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Orbital and millennial-scale features of atmospheric
CH, over the past 800,000 years

Laetitia Loulergue’, Adrian Schilt?, Renato Spahniz‘r, Valérie Masson-Delmotte®, Thomas BIunierzT,
Bénédicte Lemieux', Jean-Marc Barnola', Dominique Raynaud', Thomas F. Stocker? & Jéréme Chappellaz’

Atmospheric methane is an important greenhouse gas and a sensi-
tive indicator of climate change and millennial-scale temperature
variability'. Its concentrations over the past 650,000 years have
varied between ~350 and ~800 parts per 10° by volume
(p.p-b.v.) during glacial and interglacial periods, respectively®. In
comparison, present-day methane levels of ~1,770 p.p.b.v. have
been reported®. Insights into the external forcing factors and
internal feedbacks controlling atmospheric methane are essential
for predicting the methane budget in a warmer world’. Here we
present a detailed atmospheric methane record from the EPICA
Dome C ice core that extends the history of this greenhouse gas

to 800,000 yr before present. The average time resolution of the
new data is ~380 yr and permits the identification of orbital and
millennial-scale features. Spectral analyses indicate that the long-
term variability in atmospheric methane levels is dominated by
~100,000 yr glacial-interglacial cycles up to ~400,000 yr ago with
an increasing contribution of the precessional component during
the four more recent climatic cycles. We suggest that changes in
the strength of tropical methane sources and sinks (wetlands,
atmospheric oxidation), possibly influenced by changes in mon-
soon systems and the position of the intertropical convergence
zone, controlled the atmospheric methane budget, with an
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additional source input during major terminations as the retreat
of the northern ice sheet allowed higher methane emissions from
extending periglacial wetlands. Millennial-scale changes in meth-
ane levels identified in our record as being associated with
Antarctic isotope maxima events"* are indicative of ubiquitous
millennial-scale temperature variability during the past eight gla-
cial cycles.

Atmospheric methane is an important climate forcing as well as a
sensitive indicator of climate change and variability. Over the past
650 kyr, the ice-core record indicates that its abundance has varied
from ~350 p.p.b.v. during glacial periods up to ~800 p.p.b.v. during
interglacials®. In 2005, its global average was 1,774 = 1.8 p.p.b.v (ref.
3), far exceeding the natural range of the past 650 kyr. Understanding
the link between external forcings and internal feedbacks on the
natural CH, budget is important for forecasting the latter in a warmer
world. In addition, CH, is tightly linked to Northern Hemisphere
millennial variability during the last glacial period*. Therefore, CH,4
variations can be used as a proxy for abrupt change further back in
time'.

Here, we present the most detailed and longest CH, record yet
derived from a single ice core: EPICA Dome C (EDC, 75°06'S,
123°20"E, 3,233 m above sea level), reaching back to Marine
Isotope Stage (MIS) 20.2 about 802 kyr before present (8p) and cover-
ing eight climatic cycles (Fig. 1). We have doubled the EDC CH, time
resolution (Supplementary Fig. 2) between 0 and 215 kyr Bp (MIS 1 to
MIS 7, mean resolution: 210yr) using a melt-refreezing method.
EDC samples were measured between 230 and 420 kyr Bp (MIS 7 to
11, mean resolution: 390 yr), whereas the record presented in Spahni
et al.” relied on the existing Vostok record'. The deepest portion of
the EDC core between 3,060.66 m and 3,190.53 m was analysed, pro-
viding the first CH, data for the time period from 666 to 799 kyr Bp
(MIS 16 to 20.2, mean resolution: 550 yr; see insert to Fig. 1). The
EDC3 ice and gas timescales EDC3 (ref. 5) and EDC3_gas_a (ref. 6)
are used hereafter, providing good agreement with the composite
chronologies”® from EPICA Dronning Maud Land and Greenland
(Supplementary Fig. 1) over the last glacial cycle.

With a total of 2,245 individual measurements, the EDC CH,
record is now complete from the surface down to 3,259.32m.
Because of stratigraphic disturbance in the deepest 60 m (ref. 9),
we limit the discussion to the upper 3,190.53 m, which provide an
average time resolution of 380 yr over the past 799 kyr. Within ana-
Iytical uncertainties, our EDC data agree very well with the records of
Vostok' over the past 420 kyr (Fig. 1) and with the millennial vari-
ability recorded in Greenland composite records”® for the last glacial
period (Supplementary Fig. 1). The homogeneity, accuracy and reso-
lution of our EDC record make it a new reference for the atmospheric
CH, temporal evolution on long timescales.

The extended record reveals several new aspects of methane vari-
ability. First, the oldest interglacial MIS 19 shows a CH, maximum of
~740 p.p.b.v., much higher than during interglacials MIS 13 to 17.
The EDC 8D record indicates cooler and longer interglacials before
430 kyr, corresponding to the Mid-Brunhes Event transition®. This is
reinforced by CO, (ref. 10) and CH, records until MIS 17. But the
high CH, levels during MIS 19 break down this general trend.
Amongst the past nine interglacials, MIS 9 and 19 appear decoupled
(with unusually high methane levels) from the overall good correla-
tion (7 = 0.82) observed between the maximum CH, value and the
maximum Antarctic warmth® (Supplementary Fig. 3). Second, rapid
and large fluctuations are identified. The glacial inception from MIS
19 to MIS 18 is accompanied by three distinct CH,4 peaks, having
counterparts in the 8D (ref. 9) and CO, (ref. 10) records. A large CH,
oscillation (amplitude 170 p.p.b.v.) is identified at the end of MIS 18,
comparable in shape with the Younger Dryas event'', but with a
longer duration (8 kyr between the surrounding maxima; Fig. 1).
Its comparison with concomitant CO, levels'® and marine records
suggests that it does not reflect a bipolar seesaw sequence of events. A
shorter and smaller oscillation (3 kyr between bracketing maxima,
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amplitude ~100 p.p.b.v.) is also observed during the early part of
interglacial MIS 17.

Wetlands are by far the largest natural source of methane today.
The largest wetland extents are found in boreal regions, with a second
latitudinal belt between the tropics'>. Their CH, emissions today are
shared about one-third boreal and two-thirds tropics. The contro-
versial alternative suggestion of direct plant CH, emissions'” has been
recently scaled down substantially'*. Mean preindustrial CH, sources
are estimated to be between 200 and 250 Tgyr ™', 85% of which comes
from wetlands’. Temperature changes and water-table variations are
the dominant controls of wetland emissions on seasonal and inter-
annual timescales'. The main sink of methane, oxidation by tro-
pospheric OH radicals, directly feeds back on any CH, source
change’. This is amplified by changes in emissions of volatile organic
compounds, which may be related to the reduced extent of forests
during glacial conditions'®. To first order, CH, changes during the
past 800 kyr should thus reflect varying extent of or emissions from
wetlands in different latitudinal belts, and OH feedbacks associated
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Figure 2 | Spectral analysis of the methane record. a, Amplitude of orbital
periodicities in the methane record for the time ranges 0—400 kyr and
400-800 kyr, using the multi-taper method (MTM) with normalized data.
The 19-kyr component is absent at 400-800 kyr because of its statistical non-
significance (F-test <0.95, see Supplementary Information). b, Orbital
components and residuals (expressed in p.p.b.v. on the centred signal) of the
CH, record over the past 800 kyr. The red line combines the three
periodicities. Note that the amplitude of the orbital components and
residuals is similar (~200 p.p.b.v.). The residual CH, signal contains other
statistically significant periodicities at 4.8 and 8.7 kyr and another
periodicity at 10-11 kyr slightly below the confidence limit, not discussed
here.
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with vegetation changes. Other lesser sources could also have con-
tributed either to long-term trends or to short events, such as biomass
burning'” and clathrate degassing'®.

The EDC CH, spectral analyses (Fig. 2) shed light on the response
of methane sources and sinks to orbital forcing. They highlight the
orbital periodicities of 100, 41, 23 and 19 kyr already found in the
shorter Vostok record'. The 100-kyr component dominates the gla-
cial-interglacial variability as in the 8D (ref. 9) and global ice volume
signals (ICE in Supplementary Fig. 4; deduced for simplification
from the stacked oxygen isotopic composition of benthic foramini-
fera)'®. But its contribution to the CH, variance clearly decreases after
the Mid-Brunhes Event, opposed to the trend for 6D (ref. 9). This
goes together with an increasing contribution of the precessional
component towards the present (Fig. 2), reaching the same mag-
nitude as the obliquity component. At high northern latitudes,
changes in ice-sheet volume should be the main driver on peat depo-
sition rate, thawing and refreezing of the soil active layer and extent of
seasonal snow cover, all affecting CH, emissions®. A comparison
between the EDC CH, signal and global ice volume signal®
does indeed indicate a strong coherency at 100 kyr. The two signals
are in phase within current dating uncertainties® (Supplementary
Fig. 4).

Orbital forcing modulates the latitudinal and land—sea temper-
ature gradients in the Tropics and therefore is a major forcing of
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the tropical monsoon systems*' and of the position of the intertro-
pical convergence zone*> which both drive the precipitation rate in
the intertropical belt and will influence the areal variability of the
large tropical wetlands found in southeast Asia, Africa and South
America”. Feedbacks from OH associated with varying emissions
of volatile organic compounds should closely follow a similar tem-
poral pattern to the regional monsoon evolutions. The tropical cli-
mate is dominated mostly by precessional variability**, as evidenced
for instance by the loess magnetic susceptibility records (loess SUS™).
Although the entire tropical region affects the methane budget, we
compare the CH, signal only with the Asian summer monsoon
reconstruction from SUS loess, which is currently the only available
record of tropical climate variability that covers a time period com-
parable to our record. The CH, and the SUS loess are in phase within
dating uncertainties (Supplementary Fig. 4) and show an increasing
variance in the precessional band starting around 420 kyr Bp, thus
suggesting a dominant contribution of monsoon-related processes
in the CH, variability at precessional periodicities. A picture thus
emerges in which atmospheric CH, background levels have been
modulated by tropical wetlands and/or volatile organic compound
emissions from tropical forests during the late Quaternary, with
overshoots every 100 kyr associated with varying extents of northern
ice sheets and periglacial wetlands. This is in agreement with a
recent isotopically constrained CH, budget between the last glacial

Figure 3 | Methane millennial
variability. a, 0-400 kyr;

b, 400-800 kyr. In each panel, from
bottom to top, we show the
methane signal (grey shaded curve)
with 74 identified millennial
changes (red stars, mean time
between occurrences 6.2 kyr), based
on a threshold amplitude of

~50 p.p.b.v. and a correspondence
(occurrence and peak-to-peak
synchroneity) with an Antarctic
isotope maximum’. Glacial periods
(pink shaded area) are defined by
EPICA/Dome C temperature being
at least 4 °C below late Holocene
values’. Time periods of occurrence
of millennial variability (blue
shaded area) are defined by a
threshold value of 3.5%o in the
North Atlantic §"%0 benthic
record”. The benthic stack' is used
to compare with the full CH, record
over 800 kyr.
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maximum and the early Holocene™, suggesting a dominating con-
tribution of tropical wetlands in the pre-industrial budget, a switch-
on of boreal wetlands when the ice sheets decay and an amplification
by the OH sink. Rigorous testing of this picture will require future
model simulations of the Earth system that couple climate and the
carbon cycle in transient mode over several glacial-interglacial cycles.

On even shorter timescales, high-resolution methane records can
be used as a proxy of Northern Hemisphere millennial temperature
fluctuations back in time', although the relationship between CH,4
and Greenland temperature is not linear during the last glacial period
and the atmospheric CH, signal is slightly damped by gas trapping
processes®®. Our new EDC methane record represents a unique con-
tinuum of this millennial variability back through the past eight
glacial periods with 99% of the record providing a time resolution
better than 1,000 yr for the sequence MIS 1-11 (84.5% for MIS 11-20,
when additional millennial changes may still be revealed with an
improved time resolution). We find 74 millennial CH, changes
(Fig. 3a and b), defined as an amplitude larger than 50 p.p.b.v. and
an association (with peak-to-peak synchroneity) with Antarctic iso-
tope maxima®’. Marine records suggest that the millennial variability
shows up whenever the ice-sheet volume, expressed through the
oxygen isotopic composition of benthic foraminifera, is above a
threshold of 3.5%o (ref. 27). Antarctic temperature change provides
another proxy of glacial conditions, with the threshold considered to
be at least 4 °C below late Holocene temperature’. Such thresholds,
however, fail to capture millennial CH, events now identified during
the early phase of glacial periods following the warmest interglacials
(late MIS 5 and 7; early phase of MIS 8, 10 and 18). The hypothesis of
constant lower thresholds is too permissive as it requires CH, vari-
ability during the lukewarm interglacials (MIS13 and 17), which is
not supported by our data. The combination of CH, millennial vari-
ability and Antarctic isotope maxima therefore provides a better
indicator of bipolar millennial variability, casting doubt on a
straightforward link between ice volume or Antarctic cooling and
climate instabilities.

METHODS SUMMARY

The analytical methods of CH, measurements in the two laboratories of Bern
and LGGE have been already described in detail and compared®. The air from
polar ice-core samples of about 40 g (Bern) and 50 g (LGGE) is extracted with a
melt-refreezing method under vacuum, and the extracted gas is then analysed
for CH, by gas chromatography. Two standard gases (408p.p.b.v. CH,,
1,050 p.p.b.v. CH,) were used at Bern and one (499 p.p.b.v. CH,) at LGGE, to
calibrate the gas chromatographs. The mean CH, analytical uncertainty (1o) is
10 p.p.b.v (ref. 2). Concentrations are not corrected for gravitational settling in
the firn column as this effect corresponds to only about 1% of the measured
levels. EPICA/Dome C CH, and 6D data are on EDC3 age scales™. The Vostok
data were synchronized on the EDC gas age scale by using the program
Analyseries®. Orbital components and the residual in the CH, record are
obtained by gaussian filters with the Analyseries program*®. The precession band
is calculated first (f=0.05 = 0.01) on the CH, signal interpolated every 1kyr,
then the obliquity band on the first residual (f= 0.025 = 0.005) and then the
~100-kyr band on the second residual (f= 0.01 = 0.002).

Received 12 October 2007; accepted 17 March 2008.

1. Delmotte, M. et al. Atmospheric methane during the last four glacial-interglacial
cycles: Rapid changes and their link with Antarctic temperature. J. Geophys. Res.
109, 12104 (2004).

2. Spahni, R. et al. Atmospheric methane and nitrous oxide of the Late Pleistocene
from Antarctic ice cores. Science 310, 1317-1321 (2005).

3. Denman, K. L. et al. in Climate Change 2007: The Physical Science Basis. Contribution
of Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (eds Solomon, S. et al.) 499-587 (Cambridge Univ. Press, 2007).

4. Blunier, T. & Brook, E. J. Timing of millennial-scale climate change in Antarctica
and Greenland during the last glacial period. Science 291, 109-111 (2001).

5. Parrenin, F. et al. The EDC3 chronology for the EPICA Dome C ice core. Clim. Past
3, 485-497 (2007).

386

NATURE| Vol 453]15 May 2008

6. Loulergue, L. et al. New constraints on the gas age-ice age difference along the
EPICA ice cores, 0-50 kyr. Clim. Past 3, 527-540 (2007).

7. Blunier, T. et al. Synchronization of ice core records via atmospheric gases. Clim.
Past 3, 325-330 (2007).

8. EPICA Community Members. One-to-one coupling of glacial climate variability in
Greenland and Antarctica. Nature 444,195-198 (2006).

9. Jouzel, J. et al. Orbital and millennial Antarctic climate variability over the past
800000 years. Science 317, 793-796 (2007).

10. Luthi, D. et al. High-resolution carbon dioxide concentration record
650,000-800,000 years before present. Nature doi:10.1038/nature06949 (this
issue).

11. Chappellaz, J. et al. Synchronous changes in atmospheric CH, and Greenland
climate between 40 and 8 kyr Bp. Nature 366, 443-445 (1993).

12. Prigent, C., Matthews, E., Aires, F. & Rossow, W. B. Remote sensing of global
wetland dynamics with multiple satellite data sets. Geophys. Res. Lett. 28,
4631-4634 (2001).

13. Keppler, F., Hamilton, J. T. G, Brass, M. & Rockmann, T. Methane emissions from
terrestrial plants under aerobic conditions. Nature 439, 187-191 (2006).

14. Dueck, T. A. et al. No evidence for substantial aerobic methane emission by
terrestrial plants; a '>C-labelling approach. New Phytol. 175, 29-35 (2007).

15. Walter, B. P. & Heimann, M. A process-based, climate-sensitive model to derive
methane emissions from natural wetlands: Application to five wetland sites,
sensitivity to model parameters, and climate. Glob. Biogeochem. Cycles 14,
745-766 (2000).

16. Kaplan, J. O., Folberth, G. & Hauglustaine, D. A. Role of methane and biogenic
volatile organic compound sources in late glacial and Holocene fluctuations of
atmospheric methane concentrations. Glob. Biogeochem. Cycles 20, GB2016
(2006).

17. Thonicke, K., Prentice, C. I. & Hewitt, C. D. Modelling glacial-interglacial changes
in global fire regimes and trace gas emissions. Glob. Biogeochem. Cycles 19,
GB3008 (2005).

18. Kennett, J. P., Cannariato, K. G., Hendy, I. L. & Behl, R. J. Carbon isotopic evidence
for methane hydrate instability during quaternary interstadials. Science 288,
128-133 (2000).

19. Lisiecki, L. E. & Raymo, M. E. A Pliocene-Pleistocene stack of 57 globally
distributed benthic 8'®0 records. Paleoceanography 20, PA2007 (2005).

20. Schmidt, G. A,, Shindell, D. T. & Harder, S. A note on the relationship between ice
core methane concentrations and insolation. Geophys. Res. Lett. 31, L23206
(2004).

21. Liu, Z., Otto-Bliesner, B., Kutzbach, J., Li, L. & Shields, C. Coupled climate
simulation of the evolution of global monsoons in the Holocene. J. Clim. 16,
2472-2490 (2003).

22. Chiang, J. C. H., Biasutti, M. & Battisti, D. S. Sensitivity of the Atlantic Intertropical
Convergence Zone to Last Glacial Maximum boundary conditions.
Paleoceanography 18, 1094 (2003).

23. Clement, A. C,, Hall, A. & Broccoli, A. J. The importance of precessional signals in
the tropical climate. Clim. Dyn. 22, 327-341 (2004).

24. Sun, Y. et al. East Asian monsoon variability over the last seven glacial cycles
recorded by a loess sequence from the northwestern Chinese Loess Plateau.
Geochem. Geophys. Geosyst. 7, Q12Q02 (2006).

25. Fischer, H. et al. Changing boreal methane sources and constant biomass burning
during the last termination. Nature 452, 864-867 (2008).

26. Spahni, R. et al. The attenuation of fast atmospheric CH, variations recorded in
polar ice cores. Geophys. Res. Lett. 30, 1571 (2003).

27. McManus, J. F. A 0.5-million year record of millennial scale climate variability in
the North Atlantic. Science 283, 971-975 (1999).

28. Paillard, D., Labeyrie, L. & Yiou, P. Macintosh program performs time-series
analysis. EOS Trans. Am. Geophys. Un. 77, 379 (1996).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements This work is a contribution to the European Project for Ice
Coring in Antarctica (EPICA), a joint ESF (European Science Foundation)/EC
scientific program, funded by the European Commission and by national
contributions from Belgium, Denmark, France, Germany, Italy, the Netherlands,
Norway, Sweden, Switzerland and the United Kingdom. The main logistic support
was provided by IPEV and PNRA (at Dome C). Additional funding support of this
work was provided by the European FP6 STREP “EPICA-MIS", by the French ANR
PICC (ANR-05-BLAN-0312-01) and by CNRS/INSU programs. We thank the
technical team on the field and all those who helped with the methane
measurements at Grenoble (B. Bellier, L. Isabello, E. Estrangin, L. Chan-Tung) and
at Bern (G. Hausammann). We also thank P. Yiou and P. Naveau for their spectral
analysis courses at LSCE, and H. Fischer and G. Dreyfus for their comments. This is
EPICA publication no. 195.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. Correspondence and requests for materials should be
addressed to J.C. (jerome@lgge.obs.ujf-grenoble.fr).

©2008 Nature Publishing Group


www.nature.com/nature
www.nature.com/reprints
mailto:jerome@lgge.obs.ujf-grenoble.fr

	Orbital and millennial-scale features of atmospheric CH4 over the past 800,000 years
	Main
	Methods Summary
	Acknowledgements
	References


