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Abstract. The availability δ13C-CH4 measurements from
atmospheric samples has significantly improved in recent
years, which allows the construction of time series spanning
up to about 2 decades. We have used these measurements
to investigate the cause of the methane growth rate decline
since 1980, with a special focus on the period 1998–2006
when the methane growth came to a halt. The constraints
provided by the CH4 andδ13C-CH4 measurements are used
to construct hypothetical source and sink scenarios, which
are translated into corresponding atmospheric concentrations
using the atmospheric transport model TM3 for evaluation
against the measurements. The base scenario, composed
of anthropogenic emissions according to EDGAR 4.0, con-
stant emissions from natural sources, and a constant atmo-
spheric lifetime, overestimates the observed global growth
rates of CH4 andδ13C-CH4 by, respectively, 10 ppb yr−1 and
0.02 ‰ yr−1 after the year 2000. It proves difficult to repair
this inconsistency by modifying trends in emissions only,
notably because a temporary reduction of isotopically light
sources, such as natural wetlands, leads to a further increase
of δ13C-CH4. Furthermore, our results are difficult to rec-
oncile with the estimated increase of 5 Tg CH4 yr−1 in emis-
sions from fossil fuel use in the period 2000–2005. On the
other hand, we find that a moderate (less than 5% per decade)
increase in the global OH concentration can bring the model
in agreement with the measurements for plausible emission
scenarios. This study demonstrates the value of global mon-
itoring of methane isotopes, and calls for further investiga-
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tion into the role OH and anthropogenic emissions to further
improve our understanding of methane variations in recent
years.

1 Introduction

Methane is the second most important anthropogenic green-
house gas in terms of radiative forcing (Denman et al.,
2007). Its concentration increased from approximately
700 ppb (nmol/mol) during the pre-industrial period to about
1800 ppb today, with an increase of 1000 ppb during the 20th

century (Ferretti et al., 2005).
30 to 40% of methane emissions are from natural ori-

gin, of which the largest fraction is from wetlands (100
to 231 Tg CH4 yr−1 (Wuebbles and Hayhoe, 2002; Mikaloff
Fletcher et al., 2004a). The other emissions are related to
anthropogenic activity: agriculture, fossil fuel combustion,
biomass burning and waste treatment. Removal of CH4 from
the atmosphere is primarily due to oxidation by OH, in the
troposphere and in the stratosphere, resulting in an atmo-
spheric lifetime of approximately 9 yr (Dentener et al., 2003).
A small fraction of the methane is also removed by oxida-
tion in soils, and by reactions with chlorine and O(1D) in the
stratosphere.

Following a period of continuous increase, the methane
concentration growth-rate progressively started to decline af-
ter 1990 (Dlugokencky et al., 1998), leading to a stabilization
of methane concentrations between 1999 and 2007. Since
2007, measurements suggest that concentrations started are
rising again (Dlugokencky et al., 2003, 2009; Rigby et al.,
2008).
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Dlugokencky et al.(1998) andFrancey et al.(1999) pro-
posed that the observed growth-rate slowdown during the
1990s was due to a stabilization of methane sources and
sinks. Later, on the basis of inverse modelling of methane
concentration and isotopic ratio for the period from 1984
to 2003,Bousquet et al.(2006) explained the growth-rate
slowdown mainly by a decrease of fossil fuel emissions from
1987 to 2000, and after 2000 by a reduction of natural wet-
lands emissions that would have compensated for increasing
anthropogenic emissions. This suggests that the slowdown
would only be temporary. Indeed, concentrations started to
increase again, but only after 2007: the question remains
whether such a compensating mechanism can explain the ob-
served growth-rate between 2003 and 2007.

Other studies suggest that the OH sink could have changed
during the last decades (Karlsd́ottir and Isaksen, 2000; Den-
tener et al., 2003; Prinn et al., 2005), and hence could explain
part of the slowdown observed in the nineties (Wang et al.,
2004; Fiore et al., 2006), while allowing an increase of emis-
sions on this period. However this hypothesis is controver-
sial, since estimates of OH concentrations based on inversion
of MCF concentrations suggest rather stable OH levels dur-
ing this period.

Isotope measurements can provide additional information
on the source/sink distribution. Each source emits CH4 with
a process specific range of isotopic ratios. Similarly methane
removal induces a change in the isotopic composition of the
atmosphere. Thus, the isotopic composition of the atmo-
sphere carries information on the relative importance of these
processes. As an example, for13CH4, biogenic sources (such
as wetlands, agriculture, waste management) tends to deplete
the atmosphere in13CH4 (i.e. diminish the13C/12C ratio in
atmospheric methane), while thermogenic (fossil fuel, mud
volcanoes) and pyrogenic (biomass burning) emissions, as
well as all the methane sinks, induce a13CH4 enrichment of
the atmosphere.

Isotopic information has been used in different studies,
dealing mostly with long term (centennial) evolution of
methane sources (Houweling et al., 2000; Ferretti et al.,
2005; Lassey et al., 2007; Neef et al., 2010), or the geograph-
ical and seasonal distribution of the methane sources and
sinks (Mikaloff Fletcher et al., 2004a,b; Quay et al., 1999;
Tyler et al., 2007). A few studies investigated the decadal
evolution of methane budget (Francey et al., 1999; Lassey
et al., 2000; Braünlich et al., 2001; Bousquet et al., 2006),
focusing mainly on the period before 2000.

We use a 3-D atmospheric transport model to simulate the
evolution of methane concentrations andδ13CH4 during the
period 1970–2010, assuming different source/sink scenarios.
We use CH4 and δ13C-CH4 measurements to evaluate the
likelihood of those scenarios and we propose several hypoth-
esis to explain the observed growth-rate slowdown.

In Sect.2 we describe the model setup, including a brief
description of the model itself, a presentation of the source
and sink scenarios and a description of the way we evalu-

ate the scenarios. In Sect.3, we present the results of our
emissions scenarios and discuss the potential effect of the
changes in the most important methane cycle components on
the recent trends. Finally we present hypotheses to explain
the observed global trends in both the CH4 andδ13C-CH4.

2 Method

We performed coupled simulations of the decadal evolution
of the atmospheric concentrations of CH4 and δ13C-CH4
spanning the period from 1970 to 2010, using the 3-D atmo-
spheric transport model TM3 forced by prescribed methane
flux scenarios. Our forward modelling approach allows eval-
uation of different emission scenarios, regarding their ability
to reproduce the CH4 andδ13C-CH4 measurements.

First we evaluate how well the current knowledge of
the methane cycle allows us to reproduce observed global
trends. We build a base scenario on the basis of published
source/sink scenarios and isotopic fractionation factors (de-
scribed in Sect.2.2). From the differences between the ob-
served and simulated concentrations, we then estimate the
changes required to bring the base scenario into agreement
with the measurements. Sensitivity simulations are then pre-
sented to evaluate whether these changes can explain the mis-
match. Finally, the results of the sensitivity simulations are
used to construct combined scenarios that reproduce the mea-
surements. A summary of the performed simulations can be
found in Table2.

2.1 Model

We used the offline 3-D chemistry-transport model TM3, de-
scribed inHeimann and K̈orner(2003). Transport is driven
by 6 hourly meteorological fields from the NCEP reanalysis
project (Kalnay et al., 1996). Model simulations were car-
ried out at a resolution of 7.5◦ in latitude, 10◦ in longitude
and 9 vertical sigma levels from the surface to the top of the
atmosphere.

The use of a coarse resolution version of the model is suf-
ficient since methane is a well mixed tracer and since we are
mainly interested in multi-year trends on large scales. The
coarse resolution allows efficient simulation of a period span-
ning several decades. Meteorological fields for the year 2000
have been recycled for the whole period. It has been verified
that the neglect of interannually varying atmospheric dynam-
ics does not influence our results significantly.

CH4 and13CH4 concentrations were independently calcu-
lated. The advective transport of tracers is calculated using
the “slope scheme” ofRussel and Lerner(1981). The sub-
grid scale convective air mass fluxes are evaluated using the
cloud scheme ofTiedtke(1989), including entrainment and
detrainment in updrafts and downdrafts. Turbulent vertical
transport is based on stability-dependent vertical diffusion
described inLouis (1979).
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Table 1. Sources and sinks of methane for the year 2000, and associated isotopic ratios and fractionation factors as used in the base scenario.

Process Annual flux (Tg CH4 yr−1) δ13C-CH4 (‰) α13CH4

Natural sources:
Wetlands 182 −59
Oceans 28 −59
Mud volcanoes 15 −40
Termites 19 −57
Wild Animals 5 −62

Total natural source 249 −57.76

Anthropogenic sources:
Biomass burning 30 −21.8
Enteric fermentation and Manure management 102 −62
Landfills and waste waters treatment 59 −55
Rice 35 −63
Coal 26 −35
Oil and Gas 66 −40
Residential 10 −38

Total anthropogenic source 328 −49.87

Total source 577 −53.27

Sinks
Tropospheric OH −488.9 0.995
Stratospheric OH −28.8 0.995
Stratospheric O(1D) −0.75 0.987
Stratospheric Cl −0.38 0.938
Soils −37.9 0.978

Total sink −518.8 0.995

2.2 Base scenario

2.2.1 Sinks

Tropospheric CH4 oxidation by OH radicals was calcu-
lated using OH fields fromHouweling et al.(1999), scaled
by a factor of 0.92 derived from 1,1,1-trichloroethane
(MCF) analysis (M. Krol, personal communications,
2009), leading to a mass weighted global mean OH of
9.9×105 molec cm−3. We use the JPL recommended reac-
tion ratekOH+CH4 = 2.65×10−12

×e−1800/T (Sander et al.,
2006). CH4 oxidation in the stratosphere by OH, Cl and
O(1D) is accounted for using oxidized amounts derived from
the Cambridge model ofVelders (1995); Law and Pyle
(1993), a 2-D model of stratospheric chemistry. The use of
oxidized amounts was preferred over turnover times to avoid
overestimation of the stratospheric sink due to a generally too
low age of stratospheric air in the TM3 model (Jones et al.,
2001).

Small differences exist between the reaction rate constants
of the different methane isotopologues with OH and other
oxidants, as quantified by the fractionation factorα, which is
defined for13CH4 as:

α13C/12C =
k13CH4

k12CH4

(1)

The fractionation factors that were used are listed in Ta-
ble 1. Values<1 imply that methane removal leads to en-
richment of the atmosphere in13CH4.

2.2.2 Sources

Anthropogenic emissions

For the period 1970 to 2005, all anthropogenic emissions ex-
cept biomass burning are based on the EDGAR4.0 inventory
(http://edgar.jrc.ec.europa.eu), which provides yearly maps
of emissions on 0.1◦

×0.1◦ grid.
Uncertainties associated to these sources are±39 % for

energy use (oil and gas, coal, residential),±36 % for agricul-
tural emissions (enteric fermentation, manure management,
rice) and±42 % for landfills and waste water treatments
emissions (Maenhout, personal communications, 2010).

The period 2006–2010 is not covered by EDGAR4.0. We
choose to recycle the emission maps from the year 2005,
multiplied by a scaling factor to take into account the evolu-
tion of the emissions during this period. Scaling factors were
defined as follow: for fossil fuel sources (oil, gas, coal), we
derived a scaling factor from BP statistics of fossil fuel pro-
duction (http://www.bp.com); for all other sources we ap-
plied a scaling factor corresponding to a growth rate equiva-
lent to the average 2000–2005 growth rate.
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Table 2. Performed sensitivity simulations.

Code Description

S0 Initial scenario: constant natural sources, and an-
thropogenic sources growth-rates taken from the
EDGAR4.0 inventory, as described in Sect.2.2.2.

S1 Reduction of wetland emissions by 20 % between
2001 and 2006, 10 % in 2001 and 2007 and 5 % in
2000 and 2008, compared to S1.

S2 Increase of wetland emissions by 1.5 % yr−1 after
2000.

S3 Reduction of biomass burning emissions by 5 %
in 2000, 10 % in 2001 and 2009, 15 % between
2002 and 2004 and 20 % between 2005 and 2008,
compared to S1.

S4 Growth rate of fossil fuel related sources (Coal, oil
and gas) of 1 % yr−1 after 2000

S5 Increase of OH concentrations by 0.3 % yr−1 be-
tween 1985 and 1999, and 0.5 % yr−1 after 2000.

P1 10 % reduction of wetland emissions between
2002 and 2006, 18 % reduction of biomass burn-
ing emissions between 2002 and 2008, 1 % yr−1

growth rate of fossil fuel emissions from 2000 to
2005

P2 0.2 % yr−1 increase of OH concentrations from
1985 to 2000, 0.6 % yr−1 increase of OH after
2000, 18 % decrease of biomass burning emissions
between 2002 and 2008, 0.5 % yr−1 growth-rate of
wetland emissions after 2000.

Biomass burning is the only partly anthropogenic source
which is not provided by the EDGAR4.0 inventory. The rel-
ative uncertainties associated with it are very large: IPCC
4th assessment report (Denman et al., 2007) lists esti-
mates ranging from 14 Tg CH4 yr−1 (Scheele et al., 2002)
to 88 Tg CH4 yr−1 (Mikaloff Fletcher et al., 2004a). This
is explained by the high spatial and temporal variability of
biomass burning, but also by the difficulty to determine the
emission ratios of CH4, CO and CO2 emitted by each fire
type. We constructed a climatological biomass burning year
from the GFEDv2.1 inventory (Randerson et al., 2007), by
averaging the emissions over the reported period of 1997–
2005, and scaled it up to a value of 30 TgCH4 yr−1. This
approach neglects interannual variability, justified by our fo-
cus on longer-term trends, and assumes an insignificant trend
of global biomass burning emissions during the target period
of our simulations.

Natural sources

The largest uncertainties in the global methane budget come
from natural sources, such as natural wetlands and geologic
sources. Several studies estimated their strength either by
bottom-up or top-down approaches, however, the range of es-

timates remains very high. Little is known about their long-
term trends but they are commonly assumed to be small com-
pared to changes in anthropogenic sources. As a first guess,
in the base scenario they are assumed constant.

According to IPCC 4th assessment report (Denman
et al., 2007), natural wetland emissions range from
100 Tg CH4 yr−1 (Wuebbles and Hayhoe, 2002) to
231 Tg CH4 yr−1 (Hein et al., 1997; Mikaloff Fletcher
et al., 2004a), and only very few studies address the tem-
poral evolution of wetland sources.Walter et al.(2001)
and Bousquet et al.(2006) shows no trend respectively
during the 1983–1993 and the 1983–2003 periods, while the
LPJ-WhyMe model shows a 10 % increase between 1990
and 2005, due to increases in temperature and in vegetation
productivity (Wania et al.(2011), and R. Spahni, personal
communications, 2010). Because of the large uncertainty of
wetland emissions, we use this process to close the global
budget of our model simulations. Given the values of all
other sources and sinks in the year 1990, 182 Tg CH4 yr−1

are needed to match the observed concentration and mixing
ratio (see Sect.2.2.2). In the absence of clear information
about methane trends, we initially assume this value to be
constant throughout the whole simulation. In the absence
of clear information about trends in wetland emissions, we
initially assume year-to-year constant emissions.

Wetland emission fields were constructed by averaging
methane fluxes from LPJ-WhyMe for the period 1990–2005
(Wania et al.(2011), and R. Spahni, personal communica-
tions, 2010). Based on the work ofSanderson(1996), a
value of 20 Tg CH4 yr−1 was used for methane emissions
by termites. Geological sources were estimated byEtiope
et al.(2008) to be between 30 and 70 Tg CH4 yr−1, including
emissions from terrestrial and oceanic mud volcanoes. We
choose intermediate values of 15 Tg CH4 yr−1 for terrestrial
mud volcanoes, and 28 Tg CH4 yr−1 for oceanic emissions.

Isotopic values

Emission fields for13CH4 were derived from the CH4 emis-
sion fields by associating each source process with an iso-
topic source signatureδ13C-CH4, which is assumed constant
in time and space, and defined as:

δ13C−CH4 =

((
13C/12C

)
src

RPDB

)
(2)

RVPDB is the isotopic ratio of Vienna Pee-Dee belemnite
(de Laeter et al., 2003). The respective source signatures,
listed in Table1, are mostly taken afterHouweling et al.
(2006). Not all sources have received the same attention
in literature, hence it is hard to express uncertainties ranges
based solely on the reported ranges. As examples, values
of δ13C-CH4 ranging from−67 ‰ to−53 ‰ have been re-
ported for wetlands (Quay et al., 1988), Yamada et al.(2006)
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reportedδ13C-CH4 from biomass burning emissions rang-
ing from−32 ‰ to−16 ‰ andEtiope et al.(2007) reported
δ13C-CH4 from −69 ‰ to −34 ‰ for emissions from mud
volcanoes. These ranges reflect mostly the site to site vari-
ability of fractionation factors, rather than measurement un-
certainty. In many cases they can be explained by site spe-
cific conditions (for example C3 versus C4 vegetation in the
case of biomass burning). Nevertheless, substantial uncer-
tainty is involved in translating such measurements into the
global average fractionation factors used in TM3.

To obtain a budget that satisfies the constraints imposed by
the long term mean observed levels of CH4 andδ13C-CH4,
we adjusted the strength of wetlands and biomass burning
sources to the values of respectively 182 and 30 TgCH4 yr−1.
These values are well in the range of fluxes described in the
IPCC report (Denman et al., 2007), although on the high-end
side for wetlands. Since wetlands and biomass burning are
two constant sources in our initial budget, this adjustment
has no effect on the CH4 and δ13C-CH4 trends, which are
our main interest.

2.2.3 Initial conditions

The choice of initial conditions is critical because of the
long relaxation times involved in the simulations of CH4 and
δ13C-CH4. The relaxation time of an atmospheric tracer is
the time needed for its concentration to reach a new steady
state after a perturbation. In our case the relaxation time is
the time during which the simulated concentration is influ-
enced by the chosen initial state.

The relaxation time of one tracer can be approximated
by its chemical lifetime In our model, perturbations of CH4
and13C-CH4 decay exponentially with a relaxation time cor-
responding to the chemical turnover time of approximately
nine years. However in the case ofδ13C-CH4 we are deal-
ing with a non-linear relation between two tracers, which re-
sults in an extension of the relaxation time (and hence of the
length of the required initialization period), as shown byTans
(1997).

For this reason it is not easy to determine the required
length of the initialization period.

Theoretically, a simulation reproducing perfectly the state
of the atmosphere at the beginning of the simulation would
have no influence on the simulation, and all the deviation
from the actual state of the atmosphere in the simulation
would be the result of errors in the source/sink scenario or
in the transport model. We tried to approximate this state
by prescribing initial concentrations of CH4 and 13CH4 in
agreement with available measurements (Ferretti et al., 2005;
MacFarling Meure et al., 2006; Etheridge et al., 1998; Mis-
chler et al., 2009): We initialized our model with hemispheri-
cally uniform mixing ratios in 1970. For the Northern Hemi-
sphere we use CH4 = 1357 ppb andδ13C-CH4 = −48 ‰;
In the Southern Hemisphere we use CH4 = 1343 ppb and
δ13C-CH4 = −48.5 ‰. The intra-hemispheric gradients are
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Fig. 1. Comparison between model base scenario and measure-
ments from ice-cores, firn byEtheridge et al.(1998),Ferretti et al.
(2005) and MacFarling Meure et al.(2006), and yearly averaged
atmospheric measurements at Arrival Heights for CH4 andδ13C-
CH4. Solid blue line corresponds to simulations using mean initial
values of 1350 ppb for CH4 and−48.25 ‰ forδ13C-CH4. Shaded
areas represent uncertainty ranges of±100 ppb for methane and
±0.5 ‰ for δ13C-CH4.

determined by transport, and therefore relax within several
months.

To verify our initialization approach we ran several sim-
ulations with initial methane mixing ratios ranging from
1250 ppb to 1450 ppb, andδ13C-CH4 ranging from−48 ‰ to
−48.5 ‰. Results are shown in Fig.1. For initial concentra-
tions or isotopic ratios within the range of uncertainty of the
observations, the different simulations converge to less than
10% of their initial difference, which is sufficiently small to
not significantly influence the results of our analysis.

2.2.4 Observations

The results of our model simulations were validated using
ground-based measurements of CH4 by NOAA-ESRL (Dlu-
gokencky et al., 2010) and NIWA (Allan et al., 2005). Firn
and ice-core measurements were used for the period before
1990 (Ferretti et al., 2005; MacFarling Meure et al., 2006;
Etheridge et al., 1998).The measurements were filtered for
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non-background conditions, using the information provided
in the measurement datasets.

CH4 isotope measurements are available only for a lim-
ited numbers of sites and measurements records span shorter
time periods. Since 1999,δ13C-CH4 is measured at sev-
eral NOAA sampling sites by University of Colorado – IN-
STAAR (Miller et al., 2002). The longest time series are
available from the NIWA sites Arrival-Heights and Baring-
Head, spanning the period from 1991 to 2007 (Allan et al.,
2005; Lassey et al., 2010). In addition, measurements from a
few other laboratories are available for the 1990s (Quay et al.,
1999; Tyler et al., 2007; Bergamaschi et al., 2000; Francey
et al., 1999).

For the sites Baring-Head, Barrow, Cape-Grim, Mauna-
Loa and Tuilata we built long time-series by combining mea-
surements fromQuay et al.(1999) and from the INSTAAR
network (Miller et al., 2002). However, the internal consis-
tency of the combined datasets is difficult to verify because
of a time gap between them (from 1996 to 1999).

In this paper, we only show results for Barrow (71◦ N,
159◦ W), Mauna-Loa (20◦ N, 156◦ W), Cape-Grim (41◦ S,
145◦ E and Arrival Heights (80◦ S, 167◦ E), which are four
background stations, providing a good overview of methane
and δ13C-CH4 interannual variability in several latitudinal
bands.

2.2.5 Scenario evaluation

A global mass balance inversion has been used to assist
the interpretation of the differences between measured and
model simulated concentrations in terms of corresponding
CH4 sources and sinks. Each yeart , the change in the global
atmospheric burden of CH4 can be written as:

dCH4

dt
= P(t)−L(t) (3)

where CH4(t) is the global atmospheric methane burden,
P(t) represents the emissions, andL(t) is a loss term
(methane sinks). NeitherP(t) norL(t) are measurable quan-
tities, however CH4(t), and hencedCH4

dt
, can be inferred from

the measurements:

CH4(t) = H(t)XCH4(t) (4)

in which XCH4(t) is an average measured CH4 mixing ra-
tio at the surface, andH(t) is a proportionality coefficient
translating the average surface mixing ratio into the global
atmospheric CH4 burden.

As methane is a well mixed gas in the troposphere, and
as background measurements represent large volumes of air,
there is a good correlation between the global burden of
methane and the average observed surface concentrations.
Therefore it is reasonable to assume thatH(t) is a constant.

We determinedH by applying Eq. (4) to the year 1990.
This year was chosen because good agreement was ob-
tained between the base scenario and the measurements (see
Sect.3).

Equation (3) can then be rewritten as:

dCH4

dt
= H

dXCH4(t)

dt
= P(t)−L(t) (5)

The yearly flux correction1F(t) to make our budget con-
sistent with the observations is then:

1F(T ) = H
dXCH4(t)

dt
−(Pmodel(t)−Lmodel(t)) (6)

3 Results and discussions

3.1 Base scenario

We first analyse the results obtained with our base scenario
S0, described in Sects.2.2.1and2.2.2. Figure2 compares
measurements and model results for CH4 andδ13C-CH4 at
four different sampling sites (Barrow, Mauna-Loa, Cape-
Grim and Arrival Heights), representative of four different
latitude bands.

The observed growth rate is close to 10 ppb yr−1 before
1990, and progressively declines towards insignificantly low
values after 2000. After 2006 the methane concentration
started increasing again.

The growth-rate in the period 1985–1995 is reasonably
well reproduced by the model: before 1990 the simulated
growth rate compares well with the observations, although
the model underestimates the observed growth-rate decline
after 1990.

Although the observed global growth-rate is best repro-
duced in the first part of the simulation (1985–1995), the
RMS difference between model and observations in the
Southern Hemisphere is actually slightly lower between
1990 and 2000. This is explained by the general tendency
of the model to overestimate the inter-hemispheric gradient
of CH4. This overestimate has already been reported byDlu-
gokencky et al.(2003), for the same model, and manifests
itself as a time invariant bias, because it does not affect the
simulated trend and is therefore not relevant for our analysis.

The δ13C-CH4 measurements show an increasing trend
until 2000, which is quite well reproduced by the model.
However, after 2000 the measurements show a stabilization
of δ13C-CH4, while in the model the upward trend continues.

The flux change1F(t) necessary to restore agreement
with the measurements was calculated using the procedure
described in Sect.2.2.5. During the period 1990–2000
1F(t) is on average−6 Tg CH4 yr−1, with a standard de-
viation of 15.5 Tg CH4 yr−1. However, after 20001F(t)

starts to decrease rapidly, reaching a minimum value of
−40 Tg CH4 yr−1−1 in 2005. The mean value for the period
2000–2008 is−25.9 Tg CH4 yr−1−1, with a standard devia-
tion of 9.4 TgCH4 yr−1: a decrease in sources or an increase
of the sinks of this order of magnitude is needed to bring the
model into agreement with the measurements.
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Fig. 2. Comparison between model scenario S0 and measurements for four representative stations, for CH4 (a) andδ13C-CH4 (b). Model
results, shown as solid red lines, are deseasonalized. Measurements, shown as dots (real measurements) and as solid lines (deseasonalized
trends), are from: grey:Dlugokencky et al.(2010) (NOAA); light blue: Francey et al.(1999); green:Quay et al.(1999); blue: Allan et al.
(2005) (NIWA). Error bars in the trends lines for isotopes represents the yearly uncertainty of the trend.

We have investigated which processes could have been
over or underestimated in the period 2000–2006. Anthro-
pogenic emissions may seem a likely candidate since they are
the main drivers of the concentration increase in the model.
However, reproducing the observed concentrations only by
a change in anthropogenic emissions would require a net de-
crease of those emissions after 2000. Uncertainties of the an-
thropogenic emissions growth-rate in the EDGAR4.0 inven-
tory for the period 2000–2005 are±68 % for energy use (oil
and gas, coal and residential emissions in Table1), ±52 %
for agriculture (rice, Enteric fermentation and Manure man-

agement in Table1) and±75 % for landfills and waste water
treatment. A lower increase is possible, but a reversal of the
trend in this period seems highly unlikely.

Alternatively, a change in another process may have com-
pensated for increased anthropogenic emissions. Since we
are dealing with a substantial mismatch, the most likely can-
didates are the large terms in the CH4 budget, such as natural
wetland emissions and oxidation by OH, or a combination of
more than one process.

An important additional constraint is the isotopic ratio.
After 2000, atmosphericδ13C-CH4 remains approximately
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Fig. 3. Comparison between model results for the scenarios S0 to
S5 and measurements at the station of Cape-Grim, Australia, for
methane (top) andδ13C-CH4 (bottom). Model results are shown
as deseasonalized trends (2-yr smoothing). Error bars represent the
uncertainty of the calculated trend (yearly RMSE divided by the
number of measurements).

in steady state, whereas in the model it increases by
0.3 ‰ yr−1 due to the rapid increase of fossil fuel emissions
during this period.

In the following we make several sensitivity test simula-
tions to analyse and compare the influence of each process
on both CH4 and13CH4.

3.2 Sensitivity tests

Figure3 presents the result of the CH4 andδ13C-CH4 sen-
sitivity simulations, which are described in further detail in
this subsection and summarized in Table2. We investigate in
detail the three main sources (wetlands; the most heavily en-
riched source: biomass burning and fossil fuel exploitation),
and the main sink process.

3.2.1 Influence of wetlands

Scenario S1 is used to investigate the possibility that increas-
ing anthropogenic emissions have been compensated by a de-
crease of natural wetland emissions. Conversely, scenario S2
was designed to check whether an increase of wetland emis-
sions could explain the observed discrepancy between mod-
elled and simulatedδ13C-CH4. The scenarios are defined as
follows:

– S1: emissions from natural wetlands are reduced by
5 % in 2000 and 2008, 10 % in 2001 and 2007 and
20 % between 2002 and 2006 compared to the base sce-
nario (S0). This corresponds to an average reduction of
36.2 Tg CH4 yr−1.

– S2: natural wetland emissions increase by 1.5 % yr−1

between 2000 and 2005 and are kept at a the 2005
level after 2006. This corresponds to a total increase
of 150 Tg CH4 in 11 yr compared to scenario S0, close
to the increase found by the LPJ-Whyme model (Wania
et al., 2011).

As can be seen in Fig.3, scenario S1 brings the simu-
lated CH4 mole fractions into close agreement with the mea-
surements. However, it also leads to an accelerated increase
of δ13C-CH4, which further deteriorates the agreement with
δ13C-CH4 measurements. This is explained by the fact that
a reduction in13C-CH4 depleted wetland emissions leads to
an enrichment ofδ13C-CH4 in the atmosphere. Therefore,
this scenario could only work if the decrease in wetlands is
balanced by strong changes in other fluxes to compensate for
the13C-CH4 enrichment.

Scenario S2 leads to a significantly improvedδ13C-CH4
trend compared with S0. It also induces a moderate accel-
eration of the CH4 growth rate, with a final methane mixing
ratio 30 ppb higher than in S0: a moderate increase of wet-
land emissions to explain the stabilization of theδ13C-CH4
mixing ratio after 2000 is not impossible, however it calls for
additional changes that compensate for the extra CH4 emis-
sions and which do not significantly influence the isotopic
budget.

3.2.2 Influence of biomass burning

Next we investigate the sensitivity of our model to a tem-
porary change in biomass burning. Global emissions from
biomass burning are relatively small compared with emis-
sions from natural wetlands. Therefore, a few percent adjust-
ment of this source is expected to have only a minor impact
on the model simulated global trend of CH4.

On the other hand, methane from biomass burning is
strongly enriched in13C (see Table1) compared to all other
methane sources. Thereforeδ13C-CH4 is highly sensitive to
the biomass burning emissions.

Several sensitivity simulations were carried out to evaluate
the possibility that changes in biomass burning influenced
the δ13C-CH4 slope after 2006. Simulation S3, presented
in Fig. 3 assumes a 1.5% yr−1 decrease of biomass burning
emissions between 1995 and 2008. This scenario accounts
for most of the overestimatedδ13C enrichment in the model
after 2000, without a significant impact on the CH4 growth
rate.
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3.2.3 Influence of fossil fuel sources

Detailed analysis of the anthropogenic emissions in
EDGAR4.0 points to increasing emissions of fossil fuel de-
rived methane as the main factors explaining the estimated
acceleration of methane emissions after 2000. Compared to
the average source signature, fossil fuel emissions are en-
riched in13CH4. Therefore a slower increase of fossil fuel
sources could in theory explain part of the discrepancy be-
tween modelled and observed CH4 and13CH4.

In our initial scenario, fossil fuel sources add up
to 95 Tg CH4 in 2000, with an average growth rate of
5 Tg CH4 yr−1 during the period 2000–2010. Attributing the
full discrepancy between model and observations to overes-
timated fossil fuel sources would not be realistic as it would
require a strong decrease of these emissions, as shown in
Sect.2.2.5.

We performed a set of sensitivity simulations with growth
rates of fossil fuel sources ranging from 0 to 3 % yr−1 be-
tween 2000 and 2010. For comparison, the growth rate of
the base scenario during this period is close to 3 % yr−1.

As shown on Fig.3, a growth rate of fossil fuel emissions
as low as 1 % yr−1 would be necessary to explain theδ13C-
CH4 evolution, but this growth-rate reduction is still not large
enough to bring the model in agreement with the CH4 mea-
surements.

It is concluded that an overestimated growth rate of fossil
fuel emissions could have contributed to the mismatch be-
tween the modelled and observed trends, in particular that of
δ13C-CH4, but cannot be the main factor explaining the CH4
trend.

3.2.4 Influence of the OH sink

Finally we investigate the potentially important contribution
of a trend in methane oxidation by hydroxyl radical. Sev-
eral studies address the recent evolution of global OH (Prinn
et al., 1992; Karlsd́ottir and Isaksen, 2000; Lelieveld et al.,
2002; Krol and Lelieveld, 2003; Dentener et al., 2003; Prinn
et al., 2005, M. van Weele, personal communications, 2010).
Generally, these studies fall into two categories: (1) deter-
mination of the tropospheric OH burden by inverse mod-
elling of MCF concentrations (2) forward modelling using
sophisticated atmospheric chemistry and transport models
(ACTM-s). The first approach doesn’t provide any signif-
icant evidence of a long-term trend. On the interannual
time-scale, however, variations of the order of±3 % yr−1 are
predicted (M. van Weele, personal communications, 2010).
The second approach predicts an increasing trend of 0.3 to
0.5% yr−1 after 1980, which could be attributed to increas-
ing NOx emissions in the developing countries of the tropics
Karlsd́ottir and Isaksen(2000).

Our scenario S5 is based on a 0.3% yr−1 increase of OH
concentrations between 1985 and 2000, and 0.5 % yr−1 after
2000, as suggested byKarlsd́ottir and Isaksen(2000). Al-

though the OH concentration in S5 starts to differ from S0
from 1985 onwards, the difference between the simulations
remains insignificant until 1990, when the difference in OH
concentration exceeds 2.5 %. After 1990 the progressive in-
crease in OH leads to a reduction of CH4 concentrations by
50 to 90 ppb in 2010, compared to S0. The trend inδ13C-
CH4 remains very close to S0 (46.78 ‰ for S5 and 46.88 ‰
for S0, in 2005), consistent with the small fractionation fac-
tor of OH oxidation (see Table1).

This simulation shows that a moderate increase in OH con-
centrations could account for most of the discrepancy be-
tween the observed methane concentrations and the base sce-
nario. However, additional changes in other processes must
be involved to explainδ13C-CH4 measurements.

In these simulations, by recycling the meteorological
fields of 2000 we neglect the the influence of temperature
trends on the OH+CH4 reaction rate: Given the JPL recom-
mended rate ofkOH+CH4=2.65×10−12

×e−1800/T (Sander
et al., 2006), the observed temperature increase of 0.2◦C
between the 1990–1999 and the 2000–2009 period (http:
//data.giss.nasa.gov/gistemp/graphs/) should lead to a 0.4 %
increase in the OH sink, unlikely to significantly affect our
results.

3.2.5 Sensitivity to other processes

Besides the processes considered so far, Several other might
contribute also to the mismatch between modelled and ob-
served CH4 andδ13C-CH4.

For example there is a high uncertainty associated
with geological sources (Mud volcanoes, oceans), concern-
ing its global source strength (the estimates vary from
6.6 Tg CH4 yr−1 (Judd et al., 2002) to 45 Tg CH4 yr−1

(Etiope and Milkov, 2004), and its isotopic ratio (measure-
ments range from−33.98 ‰ to−69.43 ‰, Etiope et al.,
2007). However, there is no indication for trends in these
emissions on the time scale of our simulation, which is short
from the perspective of geologic processes. Errors in the size
or the isotopic signature of this source in our base scenario
would systematically offset the simulated level of CH4 and
δ13C-CH4, without affecting the simulated trend.

We did not investigate the sensitivity of our simulations to
changes in emissions from ruminants or landfills. Since the
isotopic signatures of these sources are very similar to wet-
lands, the sensitivities are also similar. As for wetlands, a
decrease in the emissions from ruminants and landfills after
2000 cannot provide an explanation for the observed trends
in CH4 andδ13C-CH4, since it would lead to further enrich-
ment of the atmosphere in13CH4. However, we cannot ex-
clude a contribution of these processes in combination with
other changes.

Allan et al. (2001) suggested a possibly important role
of an additional methane sink due to reaction with chlo-
rine radicals in the marine boundary layer. This sink
was further investigated in subsequent papers from this
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group (Allan et al., 2005, 2007; Lassey et al., 2010), but has
not been included in most global studies of the tropospheric
methane budget. Although the importance of such a sink
would be very minor in terms of methane removal rate, it
could potentially have a large impact on the isotope budget
because of the strong isotopic fractionation in the reaction
Cl+CH4 (see Table1).If this chlorine sink has significant
interannual variability, as suggested byAllan et al. (2005),
then it would strongly affect theδ13C-CH4 growth-rate and
compensating changes in other process would be required to
accommodate it in our sources/sinks scenarios. Initial (un-
published) model runs showed that if the trend in Cl were as
large as suggested byAllan et al. (2005, 2007), the result-
ing isotope effects would be unrealistically large. Thus, in
the absence of a reliable quantification of a temporal trend in
this additional sink term, it was decided not to include it in
our study . It should be noted that a temporally constant Cl
sink can easily be accounted for: it would simply increase the
isotopic fractionation by the total average sink and a more de-
pleted source budget would be needed to fit the observations.
However the temporal trends, and hence our conclusions of
the present study, would remain the same.

Finally, a known source of error is the treatment of the soil
and stratospheric sinks in the model, which are assumed to be
the same every year. In reality, however, their sink strengths
depend on the atmospheric CH4 concentration. However, for
the studied period the atmospheric burden of methane has
changed by less than 10%. Given the fact that these sinks
sum up to only 67 Tg CH4 yr−1 in our base scenario, a change
smaller than 10 % has a negligible impact.

3.3 Discussion

Results from our base and sensitivity scenarios suggest that
the observed slowdown in the growth rate of methane nec-
essarily involves either a decrease of wetland emissions or
an increase of methane oxidation by OH, as demonstrated by
scenarios S1 and S5.

Other changes cannot be excluded but a realistic devia-
tion from our initial scenario in any other process would have
only a minor effect on CH4, as seen for example in scenarios
S3 and S4. It is also very unlikely that the trend of all an-
thropogenic sources suddenly changed around 2000. Conse-
quently their contribution to the CH4 growth-rate slowdown
can only be secondary.

On the other hand, neither scenario S1 nor scenario S5
satisfy the constraints imposed byδ13C-CH4 measurements.
Additional changes are required to stabilize theδ13C-CH4
ratio after 2000. We can distinguish two categories of sce-
narios: with and without changes in OH.

If we assume no trend in OH, the CH4 growth-rate slow-
down can only be explained by decreasing wetland emissions
in combination with a decrease in13C enriched sources (e.g.
biomass burning, fossil fuel and maybe mud volcanoes) in
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Fig. 4. Comparison of simulated and measured CH4 andδ13C-CH4
for the initial scenario S0 and the two proposed scenarios P1 and
P2, at the station of Cape-Grim, Australia.

a way that balances their counteracting influences onδ13C-
CH4 as observed.

One example is the scenario P1, which is presented in
Fig. 4: It assumes a 10 % reduction of wetland emissions
between 2002 and 2006. To reduce theδ13C-CH4 mismatch
requires a reduction of biomass burning emissions of 18 %
between 2002 and 2008, and a fossil fuel emissions growth-
rate as low as 1 % yr−1, which is at the lowest range of the
EDGAR4.0 growth-rate confidence interval for the period
2000–2005.

On the other hand, if we assume that an increase in OH
explains a major part of the CH4 growth-rate slowdown as
shown in scenario S5, several scenarios involving a decrease
in 13C enriched or an increase in13C depleted sources can
explain the observedδ13C-CH4 trend.

To investigate this option we constructed scenario P2,
presented also in Fig.4. We assumed an increase of OH
concentrations by 0.2 % yr−1 between 1985 and 2000, and
by 0.6 % yr−1 after 2000, to compensate for the increased
anthropogenic emissions. Similarly to P1, we assumed a
18 % decrease of biomass burning emissions between 2002
and 2008, but instead of reducing the fossil fuel emissions
growth-rate, we assumed a 0.5 % yr−1 growth-rate of natural
wetland emissions between 1990 and 2010.

The results produced by the scenarios P1 and P2 are in
much closer agreement with the measurements than the ini-
tial scenario, S0. However scenario P1 requires relatively
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strong reduction of the fossil fuel increases, which calls for
further verification. If the strong increase in fossil fuel emis-
sions from the EDGAR4.0 inventory is confirmed, then the
only option is an increase in OH.

Scenarios P1 and P2 should be regarded as extreme op-
tions, spanning the range of a negligible to a large influ-
ence of OH. It is possible to explain the stabilization of the
methane concentrations by a combination of a smaller in-
crease in OH and a smaller reduction of wetland emissions
than in P1 and P2.

4 Conclusions

Model simulations of CH4 andδ13C-CH4 over the last 40 yr
were carried out to test different scenarios against the avail-
able measurements. In our base scenario, anthropogenic
emissions were specified according to the EDGAR4.0 emis-
sion inventory, and natural sources as well as the methane
lifetime were assumed to be the same each year. This sce-
nario leads to increasing methane concentrations andδ13C-
CH4 throughout the simulation, whereas the measurements
show stabilization of these parameters after 2000. The size
of the adjustments needed to bring the model in agreement
with the measurements exceeds the uncertainty range of
the anthropogenic emissions estimates and therefore the ob-
served trends can only be explained by a reduction of natural
sources, and/or a change in methane lifetime compensating
the anthropogenic increase.

Two classes of scenarios were built to evaluate these hy-
potheses: (1) scenarios assuming a constant methane life-
time, (2) scenarios that assume increasing OH concentra-
tions and a corresponding reduction in the methane lifetime,
within the uncertainty of MCF analysis. Both classes re-
quire a shift towards an isotopically lighter source mixture.
In addition, the first class requires a decrease of natural emis-
sions of 20 Tg CH4 yr−1 in average on the period 2000–2010.
Given the size of this emission decrease it is most likely
explained by a reduction of wetland emissions after 2000.
As this reduction further enriches the source mixture in13C,
significant reductions of isotopically heavy sources (such as
biomass burning and fossil fuel emissions) are needed to ex-
plain theδ13C-CH4 measurements. In the second class of
scenarios most of the methane growth-rate slowdown is ex-
plained by increasing OH concentrations. This induces a
smaller13C enrichment of the atmosphere than the reduction
of wetlands emissions required under class 1, which can be
further compensated by a limited and therefore more plausi-
ble additional adjustments to the source fuel mixture. Inde-
pendently of the chosen OH scenario, a reduction in biomass
burning and/or of the growth-rate of fossil fuel emissions is
needed to explain theδ13C-CH4 measurements. However,
assuming a positive trend in OH brings the required emis-
sion adjustments into a more realistic regime.

δD-CH4 could provide further confirmation of the possi-
ble role of increasing OH concentrations. However, the lim-
ited availability of measurements and the high uncertainty of
the isotopic ratios of sources so far prevented us from deriv-
ing any significant additional constraints. At this stage, we
can only recommend that future studies consider the possi-
bility of changing OH concentrations.

This study demonstrates the value of isotopic measure-
ments for studying the global CH4 trend. An important lim-
itation that we encountered is the limited continuity of iso-
topic measurements for our period of study. Therefore we
plead for continuation of high quality time-series forδ13C-
CH4. An improved availability ofδD-CH4 measurements
could provide important additional constraints, but would re-
quire an improved isotopic characterization of source pro-
cess.
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