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Abstract Noble gases in ice cores enable reconstructions of past mean ocean temperature. A recent
result from the clathrate‐containing WAIS Divide Ice Core showed tight covariation between ocean and
Antarctic temperatures throughout the last deglaciation, except for the Younger Dryas interval. In the
beginning of this interval, oceans warmed at 2.5 °C/kyr—three times greater than estimates of modern
warming. If valid, this challenges our understanding of the mechanisms controlling ocean heat uptake.
Here we reconstruct mean ocean temperature with clathrate‐free ice samples from Taylor Glacier to test
these findings. The two records agree in net temperature change over the Younger Dryas, but the Taylor
Glacier record suggests sustained warming at the more modest rate of 1.1 ± 0.2°C/kyr. We explore
mechanisms to explain differences between records and suggest that the noble gas content for the
Younger Dryas interval of WAIS Divide may have been altered by a decimeter‐scale fractionation during
bubble‐clathrate transformation.

Plain Language Summary Oceans have taken up most of the additional heat trapped by
greenhouse gases, mitigating the current rate of surface warming. In order to understand changes in
ocean heat uptake over time, we use atmospheric noble gases measured in ice cores to estimate past ocean
temperature change. This method works because the amount of noble gases dissolved in seawater changes
with temperature. A recent ocean temperature reconstruction identified a 700‐year interval during the
transition from the last ice age to the current warm period when oceans warmed three times faster than they
are currently warming. This result challenged our understanding of how oceans warm as an ice age ends.
We tested this finding with a new ice core record and found that ocean warming during this interval
occurred at a rate that is comparable to today, which is more consistent with our understanding of ocean
heat uptake. We suggest that the noble gas record in the original ice core was altered by a process that affects
how atmospheric gases are distributed in ice and is unrelated to ocean temperature change. From these
findings we suggest caution in interpreting noble gas records in ice cores where this process may occur.

1. Introduction

Ocean heat uptake plays a crucial role in regulating the rate of planetary warming. To understand mechan-
isms controlling ocean warming on centennial‐millennial timescales, it is necessary to consult paleoclimate
archives. Reconstructions of atmospheric noble gas ratios (Kr/N2, Xe/N2, and Xe/Kr) from trapped air in ice
cores reflect past mean ocean temperature (MOT) due to the temperature‐dependent changes of gas solubi-
lities in seawater and thus the relative partitioning of noble gases between the ocean and atmosphere
(Headly & Severinghaus, 2007; Ritz et al., 2011). The MOT proxies reflect volume‐averaged ocean tempera-
ture change; the rate of MOT change (or ocean heat uptake) depends on both the magnitude of the surface
forcing and on ocean mixing/circulation. A recent MOT study covering the last deglaciation from the
Antarctic WAIS Divide (WD) ice core showed features in MOT change that were not apparent in traditional
ocean temperature reconstructions from marine sediment cores, including covariation between MOT and
Antarctic temperature (Bereiter, Shackleton, et al., 2018). The exceptional resolution and age control of this
record enabled strong constraints on rates of ocean temperature change. The most surprising feature of this
record was a 1.6 °C MOT warming in the first 700 years of the Younger Dryas (referred to as YD1), which is
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roughly triple the rate of modern ocean warming. This interval represents the only significant deviation of
the MOT trend from that of Antarctic temperature during the last deglaciation (Figure 1).

The Younger Dryas (12.75–11.55 ka BP) was marked by abrupt cooling of Greenland and the North Atlantic
(Broecker et al., 1988) and gradual warming in Antarctica (Blunier et al., 1997), as a result of reduction in
Atlantic Meridional Overturning Circulation (AMOC; Broecker et al., 1989). The Younger Dryas ended with
abrupt recovery of the AMOC (McManus et al., 2004). Modeling studies suggest that MOT and ocean heat
content should increase through the duration of AMOC reduction at a rate roughly one quarter of that found
at WD for YD1 (Galbraith et al., 2016; Pedro et al., 2018). As of yet, no evidence for major changes in climate
or ocean circulation have been found that shed light on the YD1 warming.

Because of the important implications of the rapid YD1 MOT warming, we sought to replicate this MOT
change with another ice core record. We analyzed samples from Taylor Glacier, Antarctica, a blue ice area
where ice from the last glacial cycle can be found in abundance (Baggenstos et al., 2017). Importantly, the air
in Taylor Glacier ice is enclosed entirely in the form of bubbles and lacks clathrates due to the relatively shal-
low depth of the glacier, while WD is a deep ice core in which the Younger Dryas is within fully clathrated
ice, approximately 400 to 500 m below the bubble‐clathrate transition zone (BCTZ; Fitzpatrick et al., 2014).

2. Methods and Site Description

Sixteen ice core samples from Taylor Glacier covering 13.4–11.0 ka BP were collected along a previously
established sampling line, which contains a well‐dated, high‐resolution record of the last deglaciation
(Baggenstos et al., 2017). Samples were analyzed for isotopes of nitrogen, argon, and krypton and Kr/N2,
Xe/N2, and Xe/Kr following Bereiter, Kawamura, et al. (2018). Results are reported in delta notation, relative
to the modern atmosphere.

Ice core Kr/N2, Xe/N2, and Xe/Kr are influenced by gravitational (Schwander, 1989; Craig et al., 1988) and
thermal (Severinghaus et al., 1998) fractionation. Because the effects of gravitational and thermal fractiona-
tion are well understood for the measured gases, the isotope ratios can be used to correct Kr/N2, Xe/N2, and

Figure 1. Mean ocean temperature (MOT) records for publishedWAIS Divide (WD; left; Bereiter, Shackleton, et al., 2018)
and Taylor Glacier (right) derived from Kr/N2 (red), Xe/N2 (blue), and Xe/Kr (green) with 1σ uncertainties (scale on
right). Open circles in left panel show WD data corrected with the least squares method applied in this study. Antarctic
temperature stack (ATS; Parrenin et al., 2013) is shown in purple (scale on left). MOT and ATS data are displayed as
anomalies relative to modern. Gray bars highlight the Younger Dryas.
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Xe/Kr to derive their original atmospheric compositions. We solve for fractionations using all measured iso-
tope ratios in a linear least squares system of equations (Baggenstos, 2015; and supporting information).

To derive MOT, Kr/N2, Xe/N2, and Xe/Kr were input into the four‐box ocean‐atmosphere model of Bereiter,
Shackleton, et al. (2018). To estimate uncertainty in the rate and magnitude of MOT change in the Taylor
Glacier record, we run 10,000 Monte Carlo simulations of the data, propagating analytical uncertainties,
sample age uncertainties, and uncertainties in the sea level record used in the box model (Lambeck et al.,
2014) through the full evaluation routine.

3. Results/Discussion

Figure 1 shows the MOT results for Taylor Glacier compared to WD. The Taylor Glacier record shows sus-
tained warming over the whole Younger Dryas interval at 1.1 ± 0.2 °C/kyr (1σ) for a total warming of 1.3 °C
over 1,200 years. Overall, trends for Taylor Glacier are consistent with those of Antarctic temperature. While
theWD record suggests similar net warming of 1.4 °C during the Younger Dryas, MOT change occurs in two
phases. There is a rapid (2.5 ± 0.5 °C/kyr) warming in the first 700 years (YD1), followed by ~0.8 °C/kyr cool-
ing in the final 500 years of the Younger Dryas. The Taylor Glacier and WD MOT records agree (within
uncertainty) for much of the Younger Dryas, but they differ significantly in the warming rate during YD1
(supporting information). These rates are tightly constrained for each record, due to the high sampling reso-
lution within this interval. Potential explanations for the differences between the records are explored below.

3.1. Lab Artifacts and Data Processing

Because the WD and Taylor Glacier records were measured using the same analytical method, we can rule
out laboratory artifacts as the source of disagreement between the two records. However, for Taylor Glacier
we applied a different method to correct for firn fractionations and slightly different parameterizations to the
box model compared to the WD study. If we apply the same firn corrections and box model parameters to
WD as we used for Taylor Glacier (open circles, Figure 1), we find that the whole record shifts to warmer
MOT by ~0.4 °C, but the record structure remains essentially unchanged, and there is no significant change
to the rate of warming during YD1. This suggests that the differences between records are likely a result of
some unaccounted‐for physical process within the firn or ice.

3.2. Smoothing of the Taylor Glacier MOT Record

An important consideration when comparing the WD and Taylor Glacier records is the effect of signal
smoothing in the firn column (Spahni et al., 2003). Compared to the atmosphere, fast variations in gas
records in ice cores are low‐pass filtered because (1) gases within firn mix slowly with the atmosphere
through molecular diffusive transport and (2) bubble enclosure occurs gradually over a depth range of
~15 m (Schwander et al., 1988). In effect, gases within an ice layer do not have a single age, but a distribution
of ages. This smoothing process has greatest impact on gases that undergo fast atmospheric changes (e.g.,
CH4), but if bubble close‐off occurs gradually enough, it may also affect slower atmospheric changes such
as the noble gas trends observed during YD1.

The degree of smoothing depends on site conditions; cold, low accumulation sites tend to have the widest gas
age distributions and thus experience the most smoothing (Spahni et al., 2003). Because of its high accumula-
tion and relativelymoderate temperature,WDhas an exceptionally narrow gas age distributionwidth (20 to 60
years; Rhodes et al., 2017); the noble gasMOT record should be virtually unaltered by smoothing at this site. In
contrast, the Taylor Glacier deposition site has lower accumulation and colder temperatures, so a wider gas age
distribution is expected. The YD1 MOT warming suggested byWD is quite rapid; one possible explanation for
the differences between the two records is that the noble gas record is smoothed at Taylor Glacier.

In order to quantify the differences between the two MOT records due to smoothing, we compare abrupt
CH4 transitions at the onset and termination of the Younger Dryas between Taylor Glacier (Bauska et al.,
2016) and WD (Rhodes et al., 2015). Because these atmospheric CH4 changes are rapid (several hundred
ppb over a few hundred years), they should be more affected by smoothing than the MOT record. From
the degree of smoothing of the Taylor Glacier CH4 record compared toWD, it is possible to predict the degree
of smoothing of the Taylor Glacier MOT record.

10.1029/2019GL082971Geophysical Research Letters

SHACKLETON ET AL. 3



The Taylor Glacier age scale was developed through gas synchronization between Taylor Glacier and WD
frommeasurements of CH4, CO2, and δ18Oatm (Baggenstos et al., 2017). A dynamic programming algorithm
(Lisiecki & Lisiecki, 2002) was employed to optimize the fit of the Taylor Glacier gas records to those of WD
on the WD2014 chronology (Buizert et al., 2015; Sigl et al., 2016), while maintaining a physically realistic
(i.e., smooth) distance‐age relationship. Because CH4 data are used to constrain the age model, it is some-
what circular to compare rates of CH4 transitions between WD and Taylor Glacier on the published
Taylor Glacier age scale. To circumvent this issue, we reran the dynamic algorithm with δ18Oatm alone.
While the age model is still tied to WD2014, δ18Oatm variations are several orders of magnitude slower than
those of CH4, so the effect of smoothing on δ18Oatm is negligible.

On the new Taylor Glacier timescale, rates of CH4 change (d[CH4]/dt) at the transitions are comparable to
those of WD, suggesting no substantial smoothing of the Taylor Glacier record relative to WD (Figure 2). In
fact, the Younger Dryas termination d[CH4]/dt is actually greater at Taylor Glacier than at WD. This is the
more abrupt of the CH4 transitions, so wewould expect it to bemore sensitive to smoothing. Comparing CH4

transitions between Taylor Glacier and WD, it is important to note that the Taylor Glacier CH4 data are in
much lower resolution than for WD, so there is greater uncertainty in Taylor Glacier d[CH4]/dt. However,
high‐resolution field measurements of CH4 at Taylor Glacier confirm the d[CH4]/dt of the lower resolution
lab‐based measurements (supporting information), and uncertainties in d[CH4]/dt have little impact on
smoothing estimates.

We convolved the WD CH4 and MOT records with a log‐logistic function to predict the degree of smoothing
of the MOT record at Taylor Glacier from the observed CH4 smoothing at Taylor Glacier relative to WD. A
log‐logistic function was chosen to approximate the gas age distribution at Taylor Glacier and realistically

Figure 2. Comparison in rates of CH4 and mean ocean temperature (MOT) change at Taylor Glacier (TG) compared to
WAIS Divide (WD). (a) CH4 records from TG (discrete, orange; Bauska et al., 2016) and WD (continuous, blue; Rhodes
et al., 2015). Gray bar highlights CH4 data used to estimate smoothing at TG. (b) Splined MOT records for TG
(orange) and WD (blue; Bereiter, Shackleton, et al., 2018). Crosses indicate location of MOT data used to produce spline.
Reported TG d[MOT]/dt is for the YD1 interval, which differs slightly (but agrees within uncertainty) with the d[MOT]/dt
reported for the full Younger Dryas interval. Gray bar highlights YD1. (c) Modeled reduction of d[MOT]/dt versus
d[CH4]/dt at TG (relative toWD) due to smoothing. Purple dot shows observed reduction of TG d[CH4]/dt and the expected
reduction of d[MOT]/dt. Dashed teal line indicates the observed reduction of d[MOT]/dt for TG compared to WD.
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simulate smoothing (supporting information). However, results are insensitive to the shape of the
smoothing function; a simple boxcar function yields a similar relationship between the degree of
smoothing of the CH4 record and the MOT record.

As expected, the CH4 record is significantly more sensitive to smoothing than the MOT record. The observed
18% reduction of d[CH4]/dt at Taylor Glacier (compared to WD) at the Younger Dryas onset gives an expected
reduction in the YD1MOT rate of 0.5% at Taylor Glacier relative toWD. Accounting for uncertainties in Taylor
Glacier d[CH4]/dt, an upper bound on smoothing of the CH4 record (59%) predicts an upper estimate onMOT
smoothing of 6% in the Taylor Glacier record. However, the observed rate ofMOTwarming at Taylor Glacier is
64% reduced compared toWDduringYD1. From these results, we can confidently reject the hypothesis that the
difference between the Taylor Glacier and WDMOT records is the result of smoothing.

3.3. Outliers in the WD Record Due to Clathrate Layering

In addition to higher rates of MOT warming during YD1, the WD record also has more high frequency varia-
bility than Taylor Glacier during and just after the Younger Dryas (Figure 3). Here we consider the possibility
that high frequency variations in the WD noble gas record during the Younger Dryas and Early Holocene are
not atmospheric and are instead related to fractionation of noble gases due to layering during bubble‐clathrate
transformation. Taylor Glacier samples are entirely in bubbly ice and therefore free of any such effect.

The proposed mechanism was originally invoked to explain centimeter‐scale variations in CO2 and O2/N2

measurements within and just below the BCTZ (Lüthi et al., 2010). The effect is summarized as follows:
the fractionation of gases in the BCTZ is due to the differential permeation of gases from bubbles to growing
clathrates. Clathrate formation does not occur gradually with increasing depth but in layers. Layers in which

Figure 3. Evidence for spatial fractionation of noble gas ratios in and below the bubble‐clathrate transition zone (BCTZ)
atWAIS Divide. Standard deviations for replicatemeasurements of (a) CO2 (this study andMarcott et al., 2014), (b) O2/N2,
and (c) Ar/N2 (Seltzer et al., 2017) versus depth. Dark gray paneling indicates the depth range of the BCTZ, and medium
gray paneling marks the depth intervals below the BCTZ for which standard deviations are significantly elevated
compared to the deepest (2,500–2,600 m) depth interval. Gravitationally and thermally corrected (d) Xe/N2, (e) Xe/Kr,
and (f) Kr/N2 within and below BCTZ (Bereiter, Kawamura, et al., 2018; Bereiter, Shackleton, et al., 2018). Dark gray
paneling indicates the depth range of the BCTZ, medium gray paneling marks the depth intervals where standard
deviations for all three indicator gases are elevated, and light gray paneling marks where only standard deviations of CO2
show significant elevation. Black bar indicates the YD1 depth interval.
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clathrates first form are more enriched in gases with higher bubble‐to‐clathrate permeation rates, even after
all surrounding bubbles have transformed to clathrates. Below the BCTZ, gas content slowly rehomogenizes
via molecular diffusion through the ice lattice, which can take tens of thousands of years (Bereiter et al.,
2009). The proposed mechanism would introduce systematic error within the BCTZ and random error to
samples below the BCTZ that decreases with depth, as gases have more time to rehomogenize and thinning
of layers enhances diffusion.

In the BCTZ (where bubbles and clathrates coexist), we observe systematic error in gases influenced by
clathrate layering. For CO2, this is due to the preferential sampling of bubbles over clathrates during gas
extraction (Stauffer & Tschumi, 2000). For O2/N2 and Ar/N2 (and likely Kr/N2, Xe/N2, and Xe/Kr), there
is preferential sampling of clathrates, because of gas loss from bubbles from core cracking during drilling
due to the brittle nature of ice in the BCTZ (Bender & Sowers, 1995; Kobashi et al., 2008). In contrast, for
samples just below the BCTZ (in fully clathrated ice), we expect random error associated with this clathrate
layering process, depending on whether the depth interval preferentially contains earlier or later‐formed
clathrates. Bereiter, Kawamura, et al. (2018) showed that Kr/N2, Xe/N2, and Xe/Kr are systematically frac-
tionated in the BCTZ at WD, and noble gas samples in this region were rejected from the MOT record.
However, spatial fractionation of Kr/N2, Xe/N2, and Xe/Kr beyond the BCTZ (and the associated random
error) was not considered, because samples were averaged over a length (~30 cm) that earlier studies suggest
should have homogenized the spatial variability caused by clathrate layering.

Lüthi et al. (2010) suggested that samples averaged over more than 10 cm provide reliable gas measurements.
However, the estimate of averaging length of Lüthi et al. (2010) came from a single ice core (EDML) from high‐
resolution CO2measurements. Unfortunately, we do not have high resolution gas data to estimate the required
averaging length at WD, but it is possible that the length scale of clathrate layering varies between sites. It is
important to note that the processes driving clathrate layering are not fully understood but that the limiting step
in bubble‐clathrate transformation is clathrate nucleation. Factors including grain size (Faria et al., 2010), bub-
ble size (Lipenkov, 2000), and ice chemistry (Ohno et al., 2010; Shimada&Hondoh, 2004) may influence clath-
rate nucleation.While a consensus has yet to be reached on the relative importance of these factors, they are all
either directly or indirectly related to ice impurity content. Ice chemistry data from the Younger Dryas depth
interval atWDsuggest layering of impurities on the order of tens of centimeters (Sigl et al., 2016, and supporting
information), so we find it plausible that the 30‐cm MOT samples may still be affected by this process.

Because little is known about the permeation rates of gases from bubbles to clathrates, we look to empirical evi-
dence to estimate the range of gas rehomogenization below the BCTZ. One indication that clathrates at a given
depth below the BCTZ have not fully rehomogenized is the elevation of CO2 pair differences with respect to
deeper/older samples for which rehomogenization has already occurred (Lüthi et al., 2010). In addition to
CO2, we consider pair differences in O2/N2 and Ar/N2 to identify the depth range of clathrate rehomogeniza-
tion. In order to identify the influenced depth range, we bin data of standard deviations for replicate samples
of WD CO2 (Marcott et al., 2014), O2/N2, and Ar/N2 (Seltzer et al., 2017) into 100‐m depth intervals and use
a Student t test to determine if the standard deviations within a given depth interval are greater (at the 95% con-
fidence level) than the deepest (2,500–2,600 m) bin. The standard deviations for all three gases are clearly ele-
vated within and just below the BCTZ (Figure 3). O2/N2 and Ar/N2 standard deviations show statistically
significant elevated values down to 2,000 m, while CO2 standard deviations are significantly higher down to
2,100 m. The WD Early Holocene data are within the depth range identified from all three gas measurements,
and the YD1 interval (2,034–2,094m) iswithin the range identified byCO2. If a larger bin size is used to identify
the range of affected data (e.g., 200m) so that there aremore data per bin, the range extends even deeper (2,200
m for O2/N2 and Ar/N2 and 2,400 m for CO2). From these observations, we find it plausible that the noble gas
ratios have still not fully homogenized at WD for the YD1 interval, and the spatial fractionation may still be in
effect for deeper MOT samples. This spatial fractionation may have randomly altered a few WD data points
within the Younger Dryas to create the observed two‐phase pattern of MOT.

If we compare the standard deviation of the CO2, O2/N2, and Ar/N2 replicate data within the YD1 depth
interval to that of the deepest bin (2,500–2,600 meters), we find that the standard deviations are on average
37%, 49%, and 53% elevated for CO2, O2/N2, and Ar/N2, respectively, within YD1, compared to the deepest
samples. To estimate the magnitude of the error in MOT associated with clathrate layering, we artificially
increase the reported WD MOT error within YD1 and run Monte Carlo simulations of the data to
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determine the increase inWDMOT error required so that the difference between the Taylor Glacier andWD
YD1 warming rates is no longer statistically significant at the 95% confidence level (supporting information).
We estimate a 35% increase in error due to clathrate layering within YD1. Note that we expect the error asso-
ciated with clathrate layering to increase closer to the BCTZ, where clathrates have had less time to rehomo-
genize, so uncertainties in the early Holocene MOT data may be even larger than those estimated for the
YD1 interval.

3.4. Reliability of WD Versus Taylor Glacier MOT Records

While we posit that clathrate layering in the WD record is the most likely cause for the disagreement
between the WD and Taylor Glacier records, there is not enough evidence to conclusively reject the
Younger Dryas in WD. However, there are several reasons that suggest the Taylor Glacier record is more
plausible than that of WD. The first is the agreement between MOT proxies. MOT records derived from
Kr/N2, Xe/N2, and Xe/Kr at Taylor Glacier show excellent agreement in overall trends and absolute MOT.
While WDKr/N2, Xe/N2, and Xe/KrMOT records are in general agreement, they showmore spread in abso-
lute MOT, and the duration and magnitude of the YD1 MOT change differ slightly between the three
proxies (Figure 1).

In addition, the Taylor Glacier record is more physically consistent with the expected response of MOT to
ocean circulation changes during the Younger Dryas inferred from models. Proxy evidence for ocean circu-
lation (McManus et al., 2004; Stieglitz et al., 2011) suggests that AMOC strength within the Younger Dryas
was weakened, but relatively stable. Model simulations under weakened (and stable) AMOC conditions
show sustained MOT warming (Galbraith et al., 2016; Pedro et al., 2018), which is consistent with the
Taylor Glacier record. The modeled rates of MOT warming are about 40% lower than the Taylor Glacier
record; however, these simulations were run under conditions that are more consistent with Heinrich
Stadial 1 and are consistent with MOT warming rates found for Heinrich Stadial 1 (Bereiter, Shackleton,
et al., 2018).

Interestingly, proxy evidence would suggest that the rate of MOT warming during Heinrich Stadial 1 may
exceed that of the Younger Dryas, because the relative magnitude of AMOC reduction is greater during
the former (McManus et al., 2004). However, the scaling between the AMOC reduction and rate of ocean
warming has not (to our knowledge) been rigorously explored. In addition, the higher obliquity during
the Younger Dryas (relative to Heinrich Stadial 1) results in higher annually averaged insolation at high lati-
tudes, where deep‐water formation occurs (Bereiter, Shackleton, et al., 2018). The increased insolation at
these sites during the Younger Dryas may help to explain the higher rate of MOT warming found compared
to Heinrich Stadial 1.

4. Conclusions

We suggest that a previously identified form of fractionation of CO2 in ice cores may also affect Kr/N2,
Xe/N2, and Xe/Kr measurements in ice samples below the BCTZ, adding random noise to the derived atmo-
spheric noble gas ratios. While sample rejection within the BCTZ has been previously recommended for
MOT records, we caution in interpreting high‐frequency variations in samples several hundred meters
below the BCTZ and suggest that the uncertainty in MOT within this depth region may be significantly lar-
ger than the analytical uncertainty of the method. Future work must be done to find more direct evidence of
this mechanism and to better understand its effect on Kr/N2, Xe/N2, and Xe/Kr.

Considering these findings, we posit that the Taylor Glacier record shows a more plausible scenario of MOT
warming over the Younger Dryas than that of WD and that MOT and Antarctic temperature covaried
through the entirety of the last deglaciation. The rate of MOT warming (1.1 ± 0.2 °C/kyr) from the Taylor
Glacier record is significantly smaller than that fromWD, but the Younger Dryas MOT warming rate found
for this study is still about 70% greater than that of Heinrich Stadial 1 and 40% greater than estimates of
ocean heat uptake from 1955 to 2010 (Levitus et al., 2012). The differing rates of ocean heat uptake between
the Younger Dryas and Heinrich Stadial 1 are not fully understood, though models have successfully cap-
tured the rate of ocean warming during Heinrich Stadial 1. Future simulations of the Younger Dryas may
serve as a valuable opportunity to distinguish between internal (ocean circulation) and external (greenhouse
gas and insolation) controls on ocean heat uptake.

10.1029/2019GL082971Geophysical Research Letters

SHACKLETON ET AL. 7



References
Baggenstos, D. (2015). Taylor Glacier as an archive of ancient ice for large‐volume samples: Chronology, gases, dust, and climate (Doctoral

dissertation). La Jolla, CA: University of California, San Diego.
Baggenstos, D., Bauska, T. K., Severinghaus, J. P., Lee, J. E., Schaefer, H., Buizert, C., et al. (2017). Atmospheric gas records from Taylor

Glacier, Antarctica, reveal ancient ice with ages spanning the entire last glacial cycle. Climate of the Past, 13(7), 943–958. https://doi.org/
10.5194/cp‐13‐943‐2017

Bauska, T. K., Baggenstos, D., Brook, E. J., Mix, A. C., Marcott, S. A., Petrenko, V. V., et al. (2016). Carbon isotopes characterize rapid
changes in atmospheric carbon dioxide during the last deglaciation. Proceedings of the National Academy of Sciences of the United States
of America, 113(13), 3465–3470. https://doi.org/10.1073/pnas.1513868113

Bender, M., & Sowers, T. (1995). On the concentrations of O2, N2, and Ar in trapped gases from ice cores. Journal of Geophysical Research,
100, 651–660. https://doi.org/10.1029/94JD02212

Bereiter, B., Kawamura, K., & Severinghaus, J. P. (2018). New methods for measuring atmospheric heavy noble gas isotope and elemental
ratios in ice core samples. Rapid Communications in Mass Spectrometry, 32(10), 801–814. https://doi.org/10.1002/rcm.8099

Bereiter, B., Schwander, J., Lüthi, D., & Stocker, T. F. (2009). Change in CO2 concentration and O2/N2 ratio in ice cores due to molecular
diffusion. Geophysical Research Letters, 36, L05703. https://doi.org/10.1029/2008GL036737

Bereiter, B., Shackleton, S., Baggenstos, D., Kawamura, K., & Severinghaus, J. (2018). Mean global ocean temperatures during the last
glacial transition. Nature, 553(7686), 39–44. https://doi.org/10.1038/nature25152

Blunier, T., Schwander, J., Stauffer, B., Stocker, T., Dällenbach, A., Indermühle, A., et al. (1997). Timing of the Antarctic cold reversal and
the atmospheric CO2 increase with respect to the Younger Dryas Event. Geophysical Research Letters, 24(21), 2683–2686. https://doi.org/
10.1029/97GL02658

Broecker, W. S., Andree, M., Wolfli, W., Oeschger, H., Bonani, G., Kennett, J., & Peteet, D. (1988). The chronology of the last deglaciation:
Implications to the cause of the Younger Dryas Event. Paleoceanography, 3(1), 1–19. https://doi.org/10.1029/PA003i001p00001

Broecker, W. S., Kennett, J. P., Flower, B. P., Teller, J. T., Trumbore, S., Bonani, G., & Wolfli, W. (1989). Routing of meltwater from the
Laurentide Ice Sheet during the Younger Dryas cold episode. Nature, 341(6240), 318–321. https://doi.org/10.1038/341318a0

Buizert, C., Cuffey, K. M., Severinghaus, J. P., Baggenstos, D., Fudge, T. J., Steig, E. J., et al. (2015). The WAIS‐Divide deep ice core WD2014
chronology—Part 1: Methane synchronization (68–31 ka BP) and the gas age‐ice age difference. Climate of the Past, 11(2), 153–173.
https://doi.org/10.5194/cp‐11‐153‐2015

Craig, H., Horibe, Y., & Sowers, T. (1988). Gravitational separation of gases and isotopes in polar ice caps. Science, 242(4886), 1675–1678.
https://doi.org/10.1126/science.242.4886.1675

Faria, H., Freitag, J., & Kipfstuhl, S. (2010). Polar ice structure and the integrity of ice‐core paleoclimate records. Quaternary Science
Reviews, 29(1‐2), 338–351. https://doi.org/10.1016/j.quascirev.2009.10.016

Fitzpatrick, J. J., Voigt, D. E., Fegyveresi, J. M., Stevens, N. T., Spencer, M. K., Cole‐dai, J., et al. (2014). Physical properties of the WAIS
Divide ice core. Journal of Glaciology, 60(224), 1181–1198. https://doi.org/10.3189/2014JoG14J100

Galbraith, E. D., Merlis, T. M., & Palter, J. B. (2016). Destabilization of glacial climate by the radiative impact of Atlantic Meridional
Overturning Circulation disruptions. Geophysical Research Letters, 43, 8214–8221. https://doi.org/10.1002/2016GL069846

Headly, M. A., & Severinghaus, J. P. (2007). A method to measure Kr/N2 ratios in air bubbles trapped in ice cores and its application in
reconstructing past mean ocean temperature. Journal of Geophysical Research, 112, D19105. https://doi.org/10.1029/2006JD008317

Kobashi, T., Severinghaus, J. P., & Kawamura, K. (2008). Argon and nitrogen isotopes of trapped air in the GISP2 ice core during the
Holocene epoch (0–11, 500 B. P.): Methodology and implications for gas loss processes. Author's personal copy. Geochimica et
Cosmochimica Acta, 72(19), 4675–4686. https://doi.org/10.1016/j.gca.2008.07.006

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., & Sambridge, M. (2014). Sea level and global ice volumes from the Last Glacial Maximum to
the Holocene, 111(43), 15,296–15,303. https://doi.org/10.1073/pnas.1411762111

Levitus, S., Antonov, J. I., Boyer, T. P., Baranova, O. K., Garcia, H. E., Locarnini, R. A., et al. (2012). World ocean heat content and ther-
mosteric sea level change (0–2000m), 1955–2010. Geophysical Research Letters, 39, L10603. https://doi.org/10.1029/2012GL051106

Lipenkov, V. Y. (2000). Air bubbles and air‐hydrate crystals in the Vostok ice core. In T. Hondoh (Ed.), Physics of Ice Core Records (pp.
327–358). Sapporo: Hokkaido University Press.

Lisiecki, L. E., & Lisiecki, P. A. (2002). Application of dynamic programming to the correlation of paleoclimate records. Paleoceanography,
17(4), 1049. https://doi.org/10.1029/2001PA000733

Lüthi, D., Bereiter, B., Stauffer, B., Winkler, R., Schwander, J., Kindler, P., et al. (2010). CO2 and O2/N2 variations in and just below the
bubble‐clathrate transformation zone of Antarctic ice cores. Earth and Planetary Science Letters, 297(1–2), 226–233. https://doi.org/
10.1016/j.epsl.2010.06.023

Marcott, S. A., Bauska, T. K., Buizert, C., Steig, E. J., Rosen, J. L., Cuffey, K. M., et al. (2014). Centennial‐scale changes in the global carbon
cycle during the last deglaciation. Nature, 514(7524), 616–619. https://doi.org/10.1038/nature13799

McManus, J. F., Francois, R., Gherardl, J. M., Kelgwin, L., & Drown‐Leger, S. (2004). Collapse and rapid resumption of Atlantic meridional
circulation linked to deglacial climate changes. Nature, 428(6985), 834–837. https://doi.org/10.1038/nature02494

Ohno, H., Lipenkov, V. Y., & Hondoh, T. (2010). Formation of air clathrate hydrates in polar ice sheets: heterogeneous nucleation induced
by micro‐inclusions. Journal of Glaciology, 56(199), 917–921. https://doi.org/10.3189/002214310794457317

Parrenin, F., Masson‐Delmotte, V., Köhler, P., Raynaud, D., Paillard, D., Schwander, J., et al. (2013). Synchronous change of atmospheric
CO2 and antarctic temperature during the last deglacial warming. Science, 339(6123), 1060–1063. https://doi.org/10.1126/
science.1226368

Pedro, J. B., Jochum, M., Buizert, C., He, F., Barker, S., & Rasmussen, S. O. (2018). Beyond the bipolar seesaw: Toward a process under-
standing of interhemispheric coupling. Quaternary Science Reviews, 192, 27–46. https://doi.org/10.1016/j.quascirev.2018.05.005

Rhodes, R. H., Brook, E. J., Chiang, J. C. H., Blunier, T., Maselli, O. J., McConnell, J. R., et al. (2015). Enhanced tropical methane pro-
duction in response to iceberg discharge in the North Atlantic. Science, 348(6238), 1016–1019. https://doi.org/10.1126/science.1262005

Rhodes, R. H., Brook, E. J., McConnell, J. R., Blunier, T., Sime, L. C., Faïn, X., & Mulvaney, R. (2017). Atmospheric methanevaria-
bility: Centennial‐scale signals inthe Last Glacial Period. Global Biogeochemical Cycles, 31, 575–590. https://doi.org/10.1002/
2016GB005570

Ritz, S. P., Stocker, T. F., & Severinghaus, J. P. (2011). Noble gases as proxies of mean ocean temperature: Sensitivity studies using a climate
model of reduced complexity. Quaternary Science Reviews, 30(25–26), 3728–3741. https://doi.org/10.1016/j.quascirev.2011.09.021

Schwander, J. (1989). The transformation of snow to ice and the occlusion of gases. In H. Oeschger & C. C. Langway (Eds.), The
Environmental Record in Glaciers and Ice Sheets (pp. 53–67). Chichester: Wiley.

10.1029/2019GL082971Geophysical Research Letters

SHACKLETON ET AL. 8

Acknowledgments

This work was supported by NSF grants
1246148 (SIO), 1245821 (OSU), and
0739766 (OSU). Presented data are
available online at http://www.usap‐dc.
org/view/dataset/601176. We thank
Kathy Schroeder, Michael Dyonisius,
and Vasilii Petrenko for making this
fieldwork possible through exceptional
organization and leadership and Mike
Jayred, Andy Menking, and Peter Neff
for their help with sampling and
camaraderie in the field. Thanks
especially to Heidi Roop for being an
upbeat and hardworking field partner
for this project. The US Antarctic
Program and IDDO (Ice Drilling Design
and Operations) provided logistical
support for this project. Thanks to Ross
Beaudette for labwork assistance,
Christo Buizert for helpful discussions
on gas smoothing, and Alan Seltzer for
providing helpful feedback on figures
and content.

https://doi.org/10.5194/cp-13-943-2017
https://doi.org/10.5194/cp-13-943-2017
https://doi.org/10.1073/pnas.1513868113
https://doi.org/10.1029/94JD02212
https://doi.org/10.1002/rcm.8099
https://doi.org/10.1029/2008GL036737
https://doi.org/10.1038/nature25152
https://doi.org/10.1029/97GL02658
https://doi.org/10.1029/97GL02658
https://doi.org/10.1029/PA003i001p00001
https://doi.org/10.1038/341318a0
https://doi.org/10.5194/cp-11-153-2015
https://doi.org/10.1126/science.242.4886.1675
https://doi.org/10.1016/j.quascirev.2009.10.016
https://doi.org/10.3189/2014JoG14J100
https://doi.org/10.1002/2016GL069846
https://doi.org/10.1029/2006JD008317
https://doi.org/10.1016/j.gca.2008.07.006
https://doi.org/10.1073/pnas.1411762111
https://doi.org/10.1029/2012GL051106
https://doi.org/10.1029/2001PA000733
https://doi.org/10.1016/j.epsl.2010.06.023
https://doi.org/10.1016/j.epsl.2010.06.023
https://doi.org/10.1038/nature13799
https://doi.org/10.1038/nature02494
https://doi.org/10.3189/002214310794457317
https://doi.org/10.1126/science.1226368
https://doi.org/10.1126/science.1226368
https://doi.org/10.1016/j.quascirev.2018.05.005
https://doi.org/10.1126/science.1262005
https://doi.org/10.1002/2016GB005570
https://doi.org/10.1002/2016GB005570
https://doi.org/10.1016/j.quascirev.2011.09.021
http://www.usap-dc.org/view/dataset/601176
http://www.usap-dc.org/view/dataset/601176


Schwander, J., Stauffer, B., & Sigg, A. (1988). Air mixing in firn and the age of the air at pore close‐off. Annals of Glaciology, 10, 141–145.
https://doi.org/10.1017/S0260305500004328

Seltzer, A. M., Buizert, C., Baggenstos, D., Brook, E. J., Ahn, J., Yang, J.‐W., & Severinghaus, J. P. (2017). Does 18O of O2 record meridional
shifts in tropical rainfall? Climate of the Past, 13(10), 1323–1338. https://doi.org/10.5194/cp‐13‐1323‐2017

Severinghaus, J. P., Sowers, T., Brook, E. J., Alley, R. B., & Bender, M. L. (1998). Timing of abrupt climate change at the end of the Younger
Dryas interval from thermally fractionated gases in polar ice. Nature, 391(6663), 141–146. https://doi.org/10.1038/34346

Shimada, W., & Hondoh, T. (2004). In situ observation of the transformation from air bubbles to air clathrate hydrate crystals using a
Mizuho ice core. Journal of Crystal Growth, 265(1‐2), 309–317. https://doi.org/10.1016/j.jcrysgro.2004.01.040

Sigl, M., Fudge, T. J., Winstrup, M., Cole‐Dai, J., Ferris, D., McConnell, J. R., et al. (2016). The WAIS Divide deep ice core WD2014
chronology—Part 2: Annual‐layer counting (0–31 ka BP). Climate of the Past, 12(3), 769–786. https://doi.org/10.5194/cp‐12‐769‐2016

Spahni, R., Schwander, J., Fluckiger, J., Stauffer, B., Chappellaz, J., & Raynaud, D. (2003). The attenuation of fast atmospheric CH4 var-
iations recorded in polar ice cores. Geophysical Research Letters, 30(11), 1571. https://doi.org/10.1029/2003GL017093

Stauffer, B., & Tschumi, J. (2000). Reconstruction of past atmospheric CO2 concentrations by ice core analyses. In T. Hondoh (Ed.), Physics
of Ice Core Records (pp. 217–241). Sapporo: Hokkaido University Press.

Stieglitz, J. L., Schmidt, M. W., & Curry, W. B. (2011). Evidence from the Florida Straits for Younger Dryas ocean circulation changes.
Paleoceanography, 26, PA1205. https://doi.org/10.1029/2010PA002032

References From the Supporting Information
Markle, B. R. (2017). Climate Dynamics Revealed in Ice Cores: Advances in Techniques, Theory, and Interpretation. Seattle, WA: University of

Washington.
Rhodes, R. H., Faïn, X., Brook, E. J., McConnell, J. R., Maselli, O. J., Sigl, M., et al. (2016). Local artifacts in ice core methane records caused

by layered bubble trapping and in situ production: A multi‐site investigation. Climate of the Past, 12(4), 1061–1077. https://doi.org/
10.5194/cp‐12‐1061‐2016

10.1029/2019GL082971Geophysical Research Letters

SHACKLETON ET AL. 9

https://doi.org/10.1017/S0260305500004328
https://doi.org/10.5194/cp-13-1323-2017
https://doi.org/10.1038/34346
https://doi.org/10.1016/j.jcrysgro.2004.01.040
https://doi.org/10.5194/cp-12-769-2016
https://doi.org/10.1029/2003GL017093
https://doi.org/10.1029/2010PA002032
https://doi.org/10.5194/cp-12-1061-2016
https://doi.org/10.5194/cp-12-1061-2016


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


