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a b s t r a c t

All recent climatic projections for the next century suggest that we are heading towards a warmer
climate than today (Intergovernmental Panel on Climate Change; Fifth Assessment Report), driven by
increasing atmospheric burdens of anthropogenic greenhouse gases. In particular, the volume mixing
ratio of methane, the second-most important anthropogenic greenhouse gas, has increased by a factor of
~2.5 from the beginning of the European Industrial Revolution. Due to their complex responses to cli-
matic factors, understanding of the dynamics of future global methane emissions and sinks is crucial for
the next generation of climate projections. Of relevance to this problem, the Earth likely experienced
warmer average temperatures than today during the Last Interglacial (LIG) period (130e115 kaBP).
Interestingly, ice cores do not indicate a different methane mixing ratio from the Pre-Industrial Holocene
(PIH), in other words the current interglacial period prior to anthropogenic influence. This is surprising as
warmer temperatures might be expected to increase methane emissions. The present study aims to
improve our understanding of the changes in the global methane budget through quantifying the relative
importance of sources and sinks of methane during the last full glacialeinterglacial cycle.

A fairly limited number of studies have investigated this cycle at the millenium time scale with most of
them examining the doubling in CH4 from the Last Glacial Maximum (LGM) to the PIH. Though it is still a
matter of debate, a general consensus suggests a predominant role to the change in methane emissions
from wetlands and only a limited change in the oxidising capacity of the atmosphere. In the present
study we provide an estimate of the relative importance of sources and sinks during the LIG period, using
a complex climateechemistry model to quantify the sinks, and a methane emissions model included in a
global land surface model, for the sources. We are not aware of any previous studies that have explicitly
tackled sources and sinks of methane in the previous interglacial. Our results suggest that both emissions
and sinks of methane were higher during the LIG period, relative to the PIH, resulting in similar atmo-
spheric concentrations of methane. Our simulated change in methane lifetime is primarily driven by
climate (i.e. air temperature and humidity). However, a significant part of the reduced methane lifetime
is also attributable to the impact of changes in NOx emissions from lightning. An increase in biogenic
emissions of non-methane volatile organic compounds during the LIG seems unlikely to have
compensated for the impact of temperature and humidity. Surface methane emissions from wetlands
were higher in northern latitudes due to an increase of summer temperature, whilst the change in the
tropics is less certain. Simulated methane emissions are strongly sensitive to the atmospheric forcing,
with most of this sensitivity related to changes in wetland extent.
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1. Introduction

Methane is the second most important anthropogenic green-
house gas (GHG) after CO2, accounting for approximately one third
of the radiative forcing of CO2. Around the 1980s, the observed
growth rate of methane was as high as 16 ppbv (parts per billion by
volume) per year, equivalent to a ~1% increase every year. This
growth was sustained until the mid 1990's and after a subsequent
decade of near stability, atmospheric methane mixing ratio started
to rise again in 2005. The atmospheric mixing ratio of methane is
the result of the balance between sources and sinks. Natural sour-
ces are very diverse and present three different origins: biogenic
(such as wetlands, fresh waters, ruminants, termites), thermogenic
(such as natural gas) and pyrogenic (wildfires). Some sources are a
mix of different origins, like hydrates, which have both a biogenic
and/or thermogenic origin. However, wetlands dominate these
natural emissions, representing around 60e80% of the total
(Intergovernmental Panel on Climate Change Fifth Assessment
Report, Chapter 6, Table 6.8). Methane is produced in soils by
methanogenic archeae. The amount and quality of organic sub-
strate, temperature, and oxic level are the main drivers for meth-
anogenesis (Bridgham et al., 2013, and references therein). The
methane produced, mostly in anoxic soil layers, can be oxidised in
the upper oxic layers. Vegetation can also play a role in the trans-
port and oxidation of methane. Methane emissions are therefore
strongly ecosystem-dependant and a large spatial and temporal
variability is observed (Jackowicz-Korczy�nski et al., 2010; Turetsky
et al., 2014). Some processes related tomethane production are still
poorly understood (e.g. microbial community dynamics and the
roles of vascular plants), and even the present day global emission
rate is still largely uncertain (Kirschke et al., 2013). However,
despite the complexity of the interplay of different factors, methane
emissions do display a consistent response to temperature across
ecosystems (Yvon-Durocher et al., 2014).

After a certain time (broadly defined the lifetime, t), a fraction of
the emitted methane is either oxidised in the troposphere or
stratosphere, or oxidised at the surface. The lifetimes we discuss
here can be calculated as the reciprocal of the observed (or calcu-
lated) rates of loss of the compounds and are termed e-folding
lifetimes. The major oxidising species for many hydrogen bearing
compounds is the hydroxyl radical (OH). OH is very short lived
(t<0.5 s). OH is formed as a break downproduct from thephotolysis
of O3 and subsequent reaction with H2O. Given that the rate of
photolysis of O3 depends strongly on the abundance of O3, and that
the amount of water in the atmosphere can be stronglymodified by
temperature, there aremany complexities and nuances that need to
be included in models if they are to represent the oxidation of
compounds by OH correctly. Indeed, in the recent Atmospheric
ChemistryeClimate Modelling Intercomparison (ACCMIP) tropo-
spheric OHwas evaluated for the present day and changes from the
Table 1
Sources and sinks of methane from natural origin (excluding anthropogenic contribution)
listed separately for top-down (inverse methods) and bottom-up (process-based). The un
(2013) for the complete list of references.

1980e1989 19

Top-down Bottom-up To

Sources
Wetland 167 [115e231] 225 [183e266] 15
Non-wetland 36 [35e36] 130 [61e200] 32
Total sources 203 [150e267] 355 [244e466] 18

Sinks
Chemical loss 490 [450e533] 539 [411e671] 52
From which tropospheric OH 468 [382e567]
Soils 21 [10e27] 28 [9e47] 27
Total sinks 511 [460e559] 539 [420e718] 54
PIH to thepresent, and for changesout to theyear2100undera range
of future emission and climate scenarios (Naik et al., 2013;
Voulgarakis et al., 2013). The inclusion of photolysis algorithms
that take into account the interactive changes in trace gases and
aerosols is something that has only recently become common place
within the 3D chemistry modelling community and even within
ACCMIP several models used precalculated photolysis frequencies
andassumed theywouldbevalid under changes in composition. The
reaction betweenOH and CH4 in the troposphere accounts for about
85% of CH4 removal. Stratospheric OH and tropospheric chlorine
oxidation, together with soil oxidation, explain the remaining sinks.
Owing to the complicationswithmodellingOH, and the fact that the
rate coefficient for the reaction between OH and CH4 is one of the
most strongly temperature sensitive reactions that occurs in the
atmosphere, modelling methane oxidation accurately is a major
challenge. Because tropospheric methane oxidation represents a
significant loss for tropospheric OH, methane produces a positive
feedback on the climate system, as its lifetime increases with its
mixing ratio (e.g. Prather, 2007). Also, methane is a precursor of
tropospheric ozone and stratospheric water vapour, which are both
GHGs. A breakdownof source and sink strengths in the recent past is
presented in Table 1.

Both the sources and the sinks of methane are strongly climate-
dependant. With respect to the sources, changes in hydrological
regime can affect the global wetland extent (e.g. Bousquet et al.,
2006), whilst temperature is the main driver for methane emis-
sions from these wetlands (e.g. Christensen et al., 2003; Turetsky
et al., 2014). Whilst with respect to the sinks, the rate of methane
oxidation by hydroxyl radicals increases with temperature. In
addition to this direct effect, several indirect effects take place,
including the increase in OH concentration due to an increase in
humidity and the temperature dependency of non-methane vola-
tile organic compound (NMVOC) emissions. However, even for the
recent past the interplay of these different components of the
methane budget is still a great matter of debate (Kirschke et al.,
2013). The investigation of past changes can inform our under-
standing of natural variations in the budget and the role of
changing climate. In particular, air of past atmospheres has been
trapped in bubbles in ice cores. Such a direct record of past atmo-
spheric composition is available for the last 800,000 years
(Loulergue et al., 2008). Methane and CO2 are usually stable in ice
cores and the records they yield overlap with recent direct atmo-
spheric measurements (e.g. MacFarling Meure et al., 2006), such as
those made at Mauna Loa (Keeling et al., 1976).

As illustrated in Fig. 1, on the glacialeinterglacial time scale, the
methane atmospheric mixing ratio ranges from ~320 ppbv during
cold glacials to ~780 ppbv during warm interglacials (Loulergue
et al., 2008). However, the ice-core records show that great varia-
tions can also occur on shorter time scales. For example, the rise in
temperature at the beginning of DansgaardeOeschger (DO) events
over three decades (adapted from Table 1 of Kirschke et al., 2013). The estimates are
certainty range is provided in brackets. See the original publication of Kirschke et al.

90e1999 2000e2009

p-down Bottom-up Top-down Bottom-up

0 [144e160] 206 [169e265] 175 [142e208] 217 [177e284]
[23e37] 130 [61e200] 43 [37e65] 130 [61e200]
2 [167e197] 336 [230e465] 218 [179e273] 347 [238e484]

5 [491e554] 571 [521e621] 518 [510e538] 604 [483e738]
479 [457e501] 528 [454e617]

[27e27] 28 [9e47] 32 [26e42] 28 [9e47]
2 [518e579] 596 [530e668] 540 [514e560] 632 [592e785]



Fig. 1. Methane carbon isotope and other climate records. From top: relative sea-level (r.s.l.) reconstruction. Atmospheric CO2 from Vostok (brown), EDML and Talos Dome (orange),
Byrd (turquoise) and EPICA Dome C (yellow), in parts per million (ppm). d13CH4 from Vostok (light blue) and EDML (dark red). Records for termination 1 (TI; EDML, purple) and the
Holocene (Greenland Ice Sheet Project Two (GISP2), dark blue). Samples potentially affected by diffusive fractionation are marked by white circle fillings. Atmospheric CH4 from EDC
(light green) and EDML (dark green). dD in precipitation at Dome C (red). Arabic numbers indicate the timing of DansgaardeOeschger events and their respective Antarctic
counterparts. Vertical bars indicate periods when the correlation between CO2 and CH4 breaks down. TII, termination 2. Reprinted by permission from Macmillan Publishers Ltd:
Nature Geoscience (M€oller et al., 2013), copyright 2013.
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are, most of the time, accompanied by an increase in methane over
a century (Landais et al., 2004; Baumgartner et al., 2014; Rosen
et al., 2014). A better investigation of such rapid changes in the
global methane budget has been possible very recently thanks to
the improvements in measuring techniques, which showed that
the rate of methane increase could have reached 2.5 ppbv/yr at the
beginning of DO events (Chappellaz et al., 2013; Rosen et al., 2014).
Ice core records originating from the two major ice sheets (i.e.
Antarctica and Greenland) provide coarse information of the lat-
itudinal variations in the balance between methane sources and
sinks, via the interpolar gradient in methane mixing ratio. This
gradient has been mostly used to infer latitudinal shifts in methane
sources during the Holocene and during DO events (Chappellaz
et al., 1997; D€allenbach et al., 2000; Baumgartner et al., 2012).

In this paper, we review current knowledge of global methane
dynamics during the Last GlacialeInterglacial cycle, that is changes
in sources and sinks. Inparticular,wediscuss theglacialeinterglacial
amplitude, the so-called Holocene anomaly, and the rapid rise in
methane at the onset of DansgaardeOeschger events. Finally, we
present a recent contribution to this topic in a relatively unexplored
period, the Last Interglacial (LIG) (130e115kaBP). This periodof time
presents a unique opportunity to study themethane global cycle in a
warmer than today climate but with a similar geography. It is also
something of a curiosity that, though the climate was warmer than
in the PIH, the volume mixing ratio of methane in the atmosphere
was no higher; this represents a departure from the first-order
observation from the ice core records that methane mixing ratios
generally increase (decrease) as the climate warms (cools).

2. An overview of global methane over the Last
GlacialeInterglacial cycle

2.1. Measuring past fluctuations in methane

The first major studies which intended to quantify the
methane budget in the past were motivated by the availability of
a comprehensive record of past fluctuations in deep ice core
drillings. However, before the first military (Camp Century) and
non-military (Dye 3) deep ice core drilling programs, scientists
examined the air trapped in ice bubbles from different ice sam-
ples in ice sheets. For example, Robbins et al. (1973) gave esti-
mates of past changes of both carbon monoxide and methane
from a selection of different ice samples of Greenland and
Antarctica. Following a similar experimental methodology, Khalil
and Rasmussen (1985) extrapolated potential human activities to
the past in order to quantify the importance of sources and sinks
of methane.

Deep ice core records have resulted in a hugely significant
amount of information regarding GHG concentrations in the past.
The first long methane record (several thousand years) was derived
frommeasurements in Greenland (Craig and Chou, 1982), followed
bymeasurements in Antarctica (Raynaud et al., 1988; Stauffer et al.,
1988), where the very low accumulation rate allows the record to
go further back in time. At the beginning of the 1990s, the first
record covering the Last GlacialeInterglacial cycle was available
(Chappellaz et al., 1990). This methane record from the Vostok ice
core drilled in Antarctica eventually reached back 420,000 years on
a continuous time scale (Petit et al., 1999). A new record went even
further back in time to 800,000 years with the drilling of EPICA-
DOMEC ice core (Spahni et al., 2005; Loulergue et al., 2008). Un-
fortunately, in Greenland the signal during the Last Interglacial
period is perturbed in all the six deep ice cores due to layer mixing,
past surface melting or basal melting. This is also the case in the
latest one to be drilled (NEEM Members, 2013). Nevertheless,
suitable Greenland methane records covering the last 100,000
years have allowed researchers to evaluate the interpolar gradient
and its possible evolution through time (e.g. Baumgartner et al.,
2012). Available comparisons between Greenland and Antarctic
mixing ratios during cold stadial to warm interstadial transitions
during the Last Glacial period (e.g. the onset of DO events) suggest a
northward shift of the methane sources associated with each
interstadial warming event.
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Methane mixing ratio and its interpolar gradient are not the
only information available about past fluctuations. Two of the mi-
nor stable isotopologues of methane, namely those inwhich carbon
thirteen (13CH4) or deuterium atom (2H(CH4) or D(CH4)) are
substituted for the common isotopes 12C and H, are also preserved
in ice cores (Fig. 1). The isotopic signature is defined as the ratio
between the heavier and lighter stable isotopologues compared to a
reference value and is denoted d13CH4 for carbon thirteen and
dD(CH4) for deuterium. Methane carbon stable isotopic signatures
are associated with different sources. The processes that control the
formation of methane set the value of the isotope ratios. These can
range from methane very depleted in 13C, the heavy isotopologue,
frommicrobial origin like some gas hydrates andwetlands (~�70 to
~�60‰) to heavier CH4 associated with biomass burning (~�25‰).
Atmospheric oxidation contributes to a relatively small fraction-
ation (εC), enriching the atmosphere in 13C compared to the average
of methane sources by about ~7.4‰ (Whiticar and Schaefer, 2007).
However, changes in the relative strengths of different methane
sinks, in particular the relative strength of the atomic chlorine sink,
can affect this number, for example in response to gla-
cialeinterglacial changes in atmospheric circulation (Levine et al.,
2011a). It is therefore not entirely correct e it is an approxima-
tion e to treat d13CH4 simply as an indicator of changes in methane
sources (M€oller et al., 2013). Hydrogen stable isotopes are more
difficult to use as the atmospheric fractionation (εD) is much
greater, being around 200‰ (Whiticar and Schaefer, 2007). How-
ever, dD(CH4) can be used to distinguish hydrate sources, as it
shows a large difference compared to other sources. Also, during
methane production at the Earth's surface, the radioactive isotope
14C is also included in the molecule (via atmospheric CO2 assimi-
lation by photosynthesis), but in a much smaller proportion than
13C and 12C due to its rarity. Due to the long time periods involved,
14C is virtually absent from geological sources of methane. There-
fore the proportion of 14C in the atmospheric methane reservoir is
an indicator of the relative proportion between geological and
modern biogenic sources (Wahlen et al., 1989). Although an
experimental challenge, pioneering measurements of 14CH4 carried
out on glacial outcrops of the Greenland ice sheet covering the last
deglaciation showed that methane hydrate degassing was not
responsible for the rapid CH4 jumps punctuating thismajor climatic
transition (Petrenko et al., 2009; Melton et al., 2012).

2.2. On the amplitude of glacial e interglacial methane
concentrations

One striking feature observed from the methane measurements
in ice cores is the strong contrast between the low Last Glacial
Maximum (LGM) methane level of ~350 ppbv and the Pre-
Industrial Holocene (PIH) value of ~700 ppbv (Fig. 1). Explaining
the potential causes of this doubling is still one of the main chal-
lenges in palaeo-methane science. Motivated by the results of the
Vostok drilling project, Raynaud et al. (1988) and Chappellaz et al.
(1990) provided the first hypothesis for the changes in source
reduction during the LGM, whilst McElroy (1989) and Valentin
(1990) studied glacialeinterglacial changes in oxidative capacity.
However, Chappellaz et al. (1993) and its companion paper
Thompson et al. (1993), were the first comprehensive studies of all
the different components of the global budget and their relative
changes at the LGM. In Chappellaz et al. (1993), vegetation and
wetland reconstructions suggested a 44% reduction in the wetland
source during the LGM. In addition to the presence of extensive ice
sheets, a cold and dry climate may have reduced wetland extent
and therefore methane emissions. The reduction in the sources
they reconstructed was fed into a multi-box one-dimensional
model of atmospheric chemistry in Thompson et al. (1993). They
were able to achieve an agreement between their bottom-upmodel
estimates and ice core derived methane mixing ratio. They
concluded that the glacialeinterglacial methane changewasmostly
a source-driven signal. Using a very similar atmospheric chemistry
box model, Pinto and Khalil (1991) and Lu and Khalil (1991) sug-
gested an almost stable hydroxyl radical concentration between the
LGM and the PIH, again implying an almost entirely source-driven
change in methane mixing ratio. They suggest that during cold
glacials, the decreased loss of OH (due to lower methane) is
compensated by a lower production (due to lower humidity). This
was later corroborated by Karol et al. (1995) who used a multi-box
(troposphere and stratosphere), one dimensional model. The
complexity of atmospheric chemistry representation increased
with the work of Crutzen and Brühl (1993), who used for the first
time a 1½D model (vertically resolved with two hemispheres)
chemistryeradiation model, including a representation of the
stratosphere. Here again, even if the different components of OH
budget differed under glacial conditions, changes in the OH mixing
ratio were very small. This was subsequently reproduced with an
even more sophisticated 2D chemistryeradiation model by
Martinerie et al. (1995), who estimated an increase by 20% of the
global mean OH concentration during the LGM compared with PIH
values. Thus, the early studies suggested that the change in
methane mixing ratio from LGM to PIH was mostly source driven.

However, the question of the relative importance of sources and
sinks over this time period was revisited in the work of Kaplan
(2002). For the first time, a process-based model of methane
emissions from wetlands was used to provide estimates of the
source changes. In this study the low levels of CO2 during the LGM
led to a reduction in vegetation productivity and, as a consequence,
of the substrate availability for methanogenesis. However, the
changes in methane emissions fromwetlands could not explain the
total glacialeinterglacial change in methane mixing ratio, implying
a change in oxidising capacity was required to explain the
remainder. Weber et al. (2010) followed the same methodology of
Kaplan (2002) but for a set of eight climatic forcings from the
Paleoclimate Modelling Intercomparison Project (PMIP2). In this
study, they tested the sensitivity of a process-based model of
methane emissions to atmospheric forcing. Weber et al. (2010)
modelled a range of reductions in methane emissions from wet-
lands at the LGM that were greater than the reduction calculated by
Kaplan (2002). The largest of these reductions, combined with
changes in other methane sources besides wetlands, would be
sufficient to account for the entire change in methane concentra-
tion at the LGM without recourse to a significant change in oxi-
dising capacity; see later. However, smaller reductions would still
imply the need for an increase in oxidising capacity. Valdes et al.
(2005) subsequently suggested that the reduction in NMVOC
emissions from vegetation at the LGM, relative to the PIH, could
explain at least some of the mismatch. Valdes et al. (2005) tested
this hypothesis in an Earth System Model (ESM) framework,
including a 3D atmospheric chemistry model, and concluded that
in order to achieve an agreement with ice core measurements,
changes in both methane sources and sinks were needed. Kaplan
et al. (2006) reached the same conclusions in a further model
framework. Note, however, that Kaplan et al. (2006) explored only
the impact of reduced NMVOC emissions from vegetation; they did
not explore the opposing influences of reduced humidities at the
LGM, reducing the availability of OH, and reduced air temperatures
at the LGM, reducing the rate of reaction between OH andmethane.
Harder et al. (2007) carried out a series of sensitivity experiments
with a chemistryeclimate model, highlighting the sensitivity that
the lifetime of methane shows to reductions in air temperatures
and humidities. Using a global atmospheric Chemistry Transport
Model (CTM), Levine et al. (2011b) found these influences to almost
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precisely negate the reduction in methane lifetime due to reduced
NMVOC emissions at the LGM, resulting in a negligible net change
in methane lifetime. The implication was that the gla-
cialeinterglacial change in methane mixing ratio must have been
almost entirely source-driven e the suggestion of the early studies.
The mutually compensating influences on the oxidising capacity
reported by Levine et al. (2011b) have since been reproduced by
Murray et al. (2014) using a state-of-the-art 3D chemistryeclimate
model including tropospheric- and stratospheric chemistry, and for
the first time, interactive photolysis. Murray et al. (2014) addi-
tionally reported that the oxidising capacity they modelled was
insensitive to changes in biomass burning emissions (reactive
species and aerosol precursors), but sensitive to changes in
lightning-induced NOx emissions e in line with the earlier findings
of Murray et al. (2013).

In summary (see also Table 2 for a compilation), most of the
recent chemistryeclimate studies to date tend to suggest a constant
or only slightly decreased methane lifetime at the LGM. An
exception is the top-down study by Fischer et al. (2008) that ex-
plores, by a Monte-Carlo approach, possible methane source- and
sink-change scenarios compatible with the observed changes in
methane concentration and isotopic composition. They suggest
that the lifetime of methane was likely significantly reduced at the
LGM, but offer no process-based explanation. They also propose
that boreal wetland sources of methane were effectively shut down
at the LGM, whilst emissions of methane from biomass burning
were largely unchanged relative to the PIH. However, the reanalysis
by Baumgartner et al. (2012) of the inter-polar gradient in methane
concentration at the LGM suggests that, whilst boreal wetland
sources (above 30�N) were reduced, they were not shut down, and
the global synthesis of charcoal records by Power et al. (2008)
suggests there was markedly less biomass burning at the LGM. As
for bottom-up estimates of the changes in methane emissions at
the LGM, the most recent estimates regarding methane emissions
Table 2
Relative change of OH and methane surface emissions during the LGM compared to
PIH in the literature. Note that the change in methane lifetime also includes the
effect of temperature on the reaction rate and is not only the consequence of the
change in OH.

Study Chemistry model LGM vs. PIH changes

[OH] tCH4 ;OH
(if provided)

Valentin (1990) 2D þ23% e

Pinto and Khalil (1991) 1D þ15% e

Lu and Khalil (1991) 1D þ26% e

Crutzen and Brühl (1993) Multi-box 1D þ10% e

Thompson et al. (1993) Multi-box 1D þ10% e

Martinerie et al. (1995) 2D þ20% �17%
Karol et al. (1995) Multi-box 1D �59% to þ14%a e

Valdes et al. (2005) 3D þ25%a �15%
Kaplan et al. (2006) 3D þ28% �22%
Levine et al. (2011b) 3D e þ2%
Bock et al. (2012). 2D þ14% �11%
Murray et al. (2014) 3D þ2% �2% to þ35%

Study Surface emissions LGM vs. PIH changes

Wetland
emissions

All sources
(if provided)

Chappellaz et al.
(1993)

Vegetation and wetland
reconstruction

�44% e

Kaplan (2002) Process-based wetland model �24% e

Valdes et al. (2005) Process-based wetland model �27% �23%
Kaplan et al. (2006) Process-based wetland model �21% �16%
Weber et al. (2010) Process-based wetland model �42% to �35% e

a The reported change in OH for those studies is a change in the surface mean
concentration and not tropospheric mean.
from wetlands, by Weber et al. (2010), range from a reduction of
35% to one of 42% relative to the PIH. Combined with the estimates
of Valdes et al. (2005) and Kaplan et al. (2006) of the changes in
methane emissions from other sources besides wetlands, re-
ductions in total methane emissions of 30e35% and 38e43% are
obtained respectively. Though it may be one extreme, Levine et al.
(2011b) note that, allowing for the small positive feedback between
changes in methane concentration and lifetime (Prather, 2007), a
43% reduction in total methane emissions could account for almost
the entire 49% reduction in methane concentration observed (from
700 to 360 ppbv) without invoking any further reduction in
methane lifetime. Increased confidence in our understanding of the
methane budget at the LGM should be sought through further
comprehensive chemistryeclimate studies and methane source-
change estimates.

2.3. On the DansgaardeOeschger events

Other intriguing features of the methane record are the very
sharp rises in methane (~100 ppbv within a century) at the onset of
DansgaardeOeschger (DO) events. This topic has been addressed
recently by Levine et al. (2012), who suggested that temperature
impacts on oxidation rates (via reaction rate and humidity) and
NMVOC emission changes have a compensating effect, leading to
an almost stable oxidising capacity between cold stadials andwarm
interstadials. Though they find that the combined influence of
changes in temperature and humidity slightly outweighs the in-
fluence of changes in NMVOC emissions, this is qualitatively a very
similar finding to that of (Levine et al., 2011b) regarding the
mutually compensating influences on the oxidising capacity be-
tween the LGM and the PIH. Interestingly, Ringeval et al. (2013),
using two different process-based models of natural methane
emissions from wetlands during idealised DO events, were only
able to simulate 25% of the ice core measured range. With a fully
coupled model, Hopcroft et al. (2011, 2014) drew the same con-
clusions, and emphasised the apparent insensitivity of current
models to surface emissions. However, likewise most of process-
based approaches, Ringeval et al. (2013) and Hopcroft et al. (2011,
2014) only consider changes in the wetland contribution and do
not investigate other contributors. Also, part of the inability of
reproducing the magnitudes of changes using bottom-up ap-
proaches may come from an over-simplified representation of the
different processes (Zürcher et al., 2013). In particular, a better
representation of peatlands has been developed and analysed
(Kleinen et al., 2012; Schuldt et al., 2013). Destabilisation of clath-
rates has also been proposed as an explanation for the rapid rise in
methane during DO events or during the B€ollingeAllerod (e.g.
Nisbet,1992; Kennett et al., 2003; Nisbet and Chappellaz, 2009). For
this reason, clathrate models have been recently implemented in
some bottom-up estimates of methane emissions (Reagan and
Moridis, 2007; Archer et al., 2009). However, analysis of the iso-
topic composition of methane does not suggest any major clathrate
degassing event during the Last Glacial nor deglacial periods (Brook
et al., 2000; Schaefer et al., 2006; Sowers, 2006; Petrenko et al.,
2009; Bock et al., 2010; Melton et al., 2012). The review of Maslin
et al. (2010) evaluated the past and future potential impacts of
this process, but stated that a definitive answer on this topic is not
yet possible given that the carbon stock still lacks evaluation, and
that our knowledge on the destabilisation processes still needs
improvement.

Broadly speaking, the results of investigations of the DO events
overlap with the results of the LGM to PIH changes in methane. In
both cases, atmospheric chemistry studies tend to suggest a fairly
limited net impact on sink changes on the methane lifetime (due to
significant but compensating individual influences), and are
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consistent with isotopic signature changes recorded in ice cores. At
the same time, bottom-up estimates from natural wetlands
apparently tend to underestimate the amplitude of the changes.
However, these findings rely on a very few studies and therefore, as
for the LGM, further assessments with process-based models of
sources and sinks are still needed in order to be confident in their
potential changes.
Table 3
2.4. On the Holocene “anomaly”

The rises of the methane mixing ratio through the last termi-
nation (end of the glacial period) and at the onset of the DO events
are not the only striking features of methane dynamics observed in
the ice cores. Unexpectedly, after a typical decrease in the early
Holocene following the insolation trend, the methane concentra-
tion started to rise again 5000 years ago (Blunier et al., 1995). This
pattern was not observed during the LIG: the decreasing insolation
and its impact on the monsoon (Kutzbach, 1981) led to decreasing
methane levels, and is followed by glacial inception. This Holocene
“anomaly” has led Ruddiman (2003) to suggest that early human
activities (essentially early agriculture and forest clearance)
significantly perturbed the global carbon cycle, an explanation
already suggested by Chappellaz et al. (1997) to explain the
observed interpolar gradient decrease during the second half of the
Holocene. The possibility that the human population, very reduced
at the time, could have such an effect on atmospheric composition
is highly controversial. However, the long-term trend in isotopic
signature of methane seems to be consistent with early land use
change (Mischler et al., 2009; Sapart et al., 2012). Also, insolation-
modulated monsoon and archaeological reconstructions of early
rice paddies in China appear to support this scenario (Zhou, 2012).
However, Burns (2011) suggested that the hydrological changes in
the inter-tropic region recorded in speleothems could be sufficient
to explain the characteristics of the atmospheric methane con-
centrations during the Holocene. Very few modelling studies of
such a subject exist, and they tend to disagree. In a comprehensive
model framework including NMVOC and methane emissions,
Singarayer et al. (2011) suggested that an orbitally driven change in
tropical sources can explain the Holocene anomaly, without
invoking any early land use change. However, using a similar model
framework but a less sophisticatedmodel, Konijnendijk et al. (2011)
were unable to reach the same conclusions. The reason for the rise
in methane during the late PIH could be a mixed consequence of
natural and anthropogenic contributions. Thus, Mitchell et al.
(2013) investigated the interpolar gradient evolution over this
period. Their analysis suggests that even if the major part of the
signal is a tropical wetland response to changing insolation, an
anthropogenic contribution is needed to account for the rise in
emissions at mid-latitudes. Unfortunately, no study has yet fully
investigated the potential consequences of atmospheric chemistry
changes over this period. Singarayer et al. (2011), for example,
explored the influence of changes in NMVOC emissions, but did not
explore the opposing influences of changes in air temperature and
humidity. Therefore, future work should look into the impact of
insolation changes on methane oxidation.
Boundary conditions of the different chemistryeclimate simulations and associated
methane lifetime.

Experiment
name

Surface
emissions

Lightning NOx Ocean Orbital
forcing

tCH4 ;OH (yr)

PIH PIH Interactive PIH PIH 9.3
LIG PIH Interactive LIG LIG 8.0
LIGiso PIH þ LIG

isoprenes
Interactive LIG LIG 8.2

PIHLNOx PIH Fixed PIH PIH PIH 9.6
LIGLNOX PIH Fixed PIH LIG LIG 8.5
3. Modelling the last interglacial sinks and sources

In this section, we focus on the LIG period because of its
apparent anomaly: the global climate was likely warmer, especially
at high latitudes (Anderson et al., 2006), but the methane mixing
ratio was very similar to the PIH levels (Loulergue et al., 2008). This
period has not been investigated to date with comprehensive
process-based models and so such analysis could give us important
insights into methane source and sink responses to orbital forcing
changes in a warmer climate than present.
3.1. The change in the LIG atmospheric methane sinks

We use the UKCA chemistryeclimate model (Morgenstern et al.,
2009; O'Connor et al., 2014) to investigate the changes in atmo-
spheric sinks of methane during the LIG. We use the atmosphere
only set-up described in Banerjee et al. (2014) with a horizontal
resolution of 2.5� � 3.75� and 60 vertical layers from the surface to
84 km. Sea surface temperature (SST) and sea ice concentrations are
specified. The chemistry simulates the Ox, HOx and NOx chemical
cycles and the oxidation of CO, ethane, propane and isoprene
(O'Connor et al., 2014) as well as chlorine and bromine chemistry
(Morgenstern et al., 2009). Nine species are emitted (NO, CO, HCHO,
C2H6, C3H8, (CH3)2CO, CH3CHO, C5H8 and CH3OH), with a further six
species (N2O, CF2Cl2, CFCl3, CH3Br, H2, and CH4) prescribed, at the
surface. Although methane, and these other gases, are constrained
at the surface, they are freely able to evolve in the atmosphere
(troposphere and stratosphere). Photolysis rates are interactively
computed with FAST-JX (Telford et al., 2013) for each reaction and
over 18 wavelength bins. A thorough calculation of the optical
depth (from water clouds, aerosols, oxygen, ozone and Rayleigh
scattering) is performed to evaluate scattering. Thus, photolysis
rates change between simulations.

For our control simulation (pre-industrial, hereafter PIH), we
run a 30-year timeslice experiment. SST and sea ice fraction, were
taken from HadISST dataset (Rayner et al., 2003) as in Archibald
et al. (2011). Surface emissions are those of Lamarque et al. (2010)
for the year 1850 and those of Guenther et al. (2006) for natural
emissions. Based on our control PIH run, we also constructed an
idealised Last Interglacial (LIG) in which the only changing condi-
tions from the control are the oceanic boundary conditions (sea
surface temperature and sea ice fractions) and the orbital forcings.
The oceanic fields were extracted from Lunt et al. (2013a) (HadCM3,
125 kaBP snapshot). Lunt et al. (2013a) use an earlier version of the
unified model, with no chemistry, but with a dynamic ocean. The
orbital forcings (namely eccentricity, obliquity and precession)
were chosen to be the same as in Lunt et al. (2013a) for the 125 kaBP
conditions. As stated in the introduction, during the LIG and the PIH
periods, the mixing ratio of the GHGs (such as CO2, N2O and CH4)
were similar (e.g. Wolff and Spahni, 2007). Hence, no changes were
made to trace gas emissions from the PIH for the idealised LIG.
Biomass burning changes for the LIG are difficult to assess. There
are a number of charcoal records covering the last deglaciation, but
very few reach back the LIG (Power et al., 2010). However, there is
some evidence suggesting limited changes (possibly decreases) in
biomass burning during the LIG compared to the PIH (e.g. Zhou
et al., 2007; Lawson et al., 2013). Because the changes in biomass
burning are uncertain, and likely small, we do not attempt to
simulate them. In addition, Murray et al. (2014) have tested a range
of biomass burning scenarios for the LGM and PIH and they have
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found little impact of these on the methane lifetime, giving support
to our assumption. Our model simulations allow us to quantify the
direct impact of a changing climate in the atmosphere on the
chemistry. Indirect impacts, such as changes in surface conditions,
are neglected here. We summarise experiment names and
boundary conditions in Table 3.

We present the simulated global mean temperature difference
between the LIG and PIH periods (i.e. LIG e PIH) in Fig. 2a.
Compared to the PIH, our simulated LIG annual mean global tem-
perature is only slightly warmer (þ0.5 �C), but the seasonality is
enhanced (Fig. 2b: DJF �0.3 �C; MAM �0.3 �C; JJA þ1.5 �C;
SON þ1.1 �C). Most of the northern land surface exhibits a slight
cooling in the annual mean, while the tropics tend to show a slight
warming. Fig. 2a also shows the proxy reconstructions of Turney
and Jones (2010) for oceanic and terrestrial temperature anoma-
lies. The proxy-model differences over the continents are generally
smaller than 2 �C, except in northern Eurasia where there is strong
disagreement, the model being substantially colder. There is also a
disagreement over the oceans where our model simulation is
mainly driven by the SST reconstructions of Lunt et al. (2013a). Part
of the model-data disagreement comes from the fact that Turney
and Jones (2010) temperatures represent the maximum tempera-
ture recorded at different locations during thewhole LIGwhilst this
climatic optimum was not a synchronous signal (Capron et al.,
2014). However, our LIG temperatures are within the range of the
multi-model assessment of Lunt et al. (2013a).

These changes in temperature translate into changes in specific
humidity (presented in Fig. 3). The climate is generally wetter,
especially in monsoon-affected regions. This is in agreement with
Braconnot et al. (2008) and possibly related to the enhanced sea-
Fig. 2. A: Annual mean surface air temperature anomaly (LIG-PIH). Dots show loca-
tions and values of the proxy data from the recompilation of Turney and Jones (2010).
Hatched areas represent grid points where a 95% significance level is not reached. B:
Zonally averaged monthly-mean surface air temperature anomaly (LIG-PIH).
land contrast. We also simulate enhanced deep convection, espe-
cially in the tropical band.

These changes in climate have large direct impacts on the sinks
of methane. Themain sink, oxidation by OH is strongly linked to the
ozone budget (summarized in Table 4). Ozone production is pri-
marily controlled by the amount of NOx. The increased convection
in our LIG simulation causes an increase of NOx produced by
lightning. Consequently the production rate is increased during the
LIG. The resulting ozone is then photolysed to excited oxygen atoms
(O(1D)), which react with water vapour to form OH. Increases in
water vapour, related to the wetter climate, also act to increase OH.
Independently, the increase of NO due to enhanced convection also
directly increases the amount of OH, via the reaction with HO2 (e.g.
Murray et al., 2013). The overall increase in OH reaches up to 40% in
the tropical upper troposphere region (Fig. 4). Combined with
higher temperatures which act to increase the reaction rate with
methane, the methane lifetime is simulated to reduce by 14.0% in
the LIG relative to the PIH.

As stated above, we use idealised conditions for the LIG,
considering that all surface fluxes of trace gases were the same as
for the PIH. As we have very little information about past changes of
these emissions, this hypothesis is not unreasonable. However, we
do know that biogenic emissions are positively correlated with
temperature (and negatively with CO2) (Guenther et al., 2012).
Isoprene is the most important NMVOC and changes in its emis-
sions have been shown to affect the lifetime of methane (Archibald
et al., 2011). In order to take into account the impact of temperature
changes on isoprene emissions, we derive a simplified equation for
the emission activity gT of Guenther et al. (2006). This factor gT

accounts for emission changes due to deviations from standard
conditions.

Considering small changes in temperature (T):

gT ;LIG
gT ;PIH

¼ 1þ
�
1� CT2 � expðCT2 � xPIHÞ

CT2 � CT1 � ð1� expðCT2 � xPIHÞÞ
�
� CT1

� TLIG � TPIH
0:00831 T2PIH

(1)

With CT1 ¼ 95; CT2 ¼ 230; and xPIH ¼ (1/312-1/TPIH)/0.00831.
Fig. 5 presents the global annual mean differences between the

LIG and the PIH as a result of this relationship between isoprene
emissions and changes in temperature. We estimate an increase of
around þ20% during the LIG (up to 100 Tg/yr) compared to PIH.
Importantly, we do not account for potential changes in soil
moisture, vegetation distribution or leaf area index, which could
also affect the isoprene emissions (Guenther et al., 2012). We
included the temperature-dependent additional amounts of
isoprene to our default LIG run (LIGiso simulation). The decrease in
methane lifetime, although slightly less pronounced, is still signif-
icant (11.8% compared to 14%, see Table 3). Thus, isoprene emis-
sions, whilst having an impact on themethane lifetime, are unlikely
to fully compensate for the effects of temperature and humidity
changes, as for the LGM (Levine et al., 2011b). Though much more
pronounced for the LIG, the dominant influence of change in air
temperature and humidity is allied to the findings of Levine et al.
(2012) at the onset of DO events.

Methane lifetime is strongly dependant on the amount of NOx
emitted by lightning (Holmes et al., 2013). As stated earlier, we
simulate enhanced deep convection during the LIG producing an
increase in lightning NOx of 20%, which corresponds to an extra
1.27 Tg of NOx emitted each year (Fig. 6). Our representation of
lightning NOx follows a relatively simple distribution of flash fre-
quency (Price and Rind, 1994), computed from the height of



Fig. 3. A: Annual mean surface specific humidity (top) and relative change (LIG-PIH, bottom); B: Annual mean zonally averaged specific humidity (top) and relative change (LIG-PIH,
bottom). The dashed line stands for the altitude of the tropopause diagnosed in the model.
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convective clouds. Large uncertainties (e.g. Schumann and
Huntrieser, 2007) exist in the simulation of lightning NOx in
global models. Therefore, we test the importance of this process in
a sensitivity experiment. In two new experiments, we use the
diagnosed climatological monthly lightning NOx from our control
PIH simulation instead of calculating it interactively. Thus, we
produced a new PIH simulation with non-interactive NOx from
lightning (PIHLNOx, which differs from the control PIH simulation as
it does not take into account non-linearity induced by the inter-
active computation) aswell as a new LIG simulation (LIGLNOx). These
two simulations have exactly the same amount of NOx emitted
from lightning, reducing the number of differences, though
changes in orbit and climate will still yield discrepancies. The
change in methane lifetime between these two experiments shows
a decrease during the LIG (reduction of 11.5%). Although this
decrease is smaller than the standard experiments (PIH vs. LIG, 14%),
it is still significant. This result suggests that NOx emitted from
lightning is a significant driver of methane lifetime, accounting for
18% of the decrease we simulate at the LIG. This process tends to
reduce the lifetime of methane in a warmer climate. The impor-
tance of lightning has been recently assessed in the projections for
future climate of Banerjee et al. (2014). We agree with Banerjee
et al. (2014) on the direction of these impacts but it is less pro-
nounced in our simulation, partly because of the relative small
Table 4
Tropospheric budget of odd oxygen
(Ox¼ OþO3þNO2þ 2NO3þ 3N2O5þHNO4þ peroxyacyl nitrates) for the different
atmospheric simulations. Here we define net Ox as the residual of the gas phase Ox
reaction (gas phase Ox production minus gas phase Ox loss). The stratospheric
source of ozone in the troposphere is given as the stratosphereetroposphere ex-
change STE) where we calculate this as a residual term (by including Ox deposition)
of the overall Ox budget (see for example Stevenson et al. (2006) for details).

Experiment
name

Ox production
(103 Tg/yr)

Ox losses
(103 Tg/yr)

Net Ox
(Tg/yr)

STE inferred
(Tg/yr)

O3

burden
(Tg)

tO3
(yr)

PIH 3.31 3.17 135.0 553 288 26.6
LIG 3.72 3.62 98.0 626 315 26.1
LIGiso 3.75 3.70 56.8 675 316 25.7
PIHLNOx 3.17 3.07 96.6 570 273 26.3
LIGLNOX 3.50 3.42 83.2 612 289 25.3
changes in NOx emitted by lightning, and also because of the effects
of orbital changes. In our simulations, changes in climate (tem-
perature and humidity) remain the most important factor.

To conclude, we simulate a reduction of methane lifetime during
the LIG, due to the change in orbital forcings and their effects on
climate. We have tested most of the important factors controlling
the methane lifetime: changes in NMVOC emissions, air tempera-
ture and humidities (Levine et al., 2011b) and changes in NOx

emitted from lightning (Holmes et al., 2013). We haven't directly
tested the impact of potential changes in photolysis rates. However,
interestingly, in our simulations the tropical stratospheric ozone
remains almost unchanged, leading to a negligible change in the
photolysis rates. A ~10% reduction of the methane lifetime during
Fig. 4. Annual mean zonally averaged OH mixing ratio (top) and relative change ((LIG-
PIH)/PIH) bottom. The dashed line stands for the altitude of the tropopause diagnosed
in the model.



Fig. 5. Annual mean isoprene emissions (top) and differences (LIG-PIH) computed with
Eq. (3.1) (bottom).
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the LIG period appears as a robust finding coming out of our sim-
ulations. This implies that to produce a zero net change in the at-
mospheric mixing ratio from the PIH, roughly a 10% increase in
surface methane emissions during the LIG would be expected.
3.2. The change in the LIG methane sources

Wehave used the Hybrid8 global land surfacemodel to calculate
methane emission rates during the LIG. The surface physics of this
model are based on the NASA-GISSModelE land surface component
(Schmidt et al., 2006). Thismodel contains a relatively sophisticated
canopy representation (Friend and Kiang, 2005), allowing for a
realistic simulation of canopy conductance responses to various
environmental factors (i.e. light, temperature, humidity, CO2 and
canopyheight). Themodel runsona0.5� �0.5� Cartesiangrid and its
integrating timestep is 30 min. In this study we generate a daily
climatology (Friend, 1998) based on the CRU monthly data (Harris
et al., 2013). Recently, we have implemented a TOPMODEL
approach to model the hydrology following Niu et al. (2005). In this
framework, we use a topographical index to infer subgrid hydrology
(primarily the areal fraction of saturated soils). Similar to Ringeval
et al. (2010), we make the assumption that only saturated soils (i.e.
with a water table at, or above the surface) can contribute to
methaneemissions. This doesnot represent thewhole complexityof
methane emission dynamics (Bridgham et al., 2013), but it does
account for the interannual variability of wet areas. However,
because the global wetland extent and temporal variability are still
poorly constrained, and because models produce very different es-
timates (Melton et al., 2013), we allow our methane model to use
either its owndiagnosed interactivewetland fractionestimateor the
estimates from the Global Inundation Extent from Multi-Satellites
(GIEMS) dataset (Prigent et al., 2007; Papa et al., 2010). The gov-
erning equation for methane production at depth z, in Hybrid8, is,

RCH4
¼ R0 FpsðzÞCsomðzÞQTsoilðzÞ�T0

10 (2)

Where R0 is the baseline production rate; Fps(z) is the maximum
pore space fraction in a specific layer, which depends on soil
texture; Csom(z) is the Soil Organic Matter (SOM); Tsoil(z) is the soil
temperature; Q10 is the temperature coefficient to account for the
temperature dependency of methane flux; and T0 ¼ 22 �C.

Q10 and R0 are constant in time and homogeneous in space. We
obtain Csom(z) by running the model for 2500 years, reaching a
quasi-equilibrium state. The model does not account for specific
peatland-type ecosystems and running the model for a longer time
(centuries to millennia) would have led to greater values in high
northern latitudes (due to SOM building up). Ideally, it would have
been better to run the samemodel (or a degraded version of it) over
a complete glacialeinterglacial cycle with interactive vegetation.
However, the simplicity of our methane model is motivated by the
recent findings of a consistent response curve to temperature from
the microbial scale to the ecosystem scale (Yvon-Durocher et al.,
2014). Our model has been compared to ground measurements
and aircraft-based estimates in a recent study (O'Shea et al., 2014).
Considering the large uncertainties in methane emission estimates
(Melton et al., 2013), we choose to run our model for a range of
possible R0 (i.e. from 0.7 10�11 kg m�2 s�1 to 1.4 10�11 kg m�2 s�1)
and Q10 values (i.e. from 2 to 5). Present-day (i.e. 1991e2000) global
mean annual emissions for our different model configurations are
presented in Fig. 7. Hereafter the simulations resulting from this
climate forcing will be referred as the “control experiment”. In the
following, we only consider the paired R0/Q10 values resulting in
global mean 1991e2000 annual emissions of 180 Tg ± 20%. Because
there is a large discrepancy in the estimates of the wetland extent
between the model and the GIEMS, the use of the different wetland
estimates leads to different response curves of total emissions to
model parameters. The model simulates wetlands mostly in and
around the tropical band, with much less wetland area at high
latitudes. Thus, themodel fails to reproduce the largewetland areas
of Siberia and North America. This mismatch between modelled
wetlands and observations is shared with a number of surface
models (Melton et al., 2013; Ringeval et al., 2014). Therefore, we
expect the simulated emissions using the interactivewetlands to be
more sensitive to changes happening around the tropics.

To simulate methane emissions during the LIG, we compute a
set of four LIG climate anomalies from previous GCM (General
Circulation Model) runs. The variables of interest in our case are
monthly near surface air temperatures (absolute differences
LIG � Control) and monthly total precipitation (relative differences
(LIG � Control)/Control). We have used outputs from the following
climate models:

� IPSL-CM4 (Braconnot et al., 2008; Marti et al., 2009)
� CNRM-CM3.3 (Salas-M�elia et al., 2005)
� CCSM4 (Merz et al., 2013)
� ECHAM5 (Fischer and Jungclaus, 2010)

We regenerated daily climatic forcings using the LIG GCM
anomalies applied to the CRUmonthly fields and performed 10 year
simulations.

Fig. 8 shows the annual relative flux density changes for one
particular methanemodel parameterisation under the different LIG
climates. The flux density is the flux that would have been
computed if the whole grid point was wetland and consequently
the anomaly is mainly driven by temperature changes. The
different climatic model forcings all produce a consistent increase
in the flux density change at high northern latitudes, resulting from
the increase of summer temperature in this area simulated by all
four GCMs. However, in the tropics the different climatic forcings
produce different flux density changes due to the large variability of
the simulated temperature anomalies in these areas.

The methane emission is a result of the flux density, convolved
with the wetland extent. We use two different wetland extent



Fig. 6. A: Annual mean total column lightning-produced NOx (top) and relative change (LIG-PIH, bottom); B: Annual mean zonally averaged lightning-produced NOx (top) and
relative change (LIG-PIH, bottom). The dashed line stands for the altitude of the tropopause diagnosed in the model.

Fig. 7. Present day (1991e2000) simulated global mean annual emissions in the parameter (R0, Q10) space, using the interactive computations of wetland (A), or using the GIEMS
product (B). The thick line shows the 180 Tg/yr isovalue (according to Table 1, pairs of R0 and Q10 around this line should be favoured).
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reconstructions for the LIG. First, we use the interactive wetland
scheme of the model under the LIG climate. Second, we use the
GIEMS dataset over which we superimposed a monthly wetland
extent relative anomaly deduced from the model (LIG � Control/
Control). We expect that the use of the relative anomaly super-
imposed to the GIEMS would limit the impact of possible model
bias. At the global scale, the large variability between the GCM
climates produce the following simulated methane emission
ranges (Fig. 9):

� from �2% for IPSL4 to þ10% for ECHAM5 in the interactive
wetland mode, with a multi-model mean of þ4%.

� from þ11% for CCSM4 to þ32% in IPSL4 using the GIEMS dataset
(as is for the control run and with the modelled anomaly for the
LIG), with a multi-model mean of þ20.3%.

As expected, the use of different estimates of wetland extents
has a strong impact on the relative methane response. The LIG
warm anomaly is relatively limited to the tropical band, where
most of the interactively computed wetlands lie, and it is far more
pronounced in summer at high latitudes. This leads generally to
greater impact of the LIG climatic anomalies when using the GIEMS
estimates of wetlands.

Given the large uncertainties in the representation of wetland
extent, it is tempting to use a fixed wetland mask (e.g. GIEMS)
under a changing climate. In order to assess the importance of
wetland extent responses to climate forcing, we also quantify the
simulated change in wetlands between our two snapshot (control
and LIG) model runs. For the four different GCM anomalies we only
get a �1% to þ2% change in the total wetland extent. However, the
regional changes are significant (Fig. 10). In particular, the four GCM
anomalies suggest a strengthening of the African and Indian
monsoon, leading to an increase in the wetland extent there,
consistent with palaeo records of vegetation (e.g. Frenzel et al.,
1992; Fr�edoux, 1994; Farooqui et al., 2014) and ecosystem model-
ling (e.g. Nikolova et al., 2013). These regional changes have
noticeable effects on the simulated emissions. Thus, as a sensitivity
analysis, we compute the methane emission anomalies from the
LIG compared to the control experiment using the exact same
wetland extent between the two time slices. We use either the
interactively modelled wetland extent with the control climatic
forcing, or the GIEMS dataset. In both cases, we systematically



Fig. 8. Annual mean relative change (LIG e Control/Control) in the flux density (assuming 100% wetland fraction in grid cell) of methane emissions (for R0 ¼ 0.9 10�11 kg m�2 s�1;
Q10 ¼ 3): IPSL4 (A); CNRM-CM3.3 (B); CCSM4 (C), and ECHAM5 (D).
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obtain lower estimates of methane emissions if we do not consider
the change in wetland extent during the LIG (Table 5).

One caveat of our land surface simulations is that we use a fixed
land sea mask. The sea level anomaly relative to present day was
likely higher than 6.6 m at LIG peak insolation (Kopp et al., 2009).
As a consequence, part of present-day low lands was submerged.
From a methane perspective, this is mostly relevant in North
America and Siberia. However, at the model scale (0.5�) this will
result in a negligible change in the land-sea mask. For the same
reason, we did not consider changing the ice sheet mask even
Fig. 9. Simulated LIG relative anomalies compared to the control simulation in mean annual
GIEMS dataset (as is for the control run and with the modelled anomaly for the LIG). The
ECHAM5. The thick line show the 180 Tg/yr isovalue simulated emissions under present-day
line should be favoured).
though Greenland was likely reduced in size at this period of time.
The most recent glaciological reconstructions tend to suggest a
relatively limited melt of Greenland (e.g. Quiquet et al., 2013; Stone
et al., 2013), justifying the fixed ice mask in our simulations. In
addition, during the penultimate glaciation, the Saalian, the extent
of the Eurasian ice sheet was much greater than during the LGM
(e.g. Peltier, 2004; Svendsen et al., 2004). Thus, assuming similar
topographical properties (topographical index) and soil properties
(textures) during the LIG and during the PIH, is an approximation.
However, to our knowledge, the effect of the Saalian ice sheets on
emissions. Top panel: using interactive computation of wetlands; Bottom panel: using
anomalies are computed using, respectively (left to right): IPSL4, CNRM3, CCSM4, and
atmospheric forcings (here again, according to Table 1, pairs of R0 and Q10 around this



Fig. 10. Annual mean relative change (LIG e Control/Control) in wetland extent: IPSL4 (A); CNRM-CM3.3 (B); CCSM4 (C), and ECHAM5 (D). Absolute global extent difference is
printed on each plot.
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the landscape (isostasy and eroding work) is not yet quantified in
the literature, and would require specific investigation beyond the
scope of this work. Another important caveat is that we do not
account for land cover change. There is evidence for regional
vegetation changes through the LIG period (e.g. Tarasov et al., 2005;
Velichko et al., 2005), which has also been assessed by ecosystem
modelling in previous work (e.g. Harrison et al., 1995; Nikolova
et al., 2013). In particular a northward shift of the boreal forest
was simulated, as was a reduction in desert extent during the LIG
(Nikolova et al., 2013). These changes could have had an important
impact on the methane emissions, either through soil moisture
feedbacks or changes in substrate availability. We suspect that our
assumption of using modern day vegetation could lead to an
Table 5
Methane emission anomalies resulting from the four different GCM anomalies. We
present here the numbers for four different estimates of the wetland fractions: two
reconstructed LIG wetland estimates, based on the absolute modelled wetlands and
on the relative modelled wetlands applied to the GIEMS retrieval; and two simu-
lations assuming no change in the wetland extents for the LIG compared to the
control simulation. multi-satellite retrieval (being unchanged from Control to LIG);
fully interactive model computation (different wetlands for Control and LIG);
interactive model computation under the Control climate only (being unchanged
from Control to LIG).

LIG climate Multi-model
mean

IPSL4 CNRM-
CM3.3

CCSM4 ECHAM5

LIG wetlands:
Hybrid8, LIG climate �2.1% þ6.3% þ0.0% þ10.3% þ3.6%
GIEMS þ Hybrid8 anomalies þ31.7% þ19.7% þ11.1% þ18.6% þ20.3%
Control-forced wetlands:
Hybrid8, Control climate �3.5% þ1.8% �2.5% þ7.2% þ0.8%
GIEMS þ15.7% þ8.8% þ4.8% þ9.7% þ9.8%
underestimation of surface fluxes. We chose to ignore the sensi-
tivity of methane emissions to vegetation, as biome classification
reconstructions are relatively poorly constrained and models tend
to display a large variability amongst them and a large sensitivity to
atmospheric forcing, and consequently do not always match proxy
data (e.g. Nikolova et al., 2013). We acknowledge the fact that this
subject is of primary importance for understanding the source
changes and it should be part of a rigorous study in the future.
4. Conclusions

In this paper, we have reviewed much of the recent work that
has quantified the relative importance of changes in methane
sources and sinks during the Last Glacialeinterglacial cycle.
Measuring techniques are constantly improving and accuracy of
the palaeo records has increased, allowing high precision analysis
of the interpolar gradient for example. Models of both atmospheric
chemistry and surface processes have been applied over this time
period. Most modelling studies have quantified the source and sink
changes from the LGM to PIH, with various degrees of agreement.
Intercomparison exercises (for surface models see Melton et al.,
2013; and (for atmospheric chemistry models see Naik et al.,
2013; Voulgarakis et al., 2013)) are useful for diagnosing the rea-
sons for the divergence. New processes (e.g. peatlands or hydrates)
are currently being implemented in models and potential impacts
of these on methane dynamics are being studied (e.g. Archer et al.,
2009; Schuldt et al., 2013).

For the first time we have investigated in a comprehensive
model framework, changes in methane sources and sinks during
the Last Interglacial (LIG) period, the last warm period preceding
our current interglacial. From an atmospheric perspective, we
simulated a reduction in the methane lifetime during the LIG
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compared to the PIH. Kinetics, water vapour, and lightning all
contribute to decreasing the methane lifetime during the LIG. The
temperature effect on NMVOC emissions to the contrary tends to
moderately increase the lifetime, but the overall effect is a net
decrease. However, we do not account for potential changes in soil
moisture, vegetation distribution or leaf area index and our
approach oversimplify the NMVOCs emitted. One improvement
could be to use an interactive vegetation representation, with
interactive isoprene emissions. The changes in the amount of NOx

produced by lightning are also clearly an important driver as they
account for 18% of the lifetime reduction we simulate at the LIG
relative to the PIH. An accurate representation of this process in
large scale models is therefore essential for assessing changes in
methane lifetime (e.g. Banerjee et al., 2014). However, changes in
air temperature and humidity appear to constitute the dominant
influence on the lifetime of methane during the LIG. For this reason,
we think that one of the main caveats of our model simulations is
that we have used only one set of oceanic conditions. Given the
high variability in model reconstructions of the LIG period (Lunt
et al., 2013a), it would have increased the robustness of our con-
clusions to test our results with various GCM oceanic boundary
conditions. This should be investigated in future work. Finally, as
part of future work wewill test the importance of soil NOx using an
interactive biogenic emissions models, currently under
development.

Regarding methane emissions, we simulated a slight increase in
emissions from wetlands during the LIG but we did not explore
changes in other, smaller sources such as biomass burning. For
certain sets of model configuration, the increase in emissions could
compensate the decrease in methane lifetime, leading to no change
in methane mixing ratio. However, our results are relatively sen-
sitive to atmospheric forcing fields and reflect the large un-
certainties regarding LIG climate reconstructions. Further
uncertainty arises from the definition of wetlands areas contrib-
uting to methane emissions. Thus, even if we do not simulate a
drastic change in the global extent of wetlands, we do simulate
regional changes which strongly influence the global estimate of
emissions. Whilst present-day wetland estimates are still largely
uncertain and poorly represented in models, their potential
changes may greatly affect methane emissions. We conclude that
this wetland distribution and its dynamics are therefore one of the
most uncertain factors in methane models and should be carefully
assessed during projections under future climate scenarios.

At a broader perspective, on the one hand, a fairly limited
number of studies have evaluated chemistryeclimate and surface
models under palaeo-conditions. Most of them were performed
during the 1990s and relied on relatively simple chemistry and/or
treated limited feedbacks with climate. Since then, complexity has
greatly improved and such models should be used as tools to
investigate the response of trace gases under a changing climate.
On the other hand, surface models provide lower boundary con-
ditions the atmosphere needs. Most trace gas emissions are now
process-based modelled. The association of atmosphere and sur-
face models, coupled (ESM) or uncoupled (as in here), and its
application under palaeo-conditions is now improving our ability
to represent natural variability outside of present-day conditions
(Lunt et al., 2013b).
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