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Abstract Warmer than present Antarctic and Southern Ocean temperatures during the last interglacial,
approximately 128,000 years ago, have been attributed to changes in north-south ocean heat transport,
causing opposing hemispheric temperature anomalies. We investigate the magnitude of Antarctic warming
and Antarctic ice core isotopic enrichment in response to Northern Hemisphere meltwater input during
the early last interglacial. A 1,600-year HadCM3 simulation driven by 0.25 Sv of meltwater input reproduces
50-60% of the peak Southern Ocean summer sea surface temperature anomaly, sea ice retreat, and ice
core isotope enrichment. We also find a robust increase in the proportion of cold season precipitation
during the last interglacial, leading to lower isotopic values at the Antarctic ice core sites. These results
suggest that a HadCM3 simulation including 0.25 Sv for 3,000-4,000 years would reconcile the last
interglacial observations, providing a potential solution for the last interglacial missing heat problem.

Plain Language Summary The Antarctic isotope and temperature maximum, which occurred
approximately 128,000 years Before Present (yBP) during the warmer than present last interglacial period, is
hypothesized to have resulted from a slowdown in northward ocean heat transport due to ice sheet melting
into the North Atlantic—a mechanism known as the bipolar seesaw. We test this hypothesis by running
and analyzing long, fully coupled, isotope-enabled climate model simulations, which include meltwater
entering the North Atlantic, for this critical period 128,000 yBP. Results are evaluated against ocean and

ice core data. After 1,600 years, we simulate 55% of the peak Southern Ocean summer sea surface
temperature anomaly, 50% of the estimated winter sea ice retreat, and 60% of the ice core isotope
enrichment reconstructed during the early last interglacial Antarctic climate optimum.

1. Introduction

During past deglaciations, large volumes of glacial meltwater entered the North Atlantic Ocean from Northern
Hemisphere ice sheets (Bond & Lotti, 1995; Broecker & Henderson, 1998; Clark et al., 2002; Duplessy et al., 1992;
Peltier, 2004). The input of meltwater to the North Atlantic tends to decrease surface density and weaken the
Atlantic Meridional Overturning Circulation (AMOC), and the associated cross-equatorial ocean heat trans-
port (Peltier & Vettoretti, 2014; WAIS Divide Project Members, 2013, 2015). Hence, this is one mechanism that
could drive a bipolar seesaw mechanism, where the south (north) warms while the north (south) tends to cool
(Stocker & Johnsen, 2003).

During the penultimate deglaciation, large magnitudes of glacial meltwater entered the North Atlantic Ocean
during Heinrich Stadial 11 (HS11; Broecker & Henderson, 1998; Govin et al., 2012; Marino et al., 2015). HS11
peaked at 0.3 + 0.04 Sv (1 Sv = 10% m3/s) around 133 thousand years ago (ka) and decreased to ~0.05 Sv by
128 ka (Marino et al., 2015). It appears that HS11 led to delayed warming in the Northern Hemisphere and
preceded an early last interglacial (LIG; 130 to 115 ka) climate optimum in the Southern Hemisphere (Govin
etal, 2015; Marino et al.,, 2015), most clearly evident as a maximum in Antarctic ice core stable water isotope
(6780 and D) records at approximately 128 ka (Masson-Delmotte et al., 2011; Sime et al., 2009). By applying a
modern §'80-temperature calibration, these records have been used to infer Antarctic air temperatures that
were >4 °C above present (Jouzel et al., 2007; Sime et al., 2009). Additionally, marine sediment core evidence
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suggests that Southern Ocean summer sea surface temperatures (SSST) were ~2 °C warmer than present at
128 ka (Capron et al., 2014; 2017; Hoffman et al., 2017).

It has been postulated that half of the Antarctic warming that occurred by the end of HS11 can be accounted
for by changes in radiative forcing, leaving an excess residual warming that has been attributed to heat accu-
mulation in the Southern Hemisphere in response to a suppressed AMOC (Govin et al., 2012; Marino et al.,
2015). Previous work has tested this hypothesis using relatively short, 200-year-long atmosphere-ocean cou-
pled climate model experiments including meltwater input to the North Atlantic Ocean during the early
LIG but conclude that this mechanism alone is insufficient to reconcile inferred Antarctic temperatures (e.g.,
Holden et al., 2010; Stone et al., 2016). We revisit this question utilizing 1,600-year-long isotope-enabled cou-
pled climate model simulations with meltwater input to the North Atlantic Ocean. These experiments enable
quantification of the role of meltwater from retreating Northern Hemisphere ice sheets on Antarctic climate
and the ice core isotope record during the early LIG.

2. Methods

2.1. Climate Model Experiments

We carry out a series of isotope-enabled (Holloway, Sime, Singarayer, Tindall, & Valdes, 2016; Tindall et al., 2009)
coupled atmosphere-ocean general circulation model experiments using the U.K. MetOffice HadCM3 model.
The simulated distribution of isotopes in Antarctic precipitation compare well to present-day observations
(e.g., Sime et al.,, 2008). Our series of simulations focusses on the LIG Antarctic isotope maximum, centered at
128 ka, and include different magnitudes of meltwater entering the North Atlantic. We perform four primary
experiments, each with orbital, greenhouse gas concentrations and ice sheet configuration fixed at 128-ka
values and with (i) no meltwater forcing and (ii) 0.1, (iii) 0.2, and (iv) 0.25 Sv of meltwater added to the surface
North Atlantic Ocean. Note, the 0.2 and 0.25 cases both exceed the limit for AMOC collapse in HadCM3 (Stone
etal, 2016).

Meltwater is added uniformly to the surface North Atlantic Ocean between 45° and 70°N. The actual meltwa-
ter isotopic composition from deglaciating Northern Hemisphere Ice Sheets is highly uncertain (e.g., Ferguson
& Jasechko, 2015; Hill et al., 2006). We set the ocean isotopic composition to 0%o (equivalent to present day)
to ensure no negative drift in whole ocean isotopic composition. We therefore use the assumption that by
the end of HS11 or coincident with the 128-ka isotope data, sea level has reached approximately present-day
values, resulting in a globally integrated ocean isotopic composition of 0%o.

All climatologies were calculated using the final 30 years of each experiment and are compared to a
preindustrial control simulation (PI). The Pl experiment has been time integrated for 800 years to reach a
pseudo-equilibrium state (i.e., drifts in the atmosphere, surface, and middepth ocean become negligible).
The 128-ka experiment with no meltwater forcing (NOFW) was integrated for 700 years to reach the same
pseudo-equilibrium state. Each of the meltwater forcing experiments were continued from NOFW with the
inclusion of North Atlantic meltwater forcing. The 0.1-Sv case was continued for an additional 400 years, the
0.2 Sv for 1,000 years, and the 0.25-Sv case for 1,600 years. These experiments represent significantly longer
meltwater forcing scenarios than previous LIG experiments run with the HadCM3 model (Holden et al., 2010;
Stone et al., 2016). We present the climate response for all meltwater experiments (0.1, 0.2, and 0.25 Sv) but
concentrate our analysis of the isotope response on the highest meltwater scenario of 0.25 Sv.

2.2. Ice and Ocean Core Data

We compare model isotope output against five published ice core records from East Antarctica
(Masson-Delmotte et al., 2011): Vostok (Petit et al., 1999), Dome F (DF; Kawamura et al., 2007), European Project
for Ice Coring in Antarctica (EPICA) Dome C (EDC; Jouzel et al., 2007), EPICA Dronning Maud Land (EDML; EPICA
Community Members, 2006), and Talos Dome Ice Core (TALDICE; Stenni et al., 2011). The ice core data have
been processed and synchronized following the methods of Sime et al. (2009), Holloway, Sime, Singarayer,
Tindall, Bunch, et al. (2016), and Holloway et al. (2017) to isolate the LIG isotope maximum, at approximately
128 ka. Our methodology results in a core-average LIG maximum 6'80 anomaly of +3.38%o relative to the last
3 ka. We also compare modeled SSST (January—March [JFM]) anomalies against the Capron et al. (2014) com-
pilation of LIG Southern Ocean SSST reconstructions. The compilation of Capron et al. (2014) uses 10-m water
depth in the 1998 World Ocean Atlas as modern reference to calculate SST anomalies. We note that our simu-
lated SSST anomalies are relative to a preindustrial experiment. However, as Southern Ocean SST trends over
the twentieth century are indistinguishable from zero (McGregor et al., 2015), this is not expected to signifi-
cantly affect our results. We average each synchronized SSST record over the period 128 + 1 ka, resulting in
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Figure 1. Climate anomalies for 128-ka experiments with no meltwater (black; NOFW), 0.1 Sv (cyan), 0.2 Sv (purple), and
0.25 Sv (orange) of meltwater added to the surface North Atlantic Ocean. Anomalies are presented relative to NOFW.
Time series of (a) Atlantic Meridional Overturning Circulation (AMOC) intensity (10° m3/s = 1 Sv), calculated as the
maximum overturning stream function in the North Atlantic, excluding the surface wind-driven circulation; (b) Southern
Ocean summer sea surface temperature (January-March [JFM]; degrees Celsius) averaged south of 50°S; (c) Southern
Hemisphere winter (September) sea ice area (WSI; % change); and (d) East Antarctic annual mean surface air
temperature (SAT; degrees Celsius) averaged between longitudes of 0-170°E. Bold lines show 30-year running mean,
and shading indicates 1¢. Year zero signifies the start of meltwater forcing.

a marine core-average Southern Ocean SSST anomaly of +2.09 °C. For comparison, the more recent compi-
lation of Capron et al. (2017) calculate an average Southern Ocean SSST warming of 1.8 °C for both the 127-
and 130-ka time slices (standard errors of 0.8 and 0.9 °C, respectively), relative to preindustrial, whereas peak
LIG temperature was reached at 129.3 + 0.9 ka in the Southern Hemisphere and 126.4 + 1.9 ka in the North
Atlantic (Capron et al., 2014).

3. Results

Relative to the preindustrial, there is a weak climate response to 128-ka orbital and greenhouse gas forcing
alone. There is negligible change in AMOC strength (—2%). There is weak warming south of 50°S in Southern
Ocean SSST (+0.2 °C) and annual mean East Antarctic air temperature (+0.74 °C). Summer (JFM) East Antarctic
temperature anomalies are negative (—0.63 °C). Southern Hemisphere winter maximum (September) sea ice
area is reduced by 8%. Across the five East Antarctic ice core sites, the core-average annual mean surface tem-
perature anomaly is +0.77 °C. However, the summer temperature anomaly is —0.73 °C, and the core-average
5'80 anomaly is —0.23%eo. This does not agree with the observed Antarctic ice core isotope peak of +3.38%o
and suggests that simulations forced by radiative forcing, but no meltwater, do not have a strong impact on
ice core 6'80 (e.g., Otto-Bliesner et al., 2013).

In each case, the addition of meltwater to the North Atlantic weakens the AMOC (Figure 1a and supporting
information Figure S1), resulting in North Atlantic cooling and a southward shift of the Intertropical Conver-
gence Zone (not shown). With 0.1 Sv of meltwater added to the North Atlantic, drifts in the AMOC stabilize
within 50 years. For larger magnitudes of meltwater, the AMOC continues to weaken throughout the first
200-300 years of each experiment (Figure 1a). By the end of each integration, the AMOC has weakened by
15%, 47%, and 67% relative to Pl for meltwater inputs of 0.1, 0.2, and 0.25 Sv over 400, 1,000, and 1,600 years,
respectively. Since Southern Hemisphere heat transport is roughly dependent on AMOC strength, South-
ern Ocean and Antarctic temperatures continue to rise even after the AMOC has stabilized at a lower value
(Figures 1b and 1d). After 1,600 years of 0.25-Sv meltwater input, the total ocean heat content has increased
by +1.39 x 10?2 J relative to the NOFW experiment. The largest heat gain occurs within the top 2,000 m
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Figure 2. Southern Ocean summer (January—March) sea surface temperature anomalies for 128-ka experiments with
(a) no meltwater; (b) 0.1 Sv over 400 years; (c) 0.2 Sv over 1,000 years; and (d) 0.25 Sv of meltwater added to the North
Atlantic over 1,600 years, compared against a preindustrial control experiment. Filled circles show reconstructed sea
surface temperature anomalies at 128 ka (Capron et al., 2014). Gray lines signify the 15% September sea ice
concentration threshold.

(+1.26 x 102 J) and between latitudes of 50°S and 20°N (supporting information Figure S2). This is equivalent
to ~5% of the observed increase in 0- to 2,000-m ocean heat content between 1955and 2010 (24 + 1.9x 102 J;
Levitus et al., 2012). In the Atlantic basin, the total heat content gain is +0.33 x 10 J, largely confined to the
South Atlantic (supporting information Figure S2h). Warming spreads throughout the Southern Ocean via
the Antarctic Circumpolar Current (Stouffer et al., 2006), leading to Southern Ocean average SSST warming of
1.2 °Crelative to Pl after 1,600 years of 0.25-Sv meltwater forcing (Figure 2d). A warmer Southern Ocean leads
to a retreat of Southern Hemisphere winter sea ice area of 27% relative to PI. The largest relative change in
winter sea ice area occurs in the Indian sector of the Southern Ocean (—34% relative to Pl), coincident with
the ocean sector that features strongest warming. Warmer air temperatures extend into the continent, pro-
ducing an average East Antarctic annual mean warming of 2.1 °Crelative to Pl (Figure 3, left panels). However,
summer (JFM) temperature anomalies are far weaker; +0.75 °C or <40% of the annual mean warming. Aver-
aging across the five ice core sites, annual mean and summer-only surface temperatures warm by 2.4 and
0.9 °Crelative to P, respectively. Annual mean warming is >2 °C at all sites but largest at EDML (+3 °C), while
summer-only warming is weakest at Dome F (+0.12 °C) and largest at TALDICE and over double that at any
other site (+2 °C).

The response of annual mean compared to summer-only temperatures demonstrates a change in season-
ality during the LIG. This is reflected in both precipitation and temperature. Previous work has suggested
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Figure 3. Anomalies in Antarctic annual mean surface air temperature (left panels: a, ¢, e, g, and i) and 5180 (right
panels: b, d, f, h, and j) for the 0.25-Sv experiment after (a, b) 200 years; (c, d) 400 years; (e, f) 600 years; (g, h) 1,000 years;
and (i, j) 1,600 years of meltwater added to the North Atlantic, compared with a preindustrial control experiment. The
locations and reconstructed 580 anomalies (filled circles in right panels) from the five East Antarctic ice cores are
shown. Gray lines signify the 15% September sea ice concentration threshold.
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itation at each of the ice core sites (supporting information Figure S3).
@] We find that cold season precipitation is indeed increased, both with and
without meltwater input, over most of the ice core sites. This pattern
correlates with seasonal changes in Southern Ocean SST (supporting infor-

mation Figure S3a); negative (positive) SST anomalies correspond to less
8 ‘I;(F)S | (more) precipitation over Antarctica. Southern Ocean SST anomalies are
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y 1000 1500 2000 (Vostok, DF, and EDC) and is weaker at the high-accumulation, coastal
ears
sites. The change in precipitation seasonality has a negative influence on

Figure 4. Model data 580 agreement (percentage of observed ice core precipitation-weighted 6'80 falling across Antarctica. The magnitude and

anomaly reconstructed at 128 ka) against simulation duration for the

pattern of anomalies are similar both with and without meltwater input,

1,600-year 0.25-Sv experiment for each ice core site; Vostok (VOS, black . h h . o i dri by th
circles); Dome F (DF, cyan); EPICA Dome C (EDC, purple); EPICA Dronning suggesting that changes in precipitation seasonality are driven by the

Maud Land (EDML, blue); Talos Dome Ice Core (TALDICE, orange); and the higher obliquity and lower precession during the early LIG compared to
core average (gray squares). A linear fit is shown for the core-average as well  today (Yin & Berger, 2010).
as for each individual site, so the original phrasing is more accurate.

EPICA = European Project for Ice Coring in Antarctica.

Further investigation shows that this effect is not model specific. We
compare the precipitation seasonality for available LIG simulations in the
Paleoclimate Model Intercomparion Project (Bakker & Renssen, 2014; Lunt
etal.,, 2013); HadCM3, CCSM3, and NorESM experiments covering 120, 125, 128, and/or 130 ka (B. Otto-Bliesner,
personal communication, August, 2016). This multimodel comparison shows a robust increase in the contri-
bution of cold season precipitation and a decrease in warm season precipitation toward the annual mean
(supporting information Figure S4). The core-average, multimodel mean shows the largest decrease during
DJF (—8%) and largest increase during JJA (+5%). This pattern is stronger if only the inland core sites of Vostok,
DF, and EDC are considered; the DJF contribution decreases by —12% while the JJA contribution increases by
+7%. In the multimodel mean, the inland core sites also show an increase in the contribution of precipitation
falling between September and November (SON; +8%). This season coincides with the maximum extent of
Antarctic sea ice, isolating the continent and acting to further deplete precipitation 5'80 at the inland core
sites. The difference between the change in cold season compared to warm season precipitation (AJJA—ADJF)
is —4, —2,and —1.4% for CCSM3, HadCM3, and NorESM, respectively; that is, the decrease in warm season pre-
cipitation is larger than the increase in cold season precipitation. The pattern is again larger if the coastal sites
of EDML and TALDICE are removed; —5%, —3%, and —5% for CCSM3, HadCM3, and NorESM, respectively.

Although changes in seasonality have a negative influence on Antarctic 6'80, the addition of meltwater and
resultant warming and sea ice retreat acts to enrich 6'80 over the Antarctic ice core sites (Figure 3 right pan-
els and Figure 4). Core-averaged anomalies at the end of the 1,600-year 0.25-Sv experiment are +2.02%o. This
reduces the root-mean-square error from 3.6%o for the NOFW experiment to 1.7%o and reconciles 60% of
the observed LIG Antarctic ice core isotope anomaly. Anomalies are largest at EDML and TALDICE, reaching
+2.7%o0 and +3.2%o, respectively. A weaker isotopic response is observed at the inland sites, Vostok, EDC, and
Dome F (+0.9%o, +1.27%o, and +2.02%o, respectively). Assuming a linear relationship between the duration of
meltwater input and Antarctic isotopic composition suggests that the simulated core-averaged §'80 enrich-
ment will reach 100% of the observed LIG Antarctic ice core anomaly after 3,000 years of 0.25-Sv meltwater
input using the isotope-enabled HadCM3 model (Figure 4). Atindividual sites, the duration of meltwater input
required to fully reconcile the LIG isotope peak varies from 800 years at TALDICE to 3,800 years at Vostok. The
required meltwater duration at other sites converge toward ~3,500 years (3,700, 3,500, and 3,000 years for
Dome F, EDC, and EDML, respectively).

4, Discussion

According to our experiments using the isotope-enabled HadCM3 model, a North Atlantic meltwater input of
0.25 Sv over 1,600 years can explain 60% of the observed isotope peak. This is consistent with the response
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of other model components in the high-latitude Southern Hemisphere, including ~55% of the LIG Southern
Ocean SSST anomaly reconstructed by Capron et al. (2014) and 50% of the Southern Hemisphere winter sea
ice area retreat estimated by Holloway et al. (2017).

Meltwater input to the North Atlantic not only enriches §'0 at the ice core sites but also improves the spatial
pattern of anomalies between sites. Intersite differences in the model-data agreement at Vostok, EDC, EDML,
and Dome F reduce with increasing meltwater duration (Figure 4). A linear extrapolation implies that the
model-data mismatch at these sites would be fully reconciled using simulations including 0.25-Sv meltwater
forcing for 3,000-3,800 years in duration. However, this assumes continued linear trends in SSST, sea ice, and
6'80 and that the climate system does not reach a new equilibrium with the imposed meltwater forcing before
model-data agreement is achieved. TALDICE remains an outlier, diverging from the other sites and achieving
the observed ice core isotope enrichment after <1,000 years of meltwater input. This may suggest a unique
ice elevation history or changes in sea ice in the TALDICE region; ice sheet thickening or less sea ice retreat in
this region, as suggested by Holloway et al. (2017), might reduce the magnitude of isotopic enrichment and
bring the TALDICE model-data agreement in line with other sites.

Elevation reconstructions of the East Antarctic Ice Sheet (EAIS) during the LIG are highly uncertain; evidence
is unclear whether the EAIS thinned (due to increased melting) or thickened (due to an increase in accumula-
tion), but changes were likely small on the order of a few hundred meters (Bradley et al., 2013). Thinning of the
EAIS is expected to warm East Antarctica and enrich 6'80 (e.g., Holden et al., 2010); observational constraints
suggest an average isotope-elevation relationship of +0.3%o change in §'80 per 100-m decrease in elevation
in most world regions (Blisniuk & Stern, 2005; Poage & Chamberlain, 2001) but a higher value of 0.7%o per
100 m is observed in a data set of Antarctic surface snow (Masson-Delmotte et al., 2008). Idealized elevation
change experiments with HadCM3 provide a model constraint of 0.6%o per 100 m, averaged across the East
Antarctic ice core sites (work in preparation). Consequently, an elevation lowering of 200 m could generate
36-41% of the LIG 6'80 anomaly and, therefore, explain the remaining model-data disagreement. However,
EAIS thinning would imply ice sheet melting and a synchronous freshening of the surface Southern Ocean,
which would tend to cool SSTs and lead to an expansion of Southern Hemisphere sea ice (Hansen et al.,, 2016;
Holloway, Sime, Singarayer, Tindall, Bunch, et al., 2016), worsening the model-data agreement. The 1,600-year
0.25-Sv experiment generates an effective sea level equivalent of +25 m, inferred from the change in global
ocean salinity. This might suggest that a higher, and more realistic, sensitivity to meltwater forcing in HadCM3
would produce a larger climate response in these experiments and explain a greater proportion of the LIG
climate anomaly.

A bipolar seesaw heat redistribution likely played an important role in the early LIG Southern Hemisphere
climate optimum, at roughly 128 ka. Assuming that these model results provide a realistic simulation of North-
ern Hemisphere meltwater input, consistent with the likely range of HS11, and that the simulated Southern
Hemisphere response is not significantly underestimated, then these results suggest that longer model inte-
grations including meltwater forcing or a nonnegligible magnitude of EAIS surface lowering is necessary to
reconcile the early LIG isotope maximum.
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