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Abstract. Deglaciations are characterized by relatively fast and near-synchronous changes in ice sheet volume, ocean
temperature, and atmospheric greenhouse gas concentrations, but glacial inceptions occur more gradually. Understanding the
evolution of ice sheet, ocean, and atmospheric conditions from interglacial to glacial maximum provides important insight into
15

the interplay of these components of our climate system. Using noble gas measurements in ancient ice samples, we reconstruct
mean ocean temperature (MOT) from 74 to 59.5 ka BP, covering the Marine Isotope Stage (MIS) 5-4 boundary, MIS 4, and
part of the MIS 4-3 transition. Comparing this MOT reconstruction to previously published MOT reconstructions from the last
glacial cycle, we find that the majority of interglacial-glacial ocean cooling occurred across MIS 5, and MOT reached full
glacial levels by MIS 4 (-2.7±0.3°C relative to the Holocene). Comparing MOT to contemporaneous records of CO2 and
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benthic 𝛿18O, we find that ocean cooling and the solubility pump can explain most of the CO2 drawdown and increase in 𝛿18O
across MIS 5. The timing of ocean warming and cooling in our record indicates that millennial scale climate variability plays
a crucial role in setting mean ocean temperature during this interval, as seen during other periods, such as the last deglaciation.

1 Introduction
The classical view of Pleistocene glacial cycles is a slow build-up of ice sheets followed by rapid disintegration (Abe25

ouchi et al., 2013; Emiliani, 1955; Hays et al., 1976; Imbrie et al., 1993). However, the long build-up of ice sheets over the
last glacial cycle was punctuated by a rapid global cooling at the Marine Isotope Stage (MIS) 5a-4 boundary, at ~70 ka B.P.
during the last glacial inception. During this period, roughly half of the interglacial-glacial drawdown of atmospheric CO2
occurred in roughly four thousand years. This transition also brought extensive global cooling, build-up of polar ice sheets,
and changes in deep ocean circulation (Adkins, 2013; Bereiter et al., 2012; Cutler et al., 2003; Yu et al., 2016). The mechanisms
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behind this rapid change are not yet fully understood.
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Multiple lines of oceanographic evidence (Adkins, 2013; Piotrowski, 2005; Thornalley et al., 2013; Yu et al., 2016)
suggest that the MIS 5a-4 boundary marks the transition from the interglacial to glacial mode of ocean circulation. MIS 4 (like
MIS 2) is characterized by cold conditions in both hemispheres and by the near absence of millennial scale variability (Fig. 1).
Sea surface temperature records for MIS 4 and MIS 2 (Kohfeld and Chase, 2017; Snyder, 2016) indicate that globally, these
35

two intervals were comparably cold, though the spatial distribution of temperature may have differed (Kohfeld and Chase,
2017). While similarities exist between the MIS 4 and MIS 2 intervals, there are notable differences. Northern Hemisphere ice
sheets were not as extensive as they were during MIS 2 (Cutler et al., 2003), but MIS 4 conditions included greater glacial
extent in New Zealand than during MIS 2, which may reflect greater ice extent in the Southern Hemisphere more broadly
(Schaefer et al., 2015).
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One powerful indicator of global climate is the mean ocean temperature (MOT), which can be reconstructed using
atmospheric noble gas ratios in ice core trapped air (Headly and Severinghaus, 2007). The total inventory of krypton and xenon
in the ocean-atmosphere system is fixed, and the portion of the total that is dissolved in the global oceans depends on the MOT,
as solubility of these heavy noble gases is strongly temperature dependent (Ritz et al., 2011). Ice core Kr/N2, Xe/N2, and Xe/Kr
reflect the fraction of the noble gas inventory not dissolved in the ocean, which allows MOT at that time to be reconstructed
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(Baggenstos et al., 2019; Bereiter et al., 2018a; Shackleton et al., 2019, 2020). Here we reconstruct MOT from 74 to 59.5 ka,
covering the MIS 5a-4 transition, MIS 4, and part of the MIS 4-3 transition. The new record serves multiple purposes. First, it
allows for a direct MIS 2 - MIS 4 comparison, to assess whether MIS 4 represents the full glacial oceanic mode. Second,
comparison of MOT to benthic 𝛿18O changes from the onset of the Last Interglacial (MIS 5e) to MIS 4 and 2 provides insight
into the temporal evolution of ocean temperature and ice volume changes over the glacial cycle. Third, superposed on the long-
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term global cooling trends leading up to the MIS 5-4 transition are Dansgaard-Oeschger (DO) cycles (Dansgaard et al., 1982),
millennial-scale climate oscillations that are thought to be linked to mode changes in the Atlantic Meridional Overturning
Circulation (AMOC) (Lynch-Stieglitz, 2017; Stocker and Johnsen, 2003). The link between the AMOC and ocean heat content
has been observed in MOT reconstructions over the last two terminations (Baggenstos et al., 2019; Bereiter et al., 2018a;
Shackleton et al., 2020), however the influences of millennial scale and glacial-interglacial climate change on MOT are
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difficult to disentangle. Our record allows us to better understand the millennial-scale controls on global ocean heat content
outside of terminations. Last, we estimate the contribution of whole-ocean cooling to the decrease in atmospheric CO2 across
MIS 5 and the MIS 5a-4 boundary to examine the evolving controls on CO2 through these intervals.
2 Methods
2.1 Site Description and Ice Core Measurements
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Ice samples were obtained by drilling a shallow (20 m, 0.24 m diameter) ice core at Taylor Glacier, Antarctica, a blue
ice area located in the McMurdo Dry Valleys (Baggenstos et al., 2017). The core contains ice spanning gas ages from ~58 ka
near the surface to 74 ka at 20 meters depth (Menking et al., 2019). We excluded samples above 4 m depth to avoid
2
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alteration/contamination due to near-surface thermal fractures (Baggenstos et al., 2017). A total of 56 samples from Taylor
Glacier were measured, including 10 replicate samples. In addition, four WAIS (West Antarctic Ice Sheet) Divide samples
65

from MIS 4 were measured to replicate the Taylor Glacier results using samples from a different ice core. All ice core samples
were analysed for Kr/N2, Xe/N2, and Xe/Kr using the method described by (Bereiter et al., 2018b). The average of the three
noble gas ratios was used to determine the final MOT following procedures in (Shackleton et al., 2019). For brevity, we will
refer to the MOT reconstructed from measured noble gases as ‘MOT data’ in this work.
2.2 Taylor Glacier Age Model
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We apply the ice core age model of (Menking et al., 2019) with slight modifications for the MOT reconstruction. The
age model was developed by matching measured variations in CH4 and δ18Oatm in the Taylor Glacier ice core to deep ice core
records on the AICC2012 timescale (Veres et al., 2013). Tie points were manually selected, and noble gas sample ages were
determined from linear interpolation between tie points. For this study, we selected tie points from the higher resolution NGRIP
(rather than EDML) CH4 record on AICC2012, plus three additional tie points from the EDML CO2 record, also on AICC2012
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(Table 1). Tie point uncertainties are reported relative to AICC2012, and do not include age uncertainty of the AICC2012
chronology itself. Tie point uncertainties have a minimal impact on the interpretation of the record.
2.3 Fractionation Corrections and Box Model Parameterizations
The noble gas ratios measured in ice cores must be corrected for fractionation that occurs within the firn, which alters
the noble gas ratios from their original atmospheric values (Headly and Severinghaus, 2007). We apply the correction approach
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of (Shackleton et al., 2019), which uses a linear least-squares method to solve and correct for gravitational (Schwander, 1989)
and thermal (Severinghaus et al., 1998) fractionations using measurements of isotope ratios of inert gases (whose atmospheric
compositions do not measurably change over time). Argon isotope ratios were corrected for the gradual increase in atmospheric
40

Ar (Bender et al., 2008).
Fractionation corrections are more robust when calculating relative MOT change, rather than absolute MOT values,
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because errors in the fractionation corrections produce a systematic offset in the corrected noble gas ratios, whereas the relative
changes in these ratios are minimally influenced ((Shackleton et al., 2020) and Appendix A). We therefore report MOT relative
to Holocene MOT measured in the same ice core. For the Taylor Glacier samples, we compare our data to five early Holocene
(10.6 ka) replicate Taylor Glacier samples from (Shackleton et al., 2020). WAIS Divide samples are reported relative to the
average of Holocene samples from 11-10 ka (n=4) (Bereiter et al., 2018a). While the Taylor Glacier and WAIS Divide
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Holocene references are not from identical intervals, the WAIS Divide (Bereiter et al., 2018a) and EPICA Dome C (EDC)
(Baggenstos et al., 2019) records both suggest that the entire Holocene was a very stable interval for MOT (1𝜎 standard
deviations of 0.2°C and 0.1°C respectively for all Holocene samples). For comparison of our MIS 4 MOT data to MIS 2, we
consider published MOT data from the MIS 2 for Taylor Glacier (19.9 ka, five replicate samples) (Shackleton et al., 2020) and
WAIS Divide (Bereiter et al., 2018a) (24-18 ka). In contrast to the Holocene, data from MIS 2 suggests that MOT was relatively
3
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variable during this interval (1𝜎 standard deviations of 0.3°C and 0.5°C respectively for samples from 24-18 ka from WAIS
Divide and EDC respectively), which somewhat complicates the comparison of MOT during the MIS 2 and MIS 4 intervals.
Further details on the fractionation corrections applied are included in Appendix A.
We employ the box model of (Bereiter et al., 2018a), which calculates the MOT anomaly relative to the modern ocean
from the atmospheric noble gas ratios. Parameterizations of the box model applied in this study are detailed in (Baggenstos et
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al., 2019). The box model requires input of sea level (Grant et al., 2012) to account for changes in the oceanic reservoir of
xenon, krypton, and nitrogen that are unrelated to ocean temperature change. This includes changes in ocean volume, salinity,
and sea surface pressure (Headly and Severinghaus, 2007). For Holocene MOT reference data and the MIS 2 data against
which the record is compared, we use the sea level record of (Lambeck et al., 2014) in the box model. We also re-evaluate the
WAIS Divide Holocene and MIS 2 MOT record (Bereiter et al., 2018a), applying the same box model parameterizations as
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applied in this study (and in (Shackleton et al., 2020)) for a consistent comparison.
2.4 Error Analysis
The error on our MOT reconstruction is estimated by propagating all known uncertainties using a Monte Carlo
method. Sources of uncertainty include the analytical uncertainties for the noble gas ratios as well as the isotope ratios used
for firn fractionation corrections. Additional uncertainties include the age uncertainty for the Taylor Glacier tie points (Table
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1) and temporal and analytical uncertainties in the sea level curve.
We first created 10,000 versions of the dataset using a bootstrapping technique where the data were randomly varied
within the uncertainties described above. We then fitted each time series using a spline with a 2500-year cut-off period and
averaged the resulting splines to produce a final, smoothed version of our MOT record including uncertainty estimates.
3 Results
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3.1 MIS 5a-4 Boundary
During the rapid drawdown in atmospheric CO2 (72 - 68 ka, Fig. 2), we observe mean ocean cooling in two phases,
with an overall net cooling of 0.9±0.3°C (1𝜎). In the first phase (72-70 ka) MOT decreased by 0.7±0.3°C in roughly two
thousand years, coincident with Antarctic cooling and Greenland Interstadial 19. In the second phase (70-68 ka) MOT
stabilized, then decreased further by 0.2±0.3°C, reaching a minimum at ~68 ka.
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3.2 Comparison of MOT in MIS 4 and MIS 2
Our Taylor Glacier data show that MIS 4 MOT was statistically indistinguishable from MIS 2 (-0.1±0.3°C relative to
MIS 2, or -2.7±0.3°C relative to the Holocene). The four WAIS Divide MOT data are consistent with the Taylor Glacier results
(-2.6±0.5°C relative to the Holocene), but the WAIS data show more scatter. If we instead correct the WAIS Divide data for
thermal fractionation using a firn model (Buizert et al., 2015) as in (Bereiter et al., 2018a) and compare the results to MIS 2
4
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data using this method of fractionation correction, we find that the WAIS Divide MIS4 data are slightly less scattered (Fig. 2).
With these corrections applied, the MIS 4 interval in WAIS Divide is slightly warmer (-2.5±0.3°C relative to the Holocene).
While all results are indistinguishable within error, these results emphasize the importance of future work developing further
understanding of firn air processes and their influence on MOT results.
3.3 MIS 4-3 Transition
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While our record may not capture the full transition into MIS 3, we find that there was substantial MOT warming at
the end of MIS 4. By ~59.5 ka, MOT had reached levels comparable to the MIS 5a MOT peak at ~72 ka. Because our record
does not contain a clear levelling of MOT, it is uncertain if or by how much MIS 3 MOT exceeded levels found at the end
MIS 5a.
4 Discussion
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4.1 Ocean cooling and CO2 drawdown across MIS 5a-4
We identify and discuss here two separate drawdowns of CO2 during the glacial inception, each of which was
approximately 40 ppm. The first occurred from MIS 5e to MIS 5a, the second from MIS 5a to MIS4. Using a carbon cycle box
model ((Bauska et al., 2016), Appendix B) we estimate that the observed MOT net cooling of 0.9°C over the MIS 5a-4
transition would have led to a CO2 drawdown of 9±3 ppm by solubility alone, which is a relatively small but not insignificant
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fraction of the ~40 ppm drawdown that occurred over the full interval (Fig. 3). More information about the carbon box model
applied in this study can be found in Appendix B.
A comparison of the Taylor Glacier records of MOT and CO2 over the MIS 5a-4 transition shows that while MOT
decreased more rapidly in the first half of the transition, the rate of decrease in CO2 was relatively constant over the full
transition. This observation is robust because both the CO2 and MOT records are from the same ice archive, thus there is no
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uncertainty in the relative timing of MOT and CO2 variations. While ocean cooling may explain a considerable portion of the
early CO2 drawdown in the first half of the transition, the MOT and CO2 trends clearly diverged around 70.5 ka.
It is notable that MOT was already low during MIS 5a (Fig. 3). Between the onset of MIS 5e and the end of MIS 5a,
MOT had decreased by 3.1±0.4°C, for an estimated 32±4 of the ~40 ppm CO2 lowering that occurred across MIS 5e to 5a.
This is consistent with the hypothesis presented by (Adkins, 2013), that ocean solubility played a substantial role in setting
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atmospheric CO2 during MIS 5 but was not the main driver of the abrupt CO2 decrease at the MIS 5a-4 boundary. Our data
allows us to put tighter constraints on the role of the solubility pump in atmospheric CO2 variations across these intervals. Out
of the full 80 ppm CO2 from MIS 5e to MIS 4, MOT changes can explain 41±4 ppm.

5
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4.2 MOT and benthic 𝛿18O during MIS 4
Benthic δ18O records changes in seawater δ18O and local deep-water temperature. We used the Taylor Glacier MOT
155

record to estimate the temperature component of a global benthic δ18O stack (Lisiecki and Stern, 2016) during MIS 4. Applying
the benthic δ18O temperature sensitivity of 0.26‰/°C at 3.5°C from (Shackleton, 1974), we find that the ocean temperature
anomaly accounts for 0.7‰ of the 1.3‰ δ18O anomaly relative to Holocene/modern benthic δ18O, implying the remaining
0.6‰ is due to enhanced ice sheet volume. For comparison, the MIS 2 - Holocene benthic δ18O change is 1.7‰. Using a mean
ice δ18O of -30‰ and average ocean depth of 3790m (as in (Cutler et al., 2003)) the remaining 0.6‰ δ18O anomaly would

160

suggest a MIS 4 sea level anomaly of -71±10m. This finding is in reasonable agreement with the MIS 4 coral sea level
benchmark of -81±1m (Cutler et al., 2003), and it is 30% higher than the average MIS 4 sea level used as our box model input
(-94m, (Grant et al., 2012)) to calculate MOT from measured noble gas ratios. If we adjust the initial box model input so that
MOT and sea level inputs are consistent with the decomposition of the benthic stack, our calculated MIS 4 MOT would be
0.1°C higher than the reported value, and the sea level then implied by the benthic stack (-75±10m) would be in closer
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agreement with the coral sea level benchmark.
This exercise demonstrates that the MOT result is robust to errors in the prescribed sea level; a one-meter error in sea
level results in a 0.006°C error in MOT. Conversely, an error in the decomposition of the benthic stack results in a much larger
error in ocean temperature. Every meter of sea level error in the benthic stack decomposition results in an 0.03°C error in
ocean temperature, roughly five times the sensitivity found for our computation of MOT.
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We note that there are distinct challenges in using MOT to decompose δ18O, as we have, such as the uncertainty in
aligning sediment and ice core age scales. However, future comparisons of MOT, sea level, and benthic δ18O records may
provide valuable insight into disentangling sea level and ocean temperature information from benthic δ18O. For example, the
observation that MIS 4 MOT is comparable to MIS 2 but sea level is ~50 m higher is consistent with previous findings that
most of the interglacial to glacial ocean cooling occurs early in the glaciation and precedes substantial Northern Hemisphere
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ice sheet growth (Cutler et al., 2003; Shakun et al., 2015; Waelbroeck et al., 2002). This decoupling of ocean cooling and ice
sheet growth may be an important clue for future investigation of the mechanism of glacial cycles.
4.3 MOT, Antarctic Temperature, and the Bipolar Seesaw
Records of the last two deglaciations have shown MOT increase and Antarctic warming during intervals of weakened
AMOC, and Antarctic cooling and MOT decrease with AMOC recovery. Our new MOT record shows the same trend of
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Antarctic warming and MOT increase during Greenland Stadials 20 and 18, and Antarctic cooling and MOT decrease during
Interstadial 19, suggesting that the interplay between AMOC, MOT and Antarctic temperature is a general feature of the
climate system (Fig. 4). The same link between AMOC strength and MOT has been simulated in global climate models
(Galbraith et al., 2016; Pedro et al., 2018), providing further confirmation of this phenomenon.

6
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Our MOT record shows a generally symmetric pattern of warming and subsequent cooling during Greenland Stadial
185

20 and Interstadial 19, suggesting that much of the 0.9°C cooling during the MIS 5a-4 transition may be related to millennial
scale changes in the AMOC, rather than a more dramatic regime shift in ocean circulation suggested by other climate records
during this interval (Adkins, 2013; Bereiter et al., 2012; Thornalley et al., 2013). However, the cooling during Interstadial 19
appears slightly more abrupt than the warming of Stadial 20. This stadial – interstadial transition occurs during a time of 65°N
summer insolation minimum and substantial Northern Hemisphere ice sheet growth, which suggests that the slight asymmetry
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in MOT increase and decrease during this interval may be due to the superposition of the millennial scale AMOC variability
on longer-term global cooling trends.
After the MIS 5a-4 transition, MOT, Antarctic and Greenland temperature remained low and stable during the long
Greenland Stadial 19. Theories explaining the apparent lack of bipolar seesaw behaviour during very cold periods (such as
MIS 4 and MIS 2) have invoked mechanisms related to thresholds in ice volume (McManus et al., 1999) and Southern Ocean
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temperature (Buizert and Schmittner, 2015). While ice volume during MIS 2 exceeds that of MIS 4, MOT during MIS 2 and
MIS 4 indicate equally cold ocean conditions. This supports the idea that thresholds in ocean temperature, rather than global
ice volume, may determine the presence or absence of millennial scale variability within a glacial.
4.4 Coevolution of MOT, Antarctic Temperature, CO2, and benthic 𝛿18O
While the MOT proxy was developed over a decade ago (Headly and Severinghaus, 2007), only in the last few years
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have high resolution MOT records become available (Baggenstos et al., 2019; Bereiter et al., 2018a; Shackleton et al., 2019,
2020). With the additional data from this study, we take the opportunity to review the available MOT data and its relation to
other key climate variables (Fig. 4).
As highlighted in this, and several other MOT studies (Bereiter et al., 2018a; Shackleton et al., 2019, 2020), one of
the most striking features of the MOT records is their strong correlation to Antarctic water isotope records (Fig. 4a). It is
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remarkable that the MOT- 𝛿D scaling is similar on millennial and glacial-interglacial timescales, given that climate dynamics
on these two timescales are likely to be different. Multiple explanations can be given for the strong correlation.
If there indeed is a causal relationship between MOT and Antarctic temperature, causality could plausibly run in
either direction. First, it has been suggested that Southern Hemisphere high-latitude temperature, for which Antarctic 𝛿D is a
proxy, provides a control on MOT (Bereiter et al., 2018a). Given that a large fraction of the global ocean interior is ventilated
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in the Southern Ocean (Johnson, 2008), processes acting in the Southern Ocean around Antarctica are likely to be important
in setting the MOT. The temperature of deep waters formed in the Southern Ocean, as well as the rate at which they form, is
probably linked to Southern Hemisphere high-latitude climate, providing a pathway to control MOT variations (Bereiter et al.,
2018a). Additionally, the volume of cold dense brine formed on the Antarctic coast varies with the intensity of katabatic winds,
which increase in a colder climate, providing another pathway for Antarctic climate to control bottom-water temperature and
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MOT (Talley et al., 2011).

7
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Second, it is possible that causality runs in the opposite direction, with MOT being a strong control on Antarctic 𝛿D.
In their modelling study, (Pedro et al., 2018) proposed a mechanism linking MOT to Antarctic temperature on millennial
timescales, as part of their effort to provide a more thorough dynamical framework for the bipolar seesaw. Briefly, during
weakened AMOC intervals, ocean warming centred in the intermediate-depth North Atlantic is spread throughout the ocean
220

basins via Kelvin and Rossby waves, which cannot cross the Antarctic Circumpolar Current. The enhanced temperature
gradient across the Antarctic Circumpolar Current drives poleward ocean and atmospheric eddy heat fluxes, which are
amplified by sea ice reduction and the ice-albedo feedback. The net result is a strong warming of the Antarctic continent. In
this view, it is feasible that the MOT controls Antarctic temperature, via variations in Southern Ocean poleward eddy heat
transport and sea ice feedbacks.
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Last, MOT and Antarctic temperature need not be causally linked; the tight correlation between them may reflect a
shared dependence on a third variable that is most likely AMOC variability. It is well established that Antarctic temperature
responds to AMOC variations via the bipolar seesaw mechanism (Stocker and Johnsen, 2003). Likewise, AMOC variations
and their associated changes in oceanic heat loss to the Arctic atmosphere, have been shown to influence MOT (Galbraith
2016, Pedro 2018). Thus, it is conceivable that both variables respond to AMOC variations without the necessity of a direct
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causal link between them.
Here we remain agnostic as to which of these three explanations is the correct one. Such a determination would
require detailed modelling studies that are beyond the scope of the present work.
Next we address the relationship between CO2 and MOT (Fig. 4b), which is likely quite dynamic in nature. Changes
in the radiative forcing from atmospheric CO2 changes influence top-of-atmosphere radiative imbalance, and thus ocean heat
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content. Such a link is well known from modern anthropogenic carbon emissions. In turn, ocean temperature affects solubility
of CO2 and thereby the partitioning of the carbon inventory between the ocean and atmosphere. The expected proportionality
between MOT and atmospheric CO2 due to this solubility effect is denoted by the gray arrow in Fig. 4b. As noted elsewhere
(e.g. (Sigman et al., 2010)) the atmospheric CO2 variations are larger than can be explained by ocean solubility alone.
Additionally, covariation of MOT and atmospheric CO2 may be controlled by a third variable, such as changes in

240

ocean circulation. It is likely that all three linkages are at play in the considered time intervals. As previously discussed, changes
in ocean solubility across MIS 5 may account for a large portion of the CO2 variability during this interval. However, MOT
data within MIS 5 are sparse.
The link between ocean temperature and benthic foraminiferal δ18O (Fig. 4c) has long been recognized (Emiliani,
1955; Shackleton, 1974). While MOT represents volume-averaged ocean temperature, the intermediate and deep ocean make
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up the majority of total ocean volume. The benthic δ18O record (Lisiecki and Stern, 2016) shown in Fig. 1 and 3 contains
stacked records from intermediate and deep sites, and (when binned into ocean regions) covers approximately 70% of the total
ocean volume. Changes in MOT should therefore be largely reflected in temperature-driven changes in this δ18O record. The
scaling between MOT and δ18O for ocean temperature change at 3.5°C (Holocene/modern MOT, or ΔMOT=0) from
(Shackleton, 1974) is denoted by the grey arrow in Fig. 4c. While the temperature dependence of δ18O from (Shackleton, 1974)
8
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is quadratic, it is essentially linear in the temperature range of the plotted MOT data (i.e. dδ18O/dT varies by less than 6% in
the ΔMOT range shown in Fig. 4).
The other primary control on benthic δ18O is ice volume. Considering the temporal evolution of δ18O and MOT, it is
possible to gain insight into the relative controls on δ18O during the intervals where δ18O and MOT data are available. For
example, considering the MOT-δ18O relationship for late MIS5a/MIS 4 (light green), late MIS 3 (cyan) and MIS 2 (light blue),
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there is some variability in MOT within these intervals, but average MOT across the intervals remains essentially unchanged.
However, there is a clear long-term evolution of δ18O across these intervals. This suggests (consistent with previous studies
(Adkins, 2013; Cutler et al., 2003; Shakun et al., 2015)) that the long-term trend in δ18O after the MIS 5-4 transition is primarily
driven by changes in global ice volume. As previously discussed, improvement in linking the ice core and sediment core
timescales will enable further insight into extracting ocean temperature and ice volume information from δ18O with MOT
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reconstructions.
5 Conclusions and Future Outlook
Our record clearly demonstrates that ocean cooling during the MIS 5a-4 transition can only explain a small (~9 ppm)
fraction of the concomitant ~40 ppm drop in atmospheric CO2; however, MOT changes can explain a relatively large fraction
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(~32 ppm) of the ~40 ppm drop in atmospheric CO2 from MIS 5e to MIS 5a.
Mean ocean cooling at the MIS 5-4 transition was fully reversed at the MIS 4-3 transition, suggesting no net change
in the solubility pump from the end of MIS 5 to the onset of MIS 3 despite a ~20-ppm difference in atmospheric CO2. The
ocean had already cooled by more than 3°C between MIS 5e and MIS 5a, which can explain most of the net CO2 change over
this interval. MOT records spanning the full MIS 5 interval would provide further insight into the control of ocean temperature
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on CO2 variability during the early stages of glacial inception.
Our record provides the first observational evidence that MOT responds to AMOC changes outside of deglaciations
and shows bipolar seesaw-like behaviour during Greenland Stadial 20 and Interstadial 19. As during MIS 2, MOT was low
and stable during MIS 4, which may suggest that stable glacial ocean conditions occur when oceans cool below a certain
threshold. However, we cannot completely preclude other similarly cold times during the glacial period without additional
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data.
Studies comparing the CO2 (Bereiter et al., 2012) and Atlantic Western Boundary Undercurrent (Thornalley et al.,
2013) response to millennial scale variability during MIS 5 and 3 suggest that the changes in ocean circulation at the MIS 5-4
boundary altered the nature of abrupt climate change between these two intervals. Comparison of the MOT response to DO
cycles within MIS 5 and 3 may provide further insight into the differences between these intervals.
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This study demonstrates that it is possible to capture MOT changes during the larger of the millennial-scale DO events
using the noble gas ratio technique. However, comparison of the MOT records between smaller DO events will push the current
analytical limits of this method. While improvements in analytical precision will benefit future studies, a fuller understanding
9
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of gas fractionation processes within the ice and firn, and the mechanisms of air-sea gas exchange will be critical to accurate
interpretation of ice core MOT records.
285
6 Appendix A: Comparison of MOT results using different methods of fractionation corrections and between Kr/N2,
Xe/N2, and Xe/Kr
Gases are trapped in bubbles in ice during the process of firnification, as snow compacts and densifies into firn and
290

eventually glacial ice. This process is gradual, occurring on timescales on the order of hundreds to thousands of years. During
this time, the low permeability of the firn restricts bulk air motion but allows for air in the open pores to exchange with the
overlying atmosphere and throughout the firn column primarily through molecular diffusion. This mechanism of air transport
allows for processes such as gravitational settling (Schwander, 1989), thermal diffusion (Severinghaus et al., 1998), and kinetic
fractionation (Birner et al., 2018; Buizert and Severinghaus, 2016; Kawamura et al., 2013) to alter Kr/N2, Xe/N2 and Xe/Kr

295

from their atmospheric compositions before bubble close-off. Correction of Kr/N2, Xe/N2 and Xe/Kr for these processes may
be done with output from a firn model, and/or from measurements of inert gas isotope ratios, which are also influenced by
these processes but are unchanging in the atmosphere. As stated in the main text, argon isotope ratios are the slight exception,
due to the degassing 40Ar from the solid earth (Bender et al., 2008). With the known rate of change in atmospheric 40Ar and
age of the samples, a small (<0.005‰) correction is applied to measured 𝛿40/38Ar and 𝛿40/36Ar.

300

Figure A1 shows the MIS 4 Taylor Glacier MOT data (average of the Kr/N2, Xe/N2 and Xe/Kr results) with
fractionation corrections for gravitational fractionation, gravitational and thermal fractionation, and gravitational and kinetic
fractionation (Shackleton et al., 2020). For a detailed explanation of these methods of fractionation correction, see the
supporting information of (Shackleton et al., 2020). In this study, as in (Shackleton et al., 2019), the corrections for
gravitational and thermal fractionation are chosen over the other described methods. The reason for this choice is that 1) it
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gives the best agreement in Taylor Glacier MOT results between replicate samples for the Holocene and MIS 2 (Shackleton et
al., 2020), and 2) it gives the best results for calculated MOT in firn air and surface ice samples from a wide range of site
conditions (Shackleton, 2019). Results are compared between these differing methods of fractionation correction when i) they
are not calculated relative to a reference interval, ii) they are calculated relative to Holocene MOT, and iii) they are calculated
relative to MIS 2 MOT. As previously shown, MOT reported relative to a reference interval in the same core is more robust
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to the method of fractionation correction than when no reference interval is used (Shackleton et al., 2020). However, even
when the MIS 4 MOT data are referenced to Holocene MOT, there appears to be a small, but systematic offset in the MOT
results using different methods of fractionation correction. If the MIS 4 data are calculated relative to data relative to MIS 2
from the same ice core, the offset is reduced.
Comparison of the MOT results from Kr/N2, Xe/N2 and Xe/Kr when normalized to Holocene versus MIS 2 MOT
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data show a similar phenomenon to the observed offset in results between differing fractionation corrections (Fig. A2). The
offset between the MOT results for the three noble gas ratios is present, regardless of the fractionation correction applied; if
10
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the MOT results from the individual ratios are reported relative to those from the Holocene, there is a small offset between the
MOT results from Kr/N2, Xe/N2 and Xe/Kr. However, if the MOT difference is calculated between MIS 2 and our MIS 4 data,
the offset diminishes.
320

The observed patterns are consistent with systematic uncertainties in the fractionation corrections applied to the noble
gas ratios. Differences in site conditions, such as temperature, accumulation, and atmospheric circulation can lead to
differences in firn column height, temperature profile, and dynamics of gas transport and mixing within the firn. These have
implications for gravitational, thermal, and kinetic fractionation of Kr/N2, Xe/N2, and Xe/Kr. While the fractionation
corrections should account and correct for these changes, a systematic error in these corrections, or the presence of an additional
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fractionating process that has not been accounted for, may result in systematic error that varies with site condition. This would
result in a similar magnitude of systematic error under similar firn conditions. Thus, the systematic differences in MOT results
using different fractionation correction methods, or between the three noble gas ratios are largest when comparing results
between glacial and interglacial intervals but are minimal when comparing MOT results between the MIS 4 and MIS 2 glacial
intervals.

330

However, a systematic error in fractionation correction may not be the only explanation for the offset in MOT results
between Kr/N2, Xe/N2 and Xe/Kr. Processes that decouple atmospheric noble gas exchange from ocean heat exchange may
also introduce systematic error in MOT reconstructions, and may affect the krypton, xenon and nitrogen to different degrees,
resulting in differences in MOT reconstructed from Kr/N2, Xe/N2 and Xe/Kr. If this were the cause of the observed offset in
MOT results between the three noble gas ratios, we would predict that the offset would be consistent between ice cores.

335

Considering the MIS 4, MIS 2, and Holocene data from the WAIS Divide record, the relatively sparse and somewhat
noisier data make it difficult to discern any trends. However, if anything, the relative offset in the three noble gas proxies is
opposite of that observed for Taylor Glacier. This suggests that the primary mechanism to explain the observed differences in
the MOT results between Kr/N2, Xe/N2 and Xe/Kr is a process that affects these ratios within the firn or ice, rather than the
atmospheric inventories of Xe, Kr, and N2. However, this does not rule out the existence of processes related to the latter.

340

While the slight differences in results with different fractionation correction and between the 3 noble gas ratios do not affect
the conclusions of the study, further investigation is necessary to gain a better grasp on these processes’ influence on the MOT
proxies and their associated uncertainties.
7 Appendix B: Ocean Solubility Effect on CO2

345
To estimate the effect of a cooling ocean on atmospheric CO2 concentration, we used a box model (Bauska et al.,
2016) to run a forward scenario of prescribed ocean temperature change between MIS 5e and MIS 4. The model consists of
fourteen boxes representing the surface oceans (six boxes), intermediate oceans (two boxes), and deep oceans (three boxes), a
well-mixed atmosphere (one box), and a terrestrial biosphere (two boxes). The model simulates thermohaline circulation and
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mixing, air-sea gas exchange, export production, sediment burial/ CaCO3 compensation, and exchange of carbon between the
atmosphere and terrestrial biosphere.
The timing and relative magnitudes of ocean cooling were prescribed to the surface ocean boxes by linearly scaling
surface ocean temperatures to variations in the EPICA Dome C δD record (Jouzel et al., 2007) (Fig. 3). The δD record was
first corrected for changes in seawater δD using the δ18O seawater reconstruction of (Waelbroeck et al., 2002) and 8:1 scaling
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of δD:18O changes. The absolute magnitude of cooling from MIS 5e-4 was chosen such that MOT decreased by 3.1 °C between
MIS 5e-5a and by 0.9 °C across the MIS 5a-4 transition, consistent with ice core MOT data ((Shackleton et al., 2020) and this
study). The relative change in global mean ocean surface temperature (MOST) that we prescribed to the model closely matches
relative changes in a stack of 136 sediment core records (Kohfeld and Chase, 2017) (Fig. 3)
Whole ocean salinity change was also prescribed in the model to account for the solubility effect on CO2. Salinity

360

was linearly scaled to the sea level record from the Red Sea (Grant et al., 2014) assuming a pre-industrial salinity of 34.72
p.s.u. and a Last Glacial Maximum salinity of 35.85 p.s.u. (Adkins et al., 2002).
The total modelled CO2 drawdown due to salinity and MOT changes between MIS 5e-4 was 41 ppm (Fig. 3). The
drawdown between MIS5e-MIS 5a was larger (-32 ppm), while the MIS 5-4 transition showed less of an effect (-9 ppm). Our
results represent a plausible estimate of the magnitude of solubility-induced CO2 drawdown between MIS 5e-4 that is
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consistent with the ice core MOT data (Shackleton et al., 2020), however the estimate could likely be improved using more
complex models of the carbon cycle.
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Figure 1: Climate records of the last glacial cycle. (a) Global benthic 𝛿18O stack (Lisiecki and Stern, 2016), (b) EDC 𝛿D (Jouzel et al.,
2007), (c) global average surface temperature anomaly from present (Snyder, 2016), (d) CO2 composite record (Bereiter et al., 2015), (e)
relative (light blue) (Grant et al., 2012) and eustatic (royal blue) (Lambeck et al., 2014) sea level, (f) NGRIP 𝛿18O (Andersen et al., 2004),
and (g) summer solstice insolation at 65°N. Dashed lines show boundaries between Marine Isotope Stages (MIS) from (Lisiecki and Raymo,
2005). Gray panel shows interval of the mean ocean temperature (MOT) record presented in this study. Black bars at top of figure show the
intervals used to define MIS 4 (this study) and MIS 2 (Bereiter et al., 2018a) MOT.
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Figure 2: Mean Ocean Temperature (MOT) anomalies relative to the Holocene versus key climate variables. Panel (a) shows MOT
data from Taylor Glacier (turquoise) and WAIS Divide (blue). Crosses indicate individual Taylor Glacier MOT data and shading shows 1σ
confidence envelope of the Taylor Glacier data from a spline with a 2500-year cutoff period and bootstrapping. Dashed line shows the
boundaries of the 1σ confidence envelope if the low MOT point at ~62 ka is not included. Solid blue points show WAIS Divide data corrected
as described in the methods (with 1σ error bars) and open circles show the MOT results if the firn corrections detailed in (Bereiter et al.,
2018a) are applied. (b) EDC δD (Jouzel et al., 2007) corrected for changes in seawater δD (see Appendix B), (c) CO2 from EDML (diamonds)
(Bereiter et al., 2012) and Taylor Glacier (points) (Menking et al., 2019) on AICC2012. (d) Relative sea level record (Grant et al., 2012), (e)
NGRIP δ18Oice (Andersen et al., 2004) on AICC2012. Gray panels show warm Greenland intervals (interstadials) and white panels indicate
cold Greenland intervals (stadials). Black bar at top of figure shows the time interval used to calculate Marine Isotope Stage 4 MOT.

17

https://doi.org/10.5194/cp-2021-8
Preprint. Discussion started: 4 February 2021
c Author(s) 2021. CC BY 4.0 License.

EDC δD (Jouzel et al. 2007)

-380

-420

δ D (‰)

-400

-440
Model CO2 difference = -32 ppm

280

CO 2 (ppm)

Model CO2 difference = -9 ppm
260
240
Model CO 2
Composite CO2 (Bereiter et al. 2015)

220
200

Model MOST
MOST stack (Kohfeld and Chase 2017)

1.0

-1.0
-2.0

Δ MOST (°C)

0.0

-3.0

Δ MOT (°C)

1.0

Model MOT difference = -3.1 °C

0.0
Model MOT difference = -0.9 °C

-1.0
-2.0

Model MOT
MOT reconstructions with 1σ uncertainty bands
(Shackleton et al. 2020 and this study)

-3.0
130

120

110

100

90

80

70

60

Age (ka)

555

560

Figure 3: Results from a box model estimating the magnitude of CO2 drawdown due to mean ocean temperature cooling. Inputs to
the box model sea surface temperature changes (MOST, orange trace, panel 3) are scaled to ice core δD data corrected for seawater δD
changes (blue trace, top panel). The sea surface temperature changes are transmitted to the deep ocean via circulation and mixing in the
model, causing the mean ocean temperature (MOT, orange trace, panel 4) to evolve through time. The modelled MOT history agrees well
with the existing (but limited) ice core MOT data (blue traces, panel 4). Ocean salinity also evolves in the model and is scaled to sea level
data (Appendix B). The evolution of CO2 in the model (orange trace, panel 2) is only due to changes in ocean solubility. The modelled CO2
history is compared to ice core CO2 records (red markers) (Bereiter et al., 2015). The modelled evolution of atmospheric CO2 more closely
resembles the ice core data for the MIS 5e-5c interval, suggesting that much of the CO2 change during that time can be explained by ocean
solubility changes alone. The changes after ~100 ka are more dramatic and must involve other processes such as changes in the marine
biological pump, ocean circulation, or the amount of carbon stored on land.
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Figure 4: ΔMOT plotted against coeval (a) EDC 𝛿D (Jouzel et al., 2007) corrected for changes in seawater 𝛿D, (b) atmospheric CO2
(Bereiter et al., 2015), and (c) 𝛿18Obenth (Lisiecki and Stern, 2016). The EDC ΔT, CO2, and 𝛿18Obenth records were linearly interpolated
in order to plot against contemporaneous MOT. Additionally, the EDC ΔT was smoothed using a gaussian filter with a 500-year window to
remove high frequency variability. Gray arrow in (b) shows ΔMOT-CO2 relationship for the solubility pump from the carbon box model.
Gray arrow in (c) shows the ΔMOT- 𝛿18O scaling from (Shackleton, 1974). Diamonds indicate MOT data constructed from the EDC record
(Baggenstos et al., 2019; Shackleton et al., 2020), circles show data from WAIS Divide (Bereiter et al., 2018a)(and this study), and stars
show MOT data from Taylor Glacier (Shackleton et al., 2019, 2020)(and this study). Color of data indicate the age.
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Table 1: Tie points used in this study. Taylor Glacier CH4, δ18Oatm, and CO2 measurements are tied to pre-existing records of CH4
(Baumgartner et al., 2014), δ18Oatm (Capron et al., 2010), and CO2 (Bereiter et al., 2012) from well-dated ice cores on the AICC2012 (Veres
et al., 2013) chronology.
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Figure A1: Comparison of mean ocean temperature (MOT) anomalies between three methods of fractionation correction. Results
are for the average of the three MOT proxies (Kr/N2, Xe/N2 and Xe/Kr). The top panel shows results if the noble gas ratios are corrected for
fractionation, and no reference interval is used. The middle panel shows the results when the noble gas ratios reported relative to Holocene
data, using the same method of fractionation correction. The bottom panel is the same as the middle, but MOT is reported relative to MIS 2.
Individual MOT data are shown with x’s and the 1𝜎 confidence envelope from a spline with a 2500 year cutoff period.
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Figure A2: Mean ocean temperature (MOT) anomalies calculated from Kr/N2, Xe/N2, and Xe/Kr. Noble gas ratios are corrected for
gravitational and thermal fractionation ((Shackleton et al., 2019) and this study). The top panel shows calculated MOT when no reference
interval is used. The middle panel shows the MOT anomaly relative to Holocene MOT results from the three noble gas ratios. The bottom
panel shows the MOT anomaly relative to MIS 2. Individual MOT data from Taylor Glacier are shown with x’s and the 1𝜎 confidence
envelope from a spline with a 2500 year cutoff period is shown in shading. WAIS Divide data are shown as points.
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