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Methane is an important greenhouse gas, and its atmospheric
concentration has nearly tripled since pre-industrial times1. The
growth rate of atmospheric methane is determined by the balance
between surface emissions and photochemical destruction by the
hydroxyl radical, themajor atmospheric oxidant. Remarkably, this
growth rate has decreased2 markedly since the early 1990s, and the
level of methane has remained relatively constant since 1999,
leading to a downward revision of its projected influence on global
temperatures. Large fluctuations in the growth rate of atmos-
pheric methane are also observed from one year to the next2, but
their causes remain uncertain2–13. Here we quantify the processes
that controlled variations inmethane emissions between 1984 and
2003 using an inversion model of atmospheric transport and
chemistry. Our results indicate that wetland emissions dominated
the inter-annual variability of methane sources, whereas fire emis-
sions played a smaller role, except during the 1997–1998 ElNiño
event. These top-down estimates of changes in wetland and fire
emissions are in good agreement with independent estimates
based on remote sensing information and biogeochemical
models. On longer timescales, our results show that the decrease
in atmospheric methane growth during the 1990s was caused
by a decline in anthropogenic emissions. Since 1999, however,
they indicate that anthropogenic emissions of methane have
risen again. The effect of this increase on the growth rate of
atmospheric methane has beenmasked by a coincident decrease in
wetland emissions, but atmospheric methane levels may increase
in the near future if wetland emissions return to their mean 1990s
levels.

The global growth rate of atmospheric methane (CH4) decreased
from nearly þ12 ^ 2 p.p.b. yr21 in the 1980s to þ4 ^ 4 p.p.b. yr21

in the last decade (all values are means ^ s.d.), but with large year-
to-year variations2 (Fig. 1a). A peak in growth rate occurred in 1991
in the tropics, followed by a large and abrupt drop in 1992, which
began in the northern regions. The past few years have been marked
by two positive growth-rate anomalies in 1997–1998 and in 2002–
2003, which seem more pronounced north of 30 8N than in the
tropics.

To understand better why the growth rate of CH4 has remained
persistently smaller after the early 1990s, we have analysed the
regional trends in CH4 differences between sampling sites in the
National Oceanic and Atmospheric Association (NOAA) global co-
operative air sampling network2 and the South Pole site, taken as a
reference (Fig. 1b and Supplementary Information). This analysis

suggests that either northern CH4 emissions have declined persistently
since 1992 or that the destruction of CH4 by the hydroxyl radical (OH)
has increased north of 30 8N. Several conflicting hypotheses have been
proposed to explain interannual and long-term variations in atmos-
pheric CH4, focusing on wetland CH4 emissions10,13,14, anthropogenic
CH4 emissions5, wild fires6–9,15, OH photochemistry3,4,11 and inter-
annual wind changes12. Various models have been used, but the
contribution of each process has not been disentangled in a coherent
framework, except for short periods6,16. Our understanding of the
current methane budget therefore remains plagued by very large
uncertainties.

Atmospheric CH4 measurements can be linked quantitatively
to regional sources and sinks by inverse modelling. For the period
1984–2003, the CH4 concentration responses to the action of OH
sinks and regional surface sources were simulated each month with
the three-dimensional chemistry transport model LMDZ-INCA17.
The model was forced with interannual analysed winds18 and inter-
annually varying OH concentrations19. Emissions of CH4 from
different regions of the globe and from distinct processes (see
Methods), together with the photochemical sinks, were inferred,
and their uncertainties reduced, by matching atmospheric obser-
vations within their uncertainties in a bayesian formalism19. Clearly,
uncertainties in the variations of OH concentrations limit our ability
to infer accurately fluctuations in regional CH4 emissions. The
removal of CH4 by OH nearly balances the sum of all surface sources,
making the atmospheric CH4 budget highly sensitive to OH changes.
Thus, we constrained first the interannual variability of OH through
a preliminary inversion of methyl chloroform atmospheric obser-
vations19. Contributions of monthly surface CH4 sources and pre-
optimized monthly OH sinks were then combined to fit optimally
monthly averages of CH4 measurements from a global network of 68
sampling sites. Long-term measurements of the 13C/12C ratio in CH4

(d13C-CH4) were also used as an additional constraint for the
partitioning of microbial-, biomass-burning- and fossil-fuel-related
CH4 sources. We performed a control inversion, supplemented by an
ensemble of 17 sensitivity inversions (see Methods).

We found that the year-to-year CH4 regional flux changes (or
anomalies) can be more robustly inverted than their mean values, a
result similar to CO2 inversions20,21. Indeed, among the different
sensitivity inversions, the spread of regional flux anomalies is more
than a factor of two smaller than the spread of long-term mean fluxes.
In other words, possible biases in the inversions seem to have low
interannual variability. To illustrate this point, we tested the impact
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of adding an additional methane source from plants22 with an a priori
value of þ150 ^ 60 £ 1012 grams of CH4 per year (Tg of CH4 yr21).
The long-term-mean inverted fluxes were strongly affected by this
‘intrusion’ of this new source, but the atmospheric measurements
remained fitted and the global budget was conserved, after a
reduction in plant and other source emissions (230%) within
their uncertainties. The sparseness of the tropical network, along
with large uncertainties on prior emissions, prevents us from verify-
ing the existence of long-term CH4 emissions by plants. Adding
plants in the a priori CH4 sources mix, however, did not alter the
inferred anomalies in the 1990s (see Supplementary Information).
Given their robustness, the flux anomalies are therefore the primary
focus of the following analysis.

We found that fluctuations in wetland emissions are the dominant
contribution to interannual variability in surface emissions (^12 Tg
of CH4 yr21), explaining 70% of the global emission anomalies over
the past two decades, as compared with only 15% contributed by
biomass burning (Fig. 2). This result disagrees with previous studies
suggesting a dominant role of fires6–9,14. As an independent check on
the inverted wetland variability, we applied a simple wetland flux
model (see Supplementary Information) based on ref. 23 and driven by
interannually varying climate data18 and by estimates of remotely
sensed changes in flooded areas for the period 1993–2001. There is
good agreement in the magnitude of the wetland flux anomalies
between the bottom-up and inversion results (normalized standard

deviation (NSD) ¼ 1.1; see Methods), as seen in Fig. 2. The correlation
between the two estimates is improved when a 3-month lag is applied
to the inversion results (r2 ¼ 0.4, P ¼ 0.06). In 1993–2001, wetland
emissions in the bottom-up model show a persistent negative trend
of 2.5 Tg of CH4 yr21, in response to a marked decrease in flooded
area worldwide (at a rate of 21.1% yr21 for a mean area of
4.2 £ 106 km2), mostly in temperate and tropical Asia and in tropical
South America23. The inversion infers decreasing wetland emissions
after 1993, but with a smaller trend (20.6 Tg of CH4 yr21). Shrinking
wetland areas may reflect recurrent dryness observed in the tropics
after 1990 (ref. 18), and northward after 1999 (ref. 24).

The inversion attributes global variations in the biomass-burning
emissions of the order of ^3.5 Tg of CH4 yr21 (Fig. 2). In 1989–2002,
these anomalies are in very good agreement with independent
estimates9 derived from remote sensing data after 1996 (r2 ¼ 0.6,
P ¼ 0.012; NSD ¼ 0.8) and inferred from global CO variations
before 1996 (r2 ¼ 0.4, P ¼ 0.08; NSD ¼ 1.2; see Supplementary
Information). Such agreement is remarkable, given that the a priori
biomass-burning fluxes prescribed to the inversion are constant from
year to year. The members of the inversion ensemble that include
d13C-CH4 observations agree best with the magnitude of the bottom-
up anomalies9 (NSD ¼ 1.1). At face value, these ‘isotopic’ inversions

Figure 2 | Variations in CH4 emissions attributed to different processes.
Shown are the interannual global CH4 flux anomalies (in Tg of CH4 yr

21;
note different y-axis scales) broken down into different processes. Unbroken
lines of each sub-panel indicate the member of the ensemble with only CH4

observations (control inversion, 68 sites); broken lines of each sub-panel
indicate the member of the ensemble with both CH4 observations (68 sites)
and d13C-CH4 observations (13 sites after 1998; 4 sites after 1989). Blue
indicates wetlands (including rice agriculture); dashed blue line represents
wetland anomaly inferred in the extreme case where OH is maintained
constant from year to year. Green indicates biomass burning. Brown
indicates energy-related sources (fossil fuels, industry, bio-fuels) and other
sources (landfills and waste, ruminants, termites, ocean, plants). Unbroken
orange line represents the specific contribution of fossil-fuel emissions
alone. Red lines indicate set of bottom-up estimates of CH4 flux anomalies
obtained from a wetland flux model driven by remotely sensed flooded area
data22, and from a fire model driven by remote sensing measurements after
1997 (ref. 9), and extrapolated using atmospheric carbon monoxide trends
before that date (see Supplementary Information). The anomalies are
calculated by subtracting the long-term mean CH4 flux over the whole
period (1984–2003) from the deseasonalized (12-month running mean)
monthly flux in each region. Shaded areas represent the spread of an
ensemble of 18 inversions (each using a prioriOHfields pre-optimized from
methyl chloroform).

Figure 1 | Variability and trends in atmospheric CH4 over the past two
decades. a, Interannual variations in the growth rate of atmospheric CH4

(p.p.b. yr21) in the period 1984–2003, calculated by using data from the
NOAAair sampling sites used in the inversionmodel (maximumof 50 sites).
Black, global growth rate; blue, Southern Hemisphere ,30 8S; red, 30 8S to
30 8N (tropics); green, Northern Hemisphere .30 8N; light grey, El Niño
episodes; dark grey, anomaly following the Pinatubo climate anomaly.
b, Average trends in the CH4 difference (in p.p.b. yr21) between sites
grouped in three latitude bands and the South Pole site (SPO). Trends were
calculated by using monthly deseasonalized observations. Open bars
indicate trends in DCH4 in the 1980s (1984–1991), when the global growth
rate was þ12 ^ 2 p.p.b. yr21; hatched bars indicate trends in DCH4 after
1993, when the global growth rate was 4 ^ 4 p.p.b. yr21. Error bars are 1 s.d.
of the calculated trends in differences for the NOAA sites.
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