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a multi-millennial environmental perturbation, the steady-state area
of fringing ice shelves, and the long-term ice-sheet contribution to
GMSL (Fig. 2b). Specifically, we observe a sharp decline in near-equi-
librium ice-shelf extent when atmospheric and oceanic temperatures
are maintained 1.2 uC and 0.3 uC respectively above present. Almost
all floating ice is lost if equilibrium air and ocean temperatures
increase by more than 2 uC and 0.5 uC above present, respectively.
These ice shelf ‘thresholds’ (defined here as an abrupt reduction in
area to 50% of present) also occur during centennial-scale adjustment
of the ice sheet to new equilibria, but happen at different temperatures
(Fig. 2b). We infer therefore that short-lived (decadal-scale) envir-
onmental perturbations may mimic the longer-term responses if the
former are of a large enough magnitude.

To isolate the causes of lags in the simulated ice-sheet/ice-shelf
system and identify mechanisms by which the system responds to

atmospheric and oceanic forcings, we ran 32 sensitivity experiments
(using the full grounding-line scheme) that isolated changes in air
temperature, precipitation and sea surface temperature (DTair, DPeff

and DSST) and simplified the time-varying RCP forcings (Fig. 3a, b).
Each simplified forcing experiment comprised a perturbation-free
interval from 0–2000 CE and a linear increase in Tair, Peff or SST from
2000 CE to either 2100 CE or 2300 CE, after which the forcing was main-
tained unchanged for the remainder of the run (up to 5000 CE). This
simplification was designed to clearly identify modelled ice-sheet res-
ponse to each applied forcing.

Figure 3 illustrates the response of the modelled ice sheet when
forced with each of the three environmental forcings (DTair, DPeff

and DSST) in isolation, and when all three are combined, under the
warmest of the simplified RCP scenarios (RCP 8.5) and using the
full grounding-line scheme. Figure 3c and d shows that the timing of
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Figure 1 | Modelled ice-sheet evolution under Antarctic-specific RCP-
based warming scenarios. Emissions-forced climate warming to 2100 CE

(a, d, g, j) and 2300 CE (b, e, h, k) results in initial sea-level contributions from
Antarctica that are only a small proportion of the total sea-level commitment
by 5000 CE (c, f, i, l). Magnitudes and rates of sea-level contributions are
shown for each panel. Leading values and those in parentheses relate to ‘low’
and ‘high’ scenarios respectively. Ice extent for ‘low’ simulations is shown in

white; blue lines show grounding-line locations for ‘high’ simulations. Pale
blue shading shows grounded ice lost in ‘high’ simulations but present in the
‘low’ scenario. Note the increasing divergence between ‘high’ and ‘low’ beyond
2300 CE. Grey texturing indicates areas of relatively faster-flowing ice. WAIS,
West Antarctic Ice Sheet; EAIS, East Antarctic Ice Sheet; FRIS, Filchner–Ronne
Ice Shelf.
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Sheet vulnerable to 
subsurface warming 
with major implications 
for the future 
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Masson-Delmotte et al., 2010). Accompanying these changes,
recent estimates of sea level corrected for changes in gravity,
solid Earth deformation and other effects have suggested the
LIG was 6.6–9.4m higher than today, rising some 6–9mm a!1

(Kopp et al., 2009) – at least double the current global average.
To better understand the mechanisms and sensitivity of the
Earth system to radiative forcing, it is critical that a better
constrained temperature estimate is obtained for this period.
Here we provide global and regional estimates of tempera-

ture during the LIG and present evidence that the Agulhas
Current increased global warming through the enhanced
delivery of warm, salty water into the Atlantic Ocean,
intensifying AMOC and partially decoupling the climate
system from the carbon cycle.

Methods

Although numerous qualitative reconstructions of the LIG have
been reported (Trauth et al., 2003; Sirocko et al., 2005; Brook
et al., 2006; Kieniewicz and Smith, 2007; Van Nieuwenhove
et al., 2008), the magnitude of inferred changes around the
globe is problematic to interpret. As an alternative strategy, we
have compiled a global dataset comprising 263 published ice,
marine and terrestrial sequences spanning the LIG that also
contain a quantified estimate of annual temperature. Data
were obtained from individual site reports, supplemented by
records archived by the NOAA Paleoclimatology Program
(www.ngdc.noaa.gov/paleo/paleo.html) and Pangaea database
(www.pangaea.de) (see online supporting information for site
locations and sources). Because of dating uncertainties over
this period, sea surface (obtained using a combination of
Sr–Ca, Uk0

37, Mg–Ca, diatom and radiolarian transfer functions)
and ice core (using d18O) temperature estimates were taken
across the isotopic plateau associated with the LIG; terrestrial
temperature estimates (based on pollen, macrofossil and
Coleoptera) were developed over the period of maximum
warmth and assumed to be broadly synchronous with the ocean

and ice d18O plateau. Where uncertainties were not reported for
individual marine temperature reconstructions, conservative
estimates were assumed (see online supporting information)
(Barrows et al., 2007). To develop a robust comparison to today,
mean annual terrestrial temperatures for each palaeosite location
were taken from the AD 1961–1990 estimate from the nearest
0.58" 0.58 grid cell (www.cru.uea.ac.uk/cru/data/hrg.htm; New
et al., 1999); contemporary ocean records were obtained
over the same period from the nearest 28" 28 grid cells
(www.esrl.noaa.gov/psd/data/gridded/; Smith and Reynolds,
1998). Differences between the LIG and today were averaged
within gridded boxes 458 latitude by 308 longitude, followed by
zonal, hemispheric and global averaging.

Results and Discussion

Importantly, the different proxies used in this study all have
limitations and/or potential biases (Jones and Mann, 2004). To
minimise these, we have only utilised records that report
annual averages, havemore than four data points across the LIG
and used conservative estimates of the uncertainties where
none were reported. Furthermore, due to the inherent problems
with dating LIG sequences, we averaged the temperature
estimates across the isotopic plateau in the marine and ice
records (though this resulted in removing the very earliest high
Antarctic temperatures from our reconstruction) and the period
of maximum warmth in terrestrial sequences, to provide a first-
order estimate of the global climate at this time.

Our results suggest the world was 1.5# 0.18C warmer than
the period AD 1961–1990 (Fig. 1). Although the uncertainty of
this reconstruction almost certainly does not capture all the bias
in our dataset (including the poor spatial coverage in some parts
of the world), this analysis implies global temperatures were
$1.98C higher than pre-industrial levels (Smith and Reynolds,
2005). The available data also indicate there was a strong
latitudinal temperature gradient, with greater warming at high
latitudes (>608) relative to tropical regions (0–308) (most
probably related to ice albedo sensitivity) and imply a reduced
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Figure 1 Temperature anomalies (relative to AD 1961–1990) in 263 Last Interglacial ice, marine and terrestrial sequences. The location of
the Antarctic Circumpolar Current (ACC) and the Agulhas Current are shown. Sites suggesting local early warming are shown with bold circles. This
figure is available in colour online at www.interscience.wiley.com/journals/jqs
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• Drains some 22% of Antarctica

• Ronne-Filchner Ice Shelf buttressing 
both WAIS and EAIS

LETTER
doi:10.1038/nature11064

Twenty-first-century warming of a large Antarctic
ice-shelf cavity by a redirected coastal current
Hartmut H. Hellmer1, Frank Kauker1,2, Ralph Timmermann1, Jürgen Determann1 & Jamie Rae3

The Antarctic ice sheet loses mass at its fringes bordering the
Southern Ocean. At this boundary, warm circumpolar water can
override the continental slope front, reaching the grounding line1,2

through submarine glacial troughs and causing high rates of
melting at the deep ice-shelf bases3,4. The interplay between ocean
currents and continental bathymetry is therefore likely to influence
future rates of ice-mass loss. Here we show that a redirection of the
coastal current into the Filchner Trough and underneath the
Filchner–Ronne Ice Shelf during the second half of the twenty-first
century would lead to increased movement of warm waters into the
deep southern ice-shelf cavity. Water temperatures in the cavity
would increase by more than 2 degrees Celsius and boost average
basal melting from 0.2 metres, or 82 billion tonnes, per year to
almost 4 metres, or 1,600 billion tonnes, per year. Our results,
which are based on the output of a coupled ice–ocean model forced
by a range of atmospheric outputs from the HadCM35 climate
model, suggest that the changes would be caused primarily by an
increase in ocean surface stress in the southeastern Weddell Sea
due to thinning of the formerly consolidated sea-ice cover. The
projected ice loss at the base of the Filchner–Ronne Ice Shelf repre-
sents 80 per cent of the present Antarctic surface mass balance6.
Thus, the quantification of basal mass loss under changing climate
conditions is important for projections regarding the dynamics of
Antarctic ice streams and ice shelves, and global sea level rise.

The Weddell Sea (Fig. 1) is dominated by a cyclonic gyre circulation
that allows Circumpolar Deep Water to enter only from the east7.
Within the southern branch of the gyre, the water mass can be iden-
tified as the Weddell Sea’s temperature maximum at a depth of
,300 m. The temperature decreases from 0.9 uC at the Greenwich
meridian7 to 0.6 uC off the tip of the Antarctic Peninsula8. Only traces
of the relatively warm water penetrate the broad southern continental
shelf9, reaching the Filchner–Ronne Ice Shelf front with a temperature
of 21.5 uC (ref. 10). However, no indications exist that this water mass
advances far into the ice-shelf cavity11. Instead, locally formed high-
salinity shelf water at the surface freezing temperature (about
21.89 uC) fuels a sub-ice-shelf circulation that brings the heat to the
deep southern grounding line, where the base of the ice shelf touches
the ground. High-salinity shelf water is the densest water mass in the
Weddell Sea, and is formed by brine rejection during sea-ice formation
on a southward-sloping continental shelf. The need for a dense water
mass to transport heat to the grounding line was used as an argument
for the Filchner–Ronne Ice Shelf to be protected in a warmer climate12.
This hypothesis assumes that rising atmospheric temperatures reduce
sea-ice formation and, thus, the densification of the shelf water masses.
This view considers solely the formation of dense continental shelf
water masses in a warmer climate, but less-consolidated sea-ice cover
might also influence the Weddell Sea circulation, including the course
of the coastal current.

The marine-based West Antarctic Ice Sheet has the potential to
contribute 3.3 m to the global eustatic sea-level rise13. Its ice shelves
fringing the Amundsen Sea are exposed today to Circumpolar Deep
Water with temperatures of more than 1 uC. This water mass cascades

nearly undiluted from the continental shelf break into ,1,000-m-deep
trenches underlying the floating extensions of ice streams that drain
the West Antarctic Ice Sheet14. Some ice streams from this ice sheet
also feed the 449,000-km2 Filchner–Ronne Ice Shelf (Fig. 1), forming
the southern coast of the Weddell Sea. These ice streams pass over
mountain ranges and thus would not face an increase in basal melting
as the grounding line retreats. However, major ice streams entering the
Filchner–Ronne Ice Shelf discharge large catchment basins of the East
Antarctic Ice Sheet15. Once afloat, this ice interacts with the waters of
the Weddell Sea.

We forced the Bremerhaven Regional Ice–Ocean Simulations
(BRIOS) model16 with the atmospheric output of two versions of the
HadCM3 climate model (Table 1). Whereas HadCM3-A is the base-
line simulation used in perturbed physics ensembles17, HadCM3-B is a
model configuration with an interactive carbon cycle and vegetation,
and is used in the ENSEMBLES project18. We used the output of two
simulations of the twentieth century (HadCM3-A (1900–1999) and
HadCM3-B (1860–1999)) and the Intergovernmental Panel on
Climate Change scenarios E1 (2000–2199)19 and A1B (2000–2099/
2199)20 (Table 1). These scenarios are characterized by different
carbon dioxide emissions, with atmospheric concentrations reaching

1Alfred Wegener Institute for Polar and Marine Research, D-27570 Bremerhaven, Germany. 2OASys, Lerchenstrasse 28a, 22767 Hamburg, Germany. 3Met Office Hadley Centre, Exeter EX1 3PB, UK.
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(r¼ " 0.47, po0.01) between wind and current agrees with the
typical lag of 0.5–1.0 days observed in other regions where
directly forced wind-driven slope currents are found21,22.

The effect of strong easterly winds is thus twofold and depends
on the time scale considered: on longer (monthly) time scales it
depresses the thermocline above the continental slope, shutting
off the inflow of warm water towards the continental shelf. On
shorter (daily) time scales, it strengthens the coastal current and
enhances the southward transport of warm water available on the
shelf. The baroclinic response, that is, the depression of the
pycnocline, thus depends on the mean wind, while the response
of the barotropic current reflects the day to day variability in
atmospheric forcing. A combination of generally weak easterly
winds, leading to a relaxation of the pycnocline, interrupted by
short and intense wind events, setting up strong barotropic
currents, would allow warm water to reach the FIS front.

Warm water in 2011 and 2013. Differences in wind forcing can
explain the differences in the observations between 2011 and
2013. The mean wind stress in November–December was weaker
(Fig. 4a) in 2013 than in 2011. At the same time, the wind was
more variable in 2013 (Fig. 4b, Supplementary Fig. 3 and
Supplementary Note 1): there were three episodes of near gale
winds at Halley during January–February 2013 with none during
the same period in 2011. The weak winds in 2013 potentially
allowed for a shallow thermocline and a large warm inflow
during early summer that then was advected southward by the
wind-driven currents, reaching the FIS front some 350 km to the
south about 3 months later. The preconditioning above the slope
and the shoaling of the thermocline during spring and early
summer is likely the most important factor, allowing for the
barotropic current and eddy exchanges23 to transport warm water
onto the continental shelf.
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Figure 2 | Observations in 2013. Contours of temperature and current vectors (the latter 30 days low-passed) at (a–c) MNORTH and (b–d) MSOUTH. The
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NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12300 ARTICLE

NATURE COMMUNICATIONS | 7:12300 | DOI: 10.1038/ncomms12300 | www.nature.com/naturecommunications 3

• An area of contemporary apparent ice 
sheet ‘stability’

• But Ronne-Filchner Ice Shelf 
sensitive to warming ocean (Hellmer
et al., 2013, Nature; Darelius et al., 
2016, Nature Communications)



P A T R I O T  V A L L E Y :  A  B L U E  
I C E  A R E A  ( B I A )

Buttressed by Institute Ice Stream and close to contemporary grounding 
line makes Patriot Hills highly sensitive to elevation changes across the 

broader Weddell Sea Embayment
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140-130,000 years

80,000 years onwards
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Sampling the Patriot Hills Blue Ice Area for 
stable isotopes, DNA and trace gases

Turney et al., PNAS, 2020Distance, m
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16S ribosomal RNA analysis of 
point samples suggests  end of 

Termination II ice dominated  by 
DNA from marine methane-

consuming bacteria: release of 
continental shelf methane hydrate 

(Wadham et al., 2012, Nature)? 



The Patriot Hills Record 
implies loss of the West 

Antarctic Ice Sheet through 
most of the Last 

Interglacial: crucially, the 
tephra provides direct link 

between the Southern 
Ocean and West Antarctic 
Ice Sheet at the very start 

of the LIG



Ice Sheet 
Modelling 

Further details in Turney et al., 
2020, PNAS
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warming (no air warming)

3.8 metre sea level rise 
within first millennium
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• The Last Interglacial provides a process analogue for the future

• We need to improve the dating and correlation of records to better understand 
rates of change and mechanisms (www.earthspastfuture.com)

• Fully coupled climate and ice models are critical

• But the Patriot Hills record provides strong evidence the WAIS lost a substantial 
amount of mass very early in the Last Interglacial - driven by ocean warming

• As we continue to observe polar warming, where is the threshold for collapse?

I M P L I C A T I O N S  A N D  F U T U R E  W O R K

‘One of the warning signs that a 

dangerous warming trend is under way in 

Antarctica will be the breakup of ice 

shelves on both coasts of the Antarctic 

Peninsula, starting with the northernmost 

and extending gradually southward.’

Mercer, 1978, Nature

http://earthspastfuture.com/

