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M Check for updates

Sea-level rise due toicelossin the Northern Hemisphere in response to insolation and
greenhouse gas forcing is thought to have caused grounding-line retreat of
marine-based sectors of the Antarctic Ice Sheet (AIS)' . Such interhemispheric

sea-level forcing may explain the synchronous evolution of global ice sheets over
ice-age cycles. Recent studies that indicate that the AIS experienced substantial
millennial-scale variability during and after the last deglaciation*” (roughly 20,000 to
9,000 years ago) provide further evidence of this sea-level forcing. However, global
sea-level change as aresult of mass loss fromice sheets is strongly nonuniform, owing
togravitational, deformational and Earth rotational effects®, suggesting that the
response of AIS grounding lines to Northern Hemisphere sea-level forcing is more
complicated than previously modelled*¢. Here, using an ice-sheet model coupled to
aglobal sea-level model, we show that AIS dynamics are amplified by Northern
Hemisphere sea-level forcing. As aresult of this interhemisphericinteraction, alarge
orrapid Northern Hemisphere sea-level forcing enhances grounding-line advance
and associated mass gain of the AIS during glaciation, and grounding-line retreat and
mass loss during deglaciation. Relative to models without these interactions, the
inclusion of Northern Hemisphere sea-level forcing in our model increases the volume
ofthe AIS during the Last Glacial Maximum (about 26,000 to 20,000 years ago),
triggers an earlier retreat of the grounding line and leads to millennial-scale variability
throughout the last deglaciation. These findings are consistent with geologic
reconstructions of the extent of the AIS during the Last Glacial Maximum and

subsequentice-sheet retreat, and with relative sea-level change in Antarctica

3-7910

There are several mechanisms to explain near-synchronousinterhemi-
spheric climate changes on orbital timescales despite opposite inso-
lation forcing™ "% However, synchronous changes in surface climate
cannot explain synchronous changes in the Northern Hemisphere
and Antarcticice sheets®?, because such changes would haveinduced
opposing ice-sheet surface-mass-balance responses, with warming
climate over the AlS leading to a more positive surface mass balance>.
Inthe absence of surface melting, mechanisms that affect the primary
controls on AlIS mass balance (basal melting of buttressing ice shelves
andicedischarge across grounding lines of marine-based sectors) are
therefore required for ice-sheet synchronization.

Studies have shown that an increase in subsurface warming from
changes in ocean circulation contributes to AIS deglaciation*>'*%,
Marine-based sectors of ice sheets are also vulnerable to sea-level
change at their grounding lines: A local fall in sea level may slow or
stabilize grounding-line retreat, or initiate or enhance grounding-line
advance, whereas arise in sealevel may slow grounding-line advance,
orinitiate or enhance grounding-line retreat's".

Previous work suggests that sea-level rise from deglaciation of North-
ernHemisphereice sheetstriggered theretreat of the grounding lines

of the AIS and thus synchronized ice-sheet variability globally*18,

Well-dated geologic records of AlS fluctuations support synchroni-
zation on orbital timescales®® and identify links between periods of
sea-level rise and millennial-scale AlS variability during the last degla-
ciation (20,000-9,000 years ago; 20-9 ka). For example, deep-sea
sediments from Scotia Sea’s Iceberg Alley record eight discrete epi-
sodes of increased flux of iceberg-rafted debris originating fromthe AIS
during the last deglaciation®*. Three of these AIS discharge (AID) events
occurred at the same time as well-documented periods of sea-levelrise,
suggesting a possible link: AID7 corresponds to the onset of deglacial
sea-levelrise about19.5-19 ka*>?°, AID6 corresponds to Meltwater Pulse
1A (MWP-1A) around 14.5ka?, and AID2 corresponds to an acceleration
of sea-level rise during the early Holocene, starting roughly 11.5 ka*,
Additional evidence for this dynamicice-sheet behaviour comes from
isotopicrecordsfromahorizontalice corein the Patriot Hills of the Wed-
dell SeaEmbayment®, which suggest that theice surface in that region
lowered by atleast 600 m during AID6 and around AID2. Finally, marine
records from the Ross Seaindicate a step-wise retreat of the grounding
line of the West Antarctic Ice Sheet, coincident with AID events 6 and 2
(ref.”). The iceberg-rafted debris record since AID1 (about 10.4-9 ka)
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suggests that there has been a substantial reduction in the amplitude
of iceberg-flux variability over the past 8 kyr** and global-mean sealevel
has experienced only decimetre-scale changes over the past 6 kyr?.
Current uncertainties in these far-field sea-level reconstructions and
in the age model for Antarctic iceberg-rafted debris cores* preclude

sea-level change associated with Northern Hemisphere ice melting,
but modelling can provide insights into the mechanisms that led to
these observed changes.

Here we investigate possible interhemispheric ice-sheet coupling
through sea-level change over the past 40,000 years and assess its effect
on the evolution and behaviour of the AIS. We model the evolution
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Fig.2| Timing of NorthernHemisphere
sea-levelforcinganditsinfluence on
Antarcticice volume changes. a, Prescribed
changesinNorthern Hemisphereice volume
from the ICESG? (solid black line), ICE6GC*
(dashed black line) and ANU* (solid cyan line)
ice histories. Two compositeice histories, in
whichicecoverover North Americaand
GreenlandinICE5G hasbeenreplaced by
GLAC1D® regionalice histories (blue solid and
dashedlines), are also shown. Blue vertical
bands indicate the timings of MWP-1A* and
MWP-1B%. b, Changes in Antarcticice volume
predictedinsimulations with fixed (red line) and
evolving (blue, cyanandblacklines; ice histories
asina)Northern Hemisphereice.Green vertical
bandsindicate periods during MWP-1A and the
early Holocene in the model simulations that
areexamined inthe textand other figures.
c,Iceberg-rafted-debris flux from sediment
coresinlcebergAlley* (Methods, Extended Data
Fig.9). Verticalred bandsindicate the timing of
AlID events1,2and 6; horizontal blue bands
indicate the extent of the LGMin the Weddell
Sea’.m.s.l.e.indicates metressea-level
equivalent.
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Fig.3|Enhanced Antarcticiceloss during MWP-1A and the early Holocene.
a, Rate of change of Antarcticice volume, including grounded and floating ice,
calculated asal00-year running mean, predicted from simulations including
(blackline) and excluding (red line) Northern Hemisphere ice-cover changes.
Theblackline and shading represent the mean and standard deviation of
predictions generated with the five ice histories described in the text.b-e,
ChangeinAntarcticice thickness during MWP-1A (14.5-13.5ka; b, ¢) and during
theearly Holocene, starting from the time of MWP-1B (11.5-9 ka; d, e). Panels b
and d are based on simulations thatinclude ice-mass flux from the Northern
Hemisphere from the ICE5Gice history. These simulations predict Antarcticice
loss equivalentto global-mean sea-level rise of 1.14 m and 1.95 m for MWP-1A (b)
and the early Holocene (d), respectively. Panels cand eare based on
simulationsin which Northern Hemisphere ice sheets remain fixed throughout
thesimulation. The grey-blue and black lines indicate the grounding-line
positionatthestartand end of the timeinterval, respectively.

of the AIS and global sea-level changes using the Pennsylvania State
University three-dimensionalice-sheet model coupled to agravitation-
ally self-consistent global sea-level model that includes viscoelastic
deformation of the solid Earth, rotational feedbacks and migrating
shorelines® (see Methods).

Deglacial sea-level change in Antarctica

Figurelashowsicelosssince21kafromtheAlS, as calculatedinacoupled
ice-sheet-sea-level model simulation, and from Northern Hemisphere
ice sheets, derived from the ICESG ice history?. The AIS simulation is
based on parametersidentified in alarge ensemble analysis as best fit-
ting arange of palaeco and modern data constraints?, and is character-
ized by aglobal-mean sea-level-equivalent mass loss of 5m from the AIS,
with 107 m from the Northern Hemisphere in ICESG (see Methods and
Extended Data Fig.1for results of simulations with alarger AIS contribu-
tion to global-mean sea level). Peak sea-level fall is predicted to reach
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150 min previously glaciated regions in Antarctica, while the bedrock
deepensin the interior of Antarctica and sea level rises by 150 min the
surrounding ocean (Fig. 1b). Mass loss from Northern Hemisphere ice
sheets contributes asea-level rise thatincreases from 80 min East Ant-
arcticato130 min West Antarctica (Fig.1c), inagreement with previous
work?. This sea-level gradient is driven by a shift of the Earth’s rotation
axis towards North Americain the Northern Hemisphere, where most
iceis being lost (Fig. 1a), and towards East Antarctica in the Southern
Hemisphere, driving lower-than-average sea-levelrise in these regions
and higher-than-average sea-level rise in the opposing quadrants of the
Earth’ssurface (whichinclude West Antarcticaand Eurasia). By contrast,
mass loss fromthe AIS drives asea-level fall of up to 300 min previously
glaciated regions of Antarctica, owing to gravitationally driven lower-
ing of the sea surface and viscoelastic uplift of the solid Earth under the
areasoficemass loss (Fig.1d). The sea-level fall associated with local AIS
loss thus dominates the total Antarctic signal in these areas. However,
sea-level rise due to the much larger Northern Hemisphere ice-mass
loss substantially decreases the geographic spread and magnitude
of sea-level fall at Antarctic grounding lines over the last deglaciation
(compareFigs.1bandd).

AlS response to Northern Hemisphere sea-level forcing

We quantify how sea-level changes associated with Northern Hemi-
sphereice-sheet variations (Figs. 1c, 2a) influenced the dynamics of the
AlSleading up to the Last Glacial Maximum (LGM; around 26-20 ka®)
and during the last deglaciation. We compare AIS mass changes pre-
dicted from: (1) model simulations that include the evolution of the
NorthernHemisphereice sheets prescribed from five ice-history recon-
structions??*~3; and (2) asimulationin which the Northern Hemisphere
ice sheets remain fixed in their initial configuration at 40 ka and do
not contribute to sea-level changes in Antarctica over the simulation
(Fig.2b, Extended DataFig. 8, Methods). In the simulations, Northern
Hemisphere ice growth leading up to the LGM contributes a sea-level
fallbeginning around 30 ka (Fig. 2a), which drives additional AIS growth
at about 28 ka (Fig. 2b). This growth occurs primarily in the Antarctic
Peninsulaand Weddell Searegions (Extended Data Figs. 2¢c, 3,at 20 ka;
Extended DataFig. 4), and is consistent with evidence for whenice
reached its LGM extent in these regions’.

Duringthelast deglaciation, sea-level rise from Northern Hemisphere
ice-sheet retreat (Fig. 2a) greatly enhances the magnitude and rate of
AlS massloss since15ka (Fig. 2b, Extended Data Figs. 2, 3). By contrast,
the simulation with no Northern Hemisphere sea-level forcingis char-
acterized by net AIS growth over much of the same period (Fig. 2b). In
particular, with fixed Northern Hemisphere ice, extensive grounded ice
remainsinthe Weddell Seaand, to alesser extent, the Ross Searegions
until the present day (Extended Data Figs. 2, 3), whereas including a
Northern Hemisphere sea-level forcing causes these regions to com-
pletely deglaciate, reachingamodern Antarcticice volume close to the
observed volume (2.69 x 107 km?; ref. *2). Differences in AIS evolution
are greatest in the Weddell Sea region (Extended Data Fig. 4), where
the largest sea-level forcing is predicted from Northern Hemisphere
ice-mass loss (Fig. 1c). We have highlighted the sensitivity of the ice
sheet to this geographic variability in Extended Data Fig. 7.

MWP-1A and early Holocene ice loss

Our simulations suggest that an increase in AIS mass loss since
15ka, driven by Northern Hemisphere sea-level forcing, contributed
to MWP-1A (around 14.5 ka) and support an Antarctic source for
early-Holocene acceleration in sea-level rise® (Fig. 2). Specifically,
the AIS simulations thatinclude aNorthern Hemisphere sea-level forc-
ing during the deglaciation show distinct corresponding periods of
rapid mass loss (Figs. 2b, 3a) during and after these two episodes of
rapid sea-level rise. This behaviour may therefore explain the large



12 ka

() sseusoIyy 89

Ice shelf

B Site S
B Site 1

1

Fig.4|Agreementofpredicted sea-level andice-cover changes with
geological recordsinthe Ross Seasector. a, Predicted Antarcticice coverin
the simulation thatincludes Northern Hemisphereice from ICESG? at
snapshotsintimeasthe RossSearegion deglaciates. b, Predicted ice thickness
(leftaxis) above the present-day thickness atsite S (red squaresina) and site1
(bluesquaresin a; ref. *), for simulations inwhich Northern Hemisphere ice
coverisevolvingaccording to ICE5G? or ANU*®ice histories (black and cyan
lines for site S, solid blue line for site 1) or fixed (red line for site S, dashed blue
line forsite1). Error bars show cosmogenic exposure age datawith 20

increases iniceberg-rafted-debris flux in Iceberg Alley (AID events 6,
2 and 1; ref. *; Fig. 2c) and mass loss from the Weddell Sea® and Ross
Sea’ regions at these times. Alternative physical processes (such as
ocean and atmospheric forcing) must be sought to explain the other
AlS discharge events during the last deglaciation®.

Inthe case of MWP-1A, the AIS experiences more extensive mass loss
(Figs. 2b, 3a, Extended Data Fig. 5) in the simulations in which North-
ernHemisphere ice sheets evolve thanin the simulationin which they
are fixed and AIS mass loss is driven only by climate forcing on the ice
sheet™ (Fig.3a-c). The net volume of ice lostin the latter simulation over
this period is 2.5-3 times less than predicted in the former across the
range of evolving Northern Hemisphereice histories we consider.Inthe
case of the early Holocene, including Northern Hemisphere sea-level
forcing increases the rate of AIS mass loss by up to a factor of about
4, starting around 11.5 ka (Fig. 3a)—the time of MWP-1B suggested by
the far-field Barbados sea-level record® and AID2 (ref. #). This mass
loss continues throughout AID1 until 9.5-9 ka (Figs. 2, 3, Extended
data Fig. 5), with substantial grounding-line retreat in the Ross Sea
and Weddell Sea regions (compare Fig. 3d and Fig. 3e). The amplified
AlS response during the early Holocene occurs regardless of whether
thereis an acceleration in Northern Hemisphere ice loss during that
time (compare Extended Data Fig. 5a with ICESG” and Extended Data
Fig. 5b, cwithICE6G* and ANU*). Itis also consistent with the hypoth-
esis of a substantial or dominant Antarctic source for acceleration in
global-mean sea-level rise®** during this period (Extended DataFig. 6).

We have confirmed that the general behaviour evident in Figs. 2
and 3 holds for coupled model simulations using arange of Earth and
ice-model parameters (Extended Data Figs. 1, 8). The largest difference
is found in simulations with less basal sliding. These simulations result
inalarger LGMice sheet (Extended Data Fig. 1), with AIS growthinthe

Ice thickness above present-day (km)

Sea-level change (m)

i Site 1, cosmogenic data —— Site S, ICE5G
—— Site 1, ICE5G Site S, ANU
— - Site 1, fixed Northern Hemisphere ice —— Site S, fixed Northern Hemisphere ice
1.0 T T T T T T T
AlD2
08 ~10.25 ;:_<,
@8~
4020 & g
0.6 50
0.15 s
w2
0.4 o8
4010 g &
Qo
| 8
02 = |\ {005 ~
— \
N e H
0 i I 1 L I ‘-L 1 \ DT el
T T T T T T T T T
200 B
— — Site S, ICE5G,
global-mean
150 | Site S, ANU,
global-mean
100
50
0F=
_50 | | 1 | 1 | 1 | L
20 18 16 14 12 10 8 6 4 2 0
Time (ka)

uncertainty fromref.* atsite 1. The grey time series is the recorded flux of
Antarcticiceberg-rafted debris from Fig. 2c (right axis); red vertical bands
indicate AID events1and 2. ¢, Predictions of relative sea-level change at site S
forevolving (solid black and cyanlines) and fixed (solid red line) Northern
Hemisphereice cover. Dashed black and cyan linesindicate the contribution to
global-mean sea-level change from Northern Hemisphere ice-cover prescribed
inICESG¥ and ANU*®ice histories, respectively. Black markers with 2cerror
bars show two-way (circles) or lower-bound (triangles) relative sea-level
constraints’.

first half of the simulations being less sensitive to Northern Hemisphere
icegrowth and the associated sea-level fall than simulations with more
basalsliding. The concordance between the two simulations with less
basal sliding is probably because the AIS margin nearly reaches its
maximum possible extent at the continental shelf edge in both cases.

Comparisonto geologicrecords

We next consider local ice-sheet and sea-level changesin the Ross Sea
region where there are reconstructions of relative sea level>** (Southern
Scott Coast; site S in Fig. 4a), grounding-line migration’ and changes
inice-surface elevation (site 1in Fig. 4; other sites in the Ross Sea and
Weddell Sea regions are shown in Extended Data Figs. 10, 11)* that
provide atest of the local response to Northern Hemisphere sea-level
forcing. When this forcing is included, deglaciation of the region is
predicted to begin in the early Holocene (Fig. 4a), with regional ice
thinning occurring from11kato 8 ka (blue, black and cyan curves show
thinningatsites Sand 1in Fig.4b). This model resultis consistent with
observations of ice-surface lowering atsite 1 (ref. *; Fig. 4b, error bars;
nearby sites 3-5, which are just outside the region of substantial ice thin-
ning, are discussed in Extended Data Fig. 11), a grounding-line retreat
of atleast200 kmin the Ross Sea’ and a peak iceberg-rafted-debris flux
during AID events 2 and 1 (ref. *). By contrast, this retreat takes place
from10kato 6 ka at sites Sand1when Northern Hemisphere sea-level
forcingis notincludedinthe simulation (Fig.4b), whichisinconsistent
with a relatively low observed iceberg-rafted-debris flux since about
8.5ka* (Fig. 4b, grey line).

AtsiteS, local sea-level change during the deglacial phase isinitially
dominated by Northern-Hemisphere-driven sea-level rise. However,
as local ice loss begins (about 11 ka), the associated gravitational and
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deformational effects dominate the local sea-level change (Fig. 4c).
When the Northern-Hemisphere-driven sea-level forcing is excluded
(Fig.4c), relative sea-levelfallis predicted to begin later (around 9 ka),
coincident withlocaliceloss for this simulation (Fig.4b); thereis almost
nochangeinrelative sealevel before10 ka. The oldest relative sea-level
indicators from this area (about 6.5 ka; Fig. 4c) are more consistent with
the lower relative sea level predicted by the simulations that include
Northern Hemisphere sea-level forcing. However, older indicators are
neededto clearly corroborate this, especially given the uncertaintyin
thelocal viscoelastic structure of the Earth in this region.

Summary

We conclude that geographically variable sea-level changes around
Antarctica, driven by Northern Hemisphere ice-sheet changes, strongly
modulated the growth and decay of the AIS. Northern Hemisphereice
growthleading up tothe LGM causes local sea-level falland further AIS
growthinour simulations, yielding a higher peak AIS volume at the LGM
than without this forcing. Conversely, in our model, Northern Hemi-
sphereiceloss during the last deglaciation produces asea-level rise of
80-130 min Antarctica, which drives earlier, greater and more rapid AIS
retreat thatisinbetter agreement with geologic evidence than predic-
tions that omit this forcing. The simulationsindicate that the Weddell
Searegion of the AISwas subject to the largest sea-level changes driven
by Northern Hemisphereice changes, suggesting thatice-mass changes
inthisregion were particularly sensitive to this far-field sea-level forc-
ing. Finally, simulations with Northern Hemisphere sea-level forcing
predict increases in AIS mass flux during MWP-1A and the early Holo-
cene, consistent with multiple lines of geologic evidence for AIS mass
loss at these times.
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Methods

Coupledice-sheet-sea-level modelling

The evolution of the AIS and global sea-level changes were modelled
using the coupledice-sheet-sea-level model developed and described
in detail in ref.  and applied in refs. ¢, The model consists of the
Pennsylvania State University (PSU) 3D ice-sheet model®” coupled to
agravitationally self-consistent global sea-level model that includes
viscoelastic deformation of the solid Earth, rotational feedbacks onto
sea level and migrating shorelines®®,

PSU 3D is afinite-difference, ice-sheet-ice-shelf model that adopts
hybrid combinations of the scaled shallow-ice and shallow-shelf equa-
tions***to treatice dynamics, and includes grounding-line migration
through a parameterization of flux across the grounding line”. This
grounding-line treatment performs reasonably well in comparison
with higher-order ice-sheet models** and facilitates the computational
feasibility of glacial-interglacial timescale simulations. Basal sliding
inthe modelis treated with a standard Weertman-type sliding law and
basal sliding coefficients are determined through inverse fitting to
ice thickness under regions with modern grounded ice*. In modern
oceanic regions, where basal sliding is relatively unconstrained, the
coefficientis set to10~°myrPa~2insimulations presented in the main
text and to 10" m yr™ Pa in additional simulations summarized in
Extended Data Fig. 1, representing the range identified® to best fita
suite of palaeo ice-sheet and sea-level constraints. Alternative basal
sliding laws have been proposed***, but model treatments remain
unverified by observations and should be explored further in future
work. Other ice model parameters such as the calving coefficient and
ocean melt factor are similarly set to best-fitting values identified in
refs. *?%, Here and in these references, atmospheric climate forcing
was applied by perturbing modern climatology (ALBMAP*¢) to mimic
past conditions according to adeep-sea §'®0 stack”. Sub-ice-shelf melt
rates are determined through a parameterization that depends on
subsurface oceanic temperatures fromref. *, with sensitivity inferred
from the aforementioned large ensemble model-data comparisons?®.
We note that the best-fitting simulations in these studies produce a
relatively small contribution from Antarcticato sealevel over the last
deglaciation. We therefore explore simulations with a larger excess
ice volume at the LGM and greater ice loss through the deglaciation
in Extended Data Fig. 1.

Northern Hemisphere (NH) ice-cover variations were prescribed in
the global sea-level model using five different ice histories: three global
ice histories (ICESG¥,ICE6GC* and the ANU model*®) and two histories
with GLACID reconstructions® over North Americaand Greenland and
ICE5G elsewhere. These ice-history reconstructions are widely used,
cover thewhole time period under consideration and are constrained
by glacial isostatic adjustment modelling and a suite of sea-level and
ice-cover records.

The elastic and density structure of the solid Earth in the sea-level
model are prescribed from the preliminary reference Earth model
(PREM)*. Two different models of the viscosity structure of the Earth’s
mantleare adopted in the simulations. Figs.1-4 show results using the
‘LVZ’ model, which is representative of structure beneath the West
Antarctic. This model is characterized by a 50-km-thick lithosphere,
alow-viscosity zone of 10 Pa s extending from the base of the litho-
spheretoadepth of200 km, and aviscosity of 2x10?° Pas in the upper
mantle and 3 x10* Pasin the lower mantle. The LVZ model was adopted
inrefs. 3¢, Additional simulations in Extended Data Fig.1adopt a vis-
cosity structure that falls within a range of models that best fit a suite
of global observations related to glacial isostatic adjustment®**°, The
model, labelled ‘HV’, is characterized by a lithospheric thickness of
120 km and upper and lower mantle viscosities of 5 x 10%° Pa s and
5x10? Pas, respectively.

Theice-sheet modelis runonapolar stereographic projection with
a20-kmgrid resolution, while sea-level calculations are performed up

tospherical harmonicdegree 512. To couple the models, theice-sheet
modelfirst computes changesin Antarcticice thickness over a200-year
‘coupling interval’ (sensitivity tests described in ref.?® show that this
choiceissufficiently short forice-age simulations). These AIS changes
are then combined with NH ice cover—which is either fixed at its con-
figuration at40 ka throughout the run for ‘fixed NH ice’ simulations or
evolves according to the chosen ice history in ‘evolving NH ice’ simu-
lations (Extended Data Fig. 8)—over this interval. The combination is
then used as input to the sea-level model to compute the associated
global changes in sea level. The predicted changes in sea level, which
are equivalent to the negative of changes in topography or bedrock
elevation, are passed back to the ice-sheet model and used to update
bedrock topographyin Antarctica. Theice-sheet model then proceeds
forward across another couplinginterval and the processrepeats over
the full 40-kyr simulation. Initial conditions of the ice sheet at 40 ka
are provided by a longer, full-glacial-cycle run of the ice-sheet model,
alongwithbedrock deformation givenby asimpler, elastic-lithosphere
relaxed-asthenosphere (ELRA) model®. Global topography and bed-
rock elevation in Antarctica at the start of the simulation (40 ka) are
initiallyunknown. They are determined through aniterative procedure,
whereby the predicted moderntopography at the end of a40-kyr simu-
lation is compared to observed topography (ETOPO2% globally and
Bedmap2*2in Antarctica), and the difference between the two is used
to correcttheinitial topography at40 kain the nextiteration. The pro-
cessis repeated four times, which guarantees sufficient convergence
of predicted and observed modern topography.

Iceberg Alley sites and iceberg-rafted debris (IBRD) record
Sample-based investigations have concentrated on deep-sea cores
retrieved in the Scotia Sea’s Iceberg Alley during Marion Dufresne Il
cruise160 in March 2007. Sites MD07-3133 (57°26'S,43°27'W; 3,101m
water depth;32.8 mlong) and MD07-3134 (59°25’S,41° 28’ W; 3,663 m
water depth; 58.2 m long) originate from the northern end of Dove
Basin and Pirie Bank, respectively.

The age models of sites MD07-3133 and MD07-3134 are based on
distinct dust-climate couplings between Southern Ocean sediment
and the Antarctic EPICA Dronning Maud Land (EDML) ice core®* on the
EDML1age model**. The EDMLI1 age model appears more consistent
with local ash-layer correlations than the later AICC 2012 age model,
which relies on interhemispheric methane correlation®*%, Compari-
son between age models (Extended Data Fig. 9c) shows older ages for
the AICC 2012 age scale. Differences are minimal for the mid to late
Holocene. At the time of MWP-1B, the difference is roughly 150 years,
whereasitis 350 years during MWP-1A and about 500 years at the LGM.
This means that for AIS discharge (AID) event 2 the shift is very small
and the event aligns well with MWP-1B regardless of the age model.
AID event 6 would extend from about 14.3 kato15.2 kain AICC 2012, a
range thatstillencompasses MWP-1A (14.65-14.3 ka), especially within
the uncertainties of the ice-core age models, which increase from afew
centuries for the time of MWP-1B up to a millennium for the LGM>>*®,
Therefore, the correlations we make here and the conclusions we draw
hold regardless of the age model applied.

Magnetic susceptibility and Ca and Fe records measured through
X-ray fluorescence can be used to study coherent and synchronous
changes in dust deposition across much of the Southern Ocean and
the AIS across the last deglaciation*, and on longer, glacial-inter-
glacial timescales®”*8, IBRD counting was conducted every 1cmon
X-radiographs taken from 1-cm-thick slices cut out from the centre of
each core segment and exposed to an X-ray system. The transitions
from low to high and high to low IBRD contents form the basis of our
AID event classification. The counting interval of 1 cm translates to
8-17-yearresolution for AID events1-7, depending on the time interval
and core. The IBRD data presented here correspond to a stack of sites
MDO07-3133 and MD07-3134, to obtain a regional rather thanlocal record
for20-0Kka. This stack iscombined with previous data for the periods
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27-7 ka* and 8-0 ka®*. This new IBRD stack, the EDML1 and AICC 2012
age models and uncertainty calculations are shown in Extended Data
Fig. 9. Three tables containing the IBRD data on both age scales, the
age-scaletie pointsand the uncertainty calculations are available from
the PANGAEA data server (see ‘Data availability’).

Comparison to cosmogenic exposure age data

InFig. 4 and Extended Data Figs. 10,11, we compare modelled ice-loss
history inthe Ross Sea and Weddell Sea regions to records of ice thin-
ning from cosmogenic exposure age data® (also discussed in ref. *°).
Records at site 1in the Ross Sea (Fig. 4) and at sites 11-15 in the Wed-
dell Sea region (Extended Data Fig. 10) are consistent with the ear-
lier deglaciation predicted in simulations that include a NH sea-level
forcing. While exposure age data at sites 3-5 (Extended Data Fig. 11a)
appear to be more consistent with a later deglaciation, these sites
are just outside the region of substantial ice loss in the simulation
(Extended Data Fig. 11d, e). The sites are geographically close to site
S, but they exhibit substantially less thinning than the rest of the Ross
Searegion (compareiceloss atred and blue squares in Extended Data
Fig.11e). On the other hand, thinning rates and timing at sites1and S
are comparable (Extended Data Fig. 11, Fig. 4b), and more representa-
tive of regional-scaleiceloss that occursinthe model during the main
part of the deglaciation. Taken into consideration with the Ross Sea
grounding-line record’, it is possible that major deglaciation ends in this
sector of the Ross Seaby around 8 ka, and the thinning rates observed
at sites 3-5 indicate smaller-magnitude, late-Holocene ice changes.
Higher-resolutionice-sheet modelling would be needed toinvestigate
this issue further, which is infeasible in the long-timescale coupled
model simulations described here.

Data availability

The datasets generated for this publication are available in the PAN-
GAEA database (https://doi.org/10.1594/PANGAEA.919498) and as
source data for Extended Data Fig. 9. The modelling results are avail-
ableinthe OSF database (https://osf.io/g5ur2/?view_only=8acbfle38c
184d9c8f09811c8bbef036). Source data are provided with this paper.

Code availability
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Extended DataFig.1|Sensitivity of results toice and Earth model
parameters. a, Changesin Antarcticice volume predicted in simulations with
evolving (solid lines) and fixed (dashed lines) Northern Hemisphere ice mass,
and adopting the LVZ Earth model (Methods). Blue lines areidentical to thosein
Fig.2b, corresponding to abasalssliding coefficientof 5=10°myr™*Pa? red
lines correspond to abasalssliding coefficient of 5=10"°myr™Pa. The black

dottedline shows changesin Northern Hemisphere ice volume (right axis; in
metres of global-mean sealevel (gmsl) equivalent) prescribedin the ICESG? ice
history.b, Asina, butadopting the HV Earth model (Methods). Blue (a) and red
(b) vertical bands represent the timing of MWP and AID events, asin Fig. 2a, c,
respectively.
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Extended DataFig. 3 |Influence of NorthernHemisphere sea-level forcing
onAntarcticice cover during the deglaciation. The colourscaleindicates
thedifferenceinthe thickness (in metres) of groundedice, at the indicated
times, between simulations thatinclude variationsin the Northern Hemisphere
icesheets fromICE5G¥ ice history and inwhichice coverinthe

500
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200

100

NorthernHemisphere remains fixed throughout the simulation. Differences
aredisplayed asinFig.3c, butevery 1kyr for the past19 kyr. Green and black

linesrepresent the positions of the grounding lines with and without the
NorthernHemisphere sea-level forcingincluded, respectively.
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themodernocean. Notethataandbarenotdirectly proportional because as
the bedrock topography in Antarcticaevolves the volume of ice above
floatationin marine sectors also changes. Blue (a) and red (b) vertical bands
represent the timing of MWP and AID events, as in Fig. 2a, ¢, respectively.
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Extended DataFig.9|Age model comparisonand uncertainty for IBRD and was combined with previous data for 27-7 ka*and 8-0 ka**. Vertical brown
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Extended DataFig.10 | Comparison of predicted and observed
ice-thickness changesinthe Weddell Searegion. a, b, Predicted (lines) and
observed (error bars) ice thickness (in metres) above the modern thickness at
sites 11-13 (a) and 14,15 (b) from ref. *. Predictions are from simulationsin
which Northern Hemisphereice cover is evolving according to ICESG¥ (black

lines) or is fixed (blue lines). Error bars show cosmogenic exposure age data
with 2o uncertainty fromref.. ¢, Map of predictedice thicknessat12ka, in the
simulation with ICESG?. The locations of the relevant sites in the Weddell Sea
and Ross Sea (see Extended Data Fig.11) regions are indicated. See Methods for
further discussion of these results.
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lines) oris fixed (dashed lines). Observations are cosmogenic exposure age
datafromref.*. Red vertical bands represent the timing of AID events1and 2,
asinFig.2c.b,Map of predictedice thickness12kain the Ross Sea, inthe
simulation with evolving Northern Hemisphere ice. c-e, The differenceinice
thickness between12ka (b) and 11ka (c), 10 ka (d) and 9 ka (e). See Methods for
further discussion of these results.
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