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scenarios (a situation particularly acute in the high latitudes). Natural archives from past periods warmer than
present day, however, can be used to explore drivers and responses to forcing, and provide data against which
to test models, thereby offering insights into the future. The Last Interglacial (129-116,000 years before present)
— the warmest interglacial of the last 800,000 years — was the most recent period during which global temper-
atures were comparable with low-end 21st Century projections (up to 2 °C warmer, with temperature increase
amplified over polar latitudes), providing a potentially useful analogue for future change. Substantial environ-
mental changes happened during this time. Here we synthesise the nature and timing of potential high-latitude
tipping elements during the Last Interglacial, including sea ice, extent of the boreal forest, permafrost, ocean
circulation, and ice sheets/sea level, and review the thresholds and feedbacks that likely operated through this
period. Notably, substantial ice mass loss from Greenland, the West Antarctic, and possibly sectors of the East
Antarctic drove a 6-9 m rise in global sea level. This was accompanied by reduced summer sea-ice extent, pole-
ward-extended boreal forest, and reduced areas of permafrost. Despite current chronological uncertainties, we
find that tipping elements in the high latitudes all experienced rapid and abrupt change (within 1-2 millennia
of each other) across both hemispheres, while recovery to prior conditions took place over multi-millennia. Our
synthesis demonstrates important feedback loops between tipping elements, amplifying polar and global change
during the Last Interglacial. The high sensitivity and tight interconnections between polar tipping elements sug-
gests that they may exhibit similar thresholds of vulnerability in the future, particularly if the aspirations of the

Paris Agreement are not met.
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1. Introduction

Abrupt and non-linear changes in the Earth System have important
implications for predicting future climate change and constitute a large
source of uncertainty for projections. While these types of changes have
been a feature of the Earth System behaviour for millions of years (Al-
ley et al., 2003; Thomas, 2016), predicting future impacts remains
challenging. With Arctic sea-ice extent consistently breaking previous
record lows (Kwok, 2018), the shift toward an ice-free summer state
becomes increasingly possible, with ecological, environmental, climatic
and even geopolitical implications for the wider Arctic region (Melia
et al., 2016; Post et al., 2013; Screen and Williamson, 2017).
At the other end of the globe, the projected contribution of Antarctic
ice-sheet melt to 21st Century global mean sea level under an unmit-
igated emissions scenario ranges from a few decimetres (Edwards et
al., 2019; Golledge et al., 2019, 2015; Levermann and Feldmann,
2019; Ritz et al., 2015) to more than a metre (DeConto and Pol-
lard, 2016). Due to positive feedbacks within the Earth system, these
changes at either pole are not independent; ocean-atmosphere interac-
tions mean that the tipping of one sub-system into a different state could
trigger the collapse of an inter-connected sub-system (Lenton and Cis-
car, 2013; Lenton and Williams, 2013; Levermann et al., 2012;
Steffen et al., 2007). This has been termed a ‘tipping cascade’ (Lenton
and Williams, 2013). In the high latitudes in particular, feedbacks be-
tween sea ice, ocean circulation, permafrost, boreal forests, ice sheets
and sea level mean that these regions are likely to warm more rapidly
than the global mean, a phenomenon known as ‘polar amplification’
(Collins et al., 2013; Naish and Zwartz, 2012; Screen and Sim-
monds, 2013).

In 2016, 197 countries signed the Paris Agreement to limit 21st Cen-
tury anthropogenic warming to 1.5-2 °C above pre-industrial baseline
temperatures. Even at this ‘lower-end’ projection, the timing and po-
tential impacts of abrupt and extreme climate-change events remain
highly uncertain (Drijfhout et al., 2015). A major challenge is that
historical records of climatic changes are too short (most since 1850) to
fully elucidate complex climate processes, nor do they capture the full
range of the projected climate scenarios (Bracegirdle et al., 2019).
Natural archives from warmer periods in the past can be used to iden-
tify responses to forcing and modes of climate variability, providing a
reference against which to test long-term projected simulations (Mas-
son-Delmotte et al., 2013). The most recent period during which
global/regional temperatures were comparable to the low-end (Paris
Agreement) 21st Century projections was the Last Interglacial
(129-116,000 years before present, or 129-116 ka), when peak global
mean sea levels may have been 6-9 m higher than today (Dutton et
al., 2015; Kopp et al., 2009; Overpeck et al., 2006) despite com-
parable atmospheric concentrations of greenhouse gases (CO5 concen-
tration at ~ 278 parts per million by volume and CH,4 at ~ 684 parts
per million by volume; Loulergue et al., 2008; Liithi et al., 2008).
While reconstructions of global temperatures during the Last Interglacial
range from up to 2 °C higher than preindustrial conditions (Turney and
Jones, 2010), to no significant difference (Capron et al., 2014; Hoff-
man et al., 2017), both proxy data and model simulations reconstruct
the greatest warming occurring at polar latitudes. Indeed, Arctic max-
imum summer-temperature proxy-derived anomalies were recorded to
be up to 8 °C warmer during the Last Interglacial than today, associated
with large changes across the cryosphere (Cape Last Interglacial Pro-
ject Members, 2006; NEEM community members, 2013). Note that
we use the term ‘Last Interglacial’ to denote the period broadly correlat-
ing with the Eemian and Marine Isotope Stage (MIS) 5e/5.5 (129-116
ka; Dutton et al., 2015).

Although the Last Interglacial is not a perfect global analogue to
today due to differences in the latitudinal distribution of insolation
forcing and corresponding warming, climate and environmental

records from this period can offer insights into the mechanisms and feed-
backs that operate in a 1-2 °C warmer world. Indeed, the Paris Agree-
ment to restrict global warming to 2 °C relative to the pre-industrial pe-
riod is considered close to the threshold at which the West Antarctic
ice sheet could become fully destabilised (Schellnhuber et al., 2016).
Such an event could potentially drive future abrupt ice-sheet collapse
and a rise in global sea level on the order of metres (Dutton et al.,
2015), with substantial and irreversible consequences for the global
climate and the environment in general (Bronselaer et al., 2018;
Golledge et al., 2019; Steffen et al., 2018). Simulations of the Last
Interglacial climate largely underestimate the magnitude of the changes
suggested by proxy records (IPCC AR5, 2013), suggesting that there
may be important positive feedbacks that are being overlooked (Bra-
connot et al., 2012; Capron et al., 2017; Nikolova et al., 2013),
particularly in the polar regions (Goosse et al., 2018). For instance,
‘polar amplification’ is a phenomenon where changes in the net radia-
tion balance (such as might be caused by an increase in greenhouse-gas
concentration) tend to produce a larger change in climatic conditions
near the poles than the global average (Serreze and Barry, 2011),
a situation thought to be comparable to the ‘rapid’, high-latitude tem-
perature response during the Last Interglacial (Clark and Huybers,
2009). However, questions remain regarding how quickly these changes
occurred, the wider-scale impacts on the Earth system, and how these
might inform our understanding of future climate patterns.

Here we synthesise the nature and timing of five high-latitude Last
Interglacial ‘tipping elements’ — sea ice, boreal forest, permafrost,
ocean circulation and ice sheets/sea level — using available proxy
records. These Earth-system tipping elements can be considered as
sub-continental scale components of the Earth system, that can be
switched into ‘a qualitatively different state by small perturbations’ via
system-level manifestations of non-linearity (Lenton et al., 2008). This
includes systems where the transition is not necessarily faster than the
forcing, as well as systems that might undergo a qualitative change as
a result of small variations in the control parameter, but that do not
necessarily cross a critical threshold (a deliberately broad definition).
The specification of a political (100 yrs) and ethical (1000 yrs) time
frame of change has the power to influence present-day decisions, and
gives the definition a ‘policy relevant dimension’. Many elements within
the Earth's system are increasingly recognised to display this non-lin-
ear behaviour, and the term ‘tipping point” has been used to variously
describe phenomena such as positive feedbacks, hysteresis, irreversible
transitions, multiple equilibria, bifurcations, and abrupt change (Dakos
et al., 2014, 2008; Scheffer et al., 2009, 2001; Thomas, 2016;
Thomas et al., 2015). In many of these cases, the transition from one
state to another may not be directly reversible, a behaviour known as
hysteresis, where the magnitude of forcing required to move in one di-
rection is different to the force needed to move in the opposite direction
(Fig. 1).

Recent literature discussing the trajectory of the Earth System to
a ‘hothouse’ condition suggests certain temperature thresholds above
which some elements will ‘tip’ into an alternative state. These include
the Greenland ice sheet, West Antarctic ice sheet, and Arctic summer
sea ice as vulnerable at 1-3 °C warming, boreal forest and thermoha-
line circulation at 3-5 °C, and Arctic winter sea ice, permafrost, and
the East Antarctic ice sheet at > 5 °C (although some sub-basins are
vulnerable below this temperature) (Steffen et al., 2018). We dis-
cuss what natural archives from the Last Interglacial can tell us about
this elicitation. The tipping elements discussed here do not form an ex-
haustive list, but highlight some of the most sensitive components of
the Earth system for which behaviour during the Last Interglacial is a
useful analogue, and for which we have sufficient information. While
all climate proxies have limitations in terms of their preservation, cli-
mate sensitivity, seasonality, and chronological uncertainty, many are
able to provide robust information about changes relative to today. We
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Fig. 1. Equilibrium curves in linear and nonlinear systems. The solid arrows indicate direction of forcing. The dotted arrows denote the direction in which the system moves when it is not

on the curve (and therefore not in equilibrium). Modified from Scheffer et al. (2009).

use simple criteria to identify the time a tipping element underwent a
non-linear change beyond present-day limits. The proxy evidence we
consider includes time series with change points representing local to re-
gional scales, as well as networks of individual sites showing local pres-
ence/absence transitions. We also review the thresholds and feedbacks
that likely operated during this time.

2. High-latitude Earth-system tipping elements during the Last
Interglacial

2.1. Sea ice

Sea ice plays a fundamental role in the planetary surface energy
balance, ecosystems, and sea-air interactions, as well as ocean and at-
mospheric circulation across a range of timescales (Goosse and Zunz,
2014; Hobbs et al., 2016; Jones et al., 2016; Screen, 2013; Turner
et al., 2005; Wilson et al., 2016). The recent, substantial reduction
in summer Arctic sea-ice extent (—13.5 + 2.93% per decade change rel-
ative to the 1979-2015 average) (Peng and Meier, 2018), as well
as thinning and the loss of multi-year ice (Kwok, 2018, 2007), is al-
ready having ecological, environmental and geopolitical impacts (IPCC
AR5, 2013). Sea-ice extent is considered a potential tipping element
due to the existence of positive feedbacks within the system (largely be-
tween sea-ice extent and albedo; Screen and Simmonds, 2010). Al-
though sea-ice records during the Last Interglacial are sparse and sub-
ject to large uncertainty in chronology, evidence from polar ice and
marine sediment cores suggests markedly reduced extent (Cape Last
Interglacial Project Members, 2006; Ngrgaard-Pedersen et al.,
2007; Otto-Bliesner et al., 2006). In the Northern Hemisphere, while
the central Arctic Ocean did remain covered by permanent sea ice
throughout the Last Interglacial (Spielhagen et al., 2004), planktic
foraminifera assemblages in marine sediment records from the Nordic
Sea indicate that there was higher marine productivity during past inter-
glacials, implying reduced sea-ice cover relative to present day (Lowe-
mark et al.,, 2016; Ngrgaard-Pedersen et al., 2007; Polyak et
al., 2010; Svendsen et al., 2004). Direct evidence for increased pro-
ductivity comes from marine cores in what is today a heavily ice-cov-
ered region of the Arctic Ocean north of Greenland, where a reduc-
tion of Last Interglacial sea ice is inferred from the presence of plank-
tic foraminifera that are more typical of subpolar and seasonally open
water (Lowemark et al., 2016; Ngrgaard-Pedersen et al., 2007;
Svendsen et al., 2004). Data from the western Arctic Ocean at 79
°N indicate an early retreat, with the peak in subpolar foraminifera
occurring before 130 ka (Adler et al., 2009). The presence of in-
tertidal snails from Alaska has suggested a position of winter sea ice
~800 km north of its present position, with the Bering Sea perenni-
ally ice free by the peak of the Last Interglacial (Brigham-Grette et
al., 2001; Brigham-Grette and Hopkins, 1995). The regional ex-
panse of ice-free conditions suggested by subpolar foraminifera species
indicate ice-free summer conditions are more likely than locally occur-

ring polynyas, although the precise timing is unclear given the rel-
atively large uncertainties in the chronologies of marine sites (Cape
Last Interglacial Project Members, 2006; Lgwemark et al., 2016;
Nogrgaard-Pedersen et al., 2007).

In the Southern Hemisphere, sea-ice extent tends to be regionally
asymmetric, with each sector influenced by different circulation patterns
and modes (Holland et al., 2017; Hosking et al., 2013; Turner et
al., 2015), although mean trends are analogous. Sea-salt records from
two ice core drilling sites (Epping Dronning Maud Land; EDML and
Epica Dome C; EDC), in the Atlantic and Indian sector of the East Antarc-
tic ice sheet respectively, suggest a 50% reduction of winter sea-ice cov-
erage when compared to the Holocene (Fischer et al., 2007), most of
which took place by 128 ka (Bianchi and Gersonde, 2002). In ad-
dition, four ice cores from the East Antarctic ice sheet all display 580
maxima at ~128 ka (Holloway et al., 2016), associated with peak
Antarctic warmth. While this isotope maximum is linked to the potential
early loss of the West Antarctic ice sheet (Otto-Bliesner et al., 2013),
an alternate idea invokes the reduction of Southern Hemisphere sea-ice
extent (Holloway et al., 2016). Overall, while the precise rate and tim-
ing of sea-ice retreat is uncertain, the most substantial changes appear to
have occurred by 130 and 128 ka in the north and south, respectively.

2.2. Polar ice sheets and sea level

Sea-level rise is one of the most immediately concerning of the po-
tential tipping elements, due to the major socio-economic impacts as-
sociated with inundation of coastlines (Neumann et al., 2015; Py-
croft et al., 2016; Schaeffer et al., 2012). While global mean sea
level has risen by ~0.19 m over the 20th Century (Church et al.,
2013), this rise has mostly been dominated by thermal expansion of
the oceans and montane glacier mass loss (Dutton et al., 2015). How-
ever, melt from the Greenland and Antarctic ice sheets has been oc-
curring at a progressively increasing rate since the turn of the century
(Bevis et al., 2019; Rignot et al., 2011), dominating the global
mean sea-level acceleration since the 1990s (Dangendorf et al., 2019).
Recent estimates of peak global mean sea-level during the Last Inter-
glacial have converged on a range of 6-9 m higher than the pre-indus-
trial (Dutton et al., 2015; Grant et al., 2014; Kopp et al., 2009),
although other work has suggested this range might still be too con-
servative (Rohling et al., 2017). Uncertainties in past sea-level re-
constructions include calculating precise rates of uplift (Kopp et al.,
2009), as well as dynamical changes in topography (Austermann et
al., 2017). Given these estimates, the polar ice sheets must have been
substantially smaller than today, but there is much debate regarding the
exact contribution of different sources to this increased sea level. Moun-
tain glaciers are thought to have contributed no more than 1 m (Clark
and Huybers, 2009), or perhaps even less (0.6 = 0.1 m; (Radié
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and Hock, 2011), while thermal expansion provided a negligible
(0.4 = 0.3 m) contribution (McKay et al., 2011).

The Greenland ice sheet was evidently smaller during the Last Inter-
glacial compared to today (Colville et al., 2011), but there is a large
range in its estimated contribution to global sea level (Helsen et al.,
2013; Stone et al., 2013; Yau et al., 2016). The absence of a con-
tinuous record of undisturbed ice through the Last Interglacial in several
locations is equivocal, e.g., Dye-3 and Camp Century (Otto-Bliesner et
al., 2006; Stone et al., 2016), implying a drawdown (supported by
isotope-derived elevation estimates) (Raynaud et al., 1997). Cosmo-
genic exposure dating of subglacial materials beneath the Summit region
suggests Greenland Ice Sheet may have lost considerable (up to 90%)
mass (Schaefer et al., 2009); however, the presence of Last Inter-
glacial-age ice from the Summit region, e.g., North Greenland Ice Core
Project (NGRIP), Greenland Ice Core Project (GRIP) and Greenland Ice
Sheet Project 2 (GISP2) (NGRIP members et al., 2004; Suwa et al.,
2006) indicates that retreat was not complete. Additionally, the pres-
ence of ice at the North Greenland Eemian Ice Drilling site during the
Last Interglacial provides direct evidence for the timing of changes in the
Greenland ice sheet, but can only be reconciled with simulations con-
tributing up to 2 m of global sea level rise (NEEM community mem-
bers, 2013). The onset of melt is dated to 128 ka, marked by the initi-
ation of surface lowering and the presence of surface melt layers, which
are found throughout much of the Last Interglacial NEEM community
members, 2013). Elevation decrease occurred until 122 ka, where it
remained at ~300 m below present until the recovery of the ice sheet
started at around 118 ka, well after the peak of Northern Hemisphere
high-latitude insolation (Fig. 2). These timings are supported by analy-
sis from Greenland Ice Sheet Project 2 (GISP2), which identifies an initi-
ation of rapid deglacial warming at 126.7 ka (Yau et al., 2016).

The West Antarctic ice sheet is likely to have retreated during the
Last Interglacial, an idea first proposed by John Mercer half a century
ago (Mercer, 1969, 1978), but precise values and sea level-equivalent
volumes are contested. Even using the current most conservative esti-
mates of global sea level (6.6 m), if only ~ 2 m of this can be attrib-
uted to Greenland, and the West Antarctic ice sheet holds only 3.3 m
sea-level equivalent (Bamber et al., 2009), this implies: (i) a total
loss of the West Antarctic ice sheet, and (ii) possibly some loss from
the East Antarctic ice sheet. However, direct physical evidence of mass
loss from the West Antarctic ice sheet has been elusive (Fogwill et
al., 2012; Hein et al., 2016; Steig and Huybers, 2015). Signatures
of melting of the West Antarctic ice sheet can be derived from nega-
tive excursions of benthic 813G records from the high-latitude South At-
lantic and Pacific, and have been documented in several marine sedi-
ment cores from these area between 126-123 ka (Hodell et al., 2003;
Pahnke and Zahn, 2005). However, the first in situ observations are
reported from a blue-ice record of ice-sheet and environmental change
from the periphery of the marine-based West Antarctic ice sheet. Com-
bined tephra and trace gas analyses suggest a ~50 k hiatus in the Pa-
triot Hills ice sequence after Termination II (130.7 = 1.8 ka), imply-
ing substantial ice drawdown and contribution to sea level rise (Tur-
ney et al., 2020). This suggests an early loss of substantial ice mass
from the West Antarctic, prior to the global mean sea level highstand
(Fig. 2). While the East Antarctic ice sheet was once thought to be rel-
atively stable (compared to its western counterpart), it also has large
sectors that are marine-based (19 m sea-level equivalent; Fretwell et
al., 2013), making it potentially vulnerable to retreat (Fogwill et al.,
2014). Sedimentological and geochemical evidence from a marine sed-
iment core shows provenance changes consistent with ice loss from the
Wilkes Subglacial Basin at some point during the Last Interglacial. This
topographic basin has a base >1000 m below present sea level and
holds an estimated 3-4 m sea-level equivalent (Fretwell et al., 2013;
Mengel and Levermann, 2014). However, the exact timing of this

ice melt and its contribution to sea level is uncertain (Wilson et al.,
2018).

2.3. Ocean circulation

Global ocean circulation is fundamental to the storage and transfer
of heat and salt throughout the ocean basins, and plays an important
role in setting the climate as well as the cycling of nutrients and car-
bon. A slowdown of the Atlantic meridional overturning circulation (re-
sponsible for the transport of heat from the tropics to the mid to high
latitudes), linked to a persistent subpolar North Atlantic cooling anom-
aly and warming in the Gulf Stream region, has been observed over the
20th Century (Caesar et al., 2018; Rahmstorf et al., 2015; Thornal-
ley et al., 2018). In conjunction, there has been a widespread warming
and freshening of Antarctic bottom water in recent decades (Menezes
et al., 2017), with a resulting reduction in its northward extent. Strong
Atlantic meridional overturning circulation is recorded from the start of
the Last Interglacial (~129 ka); however, there is substantial proxy evi-
dence for a slowdown at ~127-126 ka BP, with several studies indicat-
ing concurrent iceberg discharges (Irvali et al., 2012; Nicholl et al.,
2012). Rapid centennial-scale reductions of North Atlantic Deep Wa-
ter formation have been recorded, indicating periods of increased ice
rafting and southward expansion of polar waters during the Last Inter-
glacial (Galaasen et al., 2014). Evidence for a related slowdown in
the Atlantic meridional overturning circulation include a decrease in a
range of proxies, including North Atlantic sea-surface temperature, deep
ocean §'3C, and precipitation, indicating a high sensitivity (Bauch et
al., 2006; Galaasen et al., 2014; Irvali et al., 2012; Tzedakis et
al., 2018).

In addition, there is some evidence for a reduction in Antarctic bot-
tom water formation during the early part of the Last Interglacial (~127
ka; Hayes et al., 2014). The exact timing and relationship between
the changes in North Atlantic deep water and Antarctic bottom water is
still unclear. One possibility is that an increase in the Southern Ocean
heat content resulting from the early Last Interglacial Atlantic merid-
ional overturning circulation slowdown (Stocker and Johnsen, 2003;
Tzedakis et al., 2018) could have initiated a retreat of the Antarc-
tic ice sheet. However, an initial meltwater discharge into the Southern
Ocean would increase stratification, which could lead to a sub-surface
warming that could further destabilise the Antarctic ice sheet (Menviel
et al., 2010). A high-resolution record from the Portuguese margin, as
well as a speleothem from Italy, further highlighted a series of multi-cen-
tennial Atlantic Meridional Overturning Circulation slowdowns through-
out the Last Interglacial, indicating that the Last Interglacial was more
climatically unstable than the Holocene (Tzedakis et al., 2018).

2.4. Boreal forest

The boreal forest zone is one of the planet's most important terres-
trial carbon reservoirs (Bradshaw and Warkentin, 2015) and plays a
large role in modulating surface albedo, reinforcing warming that can
result in large climate sensitivity to radiation (Bonan, 2008). The bo-
real region is currently being rapidly altered as a result of a combina-
tion of climate change and other anthropogenic activities; the rate of
these changes will determine the future health of this biome (Brad-
shaw et al., 2009; Reyer et al., 2015; Steffen et al., 2015). To-
day, and during the Last Interglacial, persistent high temperatures at the
southern boreal forest limits could trigger temperature-induced drought
stress on trees to the extent that net photosynthesis declines (D'Ar-
rigo et al., 2004), while areas further north become suitable for bo-
real forest growth. While a detailed reconstruction of boreal forest ex-
tent during the Last Interglacial is hampered by poor chronological con-
trol in many areas (Lozhkin and Anderson, 1995), there are several
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sites that allow insights into the range and species composition of the
boreal forest at that time. For instance, palaeobotanical data from Rus-
sia and Scandinavia suggest that boreal-forest communities extended
northwards by between 600 and 1000 km during the Last Interglacial
(Lozhkin and Anderson, 1995; Saarnisto et al., 1999; Saarnisto
and Lunkka, 2004), reaching the (current) northern coastline across
the Northern Hemisphere in all areas except Alaska and central Canada
(Otto-Bliesner et al., 2006). High-resolution magnetostratigraphy of
Late Quaternary sediments from Lake Baikal in Siberia suggest that the
tundra was replaced by boreal forest (taiga) by 128 ka (Demory et al.,
2005; Tarasov et al., 2005), although no uncertainties on this esti-
mate are reported.

The presence of Alaskan tephras provides an opportunity for the tem-
poral comparison of records; for instance, evidence of spruce pollen and
macrofossils from the high-elevation Alaska interior suggests an increase
in altitude in the Last Interglacial treeline where tundra now exists
(Muhs et al., 2001), with temporal control provided by the Old Crow
tephra. Since this tephra layer is necessary to interpret the chronostratig-
raphy of the area, the tephra has been subjected to repeated redating.
A glass fission-track age (124 * 10 ka) still retained large uncertainties
(Preece et al., 2011), preventing precise timing of the boreal-forest ex-
pansion. However, more recent redating (Burgess et al., 2019) using
a zircon crystallisation technique has suggested that the tephra dates to
202.9 *+ 9.5 ka within the Marine Isotope Stage 7 (MIS7) interglacial.
This age differs from previous dating attempts, and also disagrees with
existing stratigraphic chronologies from eastern Beringia, and has some
far-reaching implications if it is indeed representative of the timing of
Old Crow eruption. On balance, most evidence suggests expansion of bo-
real forests in the far north probably occurred in the early half of the
Last Interglacial; however, questions remain regarding whether the rates
of northward expansion matched the rate of southern edge retreat to
higher latitudes, which ultimately determines whether the change was
dominated by a latitudinal biome shift or decline in total area.

2.5. Permafrost

Permafrost is ground that remains colder than 0 °C for at least two
consecutive years (Washburn, 1980), and currently constitutes a large
carbon reservoir (containing ~1672 Pg; Belshe et al., 2012). Increas-
ing temperatures have the potential not only to increase carbon emis-
sions from the thaw of previously frozen organic matter, but also to
affect the carbon cycle indirectly through local and regional hydro-
logical changes (Dutta et al., 2006; Lee et al., 2012; Neumann
et al., 2019; Wagner et al., 2007); however, quantitative estimates
are highly uncertain (Cooper et al., 2017; Walter Anthony et al.,
2016). This ‘thermokarst’ process was a large carbon and methane emit-
ter during past interglacials (Walter et al., 2007). Presence or ab-
sence of thermokarst features such as thaw-lake depressions (alases) and
ice-wedge pseudomorphs (Wetterich et al., 2009) can be indicative
of permafrost areas during the Last Interglacial (LIGA members et al.,
1991; Reyes et al., 2010), although climatic interpretation of geomor-
phic features (Sher, 1991) can be unreliable. Similarly, vegetation re-
constructions can estimate permafrost boundaries, with well-preserved
plant macrofossils within both alases and pseudomorphs in north-east-
ern Siberia indicating extensive thawing during the Last Interglacial
(Kienast et al., 2008).

Widespread lake formation in the Arctic lowlands of north-eastern
Siberia and the Yukon have also been reported, but the chronology of
the latter is imprecise (Andreev et al., 2004; Reyes et al., 2010).
Cave speleothems have also been used to reconstruct millennial-scale
changes in Siberian permafrost because speleothems cannot grow when
the overlying soil is frozen (Vaks et al., 2013); speleothems found
in modern permafrost areas are thus relics of a warmer past. Vaks et

al. (2013) reported a north-south transect through several Siberian
caves, and used precise U-series dating to show the initiation of
speleothem growth at Botovskaya Cave, 55 °N (an area with sporadic
permafrost today), at 128.7-127.3 ka, indicating early permafrost thaw-
ing due to high-latitude warming (Fig. 2). However, whether these
regional changes are representative of the wider sub-Arctic region is
debatable. Despite the presence of thermokarst erosion in Alaska and
the Yukon, there are also several pre-Last Interglacial relict ice wedges
stratigraphically beneath the (newly problematic) Old Crow tephra in
the present discontinuous permafrost zone, indicating that permafrost
thaw was not complete (Froese et al., 2008; Orlando et al., 2013;
Reyes et al., 2010). In contrast to Siberia, no speleothem growth oc-
curred during the Last Interglacial in the current permafrost zone in the
Yukon (Lauriol et al., 1997), signifying a significant asymmetry in per-
mafrost response to warming.

3. Discussion
3.1. Do the data support a ‘tipping cascade’ during the Last Interglacial?

The tipping elements described above all have rapid changes
recorded by proxy evidence, suggesting threshold and/or non-linear be-
haviour during the Last Interglacial. A summary of key palaeo-proxy
sites that provide information on one or more of the identified high-lat-
itude tipping elements during the Last Interglacial can be found in Ap-
pendix 1. Arctic sea-ice retreat appears to be one of the first elements
to have tipped, predating other large-scale changes in the Arctic with
changes across the region recorded from before 130 ka (Adler et al.,
2009). Robust evidence for and timing of Greenland ice-sheet mass loss
from the North Greenland Eemian Ice Drilling core site is shortly after, at
128 ka (NEEM community members, 2013). Evidence of changes in
the boreal biome and in permafrost extent appear to take place contem-
poraneously (within errors), with changes recorded at ~ 128 ka. How-
ever, shifts of the latitudinal belt favouring the boreal forest could repre-
sent a linear response to temperature, although evidently the local tran-
sition from boreal forest to tundra is non-linear. More sites are needed
to improve the spatial and temporal detail of these recorded changes.
Although the insolation anomaly is symmetric about the Arctic, the Last
Interglacial change in latitudinal extent of forest ecotones north of their
northern-most Holocene limits appears to be most pronounced in Eura-
sia, but less so in Alaska and central and north-western Canada. In ad-
dition, the evidence for permafrost degradation is more pronounced in
Siberia than the Yukon. Possible explanations for these asymmetries are
likely related to the regional propagation of Arctic feedbacks (discussed
in section 3.2).

In the south, recent evidence from the Patriot Hills blue ice area sug-
gests that West Antarctic ice mass loss occurred early in the Last Inter-
glacial, possibly as a result of Southern Ocean warming in response to
a shutdown of the Atlantic meridional overturning circulation linked to
Heinrich 11 (Marino et al., 2015; Turney et al., 2020). The retreat
of the sea ice edge at a similar time ~128 ka (Bianchi and Gersonde,
2002; Holloway et al., 2016) might have played a role in the destabil-
isation of Antarctic ice shelves (such as the Filcher-Ronne). Importantly,
the timing of substantially reduced North Atlantic deep water formation
and increased iceberg-rafted debris from Greenland (Galaasen et al.,
2014) is subsequent to identified Antarctic ice-sheet melt and reduction
in Antarctic bottom water (Hayes et al., 2014; Turney et al., 2020).
This suggests an important role of the bipolar seesaw during the Last
Interglacial, in addition to ocean-atmosphere feedbacks in and between
the polar regions (Cai et al., 2016; Marshall, 2013). Below, we ex-
plore some of the main feedback processes that occurred during the Last
Interglacial to investigate how these interactions operated in the past,
and provide some insights into how they might operate in the future
(Fig. 3).
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Fig. 3. Schematic of Northern Hemisphere and Southern Hemisphere feedbacks. Yellow arrows indicate main ‘tipping cascade’ pathways between tipping elements via positive feedbacks.

Black and white arrows/text denote other positive feedbacks; red arrows/text denote negative feedbacks under Interglacial warming. Dashed black arrow indicates uncertain direction of

feedback (NADW: North Atlantic Deepwater; AABW: Antarctic Bottom Water).
3.2. Northern Hemisphere feedbacks

One of the most important Earth-system feedbacks is the positive
ice-albedo feedback, where increased exposure of the dark ocean waters
with a lower surface albedo following sea-ice melt causes increased ab-
sorption of solar radiation, enhancing surface melt (Fig. 3). New ar-
eas of open water can increase in temperature by up to 4-5 °C during
summer, resulting in the delay in the onset of autumn sea-ice formation
(Wadhams, 2012). Important feedbacks have been identified in Arctic
sea ice where first-year ice grows more slowly and melts more rapidly,
allowing increasingly larger areas of ice-free water in each subse-

quent year (Wadhams, 2012). Thus, a potential tipping point can oc-
cur when the summer melt rate exceeds the winter growth rate such
that multi-year ice cannot establish, and there is only seasonal ice cover
(Eisenman and Wettlaufer, 2009; Wadhams, 2012). On the Green-
land ice sheet, there are strong positive feedbacks related to albedo and
elevation; as the ice sheet melts, local elevation decreases, effectively
causing a rise in temperature of the surface. The ice-albedo feedback,
including the effects of surface melt-ponds increasing the absorption of
solar radiation (Schroder et al., 2014), further increases melting un-
til a new equilibrium is reached. Other important radiative feedbacks in
the Arctic result from a relatively large and positive lapse rate feedback
(stable stratification suppresses vertical mixing, causing uneven warm-
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ing of the troposphere leading to a smaller increase in outgoing long-
wave radiation), positive water vapour feedback (amplifying the green-
house effect) and a relatively weak and negative Planck response
(Goosse et al., 2018). These feedbacks are stronger in the high north-
ern latitudes than the high southern latitudes, explaining the strong ob-
served Arctic amplification.

There are several important feedbacks through the Arctic hydrologi-
cal cycle and changes in regional weather patterns (Cohen et al., 2014;
Marshall, 2013). For example, since energetic wave events and storm
events are expected to occur more frequently as the climate warms
(Dall’Osto et al., 2017; Dobrynin et al., 2012), this has the po-
tential to facilitate the break-up of sea ice by waves and ocean swells
(Asplin et al., 2012). In addition, larger areas of open water in sum-
mer allow wind fetch sufficient to create waves, which can also accel-
erate the break-up of the ice edge (Wadhams, 2012), leading to fur-
ther increases in wind fetch. Modelling suggests that the removal of Arc-
tic sea ice can increase precipitation at high latitudes by up to 50%
(Bintanja and Selten, 2014), with feedbacks affecting global climate
through ice-mass balance as well as an increase in river discharge, af-
fecting both global sea level and ocean circulation (Bracegirdle et al.,
2015; Hobbs et al., 2016), with knock-on implications for terrestrial
vegetation (Swann et al., 2010). Although the Arctic Ocean repre-
sents just 1% of global ocean volume, it receives an order of magni-
tude more freshwater runoff than the other oceans, meaning that the
changing freshwater supply is an important determinant of its proper-
ties, e.g. salinity and buoyancy (Dai and Trenberth, 2002). The loss of
perennial sea-ice cover in the Arctic influences the thermohaline circu-
lation and regional climate in the sub-Arctic and North Atlantic (Notz,
2009). Freshwater anomalies from Greenland ice-sheet melt propagate
into the Nordic seas, North Atlantic and beyond, enabling a change to
the thermohaline structure that influences sea-ice coverage and thick-
ness (Lowemark et al., 2016; Wadhams, 2012). Reduction of the
thickness of sea ice can also increase heat flux from the ocean through
reduced insulation of the thinner and/or absent ice (Gerdes, 2006).
This also warms the shallow continental shelf, helping to melt offshore
permafrost, in turn contributing to the release and decomposition of
trapped methane hydrates (Wadhams, 2012). While a relationship be-
tween an ice-free Arctic and permafrost thaw has been established dur-
ing interglacials prior to 400,000 years ago (Vaks et al., 2020), links
during the Last Interglacial are less clear, possibly due to the presence of
perennial/seasonal sea ice in the Western Arctic (Cronin et al., 2017).
However, if the current trend towards reduced sea ice extent in the Arc-
tic continues, the thawing of the Siberian permafrost is a likely candi-
date to join the tipping cascade.

The positive feedback between permafrost melting through ocean/
terrestrial warming and release of greenhouse gases via methane hy-
drates or decomposition of organic matter, as well as biochemical heat
release associated with microbial decomposition, suggest that melting
of the permafrost represents a tipping element. This is sometimes re-
ferred to as the ‘compost-bomb instability’ (Cox et al., 2000; Wiec-
zorek et al., 2011) when the rate of local warming reaches a criti-
cal threshold. This strongly non-linear behaviour is due in part to the
acceleration of permafrost melt when meltwater is drained in turn in-
creasing oxygen availability for aerobic decomposition (Hollesen et
al., 2015). In thermokarst lakes, a process known as ‘ebullition’ oc-
curs, which is the release of methane from aquatic ecosystems as a re-
sult of permafrost melt on the lake margins (Walter et al., 2006).
Disturbances such as fire, floods and vegetation succession can also
accelerate permafrost degradation (Grosse et al., 2011). Sea level
provides an additional important feedback to permafrost melt; intensi-
fied marine transgression can accelerate thermal erosion of the Siber-
ian lowland permafrost (Kienast et al., 2008), potentially causing
large amounts of trapped fossil carbon to be released (Walter et al.,
2006). Evidence of such extensive thawing of coastal permafrost during

the Last Interglacial is found in the Dmitry Laptev Strait (Wetterich et
al., 2009). The Last Interglacial coastline was ~400 km farther north
than today as a result of tectonic spreading and subsidence (Kienast et
al., 2008; Wetterich et al., 2016, 2009), resulting in a northward
displacement of the polar front (CAPE, 2006) and increased continen-
tality across the Laptev Sea shelf, accelerating permafrost melt through
warmer summers and increased evaporation.

Permafrost degradation is one of several important feedback mech-
anisms that can occur within the boreal forest biome. Other feedbacks
include albedo effects, carbon cycle storage/release, and changes in soil
moisture and species composition. Specifically, feedback processes re-
lated to the biogeophysical properties of different vegetation types play
an important role: dark boreal forests have a lower albedo, higher sen-
sible heat flux and lower latent heat flux than tundra, largely due to
the differences in leaf colour and canopy morphology (Lloyd et al.,
2002). Replacement of tundra with ‘darker’ lower albedo boreal for-
est across the Arctic during the Last Interglacial would therefore have
provided a strong positive feedback amplifying Arctic warming (Chapin,
2005; Serreze and Francis, 2006). In addition, the northward expansion
of boreal forest is thought to have created a positive feedback for forest
growth by reducing soil moisture loss through the increase in litter layer
thickness and surface soil horizon depth (Muhs et al., 2001). Changes
in climate can directly alter the species composition and/or range of
the boreal forest, but also act indirectly through changing risk of wild-
fire, drought stress, and insect infestation (Bradshaw and Warkentin,
2015). A warming of the winter atmosphere from delayed winter sea ice
formation, particularly along the Eurasian coast, could explain the ex-
pansion of the boreal forest far north of its present-day limit across Eura-
sia during the Last Interglacial (Cape Last Interglacial Project Mem-
bers, 2006). Other consequences of the enhanced annual heat accumu-
lation include the rapid degradation of permafrost, representing a com-
plete positive feedback loop expected for a ‘tipping cascade’ (Lawrence
et al., 2008).

3.3. Southern hemisphere feedbacks

Ice sheets contribute to global mean sea level rise through two main
processes: surface/basal melting, and dynamic thinning (Golledge et
al., 2015). While atmospheric thermal forcing and pressure melting can
result in direct volume loss, dynamic thinning is more related to the
large-scale adjustment of parts of an ice sheet as a result of increas-
ing ice-flow speed (Golledge et al., 2015; Wouters et al., 2015).
This can constitute an important non-linear response whereby the thin-
ning continues until a new equilibrium is reached. In particular, dy-
namic thinning can be exacerbated if a glacier is grounded below sea
level (and further promoted if the bed has an inverse slope) (DeConto
and Pollard, 2016; Schoof, 2007). This is known as the ‘marine
ice sheet instability’ (Fig. 3; Schoof, 2007), and constitutes an im-
portant hysteretic response, where even if thermal forcing ceases, dy-
namic thinning continues until a new dynamic equilibrium is reached,
resulting in a lagged volumetric response (Schoof, 2007; Wouters et
al., 2015). The West Antarctic Ice Sheet is a marine-based ice sheet
with a largely inland-sloping bed and is thus highly sensitive to changes
in sea level and ocean temperature, with (subsurface) ocean warming
eroding the grounding line from below (Rignot et al., 2013). In fact,
this subsurface warming poses a greater threat to Antarctic ice shelves
and grounded ice than atmospheric warming (Golledge et al., 2015;
Joughin et al., 2014; Payne et al., 2004). At the onset of the Last
Interglacial, the retreat of the West Antarctic ice sheet is thought to
have been driven mainly by ocean warming, although the amount of
warming needed is contested (DeConto and Pollard, 2016; Sutter
et al., 2016; Turney et al., 2020). Increased iceberg calving can re-
sult from ice-shelf thinning associated with increased ocean-driven basal
melt (Liu et al., 2015), but is also linked to higher sea levels that
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can further destabilise the ice shelves that buttress major inland glaci-
ers (Rintoul, 2018; Silvano et al., 2018). The potential for a marine
ice-cliff instability to initiate runaway retreat after the collapse of a but-
tressing ice shelf (DeConto and Pollard, 2016) is an important feed-
back mechanism, but appears to be dependent on the timescale of ice
shelf collapse (Clerc et al., 2019).

Model simulations indicate that a rapid collapse of the West Antarc-
tic ice sheet led to a weakening of Antarctic bottom water formation
(Menviel et al., 2010; Silvano et al., 2018). This resulted in warmer
subsurface waters underneath the Ross Sea shelf and an intrusion of cir-
cumpolar deep water. This can further erode the grounding line of the
West Antarctic ice sheet, accelerate melting, and increase the freshwa-
ter flux into the Southern Ocean, which provides a positive feedback for
the further retreat of the ice sheet (Golledge et al., 2014; Menviel et
al., 2010). However, ice-ocean feedbacks can be complex; basal melt-
ing can result in a cool and fresh surface layer of ocean water that cre-
ates a shield from the warmer, deeper waters driving this basal melt-
ing, thereby suppressing further melt of the ice shelf. This surface layer
also enhances the formation of sea ice (Bintanja et al., 2013), which
increases albedo. There are also complex interactions between atmos-
pheric/oceanic warming, sea ice and the southern hemisphere westerly
winds (Abram et al., 2014; Menviel et al., 2018; Thomas et al.,
2018a). While cooler sea-surface temperatures are linked to changes in
the southern annular mode due to an intensification and migration of
the Southern Hemisphere westerlies (Marshall, 2003; Purich et al.,
2016; Thomas et al., 2018b; Turney et al., 2016), models disagree
on whether persistent westerly winds would increase or decrease sea-ice
coverage around Antarctica. Earth-system climate models have shown
that changes in the location of the Southern Hemisphere westerly winds
could affect Southern Ocean circulation, which might consequently play
a role in changing the mass balance of the Antarctic ice sheet (Fogwill
et al., 2014). A further feedback related to sea ice is that decreased sea-
sonal extent (which forms a protective buffer from ocean swells) enables
increased wave-induced flexure of ice shelves (Massom et al., 2018).
This was observed prior to the collapse of the Larsen A and B ice shelves,
and likely played a role during the Last Interglacial when sea-ice extent
was reduced.

Isostatic rebound can also constitute an important negative feedback
to stabilise melting ice sheets (Fig. 3). This occurs when ice loss re-
leases loading on the crust and mantle below, resulting in gradual uplift.
The resultant increase in elevation of the ice sheet not only effectively
decreases the surface temperature and slows melting, it can also po-
tentially limit the effectiveness of the marine ice sheet instability (Bar-
letta et al., 2018). This situation was suggested as a contributor during
the early Holocene using parallel ice-sheet model (PISM) experiments
where isostatic rebound could have halted ice retreat (Kingslake et
al., 2018). However, model simulations from the Last Interglacial do
not support the idea of a negative feedback resulting from isostatic up-
lift large enough to stabilise the West Antarctic ice sheet (Turney et
al., 2020), because these models use a more realistic mantle viscosity
(10%° Pa/s) than parameterisations by Kingslake et al. (2018). In ad-
dition, Feldmann and Levermann (2015) have suggested, using 5-km re-
solved parallel ice-sheet model simulations that if mass loss comparable
to recent decades is maintained for as little as 60 years, the West Antarc-
tic ice sheet could be irrevocably destabilised over subsequent millennia
through the collapse in the Amundsen Sea sector, overcoming any mod-
erating effect of isostatically driven rebound.

While the East Antarctic ice sheet is thought to be far more sta-
ble than the West Antarctic ice sheet, there are some marine-based
sectors that increase its vulnerability to ocean warming (Fogwill et
al., 2014), and local sea-level rise. For example, bathymetric surveys
and radar sounding suggest the marine ice sheet instability might play

an important future role in the further destabilisation of the Aurora
subglacial basin through the Totten glacier, which is grounded below
sea level and currently holds back an estimated 3.5 m of eustatic sea
level potential (Greenbaum et al., 2015). Recent ice-sheet simula-
tions suggest that the trigger for margin instability in some areas of
the East Antarctic ice sheet can be thinning and surface lowering as a
consequence of rising air temperatures, which ultimately facilitate mar-
gin flotation and rapid retreat, even in the absence of ocean warming
(Golledge et al., 2017). Without ocean forcing, the timescale for this
trigger is 1-2 millennia (with ocean forcing on the order of centuries),
but once initiated results in abrupt retreat of hundreds of kilometres
over centuries (Golledge et al., 2017).

Antarctica is influenced by other important feedbacks in addition
to ice-ocean interactions. Sediments beneath the East and West Antarc-
tic ice sheets constitute a generally neglected component of the global
methane-hydrate inventory (Wadham et al., 2012). The predicted
shallow depth of these reserves makes them particularly susceptible to
climate forcing under scenarios of basal melt. While any methane re-
lease is mostly oxidised, there are large uncertainties surrounding the
behaviour of methane hydrates under different climate scenarios (Wad-
ham et al., 2012). In the ocean, benthic blue carbon strongly interacts
with sea ice losses, acting as a negative feedback affecting global pat-
terns (Peck et al., 2010). While the scouring of icebergs on the seabed
is one of the largest limiters to the accumulation of blue-carbon (i.e.
carbon stored in coastal and marine ecosystems) in benthic communi-
ties, the collapse of ice shelves opens up and generates productivity in
vast new areas that were previously biologically unproductive, enabling
major opportunities for benthic carbon capture and storage (Barnes et
al., 2018). This drives a net gain of blue carbon, providing a negative
feedback on climate warming. Giant icebergs leave a trail of nutrient
enrichment, enhancing phytoplankton blooms in their path, so the po-
tential magnitude of blue carbon capture depends on the timing and
location of each iceberg's path, making calculation of carbon storage
potential by this mechanism difficult. In fact, simulations show that a
warming of Antarctic coastal waters of just one degree nearly doubles
benthic growth, suggesting that this temperature-growth response could
also constitute a negative feedback on climate (Ashton et al., 2017). It
is possible that this negative feedback is an overlooked factor in explain-
ing low carbon-dioxide concentrations during the Last Interglacial.

3.4. Data-model comparisons

The latest Paleoclimate Modelling Intercomparison Project phase 4
(Kageyama et al., 2018) timeslice experiments at 127,000 years ago
(ligl27k) display a strong warming at mid to high northern latitude
during boreal summer, while simulating a cooling in boreal winter
(Otto-Bliesner et al., 2020). This results in annual mean surface tem-
perature differences between the Last Interglacial and pre-industrial of
generally less than 1 °C. In some regions, especially the high northern
latitudes, models simulate consistent changes and agree with the sign
of the proxy data, though not always the magnitude and rate, of Last
Interglacial change (Lunt et al., 2013; Otto-Bliesner et al., 2013).
In particular, model estimates of temperature changes over Greenland
are lower than those reconstructed from ice cores, and largely fail to
capture the extensive and early Last Interglacial warming recorded by
the Antarctic ice cores. However, time-variant global circulation-model
simulations show that the observed asynchronous hemispheric warm-
ing response can be replicated by including freshwater inputs to the
North Atlantic from melting the remnant northern ice sheets during
the deglaciation of marine isotope stage 6 (MIS 6; Capron et al.,
2014; Masson-Delmotte et al., 2010; Otto-Bliesner et al., 2013;
Stone et al., 2016). The limited implementation of polar tipping ele-
ments and feedbacks are often implicated in the data-model discrepan-
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cies during the Last Interglacial (Otto-Bliesner et al., 2013). Below
we briefly compare palaeoclimate simulations with palaeodata specifi-
cally with regard to each of the polar tipping elements to explore the
feedbacks that likely connected these sub-systems, and to identify future
research priorities.

3.4.1. Land-surface modelling

Combined atmospheric and vegetation models are limited for the
Last Interglacial; however, those that do exist largely support the
palaeoenvironmental evidence of a northward-expanded boreal forest in
northeast Siberia and Alaska during the Last Interglacial relative to the
present (Harrison et al., 1995; Nikolova et al., 2013). But many
Last Interglacial simulations assume modern vegetation structure (with
tundra rather than boreal forest in the high northern latitudes), which
has an impact on albedo and other connected feedbacks. Some model
underestimation with respect to proxy-inferred warming could be a con-
sequence of these missing vegetation feedbacks (Crucifix and Loutre,
2002; Schurgers et al., 2007). One of the difficulties in modelling fu-
ture change arises through not incorporating feedback mechanisms. For
example, the Intergovernmental Panel on Climate Change's Fifth Assess-
ment Report suggested that Coupled Model Intercomparison Project 5
(CMIP5) models did not adequately account for greenhouse-gas emis-
sions from thawing permafrost and the effects of the permafrost-carbon
feedback on the global climate — the consequence of this is underesti-
mating the probability of overshooting a 2 °C maximum warming target
(Schaefer et al., 2014). In addition, only certain Earth-system models
integrate important aspects such as smoke and dust through their subse-
quent effects on atmospheric chemistry and photosynthesis (Mitchard,
2018).

A possible explanation for the asymmetry observed from proxy
records of boreal-forest expansion and permafrost degradation around
the high, northern latitudes is the potential for increased flux of warm,
Atlantic surface waters northward around the Eurasian Arctic
(Matthiessen et al., 2001; Matthiessen and Knies, 2001). Atlantic
water along the Arctic coast of Russia would have limited the formation
of sea ice, minimising extreme winter cold, and thereby potentially pro-
moting poleward expansion of evergreen trees. The flux of Atlantic wa-
ter might also have influenced the climate by steering warm air masses
into the Eurasian north (Cape Last Interglacial Project Members,
2006). In addition, warming during insolation maxima would have re-
duced the extent of permafrost areas, further facilitating expansion of
the boreal forest. Multiple lines of evidence, including a high abun-
dance of fern spores, and high chemical weathering of in situ palaeosols,
suggest that precipitation was greater than present around Fairbanks,
Alaska, during the peak of the Last Interglacial (Muhs et al., 2001).
Correspondingly, a warmer and wetter climate promotes the growth and
northward shift of boreal forest in two global climate models of dif-
ferent complexity (CCSM3 and LOVECLIM) (Nikolova et al., 2013).
Similarly, within the framework of the lig127k PMIP4 experiments,
proxy-based positive precipitation anomalies (producing 55% more pre-
cipitation and 50% more extreme precipitation) were found for the bo-
real regions (Scussolini et al., 2019).

3.4.2. Modelling ocean-ice interactions

Sea-ice reconstructions from the Northern Hemisphere are broadly
consistent across two Earth-system models, one of intermediate com-
plexity (LOVECLIM; Goosse et al., 2010) and one comprehensive at-
mosphere-ocean general circulation model (CCSM3; Collins et al.,
2006). Both suggest reductions compared to pre-industrial of between
60 and 40% respectively, in the sea-ice and snow cover during the Last
Interglacial (Lunt et al., 2013; Nikolova et al., 2013; Otto-Blies-
ner et al., 2006). The discrepancies between these models appear to
be linked to feedbacks from sea ice and snow cover, with a weaker
polar amplification simulated in CCSM3 than in LOVECLIM (Nikolova

et al., 2013). An atmospheric general circulation model by Harrison
et al. (1995) also simulates less-extensive, thinner Arctic Ocean sea
ice derived from delayed sea-ice formation in autumn and earlier melt-
ing of sea ice in the spring. These results are consistent with high in-
solation values during the Last Interglacial contributing to early sea-ice
melting in the summer season and a larger flux of warm Atlantic surface
water early in the Last Interglacial (Cape Last Interglacial Project
Members, 2006; Otto-Bliesner et al., 2006) (Fig. 2). In the South-
ern Hemisphere, there is a similarity between the forecasted Antarctic
winter sea-ice reduction (up to 58% by the end of the 21st Century)
(IPCC, 2013) and the equivalent decrease suggested for the Last In-
terglacial (128 ka; 58-72%) (Holloway et al., 2016), indicating that
past changes could provide a useful framework for understanding future
changes in sea ice.

While some estimates based on the combination of proxy-constrained
climate and ice-sheet modelling suggest a contribution of between 2 and
3.4 m of sea level rise from Greenland (Otto-Bliesner et al., 2006),
more recent model simulations constrained by glaciological data have
indicated a lower contribution, with estimates instead of 1.6-2.2 m
(Colville et al., 2011) and 0.3-3.6 m (with the most likely maximum
at 1.5 m) (Stone et al., 2013). The presence of ice at the North Green-
land Eemian Ice Drilling site during the Last Interglacial can only be
reconciled with simulations contributing up to 2 m of global sea level
rise (NEEM community members, 2013), suggesting a greater contri-
bution from Antarctica than previously thought. Most models simulate
cool Antarctic summer temperatures, and little to no surface melt, with
ocean warming as the major driver of ice sheet retreat. There is evidence
from both palaeoclimate data and models for a major millennial/cen-
tennial-scale reorganisation of the Atlantic meridional overturning cir-
culation during the Last Interglacial as a result of freshening surface wa-
ters in the high latitudes, and a cessation of North Atlantic deep water
and Antarctic bottom water formation (Cape Last Interglacial Pro-
ject Members, 2006; Carlson, 2008; Hayes et al., 2014; Tzedakis
et al., 2018). Various ocean-melt temperature thresholds for ocean-dri-
ven warming of ice sheets have been proposed for the West Antarctic ice
sheet and sub-basins therein. An ocean-melt threshold of 4 °C was pro-
posed to destabilise the Thwaites glacier grounding line (DeConto and
Pollard, 2016), although this decreases to 3 °C with the addition of
ocean warming on the atmosphere. In contrast, ocean warming thresh-
olds of 2-3 °C (Sutter et al., 2016) and 2 °C (Turney et al., 2020),
are considered sufficient for substantial retreat of the West Antarctic ice
Sheet, accounting for a sea level rise on the order of 3-4 m. Various
modelled scenarios including ‘ice plug’ removal (Mengel and Lever-
mann, 2014), ice-shelf hydrofracture, and ice-cliff failure (Pollard et
al., 2015) represent attempts to capture the non-linear mechanisms that
allow rapid ice-sheet collapse (DeConto and Pollard, 2016); however,
the physical basis of these scenarios is not fully resolved (Clerc et al.,
2019; Edwards et al., 2019). Given that ice-sheet response depends
on these non-linear mechanisms, exploring these controls is essential to
understand the propagation of feedbacks in the polar regions.

4. Conclusions and research priorities

Palaeoclimate reconstructions from the Last Interglacial provide a
powerful opportunity to obtain insights into the drivers of past and fu-
ture change at high latitudes. A wealth of ice, terrestrial, and marine
records indicate that large-scale shifts in state took place, that were not
reversible on millennial timescales. The forcings behind these changes
appear to have been small, implying specific thresholds, or ‘tipping
points’ were triggered (reached by self-reinforcing feedbacks), driving
extreme, nonlinear changes across the polar regions. The expert elicita-
tion of Steffen et al., (2019) suggests future destabilising temperature
thresholds of Earth System tipping elements to range between 1 and
5 °C warming, but these thresholds are based on global averages and
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do not appear to take into account amplifying feedbacks in the polar
regions. Our synthesis illustrates a tight interconnection between polar
tipping elements such that similar thresholds of vulnerability are likely
in the future. While this synthesis shows that these tipping elements all
responded early in the Last Interglacial, based on the current chronolog-
ical frameworks for these records, it is not yet possible to determine ac-
curately any leads and lags on the timescales of 1-2 millennia or below.
Further resolving the timelines of change for many tipping elements is
problematic because of limited dating control in marine, terrestrial, and
ice records. We recommend the following research priorities, comple-
menting those identified by Capron et al. (2019) to elucidate these
complex climate processes:

e Enhancing the chronological control of proxy records will provide a
more complete understanding of leads and lags in the climate sys-
tem. One of the best ways to do this is to develop a comprehensive
tephrochronology for the polar regions, which will identify time-par-
allel marker horizons from which to analyse leads and lags on sub-mil-
lennial timescales.

e Developing a more comprehensive network of marine, ice, and ter-
restrial records globally that are well-dated, integrated, and publicly
available. In particular, a priority could be multi-proxy analysis of
near-shore marine sediments to permit detailed land-sea correlations
(for example, via high-resolution pollen analysis with reconstruction
of sea-surface temperatures).

e Exploring new proxies of environmental change, such as ancient DNA
in marine and ice sediments that can potentially provide direct
ocean-ice correlations.

e Developing a more complete physical understanding of the non-lin-
ear mechanisms driving ice sheet retreat — this could be assisted by
more detailed reconstructions of sea-surface temperatures from the
Last Interglacial (from both new and legacy/archived marine cores)
from which to inform ice-sheet model forcings.

® Obtaining closer integration of the modelling and proxy development
communities to resolve data-model discrepancies and quantify polar
feedbacks during the Last Interglacial and in the future. This urgently
requires palaeoclimate data to construct realistic boundary conditions
for ice-sheet models.

Integrating ice, terrestrial, and marine reconstructions with
state-of-the-art ice-sheet and climate models will help to account for
mechanisms and triggers that could potentially give rise to abrupt
changes and tipping points. Using the Last Interglacial as a ‘process ana-
logue’ for future change provides major insights into the broader drivers
and impacts of abrupt shifts during past periods with warmer-than-pre-
sent-day conditions. While past periods are not completely faithful ana-
logues for anthropogenic-driven climate change, quantifying and docu-
menting regional changes during the Last Interglacial can help to an-
ticipate future changes in important tipping elements that could have
global implications for predicting the timing and magnitude of potential
cascades.
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