocean and shelf sea are both affected by decadal

©2016 American Geophysical Union. All Rights Reserved.
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variability in the longshore winds, which explains the observed correlation pattern. The

i
I-.- '

propagation of the coastal signals into the open ocean is hampered by decreasing Rossby

i,.i.

.ó:‘

iwltve Ipeeds at high latitudes and hence, the correlation between shelf sea level and the
by open ocean steric height vanishes at high latitudes.
he epastally-trapped waves will be continuously affected by regional longshore winds
Ä1.

l^w|iei||)ropagating northward, thereby gradually altering the wave properties, which may
of the causes of the residual signal for the Norwegian stations in figure 2 and
^orresponds well to the findings of Calafat et al. [2013], who show that Norwegian coastal
lea level is affected by regional and remote longshore winds.
Thje .s|eric signal in the Bay of Biscay is also used as a proxy for the long-term trend in
t

dynamic shelf sea level, with the underlying assumption that the trend does not show
large variations over our region of interest. Since the long-term trend is likely to be driven
bt^er processes than longshore wind variability, this assumption must be verified. The
posite steric height time series from the permanent hydrographic stations along the
t^Norwegian coast has a linear trend of 0.68 ±0.26 mm/year. Ocean Weather Station Mike,
¥

located in the interior of the Norwegian Sea (figure la), shows a steric height trend of
I 0.72 ± 0.19 mm/year over the upper 1000 m between 1958 and 2009. Both the shelf and
ir-ocean trends are close to the observed 0.75 ± 0.19 mm/year in the Bay of Biscay.
e d^'namic sea level trends in NorESM (figure 3d) also depict the low spatial variability

tev''
dynamic sea level trends in the region.
I’studies suggest that the observed nodal cycle departs from astronomical equilibrium
Houston and Dean. 2011: Baart et al. 2011], and explains a large fraction of the observed

©2016 American Geophysical Union. All Rights Reserved.

decadal variability. We have re-done our analysis, but without the nodal term in equation
2^ The resulting residual (figure 4c and 4d) shows a phase and amplitude who are in
lent with equilibrium tide. This observation corresponds well to the conclusion of
1960] that the sea level response to the nodal tide should follow the equilibrium

5. Cénclusions
feftevel trends and decadal variability over the North European continental shelf over
^.^|i,e s^ond half of the 20th century until 2014 have been studied. The combination of
masSj^feteric, and solid earth deformation effects explains the large majority of interannual
decadal variability in the region as well as the observed trends. The trend varies
throughout the region due to GIA and unmodelled VLM. GPS measurements can partially
KïjT^önipènsate uncertainties in modelled GIA. A strong correlation is found between steric
^variability in the open ocean in the Bay of Biscay and west of Portugal and sea level
*oi tlÄ shelf. This correlation is not only visible in hydrographic observations, but also
^^^^i^^ÿllite altimetry and an earth system model and is consistent with the existence of
■ ^-driven coastally-trapped waves that radiate westward-travelling Rossby waves into
.open ocean. The linear trend in dynamic sea level is consistent over the region, and
c observed steric height in the Bay of Biscay and west of Portugal is used as a proxy
'ffie trend and decadal variability in dynamic shelf sea level. This proxy explains the
„^t Jnajority of the observed decadal sea level variability, while the mass contributors
lost^ explain longer-term changes. The observed nodal cycle, for which equilibrium
tmal theory predicts a relatively large amplitude in the region of interest, follows the
©2016 American Geophysical Union. All Rights Reserved.
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equilibrium law. The steric signal shows large variability at decadal time scales, wTich
contaminate nodal cycle estimates from classical least squares. Estimating the nodal

1 .j.

Ô:'

Me from tidal equilibrium, as proposed by Woodworth [2012], is therefore the preferred
method.
he Nprth Sea shows an upward trend, while along the Norwegian coast. GIA and VLM
.pffset jthe mass and dynamic effects, which leads to a negligible trend over the studied

--- 4

eriod. The method used in this studv is easilv applicable to other regions as long as high

uality regional measurements of RSL. VLM and T/S profiles are available, and could
^provide more insight in the link between coastal and open ocean sea level changes and
help improving future coastal sea level forecasts.
Acknowledgments. Tide gauge data has been obtained from PSMSL (www.psmsl.org).
EN4.1.1 gridded profiles from Met Office Hadley Cent er (met office.gov.uk/hadobs/en4),
20th Century Reanalysis V2c data from NOAA/OAR/ESRL PSD (esrl.noaa.gov/psd/data/gridde
ICE6C data from atmosp.physics.utoronto.ca/~peltier. XorESM model results were ob-

c....
^taiaed from the ESCF Node at DKRZ (esgf-data.dkrz.de). Ocean Weather Station Mike
Ipadata
: has been obtained from http://www.eurosites.info/stationm.php. All gridded plots
mâNe been made using the Generic Mapping Tools. This study was funded through the
“ l;

r Netherlands Organisation for Scientific Research (NWO) VIDI grant, number 864.12.012.
^^n'Marzeion acknowledges support from the Austrian Science Fund (EWE): P25362-N26.

/e’djike to thank two anonymous reviewers for their constructive comments, which led
to substantial improvements to the manuscript.

(5)2016 American Geophysical Union. All Rights Reserved.

References
A, G., J. Wahr, and S. Zhong (2013), Computations of the viscoelastic response of a
bompressible earth to surface loading; an application to glacial isostatic adjustlàiÂmeit in antarctica and canada. Geophysical Journal International, 192 {2), 557-572,
dojj93/gji/ggs030.
I F.. P. H. Van Gelder, J. De Ronde. M. Van Koningsveld, and B. Wouters (2011),
Th^effect of the 18.6-year lunar nodal cycle on regional sea-level rise estimates, Journal
of Coastal Research. 28{2). 511-516. doi;10.2112/JCOASTRES-D-ll-00169.1.
ftentsén, M.. I. Bethke. J. B. Debernard, T. Iversen, A. Kirkevag, 0. Seland. H. Drange,
i

C.d|,oelandt, I. A. Seierstad, C. Hoose, and J. E. Kristjansson (2013), The norwegian
system model, noresml-m - part 1: Description and basic evaluation of the physi
cal climate, Geoscientific Model Development. 6. 687-720, doi:10.5194/gmd-6-687-2013.
ihghain. R. J., and C. W. Hughes (2012), Local diagnostics to estimate density-induced

J

fea level variations over topography and along coastlines. Journal Of Geophysical ReJsearch: Oceans, 111 {Cl), doi:029/2011JC007276.
ps, ,M. S., R. M. S. Fernandes, S. D. P. Williams, and L. Bastos (2013), Fast error
alysis of continuous gnss observations with missing data, Journal of Geodesy, 57(4),
360. doi;007/s00190-012-0605-0.
is. JK. S., S. D. P. Williams, I. B. Araujo, and L. Bastos (2014), The effect of temporal
A col^lated noise on the sea level rate and acceleration uncertainty, Geophysical Journal
iernational, 196, 1423-1430, doi:10.1093/gji/ggt481.

©2016 American Geophysical Union. All Rights Reserved.

1-1.
(-1.

Calafat, F. M., D. P. Chambers, and M. N. Tsimplis (2012). Mechanisms of decadal sea

I

k-'

level variability in the eastern north atlantic and the mediterranean sea. Journal Of
1-1 ■

\^t&physical Research: Oceans, il7(C9). doi:029/2012JC008285.
I

Calafat, F. M., D. P. Chambers, and M. X. Tsimplis (2013), Inter-annual to decadal
^^^^^uj|evel variability in the coastal zones of the norwegian and Siberian seas; The role
__^^mospheric forcing. Journal Of Geophysical Research: Oceans, 118{3), 1287-1301.
(Mi:902/j grc. 20106.
^h<
hao. B. F., Y. H. Wu. and Y. S. Li (2008), Impact of artificial reservoir water impound®mient on global sea level.. Science, 320(5873). 212-4. doi:10.1126/science.1154580.

»

■

,jCheng. M., B. D. Tapley, and J. C. Ries (2013), Deceleration in the earthT oblateness,
tournai of Geophysical Research: Solid Earth, Volume 118, Issue 2, pp. IfO-lfl, 118(2),
740-747. doi:doi; 10.1002/jgrb.50058.
, J. A., N. J. White, L. F. Konikow, C. M. Domingues, J. G. Cogley, E. Rignot,
I. Gregory, M. R. van den Broeke, A. J. Monaghan, and I. Velicogna (2011), Revis
iting the earth's sea-level and energy budgets from 1961 to 2008, Geophysical Research
Letters. 75(18), L18,601. doi:10.1029/201lGL048794.
Clark, J. A. (1977). Future sea-level changes dne to west antarctic ice sheet fluctuations,
ture, 269, 206-209, doi:10.1038/269206a0.
G. R. J. S. Whitaker. P. D. Sardeshmukh. N. Matsui, R. J. Allan. X. Yin, B. E.
Gibson. R. S. Vose. G. Rutledge, P. Bessemoulin. et al. (2011). The twentieth century
Kalysis project. Quarterly Journal of the Royal Meteorological Society, 137(654),
28. doi;10.1002/qj.776.

©2016 American Geophysical Union. All Rights Reserved.

Dangendorf. S., F. M. Calafat, A. Arns, T. Wahl, I. D. Haigh. and J. Jensen (2014), Mean
sea level variability in the north sea: Processes and implications. Journal of Geophysical
tarch: Oceans. 119(10). doi:10.1002/2014JC009901.
H., F. Flechtner, I. Bergmann-Wolf, C. Dahle. R. Dill, S. Esselborn, I. Sas't.,

ge^ and M. Thomas (2013), Simulating high-frequency atmosphere-ocean mass varifor dealiasing of satellite gravity observations: Aodlb rl05. Journal of Geo-

mm

Research: Oceans, Volume 118, Issue 1, pp. 3704-3711, 118(7), 3704-3711,

m doi:10.1002/jgrc.20271.
od.iS. A., M. J. Martin, and N. A. Rayner (2013), EN4: Quality controlled ocean temR^ature and salinity profiles and monthly objective analyses with uncertainty estimates,
--k^rnal Of Geophysical Research-Oceans. 118(12). 6704-6716, doi:002/2013JC009067.
Gouretski, V., and F. Reseghetti (2010). On depth and temperature biases in bathytheraph data: Development of a new correction scheme based on analysis of a global
^ean database, Deep-Sea Research Part I-Oceanographic Research Papers, 57(6), 8121833. doi:016/j.dsr.2010.03.011.
’^i^^Gregorv. J. M., N. J. WTiite, J. A. Church. M. F. P. Bierkens, J. E. Box, M. R. Van den
Broeke, J. G. Cogley, X. Fettweis, E. Hanna, P. Huybrechts, et al. (2013), Twentiethintm-y global-mean sea level rise: is the whole greater than the sum of the parts?,
Mnal of Olimate. ^5(13), 4476-4499, doi:10.1175/JCLI-D-12-00319.1.
ay. C. C., E. Morrow, R. E. Kopp. and J. X. Mitrovica (2015), Probabilistic reanalysis
twentieth-century sea-level rise. Nature, 577(7535), 481—h, doi:038/naturel4093.

©2016 American Geophysical Union. All Rights Reserved.

i-.ii'^.4 .

-o:;'

Holgate. S. J.. A. Matthews. P. L. Woodworth. L. J. Rickards. M. E. Tamisiea, E. Brad
shaw. P. R. Foden. K. M. Gordon. S. Je\T:ejeva, and J. Pugh (2013). New data systems
rjli

■

>■

à^products at the permanent service for mean sea level. Journal Of Coastal Research.
P^(3). 493-504, doi:112/JCOASTRES-D-12-00175.1.
I^oustpn, J. R., and R. G. Dean (2011), Accounting for the nodal tide to improve es^^timates of sea level acceleration. Journal of Coastal Research, .27(5), 801-807, doi:
10.2112/JCOASTRES-D-11-00045.1.
*»-■

ughes. C. W., and M. P. Meredith (2006), Coherent sea-level fluctuations along the
global continental slope. Royal Society of London Transactions Series A. 5h,^(1841).
,^5v901, doi; 10.1098/rsta.2006.1744.
ughgs, C. W.. and S. D. P. Williams (2010), The color of sea level: Importance of
spatial variations in spectral shape for assessing the significance of trends. Journal Of
%dphysical Research: Oceans, 445(010), doi:029/2010JC006102.
Huthnance. J. M. (1978), On coastal trapped waves: Analysis and numerical calculation
^^^y inverse iteration, Journal of Physical Oceanography, 5(1), 74-92, doi;10.1175/1520'li^0485(1978)008i0074:OCTWAA^2.0.CO;2.
JKiemlf, H. P.. H. Steffen. M. J. R. Simpson. M. Lidberg. P. \Vu. and H. Wang (2014).
^ï-A.gps velocity field for fennoscandia and a consistent comparison to glacial isostatic
l^^tment models. Journal Of Geophysical Research: Solid Earth. 119(8), 6613-6629.
0 do%002/2013JB010889.
XsS* R-. E. A. Revtova, B. C. Gunter, P. Ditmar, E. Oudman, H. C. Winsemius.
and H. H. G. Savenije (2008). The design of an optimal filter for monthly grace

©2016 American Geophysical Union. All Rights Reserved.

gravity models, Geophysical Journal International, 175{2), 417-432. doi:lll/j.l365246X.2008.03922.X.
. B., T. Mayer-Gürr. S. Behzadpour, M. Ellmer. A. Kvas, and N. Zehentner (2016),
new itsg-grace2016 release, EGU General Assembly 2016, Vienna, Austria, doi;
1Â14O/RG.2.1.1856.7280.
^ ^andt rer, F. W., J. H. Jungclaus, and J. Klarotzke (2007). Ocean bottom pressure changes
^^^^l^^to a decreasing length-of-day in a warming climate. Geophysical Research Letters,
^

34{6), doi:029/2006GL029106.
lehnd:. B., C. R. Liermann, C. Revenga. C. Vörösmarty, B. Fekete, R Crouzet, R Doll,
ipndejan, K. Frenken, J. Magome, et al. (2011), High-resolution mapping of the
grid’s reservoirs and dams for sustainable river-flow management. Frontiers in Ecology
and the Environment, P(9). 494-502. doi:10.1890/100125.
ilîçte, F. W., and J. K. Willis (2011), Balancing the sea level budget. Oceanography,
, 122-129, doi:10.5670/oceanog.2011.32.

F'”'

i

Levitiis, S., J. I. Antonov, T. R Boyer, 0. K. Baranova, H. E. Garcia, R. A. Locarnini,
Mishonov, J. R. Reagan, D. Seidov, E. S. Yarosh, and M. M. Zweng (2012),
/orld ocean heat content and thermosteric sea level change (0-2000 m), 1955-2010,
ÿ^eophysical Research Letters, 5P(10). L10,603, doi:10.1029/2012GL051106.
iarcpB, M., B. Puyol, F. M. Calafat, and G. Woppelmann (2013), Sea level changes
J
at'tenerife island (ne tropical atlantic) since 1927, Journal Of Geophysical Research:
ceans, 118{10). 4899-4910, doi:002/jgrc.20377.

©2016 American Geophysical Union. All Rights Reserved.

Marzeion. B.. P. W. Leclercq. J. G. Cogley. and A. H. Jarosch (2015). Brief commu
M■

nication: Global reconstructions of glacier mass change during the 20th century are

ÓH

istent. The Cryosphere. 5(6). 2399-2404. doi:194/tc-9-2399-2015.
: M., A. Levermann. K. Frieler. A. Robinson. B. Marzeion. and R. Mnnkelniann
Mengel,

(2016), Future sea level rise constrained by observations and long-term commitment,
^Proceedings of the National Academy of Sciences. 113(10). 2597-2602.
Milne. G. A., and J. X. Mitrovica (1996). Postglacial sea-level change on a rotating
A earth: first results from a gravitationally self-consistent sea-level equation. GeophysieaTJournal, Volume 126, Issue 3, pp. F13-F20., 126(1), F13-F20, doi:10.1111/j.l365246X.1996.tb04691.x.
'Mitrovica. J. X., C. C. Hay. E. Morrow. R. E. Kopp, M. Dumberry. and S. Stanley
(2015). Reconciling past changes in earths rotation with 20th century global sea-level
--t

Se;) Resolving munks enigma, Science Advances, 7(11), el500,679-el500,679, doi:

i: V

'

Û.1126/sciadv. 1500679.
Nicholls. R. J., and A. Cazenave (2010). Sea-level rise and its impact on coastal zones,
Science. 535(5985), 1517-1520, doi:126/science.1185782.
INoël, B.. W. J. van de Berg. E. van Meijgaard. P. Kuipers Munneke. R. S. W. van de Wal.
Éand M. R. van den Broeke (2015). E^uluation of the updated regional climate model
^|iio2.3: summer snowfall impact on the greenland ice sheet, The Cryosphere, 5(5),
^ 18%-1844. doi:10.5194/tc-9-1831-2015.
iwicz, R.. T. McDougall. R. Feist el. and R. Tailleux (2012), An historical perspective
,QU the development of the thermodynamic equation of seawater - 2010. Ocean Science.

©2016 American Geophysical Union. All Rights Reserved.

5, 161-174, doi;10.5194/os-8-161-2012.
Peltier, W. R., D. F. Argus, and R. Drummond (2015), Space geodesy constrains ice age
^^^^inal déglaciation: The global ICE-6G C (VM5a) model, Journal Of Geophysical

Solid Earth, 120(1), 450-487, doi:002/2014JB011176.
feff^. W. T., A. A. Arendt, A. Bliss, T. Bolch, J. G. Cogley, A. S. Gardner, J.-O. Hagen,
R, Hock, G. Kaser, C. Kienholz. E. S. Miles, G. Moholdt, N. Mölg, F. Paul, V. Radie,
^^^^^astner, B. H. Raup, J. Rich, and M. J. Sharp (2014), The randolph glacier inventory:
0 a globally complete inventory of glaciers. Journal of Glaciology, 60(221), 537-552, doi:
P^.*89/2014JoGl3J176.
iPrQU^îian,

J. (1960),

The condition that a long-period tide shall follow the

'«Quhibrium-law, Geophysical Journal International. 3(2). 244-249, doi:10.1111/j.l365246X.1960.tb00392.x.
ët;

I
■k^, S. G., and G. C. Johnson (2010). Warming of global abyssal and deep southern

jcean waters between the 1990s and 2000s: Contributions to global heat and sea level
ÿrise budgets, Journal Of Glimate, 23(23). 6336-6351, doi:175/2010JCLI3682.1.
''<l|j^Bir.ht,er. K., J. E. 0. Xilsen, and H. Drange (2012), Contributions to sea level variability
^^^Ibng the norwegian coast for 1960-2010, Journal of Geophysical Research: Oceans,
P^(G5). C05.038, doi:10.1029/2011JC007826.
, K., R. E. M. Riva, and H. Drange (2013), Impact of self-attraction and loading
effects induced by shelf mass loading on projected regional sea level rise, Geophysical
‘search Letters, 40(G), 1144-1148, doi: 10.1002/grl.50265.

©2016 American Geophysical Union. All Rights Reserved.

I-.*.

I

i-.i.

rA<

Rietbroek, R., S.-E. Brunnabend, J. Kusche. J. Schröter, and C. Dahle (2016), Revisiting
the contemporary sea-level budget on global and regional scales. Proceedings of the
^gtional Academy of Sciences, 113{Q). 1504-1509, doi:10.1073/pnas.1519132113.
pBBITi'ghot. E., I. Velicogna, M. R. van den Broeke, A. Monaghan, and J. T. M. Lenaerts
(2i^), Acceleration of the contribution of the greenland and antarctic ice sheets to sea
rise. Geophysical Research Letters. 38{b), L05,503. doi:10.1029/201lGL046583.
_^^|^ÿnich, D., and J. Gilson (2009), The 2004-2008 mean and annual cycle of tem
perature, salinity, and steric height in the global ocean from the argo program.
Progress in Oceanography, Volume 82, Issue 2, p. 81-100., 82{2). 81-100, doi:
:ipi6/j.pocean.2009.03.004.
ifepherd. A.. E. R. Ivins. G. A, V. R. Barletta. M. J. Bentley. S. Bettadpur. K. H.
Briggs. D. H. Bromwich. R. Forsberg, N. Galin, M. Horwath, S. Jacobs, I. Joughin,
M. A. King, J. T. M. Lenaerts, J. Li, S. R. M. Ligtenberg. A. Luckman. S. B. Luthcke,
.^McMillan. R. Meister. G. Milne. J. Mouginot. A. Muir. J. R Nicolas. J. Paden. A. J.
’^^e, H. Pritchard. E. Rignot, H. Rott, L. S. Sorensen. T. A. Scambos, B. Scheuchl,
pjE. J. 0. Schrama. B. Smith, A. V. Sundal, J. H. van Angelen, W. J. van de Berg,
R. van den Broeke. D. G. Vaughan, I. Velicogna. J. Wahr. P. L. Whitehouse, D. J.
pBWingham. D. Yi, D. Young, and H. J. Zwally (2012), A reconciled estimate of ice-sheet
mass balance., Science. 338{6111). 1183-9, doi: 10.1126/science. 1228102.
■■

„Jllangen, A. B. A., R. S. W. van de Wal, Y. Wada. and L. L. A. Vermeersen (2014),
imparing tide gauge observations to regional patterns of sea-level change (1961-2003),
garth System Dynamics, 5(1), 243-255. doi:194/esd-5-243-2014.

©2016 American Geophysical Union. All Rights Reserved.

Stammer, D., A. Cazenave, R. M. Ponte, and M. E. Tamisiea (2013), Causes for con
temporary regional sea level changes. Annual Review Of Marine Science, 5, 21-46,
46/ annurev-marine-121211-172406.
W., and B. C. Douglas (2011), Wind effects on estimates of sea level rise, Journal
Of^eophysical Research: Oceans. 116{C6). doi:029/2010JC006492.
^^gu^n, S.. D. Chambers, and J. Wahr (2008), Estimating geocenter variations from a
_^^3ination of grace and ocean model output, Journal Of Geophysical Research-Solid
Earth, 113{B8). doi:029/2007JB005338.
Mea, M. E., E. M. Hill, R. M. Ponte. J. L. Davis, I. Velicogna, and N. T. Vinogradova

I

0), Impact of self-attraction and loading on the annual cycle in sea level, Journal
eophysical Research: Oceans, 115{C1), C07,004, doi;10.1029/2009JC005687.

van den Broeke, M. R.. E. M. Enderlin. I. M. Howat, P. Kuipers Munneke, B. P. Y.
-4

É, W. J. van de Berg, E. van Meijgaard, and B. Wouters (2016), On the recent
^tribution of the greenland ice sheet to sea level change, The Cryosphere, 10(5),
1933-1946, doi;10.5194/tc-10-1933-2016.
jl,ÿ^essem, J. M., C. H. Reijmer, M. Morlighem, J. Mouginot, E. Rignot, B. Medley,
^ughin, B. Wouters, M. A. Depoorter, J. L. Bamber, J. T. M. Lenaerts, W. J. van de
:g, M. R. van den Broeke, and E. van Meijgaard (2014), Improved representation of
antarctic surface mass balance in a regional atmospheric climate model, Journal of
G

aology, 60{222), 761-770, doi:10.3189/2014JoGl4J051.

Sadt, Y., L. P. H. van Beek, C. M. van Kempen, J. W. T. M. Reckman, S. Vasak,

A F. P. Bierkens (2010), Global depletion of groundwater resources. Geophysical
dM.

©2016 American Geophysical Union. All Rights Reserved.

f-.*.

I

k;'

Research Letters, 57(20). doi:029/2010GL044571.
Wada. Y.. D. Wisser, and M. F. P. Bierkens (2014). Global modeling of withdrawal, allo-

b:.

M \

càtidi sÄi consumptive use of surface water and groundwater resources. Earth System
Dynarriic§, 5(1), 15-40, doi:194/esd-5-15-2014.
WahlfT., ÄD. Haigh, P. L. Woodworth, F. Albrecht. D. Dillingh. J. Jensen. R. J. Nicholls,
'

A- ■

R. Weisse. and G. Wöppelmann (2013). Observed mean sea level changes around the

«P--.7

_^^tR se^ coastline from 1800 to present. Earth-Science Reviews, 124, 51-67.

WaÎMns. M. M.. D. N. Wiese. D.-N. Yuan. C. Boening, and F. W. Länderer (2015),
Improved methods for observing earth's time variable mass distribution with grace
using spherical cap mascons. Journal of Geophysical Research: Solid Earth, 120(A),
2648G^71, doi:10.1002/2014JB011547.
Whitehouse, P. L.. M. J. Bentley. G. A. Milne. M. A. King, and I. D. Thomas (2012), A
fiew'fläqal isostatic adjustment model for antarctica: calibrated and tested using observatioiis of relative sea-level change and present-day uplift rates. Geophysical Journal
International 190(3), 1464-1482. doi:lll/j.l365-246X.2012.05557.x.
Woodworth. P. L. (2012), A note on the nodal tide in sea level records. Journal Of Goastal
Research, 28(2). 316-323. doi:112/JCOASTRES-D-llA-00023.1.
Wöppelmann. G., and M. Marcos (2016). Vertical land motion as a key to understanding
sfe^veFfchange and variabilitv. Reviews of Geophysics. Volume 5J. Issue 1, pp. 64-92,

-m

5^4-9ß, doi:10.1002/2015RG000502.

©2016 American Geophysical Union. All Rights Reserved.

Linear trends (mm/y) in the individual processes, reconstructed and observed
relative sea level for both regions and the global mean over 1958-2014. Global mean dynamic
sea le^^based on steric estimates from Levitus et al. [2012] and Purkey and Johnson [2010]. All
'

errors repres^t 1er.
North Sea
Norway
Global
Glaciers
0.26 ±0.02
0.09 ± 0.02
0.44 ± 0.05
Greenland
0.00 ±0.01 -0.04 ± 0.01 0.13 ±0.02
Antarctica
0.08 ±0.03
0.08 ± 0.03
0.07 ±0.03
Dam retention
-0.20 ±0.03 -0.17 ±0.03 -0.32 ±0.05
Groundwater / natural 0.26 ±0.04 0.27 ±0.04
0.30 ±0.05
Dynamic

0.75 ±0.19

GIA
0.06 ± 0.02
-GPS“
-0.44 ±0.10
-VLM-r
0.14 ±0.10
Nodal cycle
0.03 ±0.00
Reconstructed RSL
1.37 ±0.22
Observed RSL
1.38 ±0.29
“Not part of the sum of contributors

0.75 ±0.19

0.73 ±0.11

-0.65 ±0.16
-2.34 ± 0.18
-0.55 ±0.18
0.05 ± 0.00
-0.17 ±0.32
-0.23 ±0.31

_
-

1.35 ±0.15

©2016 American Geophysical Union. All Rights Reserved.

i

i'-.i.

60’

• North Sea
• Norway
•O’

'Ir^
1^^-

40’

20’

f_

-80'

-6000

>J ( _
-60"

-40'

^ -4000

Figure 1.

-20’
-2000

0

-0.8

-0.4

0.0

0.4

0.8

a: location of the tide gauges for each region, Ocean Weather Station Mike (OWSM),

laid bathymetry, b: correlation between TG sea level in the North Sea after removing all mass
contributors and steric height computed at each grid point from the surface to the sea floor or
1000m, depending on which is reached first, c: correlation between TG sea level in the North Sea
a^d sea level observed by satellite altimetry between 1993-2014. The grey line depicts the 1000
m isoba^. All time series have been detrended and low-pass filtered using a 25-month running
meany aœi all mass contributors have been removed before computing the correlation.
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Figufë" 2.®^ Measured relative sea level, together with the contributing processes (top), the
sum of the contributing processes (middle), and the residual RSL (bottom). The shaded areas
f i
i
denotb,one standard error (sum of contributors) and the spread between the different tide gauge
statio^ (meäsured RSL). Left: North Sea stations, right: Norway stations. All time series have
been 1^-pass filtered with a 25-month running mean.
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: comparison between observed steric signal in the Bay of Biscay and the steric

Signalton th^Norwegian shelf from hydrographic station measurements. Individual stations in
grey. b;jGRACE on-shelf mass signals and RSL for both regions. All time series in figure a and b
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have been Retrended and low-pass filtered using a 25-month running mean, b and c: comparison
of measüredf'ßSL
e|^u|-ed^t: after subtraction of all terms in equation 2, except for the nodal term versus
the equilibrium nodal cycle. The residual time series have been detrended and low-pass filtered
using ^ 97-fîionth running mean.
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Extensive retreat and re-advance of the
West Antaretic Ice Sheet during the Holocene
J. Kingslake^'^*, R. R Scherer^-^, T. Albrechf^-^, J. Coenen% R. D. Powell-, R. Reese-^, N. D. StanselE, S. Tulaczyk“^,
M. G. Wearing' & P. L. Whitehouse^

To predict the future contributions of the Antarctic ice sheets to
sea-level rise, numerical models use reconstructions of past ice-sheet
retreat after the Last Glacial Maximum to tune model parameters'.
Reconstructions of the West Antarctic Ice Sheet have assumed that
it retreated progressively throughout the Holocene epoch (the past
11,500 years or so)^"^. Here we show, however, that over this period
the grounding line of the West Antarctic Ice Sheet (which marks
the point at which it is no longer in contact with the ground and
becomes a floating ice shelf) retreated several hundred kilometres
inland of today’s grounding line, before isostatic rebound caused it
to re-advance to its present position. Our evidence includes, first,
radiocarbon dating of sediment cores recovered from beneath the
ice streams of the Ross Sea sector, indicating widespread Holocene
marine exposure; and second, ice-penetrating radar observations
of englacial structure in the Weddell Sea sector, indicating iceshelf grounding. We explore the implications of these findings
with an ice-sheet model. Modelled re-advance of the grounding
line in the Holocene requires ice-shelf grounding caused hy
isostatic rebound. Our findings overturn the assumption of
progressive retreat of the grounding line during the Holocene in
West Antarctica, and corroborate previous suggestions of ice-sheet
re-advance®. Rebound-driven stabilizing processes were apparently
able to halt and reverse climate-initiated ice loss. Whether these
processes can reverse present-day ice loss® on millennial timescales
will depend on bedrock topography and mantle viscosity—
parameters that are difficult to measure and to incorporate into
ice-sheet models.
Recent evidence suggests that migration of the grounding line in
some areas of West Antarctica during the Holocene was more com
plex than previously assumed^’’’®. In the Weddell and Ross Sea sec
tors, anomalies in radar-observed englacial structure® '® and isostatic
rebound rates^ suggest that the grounding line was recently upstream
of its present location. Rebound has been suggested to be a negative
feedback on ice-sheet retreat""'“* and a possible cause of grounding-line
re-advance®, via the grounding of ice shelves'®’'®. Better constraints on
grounding-line history are important. If this history differs substan
tially from often-used ice-sheet reconstructions^ over wide areas, then
better constraints on past changes could lead to improved ice-sheet
models' and measurements of ice-sheet mass change*'. To this end, we
present new evidence—from subglacial sediments and radar-observed
englacial structure—for widespread re-advance of the grounding line
in West Antarctica during the Holocene.
Boreholes drilled at multiple locations on the West Antarctic Ice
Sheet (WAIS)—the Ross Ice Shelf Project (RISP), the Whillans Ice
Stream Grounding Zone (WGZ), the Whillans Ice Stream (WIS/
UpB), Subglacial Lake Whillans (SLW), the Kamb Ice Stream (KIS) and
the Bindschadler Ice Stream (BIS)*®—allowed recovery of subglacial
sediments (till) up to 200 km inland of the present Ross Sea sector
grounding line (Fig. 1 ). Radiocarbon analyses of 36 till samples indi
cate the widespread presence of young organic carbon stratigraphically

distributed through the upper metre(s) of tiü. The total organic car
bon concentration is low, ranging from 0.2% to 0.4%, most of which
is derived from Tertiary marine deposits'®. Nevertheless, the organic
carbon in all subglacial sediments analysed includes readily measurable
radiocarbon (Extended Data Table 1).
What could be the source of this young radiocarbon? Basal melting of
meteoric ice is a negligible source of radiocarbon to the subglacial envi
ronment (see Methods). Subglacial microbes cannot introduce young
carbon, as they rely on legacy carbon (Methods). The samples are very
unlikely to have been contaminated by modern carbon, because they
were curated and sealed in different laboratories, yet yielded consistent
results. Hydropotential gradients-® and high basal water pressures'®
drive subglacial water towards the grounding line in this region, elim
inating the possibility of subglacial transport of '“‘C-bearing materials
from the ocean to the core sites. However, observations of an active
marine community just downstream of today’s grounding line—more
than 600 km from the open ocean (WGZ, Fig. 1; Methods)—
demonstrate that radiocarbon is introduced nearly everywhere that
ocean waters reach beneath the ice shelf.
We conclude that a small proportion of the organic carbon contained
in the sediments was laid down under sub-ice-shelf conditions at, or
upstream of, the sediment cores recently enough to allow the persis
tence of measurable radiocarbon. This implies that the Siple-Gould
Coast grounding line was at least 200 km inland of its present posi
tion sometime after the Last Glacial Maximum (LGM). Our calculated
radiocarbon ages (Extended Data Table 1) are probably much older than
the most recent marine incursion, owing to dilution by more abundant
radiocarbon-dead material (Methods). Moreover, ice flow transports
till downstream'®, so the grounding line may have retreated even farther
inland than the core sites (Fig. 1 ). The proximity of radiocarbon-bearing
sub-ice-stream sediments to Siple Dome (SD; Fig. 1 ) suggests a potential
correlation with around 350 m of ice-sheet thinning during the early
Holocene, documented in the Siple Dome Ice Core^*.
On the other side of the WAIS, we conducted a 700-km-long,
ground-based, ice-penetrating radar survey of Henry Ice Rise (HIR;
Figs. 1, 2 and Methods). HIR is 7,000 km^ in area and is grounded
310-800 m below sea level. Our survey revealed englacial structures
that are inconsistent with present-day slow (less than 10 m per year)
and cold-based flow conditions (see Methods).
A series of steep englacial reflectors (Fig. 2d) cluster around a basal
topographic high at the northern end of HIR (Fig. 2a). These features
intercept the bed, penetrate to 200-300 m above the bed, and cross
cut smoothly undulating isochrones (Fig. 2d and Extended Data
Fig. 1 ). They have similar lateral extents, orientations and spacing to
extensional surface crevasses at Doake Ice Rumples (DIR; Fig. 1 and
Extended Data Fig. 2). At ice rumples, ice that was floating upstream
flows onto and over a bedrock high. We interpret the buried features
in HIR as marine-ice-filled relic crevasses that formed when icerumple flow persisted on HIR. The crevasses were probably near
vertical while active and have been buried and deformed to varying
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Fig. 1 I Basal topography and surface ice-flow speed in the Weddell
and Ross Sea sectors of West Antarctica, a, Basal topography and
bathymetry^’ and b, surface-ice flow speed^“ in the Ross Sea sector. The
locations of sediment recovery are shown in green, m.a.s.l., metres above
sea level, c, Basal topography and bathymetry^’ and d, surface-ice flow

speed^“ in the Weddell Sea sector. In all panels the present-day grounding
line (GL)’* is in red, while the (asynchronous) modelled minimum
extent of the grounding line in each sector is in blue. Axes show polar
stereographic coordinates in kilometres. Insets show locations in West
Antarctica. The Institute, Möller and Foundation ice streams are labelled.

extents into steeply dipping structures by complex ice flow (Methods).
Further evidence that parts of HIR were previously floating include
prominent synclines in internal isochronal layers that increase in ampli
tude with depth, are unrelated to basal topography and truncate at the
bed (Fig. 2b, c and Extended Data Fig. 1)—characteristics indicative
of past ocean melting’.
Ice-shelf grounding on the topographic high beneath HIR—first
forming ice rumples, then thickening to form the ice rise—can explain
the unusual englacial structures. Contact with the ocean generates
isochrone synclines where melting is focused at a static grounding line
for long enough^^. Ice-rumple flow generates surface crevasses similar
to those observed on and downstream of DIR, which were preserved in
HIR as flow stagnated. Prior to grounding, the ice shelf probably flowed
approximately northward in the location of HIR. Post-grounding
thickening upstream of the topographic high explains today’s
configuration, with the initial grounding point beneath HIR’s northern
extreme. An alternative interpretation is that HIR persisted through
out the Holocene and recently grew to its present size. However, we
argue that complete ungrounding is more likely (see Methods). Under
either scenario, we interpret a contrast in surface texture, approximately
coincident with the onset of relic crevassing (Fig. 2b), as a signature
of a past grounding-line configuration (Methods). The formation or

regrowth of HIR is expected to have increased the buttressing force
exerted by the Ronne Ice Shelf on the upstream ice sheet, with impli
cations for grounding-line migration and mass balance.
To explore the cause and implications of ice-rise formation (revealed
by radar observations) and ice stream grounding-line retreat and re
advance (revealed by radiocarbon analyses), we turned to numerical
ice-sheet modelling. We simulated the post-LGM evolution of the WAIS
using the Parallel Ice Sheet Model (PISM)^’ with improved descriptions
of sub-shelf melting and solid Earth rebound, forced by sea-level and
ice-core temperature reconstructions (see Methods). A model ensem
ble investigated first-order sensitivities to independent variations
in parameters related to ice flow, glacial isostatic adjustment (GIA),
calving, sub-shelf melting, basal traction and accumulation.
After partially compensating for uncertainty in bed topography
(Methods), our simulations display remarkable agreement with
the conclusions of our radiocarbon and radar analyses. Our refer
ence simulation (Methods) demonstrates this agreement (Fig. 3 and
Supplementary Video 1 ). In this simulation, rising sea-level and surface
temperatures during the last glacial termination drive grounding-line
retreat through regions currently occupied by the Ronne and Ross ice
shelves. The grounding line reaches its most retreated position around
10 thousand years (kyr) before present (bp), up to approximately
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Fig. 2 I Ice-penetrating radar evidence for grounding of the Ronne
Ice Shelf, a, Radar-derived ice-bed elevation beneath HIR. See Fig. Ic
for location in the Weddell Sea sector. The present-day GL^‘ is in red.
b, Radar lines coloured according to where relic crevasses are found.
c, Normalized elevation (Cd of an isochrone (Methods). Background
images in a-c are from the MODIS mosaic of optical (red band) imagery
over Antarctica (MOA), which reveals Antarctic surface morphology^^.

Green lines in b and c highlight a contrast in surface texture (see Methods)
that runs parallel to the present-day grounding line (GL), to the onset of
relic crevassing and, on the east side, to a prominent isochrone syncline,
d. Radargram displaying examples of undulating isochrones. One
isochrone is mapped using the colour map from c. e. Close-up view of
near-bed relic crevasses with mean spacing of approximately 450 m.

300 km inland of the present-day grounding line (Fig. 3 and Extended
Data Fig. 3). Retreat exposes nearly all of our core sites and the bed
of HIR to the ocean. Approximately 352,000 km^ of the area that is
covered by grounded ice today ungrounds during retreat, resulting in
lithospheric rebound of up to 175 mm per year. The rising bed eventu
ally causes the Ross and Ronne ice shelves to ground on bathymetric
highs in the locations of present-day ice rises, including HIR. Ice-rise
formation increases ice-shelf buttressing, causing the grounding line
to re-advance towards its present-day location (Fig. 3 and Extended
Data Fig. 4; Methods). In the Amundsen Sea sector, the grounding
line retreats to its modern position wnthout substantial inland retreat
and re-advance.
During this simulation, rebound-driven re-advance causes the WAIS
to gain ice above the flotation level equivalent to 33 cm of sea-level fall
(Weddell sector, 2 cm; Ross sector, 31 cm). Ice-volume minima in each
sector are asynchronous and the minimum in whole ice-sheet volume
occurs 1.5 kyr bp, at which time the ice sheet is 20 cm sea-level equiv
alent smaller than at present.
The timing and magnitude of the simulated grounding-line retreat
and re-advance depend on model parameters, forcings, bed topography
and spatial resolution (Extended Data Figs. 6 and 7; Methods). For
example, increasing mantle viscosity expedites retreat, increases maxi
mum retreat and delays re-advance. Ice-rise formation greatly enhances
grounding-line re-advance and is sensitive to bed topography, which
is regionally uncertain; moreover, dynamically relevant topographic
features are poorly represented at the spatial resolution of the model
(Extended Data Fig. 4 and Methods).

Notably, although grounding-line re-advance was not their focus,
four previous Antarctic ice-sheet modelling studies—using alternative
parameterizations of basal sliding, grounding-line flux and lithosphere
response—also simulate Holocene grounding-line retreat and re
advance in these sectors in some simulations"^”"'.
Radiocarbon in subglacial sediments, radar-observed relic crevass
ing and ice-sheet modelling provide corroborating evidence that two
large Antarctic catchments re-advanced to their present-day configu
rations during the Holocene (Fig. 3). Previous work is consistent with
this conclusion, but cannot confirm or rule out Holocene retreat and
re-advance (see Methods). Moreover, previous authors have found evi
dence for localized re-advance and suggested rebound as a cause^ *'^.
However, ice-sheet reconstructions used to tune ice-sheet models and
to correct mass-balance observations do not at present include largescale grounding-line re-advance'-^. Updating these reconstructions
to include re-advance could influence ice-sheet gravimetry and
altimetry'^, and sea-level projections. Furthermore, we hypothesize
that the grounding line in the Weddell and Ross Sea sectors may be
capable of retreating far inland of its present position without triggering
runaway ice-sheet collapse.
We note that our model does not simulate retreat and rebounddriven re-advance in the Amundsen Sea sector (Fig. 3), where
present-day retreat of the grounding line is causing concern about
future runaway collapse® and recent re-advance could explain observed
sub-shelf iceberg ploughmarks”*. Our findings motivate future work to
examine whether rebound-driven mechanisms could slow or reverse
this retreat on millennial timescales.
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Fig. 3 I Modelled grounding-line retreat and re-advance due to
lithospheric rebound. The position of the WAIS grounding line at
20 kyr bp in our reference simulation is shown in violet, with a recent
LGM ice-sheet reconstruction in black (ref. scenario B). The ice sheet
asynchronously reaches a minimal extent in the Weddell and Ross Sea
sectors at 10.2 kyr bp and 9.7 kyr bp respectively (blue). The grounding

line (GL) then re-advances towards its present-day location^* (red). The
final simulated grounding-line position is in green. The locations of SipleGould Coast sediment cores and selected ice rises are indicated. Brown
dashed lines show cross-sections used for Extended Data Figs. 3, 6 and 7.
Red dotted lines show longitude-defined sectors. Background shading
shows basal topography and bathymetry^’.

Rising eustatic sea levels and temperatures were major climaterelated drivers of ice-sheet retreat during and after the last glacial ter
mination. By contrast, it appears that climate-independent lithospheric
rebound and ice-shelf grounding were the main drivers of grounding
line re-advance during the Holocene. The impact of rebound on the
ice sheet depends sensitively on bedrock topography and mantle
viscosity (see Methods). Accurate mapping of potential grounding points
and improved parameterization of uplift are needed to forecast
the direction and rate of future grounding-line migration in
West Antarctica.
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METHODS
Sediments. Radiocarbon and '’C analyses ofglacial tills. Subgladal sediments have
been recovered during multiple field seasons by hot-water drilling through the
southern Ross Ice Shelf and grounded West Antarctic Ice Sheet. Sub-ice-shelf core
samples include the Ross Ice Shelf Project (RISP, 1978; ref
and the Whillans
Ice Stream Grounding Zone ( WGZ, 2015), recovered as part of the Whillans Ice
Stream Subglacial Access Research Drilling (WISSARD) Project. The WISSARD
Project also recovered cores from beneath grounded ice at Subglacial Lake Whillans
(SLW, 2013). Sub-ice-stream samples further upstream were recovered from the
Whillans (WIS/UpB, 1989,1991,1995, SLW, 2013), Kamb (KIS, 1995,1996,2000)
and Bindschadler (BIS, 1998) ice streams'*. The sediments recovered are tills with
a matrix derived in part from strata that accumulated during multiple intervals of
terrestrial, coastal and open marine deposition in West Antarctica. Source strata
integrated into the tills are dated by microfossilsThey include terrestrial plant
spores dating back to the Devonian, but are dominantly Miocene-age diatoms,
reflecting the abundance of Miocene marine strata in the embayment. The young
est diatoms present are of Pleistocene age, representing direct precipitation in open
water during intervals of past ice-sheet collapse during Marine Isotope Stage 5e
(MIS-5e; 120 kyr bp) or earlier Pleistocene interglacials*^. These microfossils pre
date any measurable radiocarbon source in the sub-glacial environment.
Bulk sediment samples for radiocarbon measurements were wet sieved with
nanopure water through a 63-|im screen to remove coarser mineral matter, then
pre-treated using standard acid-base-acid protocols**. The remaining insoluble
fraction for each sample was combusted to convert to CO2 and then graphitized.
Samples were then measured using accelerator mass spectrometry at the WM
Keck Carbon Cycle Laboratory at the University of California, Irvine. A subset of
samples was also independently pre-treated and measured at the Uppsala radio
carbon facility, Sweden, following the same protocol. Owing to the inherent age
uncertainties, radiocarbon ‘ages’ are presented as raw, uncalibrated values that are
not corrected for known reservoir effects. Acid-insoluble organic '*C ratios were
generated separately at the Environmental Isotope Laboratory at the University of
Arizona, following standard methods.
In order to minimize the potential for contamination of small samples during
analysis, we processed large samples (larger than 150 mg), producing around 1 mg
to 2 mg of carbon that was combusted and reduced to graphite, while simultane
ously processing numerous primary and secondary standards, ranging in size from
very small (less than 0.1 mg) to large (1.8 mg). To further demonstrate that we
have thoroughly explored a wide range of radiocarbon systematics, we also dated
base-soluble fractions for a subset of samples. The base-soluble fraction (humic
acid) resulted in ages that were somewhat older (about 1-2 kyr old) than the bulk
sediment samples. These age differences are relatively small and the results are
consistent with our other findings. Multiple fractions that yield similar ages fur
ther rule out contamination as a possible explanation of our radiocarbon results.
We considered and ruled out sample contamination by modern carbon before
analysis as a potential explanation of the radiocarbon results. Subglacial samples
were recovered between 1989 and 2013, and sub-ice-shelf samples were recovered
in 2015 (WGZ) and 1978 (RISP). SLW (2013) samples were recovered and handled
using full clean-access protocols**, where all instruments were peroxide washed
before recovery. Cores and samples were sealed and maintained in a -1-4'’C envi
ronment. Clean-access protocols were not used during earlier sample recovery
(for WIS, KIS and BIS), although every effort was made to maintain appropriate
cleanliness in the field and in the laboratory. These samples were sealed and main
tained at -i-4 °C. Subsamples were stored in sealed sections of plastic-core liner, in
plastic bags or in plastic vials. Many of the samples in vials dried out and some
of the dried samples have been stored at room temperature in the intervening
years. The fact that the older subglacial samples demonstrate the oldest apparent
radiocarbon ages argues against any introduction of new carbon from microbial or
fungal growth on the sample. RISP cores were stored at the Florida State University
Antarctic sediment-core repository, sealed and chilled. The somewhat younger
ages there are readily explained by the long-term exposure to the sub-ice-shelf
ocean cavity. Despite the different sample storage methods used, the radiocarbon
results are very consistent, which argues against contamination. Given the small
concentration of organic carbon in the samples, a very small amount of contam
ination with modern carbon would result in some anomalous younger ages, yet
all of our results fall within a narrow range. Given the range of sample sources
and storage methods, equal contamination of all the samples consistent with our
results is extremely unlikely.
Apparent and true ages ofsediments. Given the dominant concentration of old
(radiocarbon dead) organic carbon in the samples**, all ages presented here are
older than the likely age of the pure radiocarbon component; note the calculated
‘per cent modern column in Extended Data Table 1. We infer post-LGM ages
for all samples. Apparent radiocarbon ages for 11 till samples from beneath the
Whillans, Kamb and Bindschadler ice streams were obtained for acid-insoluble
organics (AIOs) and span from around 20 to 35 kyr bp (Extended Data Fig. 5).

Rare, small biogenic carbonate fragments from molluscs, foraminifera and cal
careous nanofossüs have been found in several samples, but these are all Tertiary
in age (on the basis of biostraügraphic assessment'*), and we made no attempt to
radiocarbon date them.
Sediments recovered from beneath the southern Ross Ice Shelf (RISP cores;
Fig. 1) were radiocarbon dated, generally yielding somewhat younger ages than the
ice streams, probably reflecting the longer period of contact with the sub-ice-shelf
marine cavity. For the most part, the raw ages appear to correspond to the LGM
of the WAIS, which started about 29 kyr bp and ended 13.9-15.2 kyr bp (ref. **).
Many lines of geologic evidence document that the LGM grounding line of the
WAIS was located at or near the Ross Sea continental shelf break""’ at the time
that corresponds with the apparent, uncorrected radiocarbon ages in our samples.
For the apparent '"*€ ages to represent the true sediment ages, the ground
ing line of the WAIS would have to be upstream of the core sampling locations
and also require all of the carbon pool in the samples to initially have had the
standard, modern '■'C/'*C ratio. However, owing to the large oceanic reservoir
effect in Antarctica, even modern amphipods sampled by us in January 2015
through a borehole at the grounding line of Whillans Ice Stream (WGZ; Fig. 1
and Extended Data Table 1) had a fraction of modern radiocarbon of only 0.86690.8746, corresponding to apparent ages of 1,075-1,145 '“'C years. Moreover, it is
well documented that radiocarbon dates on AIOs obtained from bulk Antarctic
glacigenic sediments are typically biased by admixture of old, '"'C-depleted organic
matter'’'"'“'*. This old organic material comes from glacial erosion of sediments
deposited earlier in the Cenozoic*"'. The tills of the Ross ice streams are dominated
by Tertiary, mostly Upper Miocene*^’**, marine source beds that are being actively
eroded by grounded ice'*. Given the uncertainty concerning the initial mixture
between ‘young’ and ‘old’ sources of organic matter, we know only that the true
age of the radiocarbon falls somewhere along the exponential-decay lines of '“'C
in Extended Data Fig. 5, which intersect the left-hand vertical axes of this figure at
the measured values of the '■'C modern fraction.
Instead of the apparent '''C ages representing the true sediment ages, it is more
reasonable to assume that the WAIS grounding line was upstream of the till sam
pling locations after the LGM, and that the calculated ages are biased towards older
dates owing to the high concentration of ancient carbon (Extended Data Fig. 5).
Our assumption is also compatible with the relatively low initial fractions of '“'C
in sampled sediments, which we expect given that the sampled subglacial areas
were exposed to an influx of marine-sourced radiocarbon over a geologically short
period of time and were located very far from the main locus of regional biological
productivity in the Ross Sea, For instance, if our sediment samples had received
'“'C-bearing marine organics in the mid-Holocene (around 5 kyr bp), then the
initial fractions of'''C for these samples could be quite low (roughly 0.03 to 0.14)
to explain the obtained apparent ages. By contrast, if one chooses a time period
pre-dating the WAIS LGM, say 30 kyr bp, then most of our samples would need
to have aU of their organic matter completely equilibrated with the oceanic pool
of‘‘'C at that time. Such conditions are difficult to find even in the modern open
marine sediments of Ross Sea'" '*.
The balance of evidence favours a post-LGM origin of ''*C-bearing organics
in our till samples. However, the radiocarbon data do not allow us to pinpoint
more precisely when the proposed retreat and re-advance of the WAIS grounding
line took place in the Ross Sea sector of the ice sheet, or the specific duration of
exposure.
Potential input of radiocarbon from basal melting. Here we check whether ''*C in
subglacial sediment samples from beneath three different ice streams may have
been entirely, or at least to a substantial extent, supplied by basal melting of mete
oric ice. Meteoric ice may contain as much as 140 mm* of air per gram“''', which
translates into about 0.02 g of total inorganic carbon (TIC) per m* of ice, assuming
an ice density of 910 kg m~* and a pre-industrial Holocene atmospheric con
centration of carbon dioxide (280 parts per million, p.p.m.). Meteoric ice also
contains organic matter deposited from the atmosphere“'* '"’. From these two pubhcations“'*-“"' we select 100 pg per litre as an upper bound on the total organic
carbon (TOC) concentration in ice coming from the interior of the ice sheet. This
assumption yields around 0.1 g of TOC per m* of ice. TIC and TOC combined give
0.12 g of carbon per m* of meteoric glacial ice. Basal melting rates vary beneath
the Ross Sea sector of the WAIS, but 0.003 m per year provides a representative
estimate for the region“'*. At this rate 0.36 g of carbon per m* of the bed area would
be entering the subglacial zone of the ice sheet in each thousand years. Some of this
material would be entering subglacial sediments already as organic carbon melted
out of the ice, whereas the component derived from carbon dioxide trapped in the
melting ice would exist as dissolved inorganic carbon (DIC). We assume that the
latter could be relatively quickly sequestered by subglacial microbial activity and
converted into organic matter“'*.
The basal flux of carbon estimated above needs to be compared with the total
stock of carbon in the subglacial till from which our samples are derived. Our radi
ocarbon measurements show that '“'C is present at least within the top metre of till
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recovered from beneath three Ross Sea sector ice streams. Analyses performed in
fhe University of California Santa Cruz stable-isotope laboratory (UCSC CF-IRMS)
on 27 subglacial sediment samples show an average TOC of 0.33% (with a standard
déviation of 0.14%, both expressed in weight per cent of the dry sedimentary mat
ter). Because the dry density of the till is about 1,600 kg m“' (ref a metre-thick
layer of till contains about 5 kg of organic carbon per ra ’ of sediment. Even if we
assume that all of the carbon entering the subglacial zone with basal meltwater is
sequestered within the top metre of tiU, it would take about 14 million years to
supply the total amount of carbon found in these sediments just from basal melting
at the rate of 0.36 g per 1,000 years. Owing to ‘‘*C decay, only the carbon released
by basal melting during the last tens of thousands of years can contribute to the
present stock of this radioisotope in till. The remaining ratio, R, of undecayed ’“'C in
a pool of carbon accumulating through time, t, by the addition of new '‘*C-bearing
matter at a constant rate can be calculated from:

')
where Ro is the initial '"*0 ratio (for example, the modern atmospheric '"'C /'^C
ratio), s is a dummy variable of integration, and A = 3,972 years (a constant given
as the product of '■'C half-life, 5,730 years, and the natural logarithm of 2). After
14 million years (Myr), the h)'pothetical subglacial carbon pool resulting solely
from a continuous accumulation of carbon released from basal melting of meteoric
ice would have an average '“'C ratio of only 0.00028 of its initial (for example,
modern) value. This is two orders of magnitude too low to explain the fractions of
‘"'C measured in our samples. From the equation above, we can calculate that the
observed fractions of '‘*C could be explained only by constant accumulation of
carbon with modern initial ''‘C over periods of time of around 100 kyr or less.
However, the flux rate of carbon from basal melting would then have to be around
50 g per thousand years per unit area of the ice base in order to explain the total
stock of carbon in the sampled subglacial sediment layer (around 5 kg m” ’). As
per our discussion above, such rates of carbon delivery from melting basal ice are
implausibly high.
The analyses presented here did not even take into account the fact that any
carbon released from the base of the ice streams has spent thousands to tens of
thousands of years stored in the ice itself, which would further decrease its ‘^C
content. Furthermore, an ice-stream base can also be composed of basal ice that has
been formed by the freezing of subglacial waters. Such basal ice would not contain
'■’C-bearing carbon dioxide or organic matter. Hence, we conclude that the release
of '■'C from the base of tbe ice sheet does not represent a substantial source, and
that the inclusion of recent marine organic matter during a recent ice sheet retreat
is needed to explain the concentrations of this isotope measured in our samples.
Furthermore, the radiocarbon results we report are completely consistent with the
ice-sheet retreat ages inferred from the radar profiles and modelling reported here.
A modem analogy from the present-day sub-shelfcavity. Hot-water drilling through
760 m of ice into 10 m of w'ater in a sub-ice shelf-embayment more than 600 km
from the open ocean, at the Whillans Ice Stream grounding zone’" (WGZ; Fig. 1),
revealed a diverse community of organisms—including diverse amphipods, zoarcid
and notothenioid fishes, and medusoid and ctenophorid jellies—thriving in fully
marine water. Radiocarbon analysis of appendages from three Uve-captured amphi
pods yielded raw ages between 1,075 ± 20 and 1,145 ± 20 yr bp (Extended Data
Table 1 ), comparable to the Ross Sea surface water resen'oir age’“. The results from
this grounding-line-proximal community of organisms show that radiocarbon
is introduced from the open ocean virtually everywhere that ocean waters reach
beneath the ice shelf A retreating grounding line would have opened a subglacial
marine environment that was immediately colonized by organisms that leave a
radiocarbon tracer on their death. This modern sub-ice shelf process illustrates a
likely pathway for Holocene radiocarbon to be deposited upstream of the present
grounding line following past grounding-line retreat. Furthermore, pore-water
chemistry indicative of seawater at Subglacial Lake Whillans (SLW; Fig. 1)^*
demonstrates that marine waters previously occupied the subglacial lake basin.
Henry Ice Rise: observations, interpretation and flow history. Henry Ice Rise
(HIR) is one of several ice rises in the Weddell Sea that influence the flow of the
Ronne Ice Shelf and its ice streams. It is currently slow flowing’" and cold based’^.
On the basis primarily of new ground-based ice-penetrating radar data, we hypoth
esize that HIR formed during the Holocene as the Ronne Ice Shelf grounded on a
bathymetric high. Here we describe the radar system and our processing steps, and
discuss possible links betw’een surface roughness and englacial structure, which
pertain to a potential past grounding-line configuration. We also discuss an alter
native interpretation that HIR existed throughout the Holocene, but was in the
past smaller than it is today.
Radar system. We used the British Antarctic Survey’s DEep LOoking Radio-Echo
Sounder (DELORES) on HIR to map basal topography and englacial structure’’.
A transmitter producing 2,500 broadband radiowave pulses per second was

connecting to a 20-m, resistively loaded dipole antenna, so that the centre
frequency' of the system in ice was 4 MHz. A receiver unit, positioned 100 m from
the transmitter and connected to an identical dipole antenna, was triggered by the
air wave and sampled the return signal at 250 MHz. The system was towed 50 m
behind a snowmobile, driven at about 15 kra h ‘ After stacking, this configuration
produced traces roughly every' 85 cm along the track.
Data processing. Traces were geolocated in three dimensions using data from a
dual-band GPS unit, mounted at the midpoint of the transmitter and receiver,
then interpolated onto a regularly spaced grid, bandpass filtered and compiled into
radargrams. Radargrams were migrated with a two-dimensional Kirchoff scheme,
assuming a constant radiowave velocity of 0.168 m ns“’ (ref '’’).
Elevations of the ice-bed interface and one of many englacial reflecting hori
zons, interpreted as isochrones, were determined using the software package
Petrel by Schlumberger. Conversion from the two-way travel time of the radar
signal to depth was made assuming a constant radiowave velocity (0.168 m ns“ ' ).
Correcting for the impact of the lower density of the firn on radiowave velocity
would decrease the elevation by up to 10 m. As firn densities are unknown on
HIR and probably vary spatially, we plot the uncorrected elevation of the icebed interface, Zb (Fig. 2a). Also plotted in Fig. 2a are ice-bed elevations from the
BEDMAP2 dataset (H. Pritchard, personal communication). The normalized
elevation of the isochrones, G> is computed from = (z, — Zb)/(Zs — Zb), where z,
is the elevation of the isochrone and z, is the ice-surface elevation measured with
the dual-band GPS (Fig. 2c).
Surface-texture contrasts visible in satellite imagery and surface-elevation data.
Antarctic satellite imagery can be used to reveal subtle ice-surface topography’"*'”.
The MODIS Mosaic of Antarctica image in Fig. 2 highlights contrasting regions
near the northern end of HIR, which we interpret as indicative of contrasting
surface roughness. The green curs'es in Fig, 2b, c highlight the boundaries between
the regions. The area between the two green curves appears smoother than the
tw'o regions between the green curves and the present-day grounding line. This
interpretation is consistent with surface slopes estimated from elevation data col
lected by the GPS unit mounted on the DELORES radar system (data not shown).
The surface-texture contrasts are approximately parallel to the present-day
grounding line and align roughly with the following features revealed by our
ice-penetrating radar survey: extensive synclines in internal isochrones (Fig. 2c
and Extended Data Fig. 2a), locations where isochrones intercept the bed (Fig. 2b
and Extended Data Fig. 2f), and the onset of buried crevasses (Fig. 2b). Here we
explain these alignments by proposing that all of these feamres are the signatures of
a past grounding-line configuration that persisted during a period either following
the grounding of the ice rise, or when HIR was at its minimum extent (see below).
Today on the ice-shelf side of the eastern grounding line of HIR, ice under
goes lateral shear as the ice shelf moves past the relatively slow ice rise. This shear
generates a region of dense crevassing (Extended Data Fig. 2g). Deformation in
shear margins also warms englacial ice and generates ice-crystal fabric. Both can
influence the effective viscosity of ice, as can crevassing. As the grounding line
swept through the region between the surface-texture contrast and the present-day
grounding line, crevasses generated on the ice-shelf side would have become inac
tive. buried and then deformed in the slow-mo\ing ice. Simultaneously, englacial
temperatures and cry'stal fabrics w'ould have evolved in a complex manner as the
shear margin migrated in step vrith grounding-line migration. We hypothesize that
these changes, together with spatially heterogeneous basal melting, resulted in the
complex pattern of tUted crevasses we observe today.
Under this interpretation, the rougher surface texture in the region presently
occupied by buried crevasses (Fig. 2) results from spatially variable ice viscosity
caused by variabihty in the orientation and height of crevasses, as well as spatially
variable ice fabric and temperature that have evolved enough to still affect ice flow.
By contrast, the ice in the region between the two green curves (Fig. 2) has under
gone a simpler flow history, w'ithout substantial lateral shearing, either because it
was immediately upstream of the initial location of grounding (the subglacial high
in Fig. 2a) and experienced only longitudinal compression, or because it did not
unground. We discuss the latter scenario next.
An alternative interpretation: a smaller-than-present but persistent HIR. In the main
text and in the previous section, we interpreted our radar observations to indicate
that HIR became completely ungrounded following the LGM, then formed through
regrounding on the topographic high at the northern end of HIR. However, some
of our radar observations can be explained by an alternative ice-flow history. The
grounding line surrounding HIR may have retreated substantially, exposing areas
of the ice base to the ocean, where heterogeneous basal melting deformed and
truncated isochrones at the bed. Subsequent re-advance of the grounding line
would have buried crevassing as described above. This would have had an effect
on regional ice-shelf dynamics and buttressing, but HIR would have persisted
throughout the Holocene. However, if the locations w’here isochrones are trun
cated at the bed correspond to areas that ungrounded, then the simplest minimum
extent suggested by mapping the layer truncations (Fig. 2b) would involve the ice
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rise ungrounding over the highest basal topography (Fig. 2a), while remaining
grounded over deeper bathymetry. We do not yet understand ice-rise dynamics
sufficiently to fully assess if this is possible. However, such a pattern of ungrounding
during déglaciation is inconsistent with recent numerical modeUing of idealized
ice-rise formation’’’. Therefore, we argue that full ungrounding and later reground
ing is more likely than partial ungrounding.
Whether the ice rise ungrounded completely or partially, the buttressing force
exerted by the ice shelf on the ice sheet upstream would have been affected. These
scenarios could be tested by drilling to the ice-rise base to obtain sediments for
radiocarbon analysis and to allow measurement of the englacial temperature
profile’'.
Ice-sheet modelling. Model description and forcings. We used the open-source
Parallel Ice Sheet Model (PISM)"^-^*-^’’ to perform pan-Antarctic simulations with
glacial-cycle climate forcings. PISM is a three-dimensional, thermo-mechanically
coupled ice-flow model with a freely evolving grounding line and calving front.
The hybrid shallow approximation of Stokes flow allows for large-scale, long
term simulations of ice-sheet evolution. Unless otherwise stated, we used surfacetemperature anomalies from the WAIS divide ice-core (WDC) reconstruction“,
which show a sharp increase of 11 K starting around 17 kyr bp. For surface
accumulation, we use the 1980-2000 mean accumulation from the output of a
regional climate model (RACMOv2.1, HadCM3; ref as a base accumulation
pattern and scale this pattern by 2% per degree of climatic temperature change
from present“ (using the WDC reconstruction) and by 43% per km of surface
elevation change. The latter assumes a linear dependence of air temperature on
elevation combined with an exponential dependence of precipitation on tem
perature. At the ice-ocean interface we use the Potsdam Ice-shelf Cavity mOdel
(PICO)“, which calculates melt patterns underneath the ice shelves for given
ocean conditions“. Ocean temperature anomalies are computed from ice-core
derived surface-temperature anomalies convolved with a response function to
produce a damped and delayed response’’^. The calving front can freely evolve
with calving parameterized to be dependent on principal strain rates at the
ice-shelf front“. Basal sliding is parameterized using an iterative optimization
scheme‘s modified for the till-friction angle, mimicking the distribution of marine
sediment and bedrock, such that the mismatch to modern surface elevation obser
vations is minimized.
Sea-level change drives grounding-Une migration through the flotation crite
rion, which determines grounding-line position“. We prescribe sea-level changes
by considering the height of the sea surface and the height of the sea floor sepa
rately. Unless otherwise stated, we use global mean sea-surface heights prescribed
by the ICE-6G GIA model’’’’. According to this model, mean sea-surface height
has risen by about 100 m since 14.5 kyr bp. Alternative sea-surface height records
were considered as part of the sensitivity analysis discussed below.
Changes to the height of the sea floor and bed topography are modelled using
an approach that reflects the deformation of an elastic plate overlying a viscous
half-space. Calculations are carried out using the computationally efficient Fast
Fourier Transform to solve the biharmonic differential equation for vertical dis
placement in response to ice-load change^". This approach can also be used to
calculate vertical displacement in response to spatially varying water-load changes
(more details below). A key advantage this approach has over traditional Elastic
Lithosphere Relaxing Asthenosphere (ELRA) models is that the response time
of the sea floor is not considered a constant, but depends on the wavelength of
the ice-load perturbation. This formulation closely approximates the approach
used within many GIA models^". Given that our ice-sheet model is not coupled
to a GIA model, we are unable to prescribe self-consistent water-load changes or
account for feedbacks associated with post-glacial changes to the rotational state
of the Earth^'. The effect of neglecting these processes is discussed below in the
section on sea-level forcing.
Bed-elevation adjustment. With a resolution of 15 km and uncertain bed elevation,
basal conditions and climate forcings, matching the present-day grounding-line
position in the Weddell Sea required raising the ice-sheet bed in one key location
(Bungenstock Ice Rise) to compensate for topographic information lost during
remapping.
The present-day elevations of the sea bed and ice-sheet bed are regionally highly
uncertain^’-^^. Furthermore, when remapping observed bed elevations (Bedmap2;
ref. ^’’) from a relatively fine spatial grid ( 1 km) to the spatial resolution of our
simulations (15 km), we lose bed-elevation information in key places. Remapping
introduces inherent uncertainty into any low-resolution ice-sheet modelling study,
but it is particularly important for the process of ice-rise regrounding that we high
light. For example, at present-day ice rises the remapping of the bed-elevation data
reduces the apparent peak bed elevation by 36-135 m, while at their steep flanks
this difference can be a few hundred metres (Extended Data Fig. 4). We find that
in our simulations, if we use bed topography remapped directly from the Bedmap2
compilation (using a first-order conservative technique'’), the grounding line in
the Weddell Sea sector does not re-advance across a 1,300m-deep trough and

often remains near to its Holocene minimum position, far inland of its present-day
location, until the end of simulations. This is unrealistic.
We have experimented with various approaches to dealing with the uncertainty
introduced by remapping bed topography to lower spatial resolutions. These
include adopting the maximum Bedmap2 value in each model grid cell, either
in the regions of individual ice rises or across the whole ice sheet. We also exper
imented with a sub-grid pinning point scheme, dependent upon the thickness of
the water column underneath the ice shelf within some uncertainty range’'* and
with a simpler uniform adjustment in the region of individual ice rises. Which
approach we take affects the timing and magnitude of grounding-line retreat and
re-advance. Without a clear motivation to adopt a more complex approach, we
made the minimum adjustment to the bed that allowed the grounding line to
re-advance in the Weddell Sea sector: we uniformly raised the bed by 150 m in a
165 km by 180 km area centred on Bungenstock Ice Rise (BIR) only. This rather
arbitrary choice is a major limitation of this model ensemble, which (along with
other uncertainties associated with model resolution, forcings, parameters and
physics; see below) prevents us from extracting information about the timing of
grounding-line retreat and re-advance from our simulations.
The purpose of our model experiments is to explore the mechanisms that could
have caused re-advance and what influences these mechanisms. It is beyond our
scope to explore the range of options to compensate for basal topographic remap
ping errors, but our work highlights that, at least for studying ice-rise regrounding,
resolving this issue will be required if we are to make quantitative predictions of
millennial-scale ice-sheet behaviour.
Model ensemble and the reference simulation. We performed an ensemble of simula
tions, each spanning 205 kyr bp to the present, in which uncertain parameters were
systematically varied and the results were compared with palaeo-ice-sheet data
sets and present-day observations”'”’. The fuU results of the ensemble represent
a likely range of Antarctic ice-sheet chronologies and will be presented elsewhere.
Here we focus on the possible extent and triggers of large-scale grounding-line
re-advance during the Holocene, and so discuss in detail only those mechanisms
that are relevant to this process. We choose one of the ensemble members to act
as a reference simulation to demonstrate aspects of model behaviour. The refer
ence simulation is chosen from many ensemble members that use parameters
lying within physically plausible bounds (Extended Data Table 2) and which also
achieve reasonable agreement with a commonly used ice-sheet grounding-line
position reconstruction’. Although this grounding-line reconstruction does not
include grounding-line re-advance during the Holocene, as discussed in the main
text, many ensemble members—including our reference simulation—simulate the
grounding line retreating substantially inland of its present-day position and sub
sequently re-advancing towards its present position. We express ice-mass changes
as the above-flotation volume in units of global sea-level equivalent, assuming a
constant ocean area of 3.61 x 10*'* m’(ref'’'’).
The drivers ofgrounding-line re-advance. We performed three model experiments
(separate from the full ensemble, above) in order to disentangle the causes of
re-advance in the WeddeU and Ross Sea sectors. We find that both uplift of the
bed at the grounding line and buttressing caused by the formation of ice rises
drive re-advance of the grounding line towards its present-day position in both
the sectors (Extended Data Fig. 4). The first experiment (‘No uplift’; Extended
Data Fig. 4) is identical to the reference simulation except that uplift is halted
after 10 kyr bp—that is, at approximately the time at which the grounding line
in the reference simulation reaches its most retreated position in both sectors
(Fig. 3). The grounding line in the Weddell Sea remains at its 10 kyr bp position
for the remainder of the simulation. In the Ross Sea the grounding line retreats
further into the interior of the ice sheet. This additional retreat can be prevented
by buttressing, as demonstrated in the second experiment (‘No uplift, grounding
of ice rises’; Extended Data Fig. 4), where uplift is again halted at 10 kyr bp, but
ice-rise formation is enforced by raising the seafloor in the locations of the Crary,
Steershead, Henry and Korffice rises and Doake Ice Rumples. In this simulation,
further retreat in the Ross Sea is prevented, but re-advance stül does not occur
in either sector. We further test the relevance of buttressing via ice-rise formation
in a third experiment (‘Uphft, no grounding of ice rises’; Extended Data Fig. 4), in
which uplift of the bed is allowed, but ice-rise formation is prevented by lowering
the seafloor. In this simulation ice-shelf buttressing is reduced compared with the
reference simulation. Consequently, the grounding line remains at its 10 kyr bp
position in the Weddell Sea (Extended Data Fig. 4a) and relatively little re-advance
occurs in the Ross Sea (Extended Data Fig. 4b). Hence we identify the grounding
of HIR, as evident from our radar survey, as critical for grounding-line re-advance
in the Weddell Sea in these simulations; meanwhile, in the Ross Sea, neither uplift
in the grounding-line region nor buttressing resulting from ice-rise formation is
alone sufficient to drive grounding-line re-advance to the present-day position.
Model sensitivity to forcings. Extended Data Fig. 6 plots selected results from
our analysis of the sensitivity of the model to various forcings. The retreat of the
grounding line inland of its present-day location and its subsequent re-advance
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iia common behaviour in the model: however, its minimum extent during the
Holocene, and how fast and how far it re-advances, are all sensitive to forcings.
Given that sea-level forcing is highly relevant for déglaciation, we compared
the responses to four different eustatic sea-level reconstructions (Extended Data
Fig. 6a). In our reference simulation, we use the sea-level curve from the ICE-6G
model'^^. Refs
provide similar sea-level reconstructions and hence similar
model results, with the strongest changes after around 15 kyr bp. We also used the
SPECMAP time series"“ (as used in the SeaRlSE intercomparison''); the results
show a delayed LGM sea-level lowstand and a delayed sea-level rise to Holocene
conditions, and hence the modelled ice sheet exhibits a later retreat and re-advance
(Extended Data Fig. 6).
In order to mimic the first-order effects of GIA coupling"' (including rota
tional feedback and self-gravitational effects), we experimented with scaling the
time series of sea-level forcing by factors of 0.9 and 0.8 (initiated at 35 kyr bp;
Extended Data Fig. 6b). We do not attempt to prescribe spatially varying sealevel forcing, but comparison with independent GIA model output*- suggests that
neglect of rotational feedback and self-gravitation of the ocean may result in local
errors in sea-level forcing of the order of 15-20 m (this range reflects the likely
error associated with prescribing sea-surface height; deformation of the seabed is
self-consistently modelled within PISM). Scaling the uniform sea-level forcing by a
factor of 0.9 causes the lowstand to be less pronounced at the LGM (approximately
10 m higher), in comparison with the reference simulation. This affects the LGM
grounding-line position, particularly in the Ross Sea, which in turn affects the
retreat and re-advance of the grounding line, because the depression of the bed
depends sensitively on the ice-sheet’s LGM extent. Scaling by 0.8 may be unre
alistic (on the basis of comparison with GIA model output generated using an
independent ice-sheet history"^; data not shown), and interestingly, we note that
retreat behind the present-day grounding-line position is not reproduced in this
scenario (Extended Data Fig. 6b). We also experiment with a sea-level forcing that
is identical to that used in the reference simulation (ICE-6G model*“) except that
the curve has been uniformly shifted 2 kyr earlier. The result is that the grounding
line responds with an earlier retreat. This response emphasizes the key role of the
sea-level forcing in triggering large-scale grounding-line retreat.
Sea-level changes also affect the load of the ocean on the sea bed. This trig
gers bed deformation, which will affect grounding-line migration. By default,
this second-order effect is not accounted for in PISM. However, we carried out
exploratory simulations that do account for it (data not shown), and find that
when grounding-line retreat is accompanied by an increase in eustatic sea level, the
additional ocean load partly counteracts the unloading associated with grounding
line retreat. Accordingly, the grounding line retreats further inland than in the
reference simulation. On the other hand, sea-bed uplift following grounding-line
retreat reduces the water load in marine sectors; this further amplifies uplift,
which supports grounding-line advance. These interesting second-order effects
do not qualitatively affect model behaviour, but they do influence the magnitude
of grounding-line retreat and re-advance through their influence on LGM extent
in both the Weddell and Ross sectors.
For surface-temperature forcing, our reference simulation uses a reconstruction
based on data from the WAIS divide ice core (WDC)*“. The results are similar
when an alternative reconstruction from the EPICA Dome C ice core (EDC)"* is
used (Extended Data Fig. 6c). However, the grounding line responds to the slightly
warmer LGM conditions in the EDC case with less LGM advance and hence a less
severe retreat in the Ross Sea sector. For comparison, we also force one simulation
with a temperature record pertaining to the start of the Last Interglacial Period
(from the EDC core), in which an earlier and stronger warming leads to an earlier
and stronger grounding-line retreat, particularly in the Ross Sea sector.
Accumulation in the reference simulation is coupled to changes in surface tem
perature by imposing a 2% precipitation change for each degree of variation from
present-day temperatures (Extended Data Fig. 6d; violet curves) resulting from
climatic changes (constrained by ice-core data), and a 43% precipitation change
per km of surface-elevation change. We experimented with two alternative timedependent accumulation forcings and two constant accumulation scenarios. Using
either a scaling of 5% per degree of WDC-temperature change or an independent
WDC-derived accumulation reconstruction“'' leads to lower mean accumulation
and a less advanced LGM grounding-line position (Extended Data Fig. 6d). The
less advanced LGM grounding line almost eliminates grounding-bne retreat inland
of its present position and re-advance, particularly in the Weddell Sea. When accu
mulation is kept constant at LGM conditions (2% per degree scaling of the EDC
temperature at 25 kyr bp; Extended Data Fig. 6d), which correspond to 18% lower
accumulation than today, the grounding line retreats inland of its present-day
location in both sectors, but only partially re-advances in the Ross Sea and does not
re-advance in the Weddell Sea. When accumulation is kept constant at present-day
values (Extended Data Fig. 6d), grounding-line retreat starts earlier than in the
reference simulation, particularly in the Ross Sea. In both sectors the grounding
line retreats and re-advances in a similar way to the reference simulation, but

with different timings: in the Weddell Sea the grounding line re-advances several
thousand years earlier than in the reference simulations, while in the Ross Sea
re-advance is delayed in comparison with the reference simulation.
Model sensitivity to parameters. Next we used selected members of the ice-sheet
model ensemble to demonstrate the sensitivity of the model to various parameter
values. Analysis of the full model ensemble, including a systematic validation of the
full range of parameter combinations against present-day conditions and recon
structions of past conditions-’’''*, will be presented elsewhere. Here we present the
impact of single parameter perturbations. In general, we find that retreat of the
grounding line inland of its present-day location and subsequent re-advance occurs
over a wide range of parameter choices, but the Holocene minimum extent, and
how fast and how far the grounding line re-advances, are sensitive to these choices.
Mantle viscosity affects model behaviour because it defines the rate and pattern
of the deformation of the ice-sheet bed and sea floor. Our reference simulation uses
a mantle viscosity of 5 x 10’“ Pa s. The ensemble also covers a value considered
typical for pan-Antarctic model simulations and often used as the default value
in other PISM simulations ( 1 x 10-' Pa s; Extended Data Fig. 7a). We selected the
lower value for our reference simulation to account for the weaker mantle beneath
the WAIS“’. An even lower viscosity (roughly 1 x lO’“ Pa s; Extended Data Fig. 7a)
has also been tested. In the lowest viscosity case, retreat of the grounding line inland
of the present-day position is prevented as the bed responds too quickly to ice
unloading. We find the fastest grounding-line retreat rates for higher viscosities.
The most inland position reached by the grounding line is similar in each case,
except the lowest viscosity case, and re-advance occurs earlier for lower mantle
viscosity. In summary, we find that grounding-line retreat and re-advance occurs
in a plausible but confined range of mantle viscosity values.
Flexural rigidity is associated with the thickness of the elastic lithosphere and
has an influence on the horizontal extent to which bed deformation responds to
changes in load. Previous studies based on gravity modelling suggest appropriate
values for our study with a focus on West Antarctica lying within the range 5 x 10-*
to 5 x lO-'* N m (refs “*■“'). Our reference simulation marks the upper end of this
range (Extended Data Fig. 7a). For lower values, 1 x lO’“' to 5 x 10-' N m, we
find grounding-line retreat beyond its present-day location and re-advance as in
the reference simulation. However, maximum retreat is delayed in the Ross Sea
sector, so re-advance of the grounding line does not reach its present-day location
in that sector.
Enhancement factors are used in ice modelling to account for anisotropy and
other unresolved rheological properties and enter the constitutive law. PISM uses
one enhancement factor for the shallow-shelf approximation (SS A) component of
the stress balance, and a second enhancement factor for the shallow-ice approxi
mation (SIA) component. Increasing the SSA enhancement factor (Extended Data
Fig. 7b) and/or decreasing the SIA enhancement factor (Extended Data Fig. 7c)
produces a less advanced LGM grounding-line position. This is because larger
values of the SSA enhancement factor produce faster ice streams and thinner
ice shelves, and smaller values of the SIA enhancement factor produce thicker
grounded ice. For a less advanced LGM grounding line, retreat begins earher and
progresses more slowly, and does not reach as far inland before retreat is halted.
PISM uses a generalized sliding parameterization formulated as a power law'*“,
spanning a range from plastic Coulomb sliding (with sliding exponent q = 0)
to sliding in which till strength is linearly related to sliding velocity (q= 1). In
the reference simulation we use q = 0.75 (Extended Data Fig. 7d). In the linear
case (q= 1), the LGM grounding line is less advanced and retreat starts earlier
(Extended Data Fig. 7d). For smaller values of q, retreat occurs generally later in
the Weddell Sea and retreat in the Ross Sea is less pronounced.
Two other parameters associated with the sliding parameterization are the decay
rate of till water and the effective overburden pressure’“. Within the range explored
by the ensemble, both parameters have only a moderate effect on the LGM extent
of the grounding line and the timing of retreat, and do not affect whether or not
the grounding line retreats inland of its present-day location and re-advances
(Extended Data Fig, 7e).
A final sliding-related parameter is the till friction angle, which varies spatially
and for our reference simulation is optimized*' to minimize the mismatch between
modelled and observed surface elevation, but is constrained to be larger than 2°.
Reducing the minimum value to 1° leads to a smaller LGM extent and hence a
slower retreat and larger minimum extent (preventing retreat past the present-day
grounding-line position in the Weddell Sea) (Extended Data Fig. 7f). Instead of
optimizing the till friction angle using observed surface elevations, it can also be
defined as a linear piecewise function of bed topography, with 2° used in areas
below —500 m (this is the default approach in PISM)*“. This also reduces the LGM
extent and, in the Ross Sea, reduces the retreat of the grounding line inland of its
present-day extent.
Ocean forcing in our simulations is modelled with PICO**. PICO uses param
eters for overturning strength and heat exchange. Modification of the parameter
values affects the LGM extent of the grounding line and hence the rate and timing
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of retreat (Extended Data Fig. 7g). However, grounding-line retreat and re-advance
are produced as robust features for extreme parameter values, even if melting is
omitted or prescribed as a constant at present-day values.
Calving is parameterized as eigencalving (dependent on strain rates)“. A
parameter K is the constant of proportionality between the calving rate and the
horizontal spreading rate of ice shelves (Extended Data Fig. 7h). K is assumed to
be constant and uniform. Our reference simulation uses K = \ x 10'' m s. The
LGM grounding-line position is less advanced for smaller eigencalving values, and
grounding-line retreat less pronounced, probably because of additional ice-shelf
buttressing resulting from less calving.
Resolution dependence. Our simulations, in common with all millennialtimescale ice-sheet simulations, suffer from major limitations related to the maximum
practical spatial resolution that they can use. Just like the model parameters consid
ered in the previous section, the spatial resolution can be treated as a quantity that
affects the results of the simulations and should be investigated. This is particularly
true in our study, as ice-shelf grounding on bathymetric highs with relatively small
horizontal dimensions has proven to be so important for the large-scale evolution
of the ice sheet.
A sensitivity analysis aimed at examining the sensitivity of this behaviour to
resolution (analogous to the exercise described above) is highly Umited by com
putational resources. For example, doubling the spatial resolution incurs at least
a tenfold increase in computational cost. Ensembles with systematically var
ied parameters of simulations that span the full spin-up over two glacial cycles
(205 kyr) are at present possible only with a spatial resolution of 15 km.
Shorter simulations (that cover only the past 20 kyr) are possible using a res
olution of up to 7 km, if they are initiated at 20 kyr bp by remapping the spun-up
state of a 15-km-resolution simulation. (Unfortunately, this remapping means that,
despite the higher resolution, the bed topography is no better resolved with respect
to observations^'' than the 15-km-resolution simulations.) Higher-resolution
simulations generally reproduce the pattern of grounding-line retreat and re
advance, but the increase in resolution strongly affects the timing and magnitude
of changes (Extended Data Fig. 8). Owing to the influence of resolution on other
model parameters, a full ensemble analysis at higher resolution would be required
to fully characterize the resolution dependence of our simulations. Furthermore,
these simulations would need to use the higher resolution throughout the 205-kyr
spin-up period in order to benefit from better-resolved bed topography. This is
unfeasible with currently available computing resources.
Geophysical and terrestrial evidence consistent with re-advance. Previous geo
physical and terrestrial observations are consistent with our proposed sequence
of retreat and re-advance, but do not yet provide a coherent pattern of retreat and
re-advance. Their spatial coverage is presently insufficient to reveal the full com
plexity of Holocene retreat and re-advance. For the Weddell Sea, ref. ’’ presented
evidence that Korff Ice Rise (KIR; Fig. I) has been in a steady configuration since
around 2.5 kyr bp. However, before that time KIR could have undergone substantial
flow disturbance—including near-complete ungrounding and regrounding (as in
our reference simulation; Supplementary Video 1 )—if subsequent steady ice flow
has had enough time to remove englacial evidence of such a flow disturbance.
See ref for details of this interpretation. Radar data from BIR (Fig. 1 ) suggest a
reorganization in flow as early as 4 kyr bp (ref '“), while regional uplift rates suggest
that BIR may have been ungrounded between 4 kyr bp and 2 kyr bp (ref In the
Ellsworth”“ and Pensacola®’"“ Mountains, geological exposure-age dating tech
niques constrain the thinning of the ice during the Holocene. These studies cannot
provide evidence for re-thickening, which could be associated with re-advance,
but the results cannot rule out the possibility of lowering of the ice-sheet surface
below its present-day height and subsequent re-thickening within the last 4 kyr or
so'*'. Ref noted that radar-derived basal topography upstream of a subglacial
basin beneath the Institute and Möller ice streams suggests a former grounding-line
position more than 100 km upstream of todays grounding line, although these
authors did not suggest that this was a Holocene grounding-line position.
Similarly, in the Ross Sea exposure-age dating in the Trans-Antarctic Mountains
(see, for example, refs
may be consistent with our conclusions, but can
not confirm or rule-out re-advance. Geophysical observations have hinted at
recent re-advance. Borehole temperatures have been used to date the ground
ing and formation of Crary Ice Rise (CIR; Fig. lb) to 1.5-1.0 kyr bp (ref '’■') and
ice-penetrating radar surveys of Kamb Ice Stream indicate that the grounding line
was upstream of its present location during the past few centuries". However, it
is unclear whether the latter observation is evidence for a long-term large-scale
re-advance, or for relatively-small-scale grounding-line fluctuations.
In both sectors, it is unclear whether these varied observations from diverse
glacial environments (outlet glaciers, ice streams, ice rises and nunataks) paint
a consistent picture of the timing of retreat and re-advance. Our work does not
provide any detailed timing constraints; the timing of simulated grounding-line
migration depends on uncertain bed topography and model parameters, and
further work is needed to extract timing information from our radiocarbon and

radar observations. We leave to future work the important task of unravelling a
retreat-readvance chronology consistent with all observations.
Code availability. The PISM code used in this study can be obtained from https://
doi.org/10.5281/zenodo.l 199066. Results and plotting scripts are available from
https://doi.org/10.5880/PIK.2018.008. Scripts for processing and plotting radar
data are also available on request.
Data availability. Ice-penetrating radar data can be obtained from the UK Polar
Data Centre at http://doi.org/99d. A simple MATLAB script for viewing the raw
radar data is also provided at this link. The radiocarbon data supporting the find
ings of this study are available in Extended Data Table 1.
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(roughly 10 km) are similar to the steeply dipping reflectors discovered
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highs owing to seafloor uplift, g, h, Present day, with the grounding line
having re-advanced to roughly the present-day configuration in response
to the grounding of the ice shelf and uplift at the grounding line. The
Crary, Bungenstock and Henry ice rises (CIR, BIR and HIR) are labelled
in g and h. The Whillans Ice Stream (WIS) and Subglacial Lake Whillans
(SLW) sediment-core locations are labelled in d. Blue dotted lines show
the observed present-day ice-sheet bed, ocean floor and ice surface^’,
remapped on to the 15-km grid of the ice-sheet model.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

RESEARCH LETTER

Holocene minimum

-

— Pfeseni-day simulated
---- No uplift
— Uplift no grounding of ice nses
\c ..cir:

»
r.. Æ

\

JÉ
-.500

-1000 ?; “

■ß/r.J-y
Extended Data Fig. 4 | Drivers of re-advance and the impact of bed
re-mapping, a, b, Results from four simulations (the reference simulation,
and three additional experiments) designed to examine the cause of
re-advance in the Weddell Sea (a) and Ross Sea (b) sectors (Methods). The
most inland grounding-line location in the reference simulation, at around
10 kyr BP, is in blue. The colour map shows the flow buttressing number^®
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are from MOA^^. c, Basal topography and bathymetry in the Weddell Sea
sector (with the grounding line in red) according to a 1-km-resolution
dataset, constrained by geophysical observations (Bedmap 2; ref. ^®).
d. Conservative remapping of these data to 15-km resolution. Remapping
substantially lowers the apparent maximum bed elevations beneath ice
rises in the Weddell Sea sector: 135 m at KIR, 112 m at HIR and 36 m
at BIR.
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organic matter in Antarctic glacigenic sediments frequently contains an
admixture of old *^C-dead material^’’^^. The record of oxygen isotopes
in water ice from the WAIS Divide ice core (green line, with scale on the
right) provides climatic context for the period between now and 35 kyr bp
(ref.
Three key climatic periods are labelled: WAIS LGM^®, Antarctic
cold reversal (ACR) and Holocene.
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Extended Data Fig. 6 | Model sensitivity to forcings. In the middle and
right panels are time series of grounding-line position along transects,
showing model sensitivity in the Weddell Sea (middle panels) and Ross
Sea (right panels) sectors to: a, different sea-level reconstructions^^’'®
b, different scalings of the sea-level forcing to mimic self-gravitational
effects; c, different surface-temperature forcings; and d, different
accumulation forcings. In the left panels are: a, four alternative sea-level
reconstructions; b, three alternative scalings of the reference-simulation
sea-level forcing and a version that has been uniformly shifted 2,000
years earlier; c, temperature reconstructions from two ice cores, WAIS
Divide and ERICA Dome C (EDC), and a reconstruction from the Last
Interglacial (from EDC data); and d. four alternative accumulation
histories. The constant LGM accumulation uses the ERICA Dome C

core®® and a scaling of 2% per degree. Temperature and accumulation
are expressed relative to the present day. Grounding-line positions are
relative to the present-day position (vertical dashed line) along the
transacts shown in Fig. 3. In all simulations, the grounding line is in its
most advanced position, up to 1,000 km beyond its present-day position,
before MWRla (14.4 kyr bp; horizontal dotted line). During the Holocene
the grounding line retreats up to 500 km upstream of its present location,
and usually re-advances towards its present-day position. Grey shading
indicates the spread of grounding-line responses, and grey curves show the
mean of each sensitivity experiment. In each case the violet curve shows
the reference simulation. Grounding-line positions (based on marine and
terrestrial geological evidence) from the RAISED reconstruction with
associated uncertainties are shown in black®.
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Extended Data Fig. 7 | Model sensitivity to parameters. Time series of
grounding-line position along transects, showing model sensitivity in the
Weddell and Ross Sea sectors to: a, mantle viscosity, ju, and the flexural
rigidity of the lithosphere, D; b, c. enhancement factors £ssa and £sia:
d, the sliding-law exponent, cji e, the till water decay rate, T, and till
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method used to derive the friction angle (see Methods); g PICO ocean
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model parameters for overturning strength, C, and heat exchange, g; and
h, the dependence of calving rate on the ice-shelf spreading rate, K
(Extended Data Table 2). In each panel, the violet curve shows the
reference simulation. Grounding-line positions (based on marine and
terrestrial geological evidence) from the RAISED reconstruction, with
associated uncertainties, are shown in black^.
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Extended Data Table 1 | Results of radiocarbon and S^^C analyses of subglacial sediments
K-Keck# UaUposala#
K-166508

«C Age (BP)
20,220

±

60

6'3c%o
-28.2

0.0351

26,920

150

-27.0

0.0397

25,920

100

-25.7

RISP Core 5 51-54 cm

0.0409

25,690

90

-26.2

RISP Core 12 0-2 cm

0.1068

18,050

100

-27.8

K-166513

RISP Core 12 117-118cm

0.0604

22,550

70

-27.6

K-154083

0.0612

22,440

180

-27.3

K-160518

WGZ-1 SS22 net bulk
WGZ-1-MC1A-1-2cm

0.0809

20,205

50

-24.3

K-160516

WGZ-1-MC5A-3-5cm

0.0676

21,650

60

-24.1

K-160517

WGZ-1-MC5A-15-17cm

0.0424

25,400

80

-24.0

K-166502

WGZ-1 GC-4 9-11 cm

0.0240

29,950

220

-27.7

K-166503

WGZ-1 GC-4 36-38 cm

0.0213

30,930

240

-26.6

K-166504

0.0541

23,440

120

-25.6

K-160514

WGZ-1 GC-4 45-47 cm
WGZ-1-GC-4-13-16cm

0.0416

25,540

90

-25.9

K-160515

WGZ-1-GC-4-51-55cm

0.0562

23,120

70

-25.6

K-154080

Sample Name
RISP Core 5 0-2 cm

Fraction Modem
0.0807

K-166510

RISP Core 5 12-15 cm
RISPCore528.5-31.5cm

K-166511
K-166512

K-166509

WGZ-1 GPI-top SS-8

0.0580

22,870

260

-23.8

K-154081

WGZ-1 GPI-top SS-8

0.0576

22,930

190

K-154082

0.0472
0.0433

24,530
25,220

380
100

--25.3

K-160509

WGZ-1 GC-1 SS-7 86
WGZ-1-GC-1-9-12cm

K-160510

WGZ-1-GC-1-38-43cm

0.0498

24,100

80

-23.9

K-160511

WGZ-1-GC-1-52-56cm

0.0437

25,140

140

-24.6

K-160512

WGZ-1-GC-1-65-68cm

0.0697

21,400

60

-24.3

K-160513

WGZ-1-GC-1-80-84cm

0.0441

25,070

90

-23.6

161

-24'9

Ua-51811

-25.2

K-160521

WGZ-1, GC1, SS-7,86 cm
SLW-PEC-1-34-35cm

-

28,687

0.0648

21,990

70

-24.6

K-154084

SLW-1 MCI BO-8 bulk

0.0306

28,020

230

-24.9

180

-25,1

Ua-51810

SLW-1, MCI B, 30-31 cm

K-166505

-

29,378

UpB 89-4-50-53 cm

0.0406

25,740

100

-25.4

K-166506

0.0419

25,490

90

-25.6

K-160519

UpB 89-7-50 cm
UpB-88-89-SampleB2

0.0627

22,240

60

-26.1

K-160520

UpB-91-92-12-22-91-TV

0.0715

21,190

70

-25.4

K-166507

UpB 95-3-1-1

0.0621

22,320

70

K-166499

0.0150

33,720

230

-

KIS 96-12-1-2-2-2 top 10cm

K-166501

KIS 96-7-1-3

0.0143

34,100

240

-26.7

K-166500

KIS 00-5-1-1C

0.0153

33,570

230

-26.7

K-166498

BIS 98-2-2-3C 60-70cm

0.0172

32,640

210

-26.5

K-154085

WGZ modem amphipodi

0.8738

1,085

20

K-154086

WGZ modem amphlpod2

0.8746

1,075

15

K-154087

WGZ modem amphlpod3

0.8669

1,145

15

-

-26.8

Carbon-isotope results, including the fraction of modern carbon, calculated age, analytical error and independently measured
(radiocarbon-dead) carbon skews apparent ages older than the actual age of the marine connection discussed here. The light
upstream portion ofthe WIS.

value. A low fraction of modern carbon relative to dominant ancient
results also point to a substantial source of old carbon. UpB is the
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Extended Data Table 2 | Key model parameters, with modelled retreat and re-advance

Parameter [Unitl, symbol
Mantle viscosity [Pa s], /;

Reference

Range

Relevance for LGM extent, overshoot of the present-day GL position
during retreat and re-advance of the GL

5x10”

10”-10^’

more overshoot retreat for higher values but delayed re-advance

Flexural rigidity [N m], D

5x10"

5*10“-5*10"

smaller values delay retreat and re-advance

SSA enhancement [ ], Essa

0.6

0.4-0.8

higher values cause less extended LGM state and less overshoot

SIA enhancement [], Esia

2

1-5

smaller values cause less extended LGM state and less overshoot

Flow law exponent [ ], q

0.76

0.25-1

smaller values cause less extended LGM state and delayed retreat

Till water decay rate [mm yr ''], T

3

0.5-3

higher values cause slightly less extended LGM

Till effect, overburden [ ], N

0.04

0.02-0.05

higher values cause slightly less extended LGM

Till friction angle min n, ^

2

1-3

relevant for LGM state and hence for overshoot retreat and re-advance

PICO heat exchange [m s"’], g

1x10"®

1-3x10"®

2"® order influence on LGM state and timing of retreat

PICO overturning [m® kg"’s"'], C

8x10®

8-20x10®

2"® order influence on LGM state and timing of retreat

Eigen calving [m s], K

1x10*'

1x10’®-5x10’'

relevant for LGM state and initiation of retreat via Ice-shelf buttressing

The table shows key model parameters that have been varied as part of our sensitivity study of our ice-sheet model (see Methods). In each case, the value used in the reference simulation is given, as
well as the range over which the parameters were varied during the sensitivity study. Also provided is a summary of the impact of each parameter on the model behaviour with respect to the retreat of
the grounding line past its present-day location and its subsequent re-advance. See Methods for a detailed discussion of model sensitivities.
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Mass balance of the Antarctic Ice Sheet
from 1992 to 2017
The IMBIE team*

The Antarctic Ice Sheet is an important indicator of climate change and driver of sea-level rise. Here we combine satellite
observations of its changing volume, flow and gravitational attraction with modelling of its surface mass balance to show
that it lost 2,720 ±1,390 billion tonnes of ice between 1992 and 2017, which corresponds to an increase in mean sea level
of 7.6 ± 3.9 millimetres (errors are one standard deviation). Over this period, ocean-driven melting has caused rates of
ice loss from West Antarctica to increase from 53 ± 29 billion to 159 ± 26 billion tonnes per year; ice-shelf collapse has
increased the rate of ice loss from the Antarctic Peninsula from 7 ± 13 billion to 33 ± 16 billion tonnes per year. We find
large variations in and among model estimates of surface mass balance and glacial isostatic adjustment for East Antarctica,
with its average rate of mass gain over the period 1992-2017 (5 ± 46 billion tonnes per year) being the least certain.

I

'1 he ice sheets of Antarctica hold enough water to raise global sea
level by 58 m'. They channel ice to the oceans through a network
- - of glaciers and ice streams', each with a substantial inland catch
ment-^. Fluctuations in the mass of grounded ice sheets arise owing to
differences between net snow accumulation at the surface, meltwater
runoff and ice discharge into the ocean. In recent decades, reductions in
the thickness'* and extent“* of floating ice shelves have disturbed inland
ice flow, triggering retreat® ', acceleration*’^ and drawdown ‘ of many
marine-terminating ice streams. Various techniques have been developed
to measure changes in ice-sheet mass, based on satellite observations
of their speed*^, volume'-’ and gravitational attraction'^ combined with
modelled surface mass balance (SMB)"* and glacial isostatic adjustment
(GIA; the ongoing movement of land associated with changes in ice load
ing)'®. Since 1989, there have been more than 150 assessments of ice
loss from Antarctica based on these approaches''. An inter-comparison
of 12 such estimates'* demonstrated that the three principal satellite
techniques provide similar results at the continental scale and, when
combined, lead to an estimated mass loss of 71 ±53 billion tonnes of
ice per year (Gt yr“') averaged over the period 1992-2011 (errors are
one standard deviation unless stated otherwise). Here, we extend this
assessment to include twice as many studies, doubling the overlap period
and extending the record to 2017.

Satellite obsen'ations
We collated 24 independently derived estimates of ice-sheet mass bal
ance (Fig. 1) that were determined within the period 1992-2017 and
based on the techniques of satellite altimetry (seven estimates),
gravimetry (15 estimates) or the input-output method (two esti
mates). Altogether, 24,24 and 23 individual estimates of mass change
were computed within defined geographical limits’ '® for the East
Antarctic Ice Sheet (EAIS), West Antarctic Ice Sheet (WAIS) and
Antarctic Peninsula Ice Sheet (APIS), respectively. We compared the
rates of ice-sheet mass change (see Methods) over common intervals
of time'*. We then averaged the rates of ice-sheet mass balance using
the same class of satellite observations to produce three techniquedependent time series of mass change in each geographical region
(see Methods). Within each class, we computed the uncertainty in
the annual mass rate as the mean uncertainty of the individual

contributions. The final, reconciled estimate of ice-sheet mass change
for each region was computed as the mean of the techniquedependent values available at each epoch (Fig. 1 ). In computing the
associated uncertainty, we assume that the errors for each technique
are independent. To estimate the cumulative mass change and its
uncertainty (Fig. 2), we integrated the reconciled estimates for each
ice sheet and weighted the annual uncertainty by 1 j 4n, where n is the
number of years since the start of each time series. We computed
Antarctic Ice Sheet ( AIS) mass trends as the linear sum of the regional
trends and the uncertainties in the mass trends as the root-sum-square
of the regional uncertainties (Table 1).

Trends in Antarctic ice-sheet mass
The level of disagreement between indmdual estimates of ice-sheet mass
balance increases with the area of each ice-sheet region, with average
per-epoch standard deviations of 11 Gtyr“’, 21 Gtyr“' and 37 Gtyr“'
at the APIS, the WAIS and the EAIS, respectively (Fig. 1, Methods).
Among the techniques, gravimetric estimates are the most abundant
and also the most closely aligned, although their spread increases in East
Antarctica, where GIA remains poorly constrained’" and is least certain
when spatially integrated’'"”, owing to the vast extent of the region.
Solutions based on satellite altimetry and the input-output method run
for the entire record, roughly twice the duration of the gravimetry time
series. Although most (59%) estimates are within one standard deviation
of the technique-dependent mean, a few (6%) depart by more than three
standard deviations. At the Antarctic Peninsula, the 25-year average
rate of ice-sheet mass balance is —20 ± 15 Gt yr”', with an increase of
about 15 Gt yr” ' in losses since 2000. The strongest signal and trend has
occurred in West Antarctica, where rates of mass loss increased from
53 ± 29 Gt yr” ' to 159 ± 26 Gt yr” ' between the first and final five years
of our survey; the largest increase occurred during the late 2000s when
ice discharge from the Amundsen Sea sector accelerated”. Both of these
regional losses are driven by reductions in the thickness and extent of
floating ice shelves, which has triggered the retreat, acceleration and
drawdown of marine-terminating glaciers’^. The least certain result is in
East Antarctica, where the average 25-year mass trend is 5 ± 46 Gt yr”'.
Overall, the AIS lost 2,720 ± 1,390 Gt of ice between 1992 and 2017, an
average rate of 109 ± 56 Gtyr”'.

*A list of authors and their affiliations appears at the end of the paper.
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Fig. 2 I Cumulative Antarctic Ice Sheet mass change. The cumulative
ice-sheet mass changes (solid lines) are determined from the integral of
monthly measurement-class averages (for example, the black lines in Fig. 1)
for each ice sheet. The estimated Icr uncertainty of the cumulative change
is shaded. The dashed lines show the results of a previous assessment'*.
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Fig. 1 I Antarctic Ice Sheet mass balance, a-c, Rate of mass change
(dM/dt) of the APIS (a), WAIS (b) and EAIS (c), as determined from the
various satellite-altimetry (purple), input-output-method (blue) and
gravimetry (green) assessments included in this study. In each case,
dM/d( is computed from time series of relative mass change using a
three-year window at annual intervals. An average of estimates across
each class of measurement technique is also shown for each year (black).
The estimated Ict, 2cr and 3cr ranges of the class averages are shaded in
dark, mid and light grey, respectively; the number of individual
mass-balance estimates collated at each epoch is shown below.

Surface mass balance
Knowledge of the ice-sheet SMB is an essential component of the
input-output method, which subtracts solid-ice discharge from net
snow accumulation, and aids interpretation of mass trends derived
from satellite altimetry and gravimetry. Snowfall is the main driver
of temporal and spatial variability in AIS surface mass change^^’^^.
Although locally important, spatially integrated sublimation and melt
water runoff are typically one and two orders of magnitude smaller,
respectively. In the absence of observation-based maps, AIS SMB is
usually taken from atmospheric models, evaluated with in situ and
remotely sensed observations'^’^^"'*^. To assess Antarctic SMB, we com
pared two global reanalysis products (JRA55 and ERA-Interim) and
two regional climate models (RACM02 and MARv3.6) (see Methods).
ERA-Interim is usually regarded as the best-performing reanalysis
product over Antarctica, albeit with a dry bias in the interior and
overestimated rain fraction^®'^'’^^. Spatially averaged accumulation
rates peak at the Antarctic Peninsula, and are roughly three and seven
times lower in West and East Antarctica, respectively (Extended Data
Figs. 2, 3). Compared to the all-model average SMB of 1,994 Gt yr“‘,
the regional climate models give values 4.7% higher and the reanalyses
7% lower. These differences can be attributed to the higher resolution
of the regional models, which resolve the steep coastal precipitation
220 I NATURE I VOL 558

gradients in greater detail, and to their improved representation of polar
processes. The temporal variability of all products is similar and they
all agree on the absence of an ice-sheet-wide trend in SMB over the
period 1979-2017, which implies that recent mass loss from the AIS is
dominated by increased solid-ice discharge into the ocean.

Glacial isostatic adjustment
Gravimetric estimates of mass change are strongly influenced by the
method used to correct for GIA'^. In this study, six different GIA
models were
We also assessed nine continent-wide
forward-model simulations and two regional model simulations to
better understand uncertainties in the GIA signal; we reprocessed the
gravimetry estimates of mass balance using the W12a^® and IJ05_R2^'
GIA models for comparison with earlier work'* (see Methods). The
net gravitational effect of GIA across Antarctica is positive, and the
mean and standard deviation of the continent-wide GIA models
(54 ± 18 Gt yr“') is very close to that of the W12a (56 ± 27 Gt yr“')
and IJ05_R2 (55 ± 13 Gt yr“’) models. The narrow spread probably
reflects the difficulty of quantifying the timing and extent of past icesheet change and the absence of lateral variations in Earth rheology
within some models^^. Models predict the greatest rates of solid-Earth
uplift (5-7 mm yr“' on average) in areas where GIA is a substantial
component of the regional mass change, such as the Amundsen, Ross
and Filchner-Ronne sectors of West Antarctica (see Extended Data
Fig. 4), but also the greatest variability (for example, a standard devi
ation of more than 10 mm yr“ ' in the Amundsen sector). Away from
areas with large GIA signals there is low variance among the models
and broad agreement with GPS observations'*®. Nevertheless, most
models considered here do not account for ice-sheet change during the
past few millennia, because it is poorly known. Inaccurate treatment of
low-degree harmonics associated with the global GIA signal can also
bias gravimetric mass-balance calculations'*®. If the GIA signal includes
a transient component associated with recent ice-sheet change, it wiU
bias mass-trend estimates and should be accounted for in future work.

Outlook
Improvements in assessments of ice-sheet mass balance are still possi
ble. Airborne snow radar*’’^® is a powerful tool for evaluating models of
SMB and firn compaction over large spatial (thousands of kilometres)
and temporal (centennial) scales, in addition to the ice cores that have
traditionally been used*®. Geological constraints on the ice-sheet his
tory^" and GPS measurements of contemporary uplift'*®’®" enable GIA
models to be scrutinized and calibrated. More of both of these types of
datasets are needed, especially in East Antarctica. Given their apparent
diversity, the spread of models of GIA and SMB should be evaluated in
concert with the satellite gravimetry, altimetry and velocity measure
ments. A reassessment of the satellite measurements acquired during
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Table 1 I Rates of ice-sheet mass change
1992-1997 (Gtyr ■)

EAIS
WAIS
APIS

AIS

11 ±58
-53 ±29
-7± 13
-49 ± 67

1997-2002 (Gtyr i)

2002-2007 (Gtyr ')

8± 56
-41 ±28
-6± 13
-38 ± 64

12x43
-65 ± 27
-20± 15
-73 X 53

2007-2012 (Gtyr ')

23x38
-148 ±27
-35 = 17
-160x50

2012-2017 (Gtyr')

-28 X 30
-159 ±26
-33x16
-219 ±43

1992-2011 (Gtyr >)

13 ±50
-73 ± 28
-16± 14
-76 ±59

1992-2017 (Gtyr ')

5 ±46
-94 ±27
-20± 15
-109 ±56

Rates were determined from all satellite measurements over various epochs for the EAIS, WAIS and APIS, which combined constitute the AIS. The period 1992-2011 is included for comparison to a
previous assessment^®, which reported mass-balance estimates of 14 ± 43 Gt yr • for the EAIS, -65 = 26 Gtyr ‘ for the WAIS. -20 * 14 Gtyr ‘ for the APIS and - 71 ± 53 Gtyr ^ for the AIS, The
small differences in our updated estimates for this period are due to our inclusion of more data. Errors are Irr.

the 1990s would address the imbalance that is present in the current
record. Alternative techniques (see, for example, ref. ^') for combin
ing satellite datasets should be explored, and satellite measurements
with common temporal sampling should be contrasted. The ice-sheet
mass-balance record should now be separated into the contributions
due to short-term fluctuations in SMB and to longer-term trends in
glacier ice. In addition to these improvements, continued satellite
observations are, of course, essential.
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'methods
Data. No statistical methods were used to predetermine sample size.
We analyse five groups of data; mass-balance estimates determined from satf>ê!lite altimetry, grasnmetry and the input-output method, and model estimates
of SMB and GIA. We compute the datasets using common spatial and temporal
domains to facilitate their aggregation, according to previously reported methods
(see Supplementary Table 1 ). In total, 24 mass-balance datasets were included.
The data include 25 years of satellite-radar-altimeter measurements, 24 years of
satellite input-output-method measurements and 14 years of satellite-gravimetry
measurements (Extended Data Fig. 1). Among these data are estimates of ice-sheet
mass balance for each ice sheet derived from each satellite technique. In compari
son to the first IMBIE assessment'*, new satellite missions, updated methodologies
and improvements in geophysical corrections have contributed to an increase in
the quantity, duration and overlap period of data used here. In addition, two new
experiment groups have assessed 11 GIA and 4 SMB models. The complete list of
datasets is provided in Supplementary Table 1.
Drainage basins. In this assessment, we analyse mass trends using two sets of
ice-sheet drainage basins (Extended Data Fig. 2) to ensure consistency with those
used in the first IMBIE assessment'* and to evaluate an updated definition tailored
towards assessments using the input-output method. The first drainage-basin set
was delineated using surface elevation maps derived from ICESat-1 on the basis
of the provenance of the ice and includes 27 basins*. The second set was updated
to consider other factors such as the direction of ice flow and includes 18 basins
in Antarctica*"*. To assess the effect of the different sets on the estimates of icesheet mass balance, we compared mass-balance determinations between the two
delineations of ice-sheet drainage basins. This evaluation was facilitated by seven
estimates (altimetry or gravimetry) determined using both sets. At the scale of
the major ice-sheet divisions, the delineations produce similar total extents. By
far the largest differences occur in the delineation (or definition) of East and West
Antarctica, owing to differences in the position of the ice divide that separate
them. Within these regions, the root-mean-square difference between 26 pairs of
estimates of ice-sheet mass balance computed using the two drainage-basin sets
is 8.7 Gt yr” '. This difference is small in comparison to the certainty of indmdual
assessments of ice-sheet mass balance.
Computing rates of mass change. The raw satellite mass-balance data are time
series of either relative mass change AM(t) or the rate of mass change dM(t)/dt,
plus their associated uncertainty, integrated over at least one of the ice-sheet regions
defined in the standard drainage-basin sets. In the case of AM(t), the time series
represents the change in mass through time relative to some nominal reference
value. The duration and sampling frequency of the time series was not restricted.
In practice, few mass time series were of AM(f) and dM(t)/dt. Because the
inter-comparison exercise is based on comparing and aggregating dM(t)/dt, a
common solution was implemented to derive dM(()/d/ values from datasets of
AM(t) only. Each AM(t) time series was used to generate a time-varying estimate
ofdM(t)/d(, d[AM(()]/dt = dM(f)/d(, and an estimate of the associated uncertainty,
using a consistent approach. Time-varying estimates of dM(t)/d( were computed
by applying a sliding fixed-period window to the AM(t) time series. At each node,
defined by the sampling period of the input time series, dM(t)/df and its standard
error
were estimated by fitting a linear trend to data within the window
using a weighted least-squares approach, with each point weighted by its respective
error variance rrj,n(,). The regression error <Td,w(o/j( incorporates measurement
errors and model structural error due to any variability that deviates from linear
trends in ice mass, and may be a conservative estimate in locations where such
deviation is present. Time series of dM(f)/dt computed using this approach were
truncated by half the moving-average window period. When integrated, the
dLM(t)/df time series correspond to a low-pass-filtered version of the original AM(t)
time series. This linear regression assumes that uncertainties are uncorrelated;
however, the smoothing that we apply during the calculation of the trend causes
data points to be correlated during several epochs beyond the sliding window.
Surface mass balance. Ice-sheet SMB comprises various processes governed by the
interaction of the superficial snow and firn layers with the atmosphere. A direct
mass exchange occurs via precipitation and surface sublimation. Snow drift and the
formation of meltwater and its subsequent refreezing or retention redistribute mass
spatially or lead to further mass loss via erosion and sublimation or via runoff Here
we compare a range of SMB products. Four SMB model solutions were considered
for Antarctica (Extended Data Table 1): two regional models (RACM02.3‘"’ and
MARv3.6'’*) and two global reanalysis products ( JRA55*’ and ERA-Interim*^). The
two regional climate models agree well in terms of their spatially integrated SMB.
apart from the Peninsula where there is an offset of about 10 Gt per month between
them (Extended Data Fig. 3). However, the reanalysis products underestimate
the average SMB compared to the regional climate models by 200-350 Gt yr“'.
Our SMB assessment illustrates that products of similar class (climate models or
reanalysis products) agree well, suggesting that groupings of their output may
be appropriate. However, we found that model resolution is important when

estimating SMB and its components, because contributions that differed by only
the spatial resolution yielded differences at the regional scale.
Glacial isostatic adjustment. GIA is the delayed response of the solid Earth to
changes in time-variable surface loading through the growth and decay of ice
sheets, and associated changes in sea level. Because GIA contributes to changes
in the ice-sheet surface elevation and gravity field, it must be accounted for in
measurements of the change in elevation and gravity for the purpose of isolating
the contribution solely caused by ice-sheet imbalance. Here we compare differ
ent solutions derived from continuum-mechanical forward modelling to inform
the interpretation of the satellite altimetry and gravimetry data that depend on
the correction and to advise future assessments. Twelve GIA contributions were
received that cover Antarctica (Extended Data Table 2), ten of which are global
models**“*'*’*' and two of w'hich are regional models**. Because a broad array of
data may be used to constrain GIA forward models, we anticipate spread in the
predictions.
Here we assess the degree of similarity between the various GIA model solu
tions. We identified areas of enhanced present-day vertical surface motion and
(dis-)agreement between contributions by averaging the uplift rates over the contri
butions and computing the respective standard deviations (Extended Data Fig. 4).
In some cases, it was necessary to estimate the GIA contribution to gravimetric
mass trends; this was done using common geographical masks and truncation and
a standardized treatment of low-degree harmonics. In Antarctica, the Amundsen
Sea sector and the regions covered by the Ross and Filchner Ronne ice shelves
stand out as having both high uplift rates (5-7 mm yr“' on average) and high
variability in uplift rates (peaking at more than 10 mm yr“ ' standard deviation in
the Amundsen sector) among the models considered. Elsewhere in coastal regions,
uplift occurs at more moderate rates (about 2 mm yr“' on average); the interior
of East Antarctica exhibits slow subsidence. In these regions, the average signal is
accompanied by relatively low variance among the GIA models (0-1.5 mm yr“ '
standard deviation). None of the models fully captures portions of the uplift that
are observed to be very large (see, for example, ref '”); hence, we anticipate a bias
towards low values for the GIA correction averaged over such regions. In areas of
low mantle ■viscosity, however, such as part of the WAIS, the GIA signal related to
the Last Glacial Maximum may be overpredicted, and it is not clear whether a bias
exists at the continental scale.
Differences between the model predictions arise for various additional reasons.
Technical differences in the modelling approach, for example, relating to the con
sideration of self-gravitation, ocean loading, rotational feedback and compressibil
ity, are most important at the global scale, but may explain only small differences
among the regional models. Differing treatment of ice and ocean loading in regions
that have experienced marine-based grounding-line retreat during the last gla
cial cycle may explain the differences in model predictions for the ICE_6G_C/
VM5a combination (see Supplementary Table 1 ). Some small differences should be
expected when comparing models that use spherical-harmonic and finite-element
approaches. Looking beyond consideration of the model physics, larger differ
ences arise owing to the various approaches used to determine the two principal
unknowns associated with forward modelling of GIA—ice history and Earth
rheology. There is no generally accepted 'best approach’ to determining these
inputs, and useful advances can be made by comparing the results of complemen
tary approaches. In the models considered here, approaches to determining the ice
history include dynamical ice-sheet modelling, coupled ice-sheet-GIA modelling,
tuning to fit geodetic constraints, tuning to fit geological constraints and use of
direct observations of historical ice-sheet change. When defining the rheological
properties of the solid Earth, most smdies have opted to use a Maxwell rheology
to define a radially symmetric Earth; however, the use of a power-law rheology or
a fully three-dimensional Earth model to capture the spatial complexity of mantle
properties is increasingly popular. An intermediate approach used in many of
the datasets included here has been to develop a regional GIA model that reflects
local Earth structure. Such models can be tuned, albeit imperfectly, to provide as
accurate a representation of GIA in that region as is possible. However, it remains a
difficult and important challenge to incorporate these regional studies into a global
framework. Finally, although four of the GIA models that we consider provide
a measure of uncertainty, and several studies have used an ensemble modelling
approach**’*", an important future goal for the GIA modelling community is the
inclusion of robust error estimates for all model predictions.
To compare the GIA models, we used Stokes coefficients that relate to their grav
itational signal to determine the approximate magnitude of the effect of applying
each correction to GRACE data (Extended Data Table 2). This is a preliminary
assessment, because the effect of applying a GIA correction depends also on the
methods used to process the GRACE data. Moreover, an agreement on the modelling
of feedbacks has so far not been reached within the GIA community, leading to a
large spread in the modelled degree-2 coefficients and possibly a strong bias when
a correction is applied that is inconsistent with the GRACE observations (up to
about 40 Gt yr“'). In addition, none of the current GIA datasets includes estimates
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of the GIA-induced geocentre motion (degree-1 coefficients). Therefore, we omit
degree-1 and -2 coefficients in our assessment of the GIA-induced apparent mass
change. From models that represent GLA in Antarctic only, we estimate that this
omission could change the apparent mass-change value by up to 20%; however,
this potential error is not currently included in the GLA error budget. There is
relatively good agreement between the ten models that cover all of Antarctica
(Extended Data Table 2); the estimated GIA contribution ranges from -F12 Gt yr“ '
to -F81 Gt yr'h the mean value is 56 Gt yr“’. Although the solution from ref '''' is
a notable outlier, it is the only one to account for three-dimensional variations in
Earths rheology. It will be interesting to compare this result with other such models
that are under development.
Two of the GIA models^^’^ are regional: although they cannot be compared with
the continental-scale models directly, the magnitude of their signals is nonetheless
included for interest.
Mass-balance intra-comparison. First, we compare estimates of mass change
within each of the three geodetic-technique experiment groups to assess the
degree to which results from common techniques concur and to derive individ
ual, aggregated estimates of mass change from each technique. In each case, we
compare estimated rates of mass change derived from a common technique over
a common geographical region and over the full period of the respective datasets.
Where datasets were computed using both drainage-basin definitions, we present
the arithmetic mean of the two estimates. This is justified because the choice of
drainage-basin set has a very small (less than lOGtyr“') effect on estimates of mass
balance at the ice-sheet scale and even less at the regional scale. Within each exper
iment group, we perform an unweighted average of all individual data to obtain
a single estimate of the rate of mass change per ice sheet for each geodetic tech
nique. In a few cases, it was not possible to determine time-varying rates of mass
change from individual estimates, because only constant rates of mass change and
constant cumulative mass changes were supphed. Although the effect of averaging
these datasets with time-varying solutions is to dampen the temporal variability
present within the series of finer resolution, they are retained for completeness.
We estimate the uncertainty of the average mass trends that emerge from each
experiment group as the average of the errors associated with each individual
estimate at each epoch.
To aid comparison, we (i) compute time-variable rates of mass change and their
associated uncertainty over successive 36-month periods stepped in one-month
intervals from time-varying cumulative mass changes, and (ii) average rates of
mass change over one-year periods to remove signals associated with seasonal
cycles. Time-varying rates of mass change are truncated at the start and end of each
series to reflect the half-wndth of the time interval over which rates are computed,
although this period is recovered on integration to cumulative mass changes. The
extent to which we are able to analyse differences in mass-balance solutions that
emerge from common satelhte approaches is limited by the mismatch in temporal
resolution of the individual datasets, which makes methodological and sampling
differences difficult to separate.
Gravimetry mass-balance intra-comparison. Within the gravimetry experiment
group, we assessed 15 estimates of mass balance derived from the GRACE sat
ellites, in entirety spanning the period July 2002 to September 2016. Of these
datasets, four'’^““ were derived with direct imposition of the GRACE level-1
K-band range data. These impositions result in four different, independently
derived, mascon approaches. Other methods often refer to ‘mascon analysis’,
but are conducted on post-spherical-harmonic expansions and without impos
ing the level-1 K-band range data. We distinguish the later methods, referring
to them as 'post-spherical-harmonic mascons’. Eleven contributions are derived
from monthly spherical-harmonic solutions of the global gravity field using dif
ferent approaches'*-^’’ '’'““, which can be loosely classified as (i) region-integra
tion approaches**-“-“, (ii) post-spherical-harmonic mascon approaches**-*'“*-’,
(iii) forward-modelling approaches*’-*^, which essentially involve modelling of
mass change with iterative comparison to the GRACE-derived signal, and (iv)
approaches that use Slepian functions*’. One final estimate** made use of satellite
altimetry data; although this estimate was excluded from our gravity ensemble
average because it is a hybrid solution, it is presented alongside the gravimetry-only
results for comparison. No restrictions were imposed on the choice of GIA correc
tion; among the GRACE solutions we consider six different models’'-’“'-’*-’* ’'-''’.
However, we did assess a wider set of nine continent-wide forward models and two
regional models to better understand uncertainties in the GIA signal.
In total, there were 15 estimates of mass balance for each of the APIS, WAIS
and EAIS. All were time-varying, cumulative mass-change solutions—the primary
GRACE observable—and we computed time-varying rates of mass change from
these data. Combining all of the individual mass-balance estimates, the effective
(average) temporal resolution of the aggregated solution is one year. Further details
of the gravimetry datasets and methods are included in Supplementary Table 1.
In Extended Data Fig. 5 we show a comparison of the rates of mass change
obtained from all gravimetry mass-balance solutions, calculated over the three

main ice-sheet regions. At individual epochs, differences between time-varying
rates of mass change are generally less than 50 Gt yr“ ' in each ice-sheet region, and
typically in the range 10-20 Gt yr“‘. Over the full period of the data, individual
rates of mass balance for the APIS, WAIS and EAIS vary between -80 Gt yr“ ' and
-FlOGtyr“', -260Gtyr“' and -20 Gtyr"',and -120 Gtyr“‘ and -F200 Gtyr“',
respectively. Considering all of the gravimetry data (Extended Data Table 3), the
standard de-viation of mass trends estimated during the period 2005-2015 is less
than 24 Gt yr" ' in all three ice-sheet regions, with the largest spread occurring
in the EAIS. In all three ice-sheet regions, the spread of individual mass balance
estimates is well represented by the mean, considering the uncertainties of the
indi-vidual and aggregated datasets.
Altimetry mass-balance intra-comparison. We assessed seven radar- and laseraltimetry-derived AIS mass-balance datasets, in entirety spanning the period April
1992 to July 2017. In total, six estimates of mass change were for the APIS, seven
were for the EAIS and seven were for the WAIS. Of these, four included data from
radar altimetry and six from laser altimetry. Various techniques were used to derive
the elevation and mass trends**“’*. Only two of the altimetry datasets were time
series of cumulative mass change, from which we computed time-varying rates of
mass change. The remaining altimetry datasets were constant rates of mass change,
which appear in our altimetry average as time-invariant solutions. The period
over which altimetry rates of mass change were computed ranged from 2 years to
24 years. In consequence, the aggregated dataset has a temporal resolution that is
lower than annual. Including all individual mass-balance datasets, the effective
(average) temporal resolution of the aggregated solution is 3.3 years. Further details
of the altimetry datasets and methods are included in Supplementary Table 1.
With a few exceptions, rates of mass change determined from radar and laser
altimetry tend to differ by less than 100 Gt yr" ' at all times in each ice-sheet region
(Extended Data Fig. 5). The main exceptions are in the EAIS, where one estimate’’*
reports mass trends that are roughly 100 Gt yr“ ' more positive than all others
during the ERS and ICESat periods, and in the WAIS, where two estimates”’’''
report rates that are about 70 Gt yr“' less negative than the others during the
ICESat period. Among the remaining datasets, the closest agreement occurs at
the APIS, where mass trends agree to within 30 Gt yr“' at all times; the poorest
agreement occurs at the EAIS, where mass trends depart by up to 100 Gt yr“ '. The
largest differences are between datasets that are constant in time during periods
where rapid changes in mass balance occur in the annually resolved time series,
suggesting that a proportion of the difference is due to their poor temporal reso
lution. Mass-balance solutions from the relatively short (six-year) ICESat mission
also appear to show larger spreads compared to those determined from longer
(decade-scale) radar-altimetry missions. This larger spread is due in part to differ
ences in the bias-correction models applied to ICESat data’“'’’*“’* and in part to the
large influence of firn densification on altimetry measurements over short periods,
which have been corrected for using different models. Firn-densification models
are generally not applied to mass-balance solutions determined from radar altime
try. Further analysis of the corrections for bias between ICESat campaigns and firn
compaction is required to establish the statistical significance of the differences and
to reduce their collective uncertainty. Comparing rates of mass change (Extended
Data Table 3), the average standard deviation of all mass trends at each epoch over
the common period 2005-2015 is less than 54 Gt yr“' in all four ice-sheet regions.
The largest spread between the individual values occurs in the EAIS. Other than
this sector, the indmdual estimates lie close to the ensemble average, considering
the respective uncertainty of the measurements.
Input-output-method intra-comparison. Although the input-output method is
the most direct measure of changes in mass fluxes, a key difficulty is that, to assess
mass balance, it must differentiate between two large numbers—one for annual
SMB and the other for discharge plus grounding-line migrations—and deal appro
priately with the error budgets of both. A consequence of this complexity is that
few input-output-method datasets exist at the ice-sheet scale. Here we collate just
two input-output-method datasets, both based on the same method’*—far fewer
than were considered for altimetry and gravimetry. The first dataset spans the
period 1992-2010'*; the second is limited to the period 2002-2016. The same SMB
model (RACM02.3) was used in both assessments. Further details of the inputoutput-method datasets and methods are included in Supplementary Table 1.
We compare the two datasets during the period 2002-2010 (when the datasets
overlap; Extended Data Table 3). The smallest differences (up to 30 Gt yr“ ' ) arise
in the APIS and the WAIS: the largest differences (up to 70 Gt yr“') occur at
the EAIS. In all cases, the average difference between estimates of mass balance
derived from each dataset is comparable to the estimated uncertainty. Including
both datasets, rates of mass balance over the period 1992-2016 for the APIS, WAIS
and EAIS range from —125 Gtyr“' to -F25Gtyr“', -300 Gtyr“' to -F100 Gtyr“'
and -200 Gtyr“' to -F200 Gtyr“'.respectively (Extended Data Fig. 5). The origin
of the differences between the two datasets requires further investigation.
Ice-sheet mass-balance inter-comparison. To assess the degree to which
the satellite techniques concur, we used the aggregated time series from each
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.geodetic-technique experiment group to compute changes in ice-sheet mass bal
ance within common geographical regions and over a common interval of time
' (the overlap period). We calculate the aggregated time series as the arithmetic mean
■ lof all available rates of ice-sheet mass balance derived from the same satellite tech
nique at each available epoch. We used the individual ice sheets and their integrals
as common geographical regions. The maximum duration of the overlap period is
limited to the 14-year interval (2002-2016) when aU three satellite techniques were
optimally operational. However, we also considered the avaUability of mass-balance
datasets, which leads us to select the period 2003-2010 as the optimal interval (see
Fig. 1). When the aggregated mass-balance data from all three experiment groups
are degraded to a common temporal resolution of 36 months, the time series are
on average well correlated (0.5 <r < 0.9) at the APIS and WAIS. At the EAIS,
however, the aggregated altimetry mass-balance time series are poorly correlated
(r^ < 0.1)in time with the aggregated gravimetry and input-output-method data.
Possible explanations for this include the relatively high short-term variability in
mass fluctuations in this region, the relatively low trend in mass and the hetero
geneous temporal resolution of the aggregated altimetry dataset. Over longer
periods, marked increases in the rate of mass loss from the WAIS are also recorded
in all three satellite datasets.
Because the comparison period is long in relation to the timescales over
which SMB fluctuations typically occur, their potential effect on the overall
inter-comparison is reduced. The closest agreement between individual estimates
of ice-sheet mass balance occurs at the APIS and the WAIS, where the stand
ard deviation across all techniques is 15-41 Gt yr“' (Extended Data Table 4).
The greatest departure occurs at the EAIS, where the input-output-method and
gravimetry estimates of mass balance differ by about 80 Gt yr" ' and the standard
deviation of all three estimates is about 40 Gt yr“ '. This high degree of variance is
expected because of the relatively large size of the region, the small amplitude of
signals and the poor independent controls on coastal SMB. WTien compared to
the inter-technique mean and standard deviation, aU estimates of ice-sheet mass
balance determined from the individual satellite techniques are now in agreement,
given their respective uncertainties. In contrast to the first IMBIE assessment'“,
this finding also now holds at continental and global scales. We therefore conclude
that estimates of mass balance determined from independent geodetic techniques
agree when compared to their respective uncertainties.
Several noteworthy patterns in the distribution of mass-balance estimates deter
mined during the overlap period (2003-2010) merit further discussion. Estimates
of mass balance derived from satellite altimetry and gravimetry agree to within
15 Gt yr“ ' on average and with the mean of all three techniques, in all ice-sheet
regions. By contrast, estimates of mass balance determined from the input-output
method are 55 Gt yr“ ‘ more negative on average than the mean in all ice-sheet
regions. However, despite the bias, the input-output-method estimates remain in
agreement because their estimated uncertainties are relatively large (approximately
three times larger than those of the other techniques), A more detailed analysis
of the primary and ancillary datasets is required to establish whether this bias is
significant or systematic.
Ice-sheet mass-balance integration. We combined estimates of ice-sheet mass
balance derived from each geodetic-technique experiment group to produce a
single, reconciled estimate, following the same approach as for the first assessment.
This estimate was computed as the arithmetic mean of the average rates of mass
change from each experiment group, within the regions of interest and at the time
periods for which the experiment-group mass trends were determined. We esti
mated the uncertainty of the mass-balance data using the following approach.
Within each experiment group, we estimated the uncertaintj’ of mass trends as the
average of the errors associated with each individual estimate and the uncertainty
of reconciled rates of mass change (see, for example. Table 1) as the root-meansquare of the uncertainties associated with mass trends from each experiment
group. When summing mass trends of multiple ice sheets, the combined uncer
tainty was estimated as the root-sum-square of the uncertainties for each region.
Finally, to estimate the cumulative uncertainty of mass changes over time, we
weighted the annual uncertainty by l/-Jn, where n is the number of years
since the start of each time series, and summed the weighted annual uncertainties
over time*".
Across the full 25-year survey, the average rate of mass balance of the AIS was
—109 ± 56 Gtyr“' (Table 1). To investigate inter-annual variability, we also cal
culated mass trends during successive five-year intervals. Whereas the APIS and
WAIS each lost mass throughout the entire survey period, the EAIS experienced
alternating periods of mass loss and mass gain, probably driven by inter-annual
fluctuations in SMB. The rate of mass loss from the WAIS has increased over
time owing to accelerated ice discharge in the Amundsen Sea sector** '*'''* *'“**.
The largest increase—a doubling of the rate of ice loss—occurred between the
periods 2002-2007 and 2007-2012 (Table 1). Overall, the WAIS accounts for
the vast majority of ice-mass losses from Antarctica. At the APIS, rates of ice-mass
loss since the early 2000s are notably higher than during the previous decade,

consistent with observations of surface lowering'''* and increased ice flow in
southerly glacier catchments*''. The approximate state of balance of the ■wider EAIS
suggests that the reported dynamic thinning of the Totten and Cook glaciers*’ **
has been offset by accumulation gains elsewhere*'.
Data availability. The final mass-balance datasets generated in this study are freely
available at http://www.imbie.org/data-downloads.
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Extended Data Fig. 2 | Ice-sheet drainage basins. AIS drainage basins
are determined according to the definitions of ref ^ (left) and refs
(right). Basins that fall within the Antarctic Peninsula, West Antarctica
and East Antarctica are shown in green, pink and blue, respectively. For
the definition from ref the Antarctic Peninsula, West Antarctica and

'

East Antarctica basins cover areas of 227,725 km^, 1,748,200 km^ and
9,909,800 km^, respectively. For the definition from refs
the Antarctic
Peninsula, West Antarctica and East Antarctica basins cover areas of
232,950 km^, 2,039,525 km^ and 9,620,225 km^ respectively.
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Extended Data Table 1 | Spatially averaged AIS SMB

Area

SMB

Model

Class

(10® km2)

Grid

(Gt/yr)

RACM02.3

RCM

12.30

27km

2004

RACM02.3p2

RCM

12.30

27km

2107

MARv3.6.40

RCM

12.32

35km

2150

ERA-interim

GCM

12.20

80km

1900

JRA55

GCM

12.24

55km

1807

Estimates of the average SMB over the period 1980-2012 were derived from regional climate models (ROM) and global reanalyses (GCM). Data were evaluated using the drainage basins from refs
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Extended Data Table 2 | GIA model details
Ice
sheet
AIS

Earth model

ensemble of
regional ID
models
ID
(90,0.5,20)

Own model: ice
thickness scaled
to fit GPS
Dynamically

b

Model

Publication ‘

A13

8

AGEla

9

AIS

DiEM/
ANTID.0

10

AIS

ICE-6G_C
(VM5a)

5

AIS

VMSa (lD)i

ICE-6G_C

SH(170)i<;
dynamically
coupled
model
SH(1024)

ICE-6G_D
(VM5a)

5

AIS

VMSa (ID) i

ICE-6G_Df

SL-dry4mm/W12

n

AIS

3D, powerlaw
rheology

W12a

12

AIS

ID
(120,1,10)

13

AIS

VMSa (3layer

SELEN 4

GLACl-D

14

AIS

VMSa (lD)i

average of
ID model)'
VMSa (ID)'

Ice models
ICE-6G_C

GIA model*'

+48 ± 14’

GPS, RSL

+49*

GPS, RSL,
Earth
rotation

+72*

SH(512)

GPS, RSL,
Earth
rotation

+62*

Combination of
W12 and ICE-5G

FE, 1C, xRF

GPS, RSL,
seismic
velocities
(earth
model)

+12*

Own model:
dynamic, time
slice
ICE-6G_C

SH(256), C,
RF, SG, OL,
UQ
SELEN4:

GPS, RSL,
ice extent &
thickness

+56 ± 27*

As for
iCE-6G_C

+81*

RSL, ice
extent &
thickness,

+55*

coupled model'

SH(256), UQ

SH(128), 1C,
RF, SG, OL
Own coupled
model:

SH(512), 1C,
SG, OL, xRF

present ice
sheet

IJ05_R2

15

AIS

ID
(65,0.2,4)

Own model

SH(256), 1C,
SG, OL, UQ

NAP_N14

16

nAPIS

ID (130,
0.0007,0.4,1
0)

Own model:
1995-present

SH(1195), C,
SG, xRF, xOL

ID (60,
0.00398,0.0
158,0.025)

Own model:
1900-present

SH(1195), C,
SG

ASE14G
(L60S186)

16

ASf-

Mass
change
(Gt/yr)
+68*

As for
ICE-6G_C
GPS

SH, C, RF, SG,
OL

dynamic, from
ensemble

g

Constraint
data‘

GPS, ice
extent &
thickness
GPS,

+55 ± 13*

+3*

altimetry &
DEM
difference
(ice model)
GPS,
altimetry

+19*

(ice model)

"Regional changes in mass associated with the GIA signal were determined from the model data.
^Regional changes in mass associated with the GIA signal were calculated as an indicative rate using spherical-harmonic degrees 3 to 90.
®Main publication^®'^® listed; supporting publications are provided in Supplementary Table 1.
®Model from main publication unless otherwise stated. Comma-separated values refer to properties of a radially varying (ID, one-dimensional) Earth model: the first value is lithosphere thickness
(km); other values reflect mantle viscosity (•■: 10^^ Pa s) for specific layers; see relevant publications for details.
=lce model covers at least the Last Glacial Maximum to present, unless otherwise indicated.
‘^GIA model details: SH, spherical harmonic (maximum degree indicated in parentheses): FE. finite element; C, compressible: 1C. incompressible: RF. rotational feedback: SG. self-gravitation: OL, ocean
loading: x. feature not included: UQ, uncertainty quantified.
«RSL. relative sea-level data: GPS rates were all corrected for the elastic response to contemporary ice mass change.
'Different to ICE-6G_C in Antarctica, owing to the use of BEDMAP2* topography in that region.
^Model relates to GIA in the northern Antarctic Peninsula (nAPIS) only.
"Mode! relates to GIA in the Amundsen Sea (AS) embayment only.
■Earth model from ref.
■Ice model from ref.
‘‘GIA model from ref.
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Extended Data Table 3 | Features of mass-balance datasets included in our assessment

dM/dt
dM/dt

Temporal
dM/dt range
Region

Technique

Span (years)

resolution

standard
error

(Gt/yr)

deviation
(Gt/yr)

(months)

(Gt/yr)
APIS

Gravimetry

2005 to 2015

Ito 12

-39 to -9

Ito 24

10

WAIS

Gravimetry

2005 to 2015

Ito 12

-177 to -114

Ito 30

16

EAIS

Gravimetry

2005 to 2015

Ito 12

+11 to +107

2 to 35

24

APIS

Altimetry

1992 to 2017

1 to 8.25

-29 to -3

2 to 17

12

WAIS

Altimetry

1992 to 2017

1 to 8.25

-97 to -25

4 to 39

27

EAIS

Altimetry

1992 to 2017

1 to 8.25

-11 to +136

10 to 52

54

APIS

Mass Budget

1992 to 2016

1

-120 to +20

30

35

WAIS

Mass Budget

1992 to 2016

1

-250 to +100

2

61

EAIS

Mass Budget

1992 to 2016

1

-200 to +200

65

95

Details shown include the maximum span, temporal sampling, amplitude, estimated error and standard deviation at each epoch.

(£) 2018 Macmillan Publishers Limited, part of Springer Nature, Ail rights reserved.
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-Extended Data Table 4 | Aggregated estimates of ice-sheet mass balance from satellite altimetry, gravimetry and the input-output method

Region

Altimetry mass

Gravimetry mass

Mass budget

Average mass

balance (Gt/yr)

balance (Gt/yr)

mass balance

balance (Gt/yr)

(Gt/yr)
EAIS

37 ±18

47 ±18

-35 ± 65

15 ±41

WAIS

-70 ±8

-101 ± 9

-115 ±43

-93 ± 26

APIS

-10 + 9

-23 ±5

-51 ± 24

-27 ± 15

AIS

-43 ± 21

-76 ± 20

-201± 82

-105 ± 51

In this comparison, the data were averaged over the period 2003-20i0. The arithmetic mean of each individual result is also shown for the given regions, along with the combined imbalance of the
AIS, calculated as the sum of estimates from the constituent regions.

2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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