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Three decades of global methane sources and sinks

Stefanie Kirschke etal.*

Methane is an important greenhouse gas, responsible for about 20% of the warming induced by long-lived greenhouse gases
since pre-industrial times. By reacting with hydroxyl radicals, methane reduces the oxidizing capacity of the atmosphere
and generates ozone in the troposphere. Although most sources and sinks of methane have been identified, their relative
contributions to atmospheric methane levels are highly uncertain. As such, the factors responsible for the observed stabilization
of atmospheric methane levels in the early 2000s, and the renewed rise after 2006, remain unclear. Here, we construct decadal
budgets for methane sources and sinks between 1980 and 2010, using a combination of atmospheric measurements and results
from chemical transport models, ecosystem models, climate chemistry models and inventories of anthropogenic emissions. The
resultant budgets suggest that data-driven approaches and ecosystem models overestimate total natural emissions. We build
three contrasting emission scenarios — which differ in fossil fuel and microbial emissions — to explain the decadal variability
in atmospheric methane levels detected, here and in previous studies, since 1985. Although uncertainties in emission trends
do not allow definitive conclusions to be drawn, we show that the observed stabilization of methane levels between 1999 and
2006 can potentially be explained by decreasing-to-stable fossil fuel emissions, combined with stable-to-increasing microbial
emissions. We show that a rise in natural wetland emissions and fossil fuel emissions probably accounts for the renewed

increase in global methane levels after 2006, although the relative contribution of these two sources remains uncertain.

between 1850 and the 1970s have been made using air trapped

in polar ice cores and compacted snow. The data reveal
an exponential increase in CH, levels in the atmosphere from
830 ppb to 1500 ppb in the late 1970s'. Direct measurements of
CH, in the atmosphere began in 19782 and reached global cover-
age after 1983. Today, CH, concentrations can be assessed using
discrete air samples collected regularly at the surface, continu-
ous measurements made at the surface’* or in the troposphere”,
and remotely sensed measurements of atmospheric CH, columns
retrieved from the surface or from space'®'? (see Supplementary
Section ST1). Surface-based observations from four networks
(National Oceanic and Atmospheric Administration, NOAA™;
Advanced Global Atmospheric Gases Experiment, AGAGE';
Commonwealth Scientific and Industrial Research Organization,
CSIRO?®; and University of California Irvine, UCI'®) show consist-
ent changes in the global growth rate of annual CH, concentrations
since 1980 (Fig. 1 and Supplementary Section ST1). The agreement
between these networks has improved with increasing coverage.
The standard deviation for the global annual growth rate decreased
from +3.3 ppb yr™ in the 1980s to +1.3 ppb yr™ in the 2000s. These
data reveal a sustained increase in atmospheric CH, levels in the
1980s (by an average of 12 + 6 ppb yr™), a slowdown in growth in
the 1990s (6 + 8 ppb yr™), and a general stabilisation from 1999
to 2006 to 1773 £ 3 ppb. Since 2007, CH, levels have been rising
again', and reached 1799 + 2 ppb in 2010. This increase reflects
a recent imbalance between CH, sources and sinks that is not yet
fully understood".

Previous reviews of the global CH, budget have focused on
results from a few studies only'*'""°. These studies covered differ-
ent time windows and employed different assumptions, making it
difficult to interpret the decadal changes presented. Only very few
studies addressed multi-decadal changes in CH, levels***'. Here we
construct a global CH, budget for the past three decades by com-
bining bottom-up and top-down estimates of CH, sources and the
chemical CH, sink (Box 1). We use chemical transport models —
constrained by atmospheric CH, measurements — to estimate CH,
fluxes using top-down atmospheric inversions. We compare these

Reconstructions of atmospheric methane (CH,) concentrations

fluxes with those simulated by ecosystem models of wetland and
biomass burning emissions and by data-driven approaches for other
natural sources (Methods and Supplementary Section II). We also
gather recent data from fossil fuel CH, emission inventories based
on energy use statistics, and from agricultural and waste inventories
based on livestock and rice paddy statistical data.

Sources and sinks

The global atmospheric CH, budget is determined by many terres-
trial and aquatic surface sources, balanced primarily by one sink in
the atmosphere. CH, emissions can be broadly grouped into three
categories: biogenic, thermogenic and pyrogenic. Biogenic sources
contain CH,-generating microbes (methanogens), and comprise
anaerobic environments such as natural wetlands and rice paddies,
oxygen-poor freshwater reservoirs (such as dams), digestive sys-
tems of ruminants and termites, and organic waste deposits (such
as manure, sewage and landfills). Thermogenic CH,, formed over
millions of years through geological processes, is a fossil fuel. It is
vented from the subsurface into the atmosphere through natural
features (such as terrestrial seeps, marine seeps and mud volca-
noes), and through the exploitation of fossil fuels, that is, through
the exploitation of coal, oil and natural gas. Pyrogenic CH, is pro-
duced by the incomplete combustion of biomass and soil carbon
during wildfires, and of biofuels and fossil fuels. These three types of
emissions have different isotopic 8" °C signatures (§"°C = [("*C/'*C)
sample! (PCIC) gandara] = 1) X 1000): =55 to —~70%o for biogenic emis-
sions, —25 to —55%o for thermogenic emissions, and —13 to —25%o
for pyrogenic emissions®****. The isotopic composition of atmos-
pheric CH, — measured at a subset of surface stations — has there-
fore been used to constrain its source*?*. CH, emissions by living
plants under aerobic conditions do not seem to play a significant
role in the global CH, budget (Supplementary Section ST8); some
very large® estimates of this source published in 2006 have not
been confirmed?®.

The primary sink for atmospheric CH, is oxidation by hydroxyl
radicals (OH), mostly in the troposphere, which accounts for around
90% of the global CH, sink. Additional oxidation sinks include
methanotrophic bacteria in aerated soils*”?* (~4%), reactions with

*A full list of authors and their affiliations appears at the end of the paper.
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Figure 1| Evolution of the atmospheric global mole fraction, growth rate and budget of methane for the past three decades. The mole fraction
(dashed lines) and growth rate (solid lines) from NOAA, AGAGE, UCI and CSIRO networks are shown in varying shades of black/grey. Bar charts show
global decadal surface emissions and sinks calculated from top-down (T-D, light-coloured bars) and bottom-up (B-U, dark-coloured bars) approaches.
Categories are split into: natural wetlands, biomass burning, fossil fuels, agriculture and waste, other sources (see Table 1), soil uptake and chemical loss

by OH oxidation. Error bars spread between minimum and maximum values.

chlorine radicals and atomic oxygen radicals in the stratosphere!’
(~3%), and reactions with chlorine radicals from sea salt in the
marine boundary layer® (~3%).

Global decadal budget

We combine state-of-the-art top-down and bottom-up approaches
(Box 1) using a consistent methodology (see Methods) to assess
global CH, sources and sinks over the past three decades. At the
global scale for the 2000s, top-down inversions yield total global
emissions of 548 Tg of CH, per year with a minimum-maximum
range of 526-569 (six models in Table 1) and a global sink of 540
[514-560] Tg CH, yr'. The source-sink mismatch reflects the
observed average imbalance of 6 Tg CH, yr™ of the CH, growth
rate in the 2000s, which is smaller than that of the 1980s and 1990s
(34 Tg CH, yr' and 17 Tg CH, yr, respectively; Fig. 1). In fact,
stabilization of atmospheric CH, prevailed in the early 2000s, and
the atmospheric increase resumed after 2006.

Summing up all bottom-up emission estimates, a different pic-
ture emerges for the global source for the 2000s. We obtain a value
of 678 Tg CH, yr”, which is 20% larger than the inversion-based
estimate (P<0.01; Table 1). The higher global source in bottom-up
estimates is explained by a larger sum of natural emissions (from
wetlands, freshwater, and geological sources) than in the inversions
(Table 1). For the 2000s, the bottom-up estimate of the total sink is
632 Tg CH, yr™', with a large range (592-785). Most of this sink —
604 Tg CH, yr' — is due to the hydroxyl radical CH, sink,as estimated

by the nine bottom-up chemistry climate models (CCMs)*. The OH
sink simulated by the seven models that run time slices from the
1980s to the 2000s is found to increase with time, which contrasts
with the stability of the OH sink inferred from top-down inversions
for the 1990s and the 2000s (Table 1). The positive trend in the OH
sink in the CCMs can be explained by the fact that the chemical con-
sumption of OH, for instance through reactions with CH, and carbon
monoxide, is offset by the production of OH through photochemical
reactions, involving water vapour, nitrogen oxides and stratospheric
ozone. The stable OH sink inferred from top-down inversions relates
to the observed atmospheric record of methyl chloroform, which is
used to infer OH changes on decadal scales™.

We group decadal estimates of emissions (top-down and bottom-
up) into five categories: natural wetlands; other natural emissions
(termites, geological, fresh water systems, permafrost and hydrates);
agriculture and waste; fossil fuels; and biomass and biofuel burn-
ing (Table 1). Freshwater systems include lakes, reservoirs, streams
and rivers. In the 2000s, natural wetland emissions (top-down, 142
208 Tg CH, yr''; and bottom-up, 177-284 Tg CH, yr') and agri-
culture and waste emissions (top-down, 180-241 Tg CH, yr™'; and
bottom-up, 187-224 Tg CH, yr') dominate CH, emissions, followed
by anthropogenic fossil fuel emissions, other natural emissions and
emissions from biomass and biofuel burning (Table 1). Together
with natural CH, emissions from lake and freshwater sources®*,
we find an imbalance of almost 50 Tg CH, yr (in the 2000s)
between the mean global emission and the mean global sink in the
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bottom-up approach, which is larger than the observed growth rate
of around 6 Tg CH, yr.

This discrepancy, combined with the fact that the global mean
emission is 130 Tg CH, yr™* greater in the bottom-up approach than
in the top-down approach (Table 1), suggests that CH, emissions are
overestimated in the bottom-up approach. Indeed, the bottom-up
global emission estimate is obtained by adding up independently
estimated flux components, and thus lacks a constraint on its global
magnitude. In contrast, the global CH, emission derived from the
top-down approach is constrained at the global scale by the atmos-
pheric CH, growth rate, using atmospheric CH, measurements, and
by the magnitude of the chemical sink, using proxy atmospheric
observations, such as the concentration of methyl chloroform, to
estimate OH concentrations. Such proxy methods have proven to be
reliable indicators of mean OH levels in the troposphere, although
their ability to capture OH changes has been widely discussed®**.
These proxy methods suggest that the mean global chemical sink for
CH, derived from bottom-up estimates may also be overestimated,
especially in the 2000s (Table 1).

When summing up anthropogenic fossil emissions, natural
fossil CH,, from onshore and offshore seeps®* (part of geological
emissions in Table 1) and hydrates, bottom-up total fossil emis-
sions account for 28% (~156 Tg CH, yr') of the global CH, source
between 1985 and 2000. This is consistent with an analysis of “C-
CH, atmospheric measurements® in both hemispheres inferring a
30 £ 2% fossil fraction in the global CH, source. However, fossil
emissions of this magnitude are not confirmed by a recent analysis of
the global atmospheric record of ethane'®, which is co-emitted with
geological CH,. Top-down inversions cannot provide useful infor-
mation to settle this debate, as they generally do not separate this
source from other natural emissions (Table 1). Consideration of the
natural fossil CH, source, neglected in previous Intergovernmental
Panel on Climate Change (IPCC) assessments, thus represents a sig-
nificant update to the global CH, budget, although it is still debated.

Global budget uncertainty

Uncertainties associated with decadal CH, budgets are expressed
by the minimum-maximum range between different decadal esti-
mates, due to the small number of studies available for calculating

Box 1| New data to assess the CH, budget

The top-down approach is based on atmospheric inversion
models, which determine ‘optimal’ surface fluxes>** that best fit
atmospheric CH, observations given an atmospheric transport
model including chemistry, prior estimates of fluxes, and their
uncertainties. Global atmospheric inversions provide a time-
varying distribution of CH, fluxes, albeit with limited insight into
the underlying processes when different sources overlap in the
same region. This is, for example, often the case for agricultural,
waste and fossil emissions in densely populated areas of east Asia,
Europe and North America. We collected results from nine inver-
sion systems (Supplementary Table S1).

The bottom-up approach includes process-based models esti-
mating CH, emissions, and CCMs estimating the OH sink. Eight
bottom-up models for wetland and fire CH, emissions are param-
eterized with empirical knowledge of local processes and driven
by global data sets of climate, or satellite-observed burned area,
to simulate CH, fluxes on spatial and temporal scales relevant
for regional and global budgets (Supplementary Section II).
Bottom-up emission inventories®**#? based on energy use, agri-
cultural activity, and emission factors from different sectors
provide yearly or decadal mean estimates of anthropogenic waste-
related, rice, livestock, biofuel, and fossil fuel emissions, usually at
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reliable standard deviations (Table 1). For the 2000s, the uncertainty
range for bottom-up estimates — defined as (max—min)/mean —
is 50% for natural wetlands and typically 100% for other natural
sources, though the other individual natural sources have smaller
fluxes than wetlands. Anthropogenic sources seem to be known
more precisely, with an uncertainty range of 30% for agriculture/
waste- and fossil-fuel-related emissions, and 20% for biomass burn-
ing. The uncertainty range of the global sink is 40%, but drops to
20% when removing one outlier with very high total OH loss in a
recent comparison of climate chemistry models®**. Note that the
uncertainties reported in Table 1 are correlated to some extent.
Because of more recent and robust estimates for each decade, each
term in the budget has a smaller error range than in the IPCC AR4
report: 50% smaller for wetlands, 60% smaller for biomass burning,
and 40% smaller for agriculture and waste emissions (Table 1).

Natural wetlands have the largest absolute uncertainty of any of
the emission categories, with a min-max range of 107 Tg CH, yr!
in the bottom-up approach (177-284 Tg CH, yr™). This large range
is confirmed by a recent multi-model analysis* showing a +40%
range of wetland emissions around an average of 190 Tg CH, yr™.
In the three wetland emission models used here***2, emissions were
calculated for each grid point as the product of a flux rate and a
wetland area, both having uncertainties. Uncertainties in wetland
extent seem to be the dominant source of discrepancy in modelled
CH, emissions®*®,

The OH sink seems to have a smaller error range using proxy
methods in the top-down approach (max-min range of 30 Tg CH,)
than in bottom-up CCMs (max-min range of 250 Tg CH,, drop-
ping to 110 Tg CH, when removing one outlier model from the
Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP)***), in which different humidity and tempera-
ture fields cause a large spread of the OH sink?.

Following IPCC AR5 guidelines for the treatment of uncer-
tainties*, we defined a level of confidence for both top-down esti-
mates and bottom-up estimates, based on robustness (number of
published studies) and agreement (difference between maximum
and minimum estimates, relative to the mean). Many studies have
focused on constraining the CH, budget during the 1990s and
2000s, but fewer estimates are available for the 1980s. As a result,

national scales. Three inventories for anthropogenic emissions are
used, updated to 2008 (Supplementary Information).

The photochemical sink of CH, is large and difficult to quantify,
given the very short lifetime of OH (~1 sec) and its control by a
myriad of precursor species. Direct measurements of atmospheric
OH radicals do not have the required accuracy and coverage to
derive global OH concentrations and consequently the magnitude
of the CH, sink. We estimated CH, loss due to OH from the out-
put of nine numerical CCMs®, which are categorized here as an
atmospheric bottom-up approach. The OH concentration as cal-
culated by CCMs can be further adjusted, at a large scale, by inver-
sions based on measurements of tracers with known emissions
and whose dominant sink is oxidation by OH, such as methyl
chloroform?**##>% or chloromethanes®-.

Combining top-down and bottom-up approaches allows us to
investigate the consistency of each term of the CH, budget?. In
this comparison, it should be noted that bottom-up models and
inventories are not independent from inversions, because they are
usually used in inversions to prescribe a prior spatial, and some-
times temporal, distribution of the emissions and sinks. However,
inversions use independent atmospheric observations to partially
correct the prior values.
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Table 1| CH, budget for the past three decades.

TgCH,yr’

1980-1989

1990-1999

2000-2009

Top-down

Bottom-up

Top-down

Bottom-up

Top-down

Bottom-up

Natural sources

Natural
wetlands

Other sources

Fresh water
(lakes and
rivers)

Wild animals
Wildfires
Termites
Geological
(incl. oceans)
Hydrates
Permafrost
(excl. lakes
and wetland)

203 [150-267]
167 [115-231]%27¢

36 [35-36]1927

355[244-466]
225[183-266]404

130 [61-200]
40[8-731

15 [15-15]*

3 [1_3]16,47,55,88,89
11 [2-11716485591
54 [33_75]35,55,90

6 [2-97163687
1 [[O=i1F"

182 [167-1971
150 [144-160127477

32[23-3772777

336 [230-465]
206 [169-265]%

130 [61-200]
40[8-7319

15 [15-15]'

3 [1_5]16,47,55,88,89
11[2-22]16:378791
54 [33_75]35,55,90

6 [2-97'63687
1 [[O=11F®

218 [179-273]
175 [142-208]465373757786

43 [37_65] 46,53,73,75,77

347[238-484]
217 [177-284]%0-42

130 [61-200]
40[8-731

15 [15-15]

3 [1_5]'\6,47,55,88,89
11 [2-22]16378791
54 [33_75]35,55,90

6 [2-97163687
1 [[O=i1F®

Anthropogenic
sources
Agriculture

and waste
Biomass burning
(incl. biofuels)

348[305-383]

208 [187-2201°27

46 [43-55]12176

308 [292-323]

185 [172-1971°¢

34[31-37)78%

372[290-453]

239 [180-301]47477

38[26-4512747

313 [281-347]

188 [177-196]555681

42[38-45775%

335[273-409]

209 [‘I 80-241 ]46,53,73,75,77

3 O [24_45] 47,53,72,73,75,77

331[304-368]

200 [187-224]555681

35 [32-39]47788089

Fossil fuels 94 [75-108]°2476 89 [89-89]* 95 [84-107127477 84 [66-96]°5568! 96 [77-123]4653737577 96 [85-105]55568
Sinks
Soils 21[10-27]%276 28[9-47]1%42 27[27-271% 28 [9-47]%428° 32 [26-42]¢653737585 28 [9-47]74289

Total chemical

loss
Tropospheric
OH
Stratospheric
loss

Tropospheric
Cl

490 [450-533]9276

539 [411-671]21293853

468 [382-567]13#

46 [16-67123853

25[13-371¥

525 [491-554]%83

571[521-621]2293883

479 [457-501]%03¢

67 [51-83]213883

25[13-371%®

518 [510-538]4653737577

604 [483-738]71293853

528 [454-6171°3#

51[16-84]%'3883

25[13-371¥

TOTALS

Sum of sources
Sum of sinks
Imbalance
(sources—sinks)
Atmospheric
growth rate

551[500-592]
511 [460-559]
30 [16-40]

34

663 [536-789]
539 [420-718]

554 [529-596]
542 [518-579]
12[7-17]

17

649 [511-812]
596 [530-668]

548 [526-569]
540 [514-560]
8[-4-19]

678 [542-852]
632[592-785]

Top-down and bottom-up estimates are listed separately for the different categories in Fig. 1. For top-down inversions, the 1980s decade starts in 1984. Numbers in square brackets represent minimum and
maximum values. A balance with the atmospheric annual increase and the sum of the sources has been assumed for inversions not reporting their global sink. Stratospheric loss for bottom-up is the sum of the loss
by radicals, a10 Tgyr' loss due to O('D) radicals? and a 20-35% contribution due to Cl radicals?. Ranges of total chemical loss are about half the reported ranges (for example, [509-619] for the 2000s) when

removing one outlier.

estimates for all source categories during the 2000s are more robust,
especially for inversions (Fig. 2). Agreement among studies is high
(difference is less than 33%) for agriculture and waste (top-down
and bottom-up), biomass burning and fossil fuels (bottom-up) and
OH loss (top-down), whereas agreement is only medium (33-66%
difference) for natural wetlands (top-down and bottom-up), fos-
sil fuel emissions (top-down) and OH sink (bottom-up) estimates.
Low agreement (> 66% difference) is found for biomass burning
(top-down) and other natural sources (bottom-up). Increasing the
number of studies does not necessarily lead to enhanced agreement.

This can be seen for the fossil fuel and other sources categories,
partly because of poorly constrained models, and partly because the
results from a single new study can produce a large increase in the
spread of emission estimates when very few studies are available.

No source or sink category reaches the highest level of confi-
dence (highest agreement and highest robustness), emphasizing the
large uncertainties that remain in our understanding of CH, emis-
sions. Overall, higher confidence in global emissions is found for
agriculture and waste (top-down) than for fossil fuels, the OH sink,
natural wetlands and other natural sources.
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Figure 2 | Evolution of uncertainty on estimates of methane emissions and sinks presented in Table1. Circle size depicts the robustness of the estimate
(number of studies). Circle colour illustrates the level of agreement among studies (min-max ranges): green, high confidence; yellow, medium confidence;
red (with black dot), low confidence. Circles are grey when only one study has been used. A large green circle, for example, indicates a very good level

of confidence®.

Regional decadal budget

The geographical breakdown of emissions per category and per
region reveals major CH, emission zones worldwide and the level
of consistency between top-down and bottom-up approaches
(Fig. 3 and Supplementary Section ST2 and Tables S2 and S3).
Anthropogenic emissions dominate in Europe, North America,
China, and the fossil-fuel-producing countries of eastern Europe
and central Asia, with good agreement between top-down and bot-
tom-up approaches (Fig. 3). Emission ranges are given in Table S2.
Densely populated regions usually emit fossil, agricultural and waste
CH,, making these sources difficult to separate in top-down inver-
sions. Noteworthy is the large range of estimates for anthropogenic
fossil CH, emissions from China in the top-down approach, pos-
sibly due to the low density of atmospheric CH, measurements in
this region, and to biases in inventories*. The large range of anthro-
pogenic CH, emission estimates in Europe and North America pos-
sibly reflects uncertainties in emission factors, and in the partition
between waste and fossil CH, sources. In emerging economies,
agriculture and waste emissions are highest in China (top-down,
29 Tg CH, yr’; bottom-up, 28 Tg CH, yr') and India (top-down,
27 Tg CH, yr''; bottom-up, 22 Tg CH, yr™'), but are also important
in southeast Asia and temperate South America due to extensive
rice agriculture and livestock industries (Supplementary Table S2).
In India and China, agriculture and waste constitutes the single
largest regional source of CH,. However, per capita CH, emissions
in India and China are still 35% and 85%, respectively, of the mean
for OECD countries.

When aggregated over large regions, wetlands dominate emis-
sions in tropical South America (top-down, 28 Tg CH, yr™'; bot-
tom-up, 58 Tg CH, yr') and Africa (top-down, 36 Tg CH, yr;
bottom-up, 24 Tg CH, yr™), with significant emissions in south-
east Asia, temperate South America, boreal North America and
boreal Eurasia (Supplementary Table S2). Tropical South America
shows the largest regional discrepancy between top-down
(17-48 Tg CH, yr™') and bottom-up (39-92 Tg CH, yr™) wetland
emissions (Supplementary Tables S2 and S3). The seven inversions

using only surface measurements give the lowest estimates for the
2000s decadal mean wetland emission (17-30 Tg CH, yr™), and the
two inversions using SCCAMACHY column satellite data combined
with surface measurements® (27 and 48 Tg CH, yr™') agree better
with bottom-up estimates (39-92 Tg CH, yr™). Only short time
series of CH, in situ measurements are available for inland South
America, which makes it one of the least constrained regions for
inversions using surface measurements. The wetland models used
in this study simulate large emissions in the Amazon region, equa-
torial tropical Africa, tropical Asia (for example, Bangladesh, India,
China and Indonesia), Canada and boreal Eurasia. Simulated emis-
sion areas are consistent between models for 66 + 9% of global wet-
land emissions over the period 1990-2006 (Supplementary Fig. S0).

When aggregated over large regions, emissions from biomass
burning are the largest in Africa (top-down, 9 Tg CH, yr; bot-
tom-up, 8 Tg CH, yr') and in tropical South America (top-down,
5Tg CH, yr'; bottom-up, 4 Tg CH, yr' ), but play only a minor role
in temperate and boreal regional budgets. The bottom-up estimates
are likely to be conservative compared to top-down estimates, as
small fires are often undetected by satellite retrieval algorithms®.
For biomass burning, simulated emission areas are consistent
between models for 38 + 9% of global emissions over the period
1997-2000, revealing robust large emission zones around the ther-
mal equator in Africa (for example, Central African Republic,
Democratic Republic of the Congo, Republic of the Congo, Angola,
Zambia and Cameroon), central South America (Brazil and
Bolivia), Indonesia, and to a lesser extent in eastern Russia, Laos,
and Mexico (Supplementary Fig. SO). Emission zones in northern
Australia and in boreal regions (Canada and Siberia) can also be
clearly identified.

Other natural sources, including termites, lakes and other fresh
waters, and onshore geological emissions show maximum values
in Africa and tropical South America, due to the relatively strong
contribution of emissions by termites*. A new empirical model of
termite CH, emissions developed in this study indicates that Africa
and tropical South America are major contributors to the global
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termite source, contributing 30% and 36%, respectively, of the total
(Supplementary Section ST7). Finally, CH, loss due to OH radicals
is largest in the tropical atmosphere, both over land and oceans, as
the tropics are the major region of OH production®.

Attribution of temporal changes

Year-to-year variations of CH, fluxes have been intensively stud-
ied*!*24750 The present study confirms the findings from previ-
ous ones showing that, over the last three decades, variations in
wetland emissions have dominated the year-to-year variability
in surface emissions (Supplementary Fig. S5). Interannual vari-
ability in wetland emissions surpasses that of biomass burning
emissions, except during intensive fire periods**°. Analyses of
anomalies in CH, fluxes following the Mount Pinatubo®"*' erup-
tion in 1991 and the record-high El Nino*»** in 1997-1998 are
summarized in Supplementary Sections ST4 and ST5. Both mod-
els and observations compiled in the present study consistently
describe small interannual variability in the OH sink in the 2000s
compared with the previous two decades (<3%, 1o of annual
means; Supplementary Section ST6), in line with previously
reported estimates (<5%)***.

The observed decadal changes remain much more enigmatic
than yearly anomalies (Supplementary Fig. S5). We use a scenario
approach, built from our synthesis and from recent publications, to
investigate these changes, and the contribution of the different CH,

sources to them (see Methods). We assume that decadal changes
in global mean CH, emissions since 1985 are well represented by
the mean of those five atmospheric inversions covering the past
three decades™, averaged on a five-year basis (Fig. 4 and Methods).
A global mass balance model** based on the atmospheric obser-
vations of the four surface networks and on possible changes in
CH, lifetime is used to provide uncertainties on the mean inversion
(blue shaded area at the top of Fig. 4). These observation-driven
global CH, emissions show three distinct regimes: an increase
before 1990, an oscillation around a constant mean value during
1990-2005, and an increase after 2006*'*%. A storyline (S,) is con-
structed by adding wetland emissions from top-down inversions
(average of five inversions) to other estimates (EPA (ref. 55) and
EDGARv4.2 (ref. 56) inventories).

1985-2005. The S, storyline clearly overestimates global emissions
after 1990, which calls for corrections to the magnitude of one or
several sources in the Syscenario (Fig. 4). Using ethane firn air and
atmospheric measurements, two recent studies indicated that CH,
emissions from the fossil fuel sector decreased between 1985 and
2000 at a rate of 0.4 to —0.8 Tg CH, yr , and attributed such a
decline to decreasing fugitive emissions (leaks during extraction,
treatment and use of fossil fuels) from oil and gas industries'>*”. One
of these studies further extended the ethane record up to 2010',
with either a slower decline or a stabilization of fossil fuel emissions
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Figure 3 | Regional budgets for 2000-2009 over 13 regions. The considered regions are nine TransCom regions®*, plus separate regions for India, China
and southeast Asia, and one region for oceans. Source and sink categories are the same as in Fig. 1. Both top-down (T-D, light-coloured bars) and bottom-
up (B-U, dark-coloured bars) approaches are shown. Oceans are considered as one large region (bar chart at the bottom left), with ocean emissions (pink)
and chemical loss over the ocean (turquoise). Error bars indicate the spread between the minimum and the maximum values.
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after 2000 (see Fig. 4 of ref. 15 and Methods). Indeed, an intensified
coal exploitation®>*® after 2000 may have offset a decline in fugitive
emissions. In parallel, rice paddy emissions have decreased (~—0.4
to —0.8 Tg CH, yr' ) according to the EDGAR4.2 inventory*® dur-
ing the 1980-2000 period, and remained stable between 2000 and
2005. Assuming that CH, fossil fuel fugitive emissions decreased
between 1985 and 2000°° and were stable from 2000 to 2005", and
keeping the other sources as in S, leads to a first plausible scenario
that is consistent with the observation-driven global emissions (S,
in Fig. 4). An alternative scenario (§';), using bottom-up ecosys-
tem model results for wetland emissions as a storyline instead of
top-down inversions, is also consistent with the observation-driven
global emissions.

Two different analyses of &“C-CH, isotopic composition
trends®®* for 1990-2005 reached contradictory conclusions. In
one, constant fossil fuel emissions but decreasing microbial emis-
sions in the Northern Hemisphere were inferred®, the latter mainly
attributed to decreasing rice emissions. In the other®, fossil fuel and
microbial emissions remained constant. Assuming constant fossil
fuel emissions during 1985-2005 and decreasing microbial emis-
sions® produces a second scenario that is mostly consistent with
observation-driven global emissions when using wetland fluxes
from top-down inversions (S, in Fig. 4), but not when using wetland
fluxes from bottom-up ecosystem models (S',). Assuming decreas-
ing fossil fuel emissions before 1990 (as in S,), but constant fossil
fuel and microbial emissions between 1990 and 2005%, produces
a third scenario that is consistent with observation-driven global
emissions, with either top-down or bottom-up wetland emission
estimates (S, and §'; in Fig. 4).

Overall, the three plausible scenarios, among many other
possible source compositions matching global decadal changes,
suggest that a decrease in fossil fuel CH, emissions is a more likely
explanation for the stability of global CH, emissions between 1990
and 2005 than a reduction in microbial CH, emissions. An actual
decrease in rice paddy emissions may have been surpassed by an
increase in other microbial emissions (natural wetlands, animals,
landfills and waste) as found by ecosystem models combined with
the EDGAR4.2 inventory. Considering the significant uncertain-
ties reported in a recent isotope study® for the 1990-2005 period,
decreasing-to-stable fossil fuel emissions, combined with sta-
ble-to-increasing total microbial emissions, would reconcile the
atmospheric ethane trends with the *C-CH, trends, at least for
one PC-CH, data set™. Finally, trends in the magnitude of the OH
CH, sink, which remain uncertain over decadal timescales, can still
modulate these incomplete conclusions®.

The increase resumes from 2006 onwards. Atmospheric CH, levels
resumed growth after 2006, with inferred global emissions being
17-22 Tg CH, yr™* greater around 2010 than around 2005 (five-year
basis averages; top of Fig. 4). Several studies concluded that a recent
surge in natural wetland emissions is one main cause of increasing
CH, levels, in response to abnormally high temperatures in north-
ern high latitudes in 2007, and increased rainfall over tropical wet-
lands during 2008-2009 and 2010-2011"*%*, two La Nifa periods*.
Furthermore, fossil fuel CH, emissions probably increased again
after 2005, mostly due to the intensification of shale gas and oil
extraction in the United States and coal exploitation by the Chinese
and Indian economies®.

After 2005, the three scenarios use fossil fuel emission changes
from the EPA inventory, and the average of EPA and EDGAR4.2
inventories for all other sources barring natural wetlands.
Microbial and fossil fuel sources for all scenarios show positive
trends after 2005, resulting in an increase of global emissions
of 23-33 Tg CH, yr around 2010 as compared to around 2005
(five-year basis averages). This is a 30% overestimation com-
pared with the mean increase derived from the observations
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Figure 4 | Plausible scenarios explaining changes in methane emissions
over the past three decades. Different lines depict different scenarios

of five-year-averaged emission changes since 1985 (see Methods): S,
(dotted blue lines), S;and S'; (solid black and red lines), S, and S', (long-
dashed black and red lines), S; and S'; (short-dashed black and red lines)
Top: range of global CH, emission changes (blue shaded area) around

a mean inversion (Methods and Supplementary Section ST5). Middle:
emission changes from fossil fuels (coal, gas and oil industries). Bottom:
emission changes from microbial sources (natural wetlands, rice, animals
and waste). The dark and light green shaded areas represent the range

of top-down (T-D) and bottom-up (B-U) model results, respectively, for
natural wetland emissions.

(17-22 Tg CH, yr, see above). Thus, either the increase in fos-
sil fuel emissions is overestimated by inventories, or the sensitivity
of wetland emissions to precipitation and temperature is too large
in some wetland emission models®. The contribution of micro-
bial versus fossil emissions to this increase remains largely uncer-
tain; respective contributions vary from 20 to 80%, if accounting
for all additional top-down inversions available for the 2000s
(Supplementary Fig. S5 and Table 1).

Shortcomings and uncertainty reductions

Our analyses suggest four main shortcomings in the assess-
ment of regional to global CH, budgets. First, decadal means and
interannual changes in CH, emissions from natural wetlands and
freshwater systems are too uncertain. It is critically important to
improve wetland mapping, both by refining land surface models
(for example, through improving estimates of tropical flood plains
in hydrological models, specific model developments for peatlands,
and the integration of freshwater systems) and by further develop-
ing remotely sensed inundation data sets® (for instance for dense
tropical forests). The scarcity of wetland CH, flux measurements
and data sets limits the ability to validate large-scale modelled CH,
emissions for natural wetlands and fresh waters*. The extension of
the CO, FLUXNET measurements and database® to CH, fluxes is
probably achievable at a reasonable cost, and would provide useful
constraints for land surface models. For interannual variations in
wetland emissions, the sensitivity of emission rates to warming at
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high northern latitudes and to rainfall changes in the tropics needs
to be more consistently quantified in wetland models. The Amazon
drought in 2010% should have resulted in a drop in wetland CH,
emissions, and ongoing analyses may allow researchers to test the
hypothesis that tropical wetland CH, emissions respond strongly to
rainfall anomalies and trends.

Second, the partitioning of CH, emissions by region and process
is not sufficiently constrained by atmospheric observations in top-
down models. Regional partitioning of total emissions would ben-
efit from denser and more evenly distributed CH, concentration
data. This can be achieved by further developing synergies between
high precision monitoring of the surface and the lower atmos-
phere, including poorly sampled key areas such as the Amazon
Basin, Siberia and tropical Africa on one hand, and retrievals
of global-scale CH, columns by satellites and by high precision
remote sensing from the ground on the other. Including continu-
ous measurements of the §"°C stable isotope (*CH,) at surface sta-
tions would help separate biogenic emissions from other sources.
Measurements of the 8D stable isotope (CH,;D) would provide
constraints on the uncertain OH CH, sink, which can also be con-
strained by new proxy tracers****. Radiocarbon CH, data (**CH,)
would help constrain the uncertain fossil part of CH, emissions, if
“CH, emissions from nuclear installations can be accurately esti-
mated”. Estimating long-term trends of fluxes and concentrations
requires equally long-term observations, which in turn require sta-
ble and coordinated networks®.

Third, decadal trends in natural and anthropogenic emissions
are still very uncertain and limit our ability to definitively attribute
changes in emissions from specific sources to observed atmospheric
changes since the 1990s. In addition to the (already noted) improve-
ments in land surface models required, inventories for anthro-
pogenic emissions should systematically include an uncertainty
assessment, and should improve their representation of emission
trends (for instance by more frequently updating the time-depend-
ent factors used in their calculations).

Fourth, uncertainties in the modelling of atmospheric trans-
port and chemistry limit the optimal assimilation of atmospheric
observations by increasing uncertainties in top-down inver-
sions. Such uncertainties are also only partly estimated in current
inversions. We therefore recommend the continuation of ongo-
ing international model inter-comparisons, which can provide a
quantification of transport and chemistry errors to be included in
top-down inversions®>%.

From challenge to opportunity

Our decadal CH, budgets reveal that bottom-up models may overes-
timate total natural CH, emissions. The various emission scenarios
tested — designed to explain the temporal changes in atmospheric
CH, levels observed in this and previous studies — suggest that the
stabilization of atmospheric CH, in the early 2000s is likely to be
due to a reduction in or stabilization of fossil fuel emissions, com-
bined with a stabilization of or increase in microbial emissions.
After 2006, the renewed global increase in atmospheric CH, is con-
sistent with higher emissions from wetlands and fossil fuel burning,
but the relative contributions remain uncertain.

In the context of climate change mitigation, atmospheric CH,
poses both an opportunity and a challenge. The challenge lies in
more accurately quantifying the CH, budget and its variations.
Our synthesis suggests that improvements in models of natural
wetland and freshwater emissions, the integration of surface net-
works monitoring CH, concentrations and fluxes (including iso-
topic composition) and new satellite missions (including active
space-borne observations®”), improvements in anthropogenic
emission trends in inventories, and uncertainty reductions in
models of atmospheric transport and chemistry, could all help.
The opportunity lies in the possibility of developing short-term

climate change mitigation policies that take advantage of the
relatively short atmospheric lifetime of CH, of about 10 years, and
the known technological and agronomical options available for
reducing emissions®.

The potential intensive exploitation of natural gas from shale for-
mations around the world may lead to significant additional CH,
release into the atmosphere®, although the potential magnitude of
these emissions is still debated”. Such additional emissions, and
combustion of this ‘new’ fossil fuel source, may offset mitigation
efforts and accelerate climate change. In the longer term, the thaw-
ing of permafrost or hydrates could increase CH, emissions signifi-
cantly, and introduce large positive feedbacks to long-term climate
change”. A better quantification of the global CH, budget, with
regular updates as done for carbon dioxide™, will be key to both
embracing the opportunities and meeting the challenge.

Methods

Data analysis. Top-down and bottom-up studies addressing the evolution of the
CH, cycle after 1980 and covering at least five years of a decade were gathered.
Therefore, the number and the nature of studies used in this work vary from one
decade to another. Top-down inversions include atmospheric chemistry trans-
port models and assimilation systems'****>7*-”7. Bottom-up approaches comprise
modelling studies for wetland*-** and biomass-burning emissions*7*-*’, emission
inventories for anthropogenic®™*** and natural sources®, and a suite of atmos-
pheric chemistry models within the ACCMIP intercomparison project providing
CH, chemical loss®***%,

The monthly fluxes (emissions and sinks) provided by the different groups
were post-processed similarly. They were re-gridded on a common grid (1°x 1)
and converted into the same units (Tg CH, per grid cell); then monthly, annual
and decadal means were computed for 12 regions based on the TransCom® inter-
comparison map, with subdivisions in high-emission regions. Regional and global
means were used to construct Figs 1, 2 and 3, Supplementary Figs S2 and S3,
Table 1 and Supplementary Tables S2 and S3.

The reported ranges and error bars represent the minimum and maximum
values obtained among the different studies (Figs 1, 3 and 4 and Table 1). The small
number of studies for some categories makes it difficult to properly apply a stand-
ard deviation.

Interannual variability (IAV) was computed as the difference between the
12-month running mean and the long-term mean. However a consistent period
for estimating the long-term mean was not compatible with all data sources
(Supplementary Fig. S5).

Observation-driven global CH, emissions. For ‘attribution of temporal changes,
we used the only top-down study that estimates CH, emissions over the past
30 years™ with five different set-ups. The mean of these five inversions was assumed
to represent average global emissions. However these five inversions only partially
represented the full range of global CH, emissions, due to differences in prior emis-
sion scenarios and errors, observations and their errors, OH fields and atmospheric
transport representation. To estimate the full range of global CH, emissions we com-
plemented the mean inversion with a sensitivity analysis based on a one-box model
for the whole atmosphere®. The change in the global burden of CH, is given by:
d[CH,] _ ., _[CH,]

a ~ T )
where [CH,] is the global CH, burden, E is the sum of all emissions, and t is the
total atmospheric CH, lifetime. Equation (1) can be rearranged to calculate the
annual CH, source strength E as follows:

H,

(CH,], ICH o
In this equation, the annual increase d[CH,]/dt and the burden [CH,] were given
by the yearly-averaged growth rates and mole fractions of Fig. 1. Global CH, emis-
sions were generated by computing emissions with equation (2) for each of the four
networks and for a lifetime t varying from 8 to 10 years to include uncertainties in
OH changes**. Minimum and maximum values of E were extracted for five-year
periods to produce the range of emissions plotted around the mean of atmospheric
inversions (blue shaded area in Fig. 4, top panel).

Emission scenarios. The emission scenarios are based on five-year average CH,
fluxes around the years 1985, 1990, 1995, 2000, and 2005. For 2010 we used avail-
able years between 2008 and 2012, mainly before 2010. Flux changes from 2005 to
2010 might be slightly biased by missing years after 2010. For example, fossil and
microbial emissions both increase between 2005 and 2009; if after 2010 these emis-
sions were further increasing (or decreasing), then the 2005-2010 changes will be
underestimated (or overestimated). We assume that such a potential bias does not
modify the (mostly) qualitative message of our scenario analysis. The five-year
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changes from biomass burning remain small (<2 Tg CH, per five-year period) and 22. Neef, L., van Weele, M. & van Velthoven, P. Optimal estimation of the
were not considered here. present-day global methane budget. Glob. Biogeochem. Cycles 24, GB4024 (2010).
The scenarios presented in Fig. 4 use either natural wetland emissions from 23. Wahlen, M., Tanaka, N., Henry, R. & Yoshinari, T. *C, D and "*C in methane.
top-down inversions (S,) or bottom-up models (S',). Other data are taken from Eos 68, 1220 (1987).
recent publications and EDGAR4.2 and EPA inventories. 24. Fisher, R. E. et al. Arctic methane sources: Isotopic evidence for atmospheric
S, and S’ are built by summing the mean wetland emissions from inversions inputs. Geophys. Res. Lett. 38,121803 (2011).
and the mean of EPA (ref. 55) and EDGARA4.2 (ref. 56) ‘other’ emissions. Scenarios 25. Keppler, F, Hamilton, J. T. G., Brass, M. & Rockmann, T. Methane emissions

S, and S'; sum the mean wetland emissions with decreasing (1985-2000), constant from terrestrial plants under aerobic conditions. Nature 439, 187-191 (2006).
(2000-2005), and increasing (2005-2010) fossil fuel emissions to be compatible with 26, Nisbet, R. E. R. et al. Emission of methane from plants. Proc. R. Soc. B-Biol. Sci.
a recent analysis'®. Scenarios S, and S’, sum the mean wetland emissions with con- 276, 1347-1354 (2009).

stant (1985-2005) and increasing (2005-2010) fossil fuel emissions. Other microbial 27. Curry, C. L. Modeling the soil consumption of atmospheric methane at the
emissions (mean of EPA and EDGAR) are scaled to a recent study®. Scenarios S, and

S'; sum the mean wetland emissions with decreasing (1985-1990), constant (1990—
2005), and increasing (2005-2010) fossil fuel emissions. Other microbial emissions

(mean of EPA and EDGAR) are scaled to remain constant during 1990-2005 accord-

ing to another recent study®. After 2005, all scenarios include fossil fuel emission
changes from the EPA inventory, wetland emission changes from inversions or bot-
tom-up studies and other emission changes from the mean of EPA and EDGAR4.2.
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[.1 Supporting text

ST1 - Atmospheric CH, observations and growth rates for the different
atmospheric networks (Figure 1).

Several types of measurements exist for atmospheric methane. High precision measurerpph)s (+3
traceable to the World Meteorological Organisation (WMO) mole fraction intenaédtcalibration
scale, are available from 160 fixed surface statigasd more than 30 mobile stations (ships and
aircraﬁﬂﬂ” Atmospheric observations consist of both flask samples (grab samples, wedkly or
weekly) and continuous data (hourly or better resolution). Precise measurentetas aflumn CH
mixing ratio (XCH,) are provided from the Total Column Carbon Observing Network (TCCON) of 25
ground based remote-sensing stations which are only indirectly linked to the W sisatopic

measurements3C-CH, and deuterium-methane, GB) are performed at a subset of surface stations

and help separate biogenic from otl®, sourcd® ] Measurements dfC-CH, at one station help

guantify the contribution of fossil CHo the total source rﬁ Finally, space-borne XCHetrievals

(over the last decade only) predominantly originate from three sgtéfitesoviding global coverage

albeit with much lower precision (e.g. random error of ~30 ppb for SCIAMﬁHMd latitudinal

biases of up to 40 .

Figure 1 of the paper plots the atmospheric globally aver@gtidnole fractions and the associated
growth rates for the four global trace gas atmospheric monitoring netwotksavglobal coverage
NOAA/ESRIEI AGAGﬂ CSIRﬂ and U(ﬂ For NOAA/ESRL, AGAGE AND CSIRO. The
growth rates have been calculated as the derivative of a trend curve compatdohgdo Thoning et

al., (1989)°| The growth rate calculations for the UCI network are described furdiew. Decadal
global means of CHmole fractions for the 1990s (1746 ppb) and the 2000s (1776 ppb) are
remarkably consistent between the four networks, with respective ranges of [1743-174hgpb]

[1775-1779 ppb]. Differences on the decadal means are mostly due to representativeness agd sampli
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differences between networks, and to a lesser extent to instrumental errors. tede, inter-
comparison between networks at various sites shows differences smaller than +2epplecddhal
mean for the 1980s is more uncertain [1663-1690 ppb], possibly because of a more lirtisibdrapa
temporal coverage of some of the networks at that time. Growth rates areeissinilar in the
1980s [11.3-12.3 ppb.y], the 1990s [4.9-6.5 ppb3¥ and the 2000s [2.3-3.6 ppbyrwith mean
values of 12+6 ppb.yi 6+8 ppb.yt*, 2+3 ppb.yr', respectively. The associated uncertainty represents
the 1-sigma variation from one year to another (inter-annual variabilig) difference in the decadal

growth rates between the four networks is less than 1 ppb.yr

ST2 - Regional and latitudinal distributions of wetland and biomass burning
emissions (Figure SO and S1)

Using the different top-down and bottom-up models and inventories gathered in ttis weor
computed averaged maps (Fig. SO) and zonally averaged emission fluxes, dfo@Hnatural
wetlands (Fig. SO & S1, top), and biomass-burning (Fig. SO & S1, bottom). To calculabedhe
emissions we used the following time periods: 1990-2006 for wetland emissiod9&m@006 for
biomass burning emissions. As a result, the FINN inventory is not included i®CFignd S1.
Averaged spatial pattern present common zones of emissions (stippled points ohtthamis of
Fig. S0): 66+9% for wetland emissions andt3® for biomass burning emissions. In Fig. S1, the
bottom-up zonal means are presented as coloured solid lines whereas for top-dowme ocahgée
(min-max) is shown with the coloured areas. Wetland emissions are mainly located@iopics and

in the high latitudes. ORCHIDEE’s estimates are higher and with more spatial variations than those of
LPJ except below 30°S. In the Tropics, LPJ’s estimates by 1° band of latitude are around 10-20 Tg/yr,
generally below ORCHIDEE’s estimates. In the mid and high latitudes, the B-U models show a larger
spread. In particular, the ORCHIDEE-PO7 estimate is much higher than any othates§ticluding
ORCHIDEE-TOP) around 45°N and north of 60°N. LPJ-wsl follows ORCHIDEE-B@7only up to
57°N. This shows that the wetland emission estimate is highly sensitive tetla@dvextent, which

remains a challenge for modellers. The top-down estimates are generallylowéhaange of the
6
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136 bottom-up values, except around 30°S. Regarding the top-down range, the minimumysdo®ito

137 the estimates from GEOS-Chem while the Carbon-TraCkirmodel retrieves the highest estimates,
138 except north of 60°N where LMI-SACS is the highest. The biomass burning emissions, including
139 biofuel, occur essentially in the Tropics where the highest fluxes are foundvatbng great spread
140 Dbetween the models. Note the different scale compared to the wetland emissions. Far bimniag

141 emissions, the ranges of estimates from top-down are similar to the hgitestimates. The model
142 LMDZ-MIOP produces the maximum observed in the Tropics. The lowest estimatesfrmamthe

143 GEOS-Chem model. The other top-down models lie in-between. In the mid latitudgeentddions

144  from biomass burning and biofuel essentially originate from biofuel burning.

145 ST3 - Time series of CH, emissions from natural wetlands and biomass-burning
146 for northern regionsand tropical regions (Figures S2 and S3)

147 Deseasonalized time series (12 month running means) for édhissions from natural wetlands (top,
148 in green) and biomass burning (bottom in red) are plotted irSRjdor both the Tropics (<30°N, left)
149 and the northern high latitudes (50-90° N, right). Lines represent the diffeotiom-up models.
150 Coloured ranges represent the top-down inversions. Fig. S3 is the same as Fig. S2 for natural wetlands,
151 but plots the anomaly computed as theedsonalized time series minus the long-term mean of each
152 time series. Fig. S2 illustrates the large uncertainties remaining in theat@stirof the long-term
153 mean emissions from natural wetlands and biomass burning in the Tropics.shag®that a large
154 climate event, such as the 1997-98 El Nifio, can have a very different impact onsblmmaisg

155 among models. Fig. S3 shows that the 1AV of,@&rhissions from natural wetlands is more robustly
156 estimated than the long-term mean. There is a better agreement on the phasintpefeaachanges
157 among studies than on their magnitude. Most approaches show an increasing long-tefon €@elpd

158 emissions from natural wetlands since the mid 1990s.
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ST4 - Latitudinal distribution of the | AV of emissions and sinks (Figure $4)

Figure S4 shows the latitudinal distribution of the inter-annual vatylfiemissions and sinks. For

both the emissions and the sinks, we calculated 2aonth running means of monthly zonal mean

for band of 1 degree of latitude. For the emissions, in order to avoid ititegpieng-term changes

and focus on yedao-year changes, we subtracted a linear trend from the desdasdrmlnal means.

The inter-annual variability was then defined as the standard deviatiba dé-trended time series of

the deseasonalized zonal means over the period 1995-2005. This calculation was posdlible for a

approaches except those providing only yearly data.

For theCH, loss, we applied a slightly different calculation in order to allow compatstme AV
estimates performed in Montzka et al. (2ﬂlmstead of expressing the anomaly as the standard
deviation of the deseasonalized zonal mean, we defined the IAV as the diffeetween monthly
deseasonalized zonal mean and long-term mean. This calculation enhances the esmate®i 1-

0.4%.

Over the three decades, natural wetland variability dominates théoygsar changeg emissions
with a tropical maximum spread between 30°S and 30°N, and a secondaryumaaimorthern
latitudes around 50°N (Fig. S4-a). The magnitude of the tpegear variability of other emissions is
4-8 times smaller than for natural wetlands (Fig. S4-b-d), except for biomadsdodue to the 1997-
98 El Nifio (Fig. S4-b). Fossil fuel IAV dominates at mid latitudes of the northerrspbhearne (figS4

¢) and produces a secondary peak in the zonal average,@n@ssion I1AVat 30°S. Both regions are

home to most of the developed countries (northern hemisphere, mid-latitudes) andrauidig
developing tropical countrie Southeast Asia, South America, Central Africa, and Oceania. The
bottom-up inventories produce a third intriguing peak of f&3kij emission IAVin the high northern
latitudes, not consistent with the observation-driven top-down inversions. |AAgrafulture/waste
emissions (Fig. S4-d) from top-dows largest between 10°N and 40°N where most of the rice

agriculture and waste production from animal husbamarZhina, India and South-East Asia are
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located. OH IAV is largest in the Tropics (Fig. S4-e,f) where mothefOH is produced. Top-down
inversions are more in agreement in the 2000s than in the 1990s with bottom-up moxplai@asde

in the main text.

ST5 - Year-to-year variations of emissions (Figure Sb)

Figure S5 represents the evolution of the anomalies of each emission category dast these
decades. The emission anomalies were calculated as the difference between desea=uisdined
(12-month running mean), and the long-term mean of the emissions. A consistent period fangstimat

the long-term mean is not suitable to all the data sources. As a result, therfongwan was
calculated as the mean emission over the stable period 1999-2006, except for wetland (1985-2006) and
for fossil fuel and agriculture/waste inventory estimates (1990-2006). For studieghgosteorter

time periods (mainly in the 2000s), the long-term mean was calculated over the p6@e2DR6. For

studies starting after the year 2000, the time period used for calculatingrifp¢derm mean was
reduced accordingly (e.g. TM5-4DVAR: 2003-2009). The ranges of the anomaliesrgthenmain

text are consistent with those presented in Figire

The IAV of CH, emissions and sinks defined by yeate-year fluctuations, superimposed on decadal
trends (see main text for the decadal trend analysis). Over the three dewddes, wetlands
dominate the yeae-year emission variability (Fig. S4). Bottom-up and top-down generally agree on
this result, although different models compute different IAV magnitudes $5ig.Bottom-up models

for wetland emissions, for instance, may difiertheir estimationof yearto-year changes, mainly
because of different: 1) spatial distribution of emissions &Wy.2) structure and parameter values of
wetland extent an@H, production, oxidation and transport processes, and 3) modelled sensitivity
enzyme kinetic and microbial procesgsestemperature and precipitation. For instance, the IAV of

wetland extent is not fully represented in all wetland-emission models.

Two large events are driving the observed yearear changes in the atmosphere during the 1990s

(Fig. S5): The Mount Pinatubo volcanic eruption in the Philippines (June 1991) and the Ibife El
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209 Southern Oscillation event of 1997-98. The Pinatubo volcanic eruption inducee adagpw in the

210 CH, growth rate. The initial increase in the growth rate in 1991 was ld@lged by the negative

211 impact of volcanicSO, and aerosols on OH production, which may have decreased Qy{3{5%he

212 subsequent cooling of the northdremisphere (NH) following the eruption reduced LCéinissions
213  from wetlands from 1991-93 by 13[3-21] Tg of ¢ldr top-down and 15[9-23] Tg of CHor bottom-
214  up models, with 67-75% of the emission perturbation located in the Tropics. Thigjenie

215 decreased the atmospheric growth rate in 1992-93. The economic collapse of #reUS8®R also

216 impacted the growth rate in 1991 and during the following Wﬁlﬁ with stagnant anthropogenic

217 emissions at global scale estimated by both top-down and bottom-up.

218 The large El Nifio Southern Oscillation event of 1997-98 also affecte@hhldAV. At that time,

219 widespread dry spells caused increased fire activity in the tropics &odeal regions of Eura§ff

220 and reductions in natural wetland emissions. Above-average biomass-burning eroisgjptes 21[8-

221 32] Tg of CH, for bottom-up and 10[5-25]g of CH, for top-down are estimated for 1997-1998
222 mostly (85-90%) in tropical regions (Fig. S1 and S2). The 1997-98 large positive anoliamnass-
223  burning emissionss on average two times more prominémtthe bottom-up approach tham top-

224  down inversions, possibly due to the lack of atmospheric measurements near the Indoneliaa peat
225  attributing the ClJ anomaly to other regions or sources, or due to dilution by fast vertigagm
226  Natural wetland emissions from bottom-up and top-down consistently show a northeéspheze:
227  driven reduction in 1997 of 9[4-12] and 6[1-19] Tg of Qspectively, followed by a tropical-driven

228 increase in 1998 of 16[9-23] and 17[12-20] Tg of,Cidspectively (Fig. S5 and S2).

229 ST6-1AV variations of sinks

230 As with the Pinatubo eruption, climate variability can impaetlAV of the chemical destruction of
231 CH, by OH radicals. Rkictuationsin OH concentration could explain a large part of the observed
232  variability of atmospheri€H,. Typically, al% changdn globalOH concentration impacts the global
233  CH, budget by up to g of CH,. The analysi®f top-down inversions and bottom-@GCM results

234 revealsa much better agreement for the IAV of ¢Cléss by OHin the 2000s compared to the 1990s
10
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(Fig. S4-e, f): a maximum of IAV is found in the tropics (Fig. S4), and tloba IAV of CH, loss by
OH is 0.9 and 0.4% for two of the top-down inversions, and 0.9, 0.5 and 0.4% for the three CCMs
providing a full IAV analysis. Indeed, the mean IAV of the [ Cthemical loss computed from
ACCMIP models is 0.4+0.2%. This value is to be considered as a lower limit béicagisdices only
account for internal variability of the models as emissions and sea surface terapeaduconstant
within each time-slice. GISS and LMDzORINCA provided transient runs so the atalduihter-
annual variability is somewhat more complete, although annual emissions are interpolatssh bet
varying emissions between decades. The TM5 model provided results with fulergptien of IAV.
For these three models, IAV is estimated at 0.5% and 0.4% and 0.9% respectively iageghent
above. These values are the largest o8& models used in this work. Without these two models,
the IAV decreases to 0.3+0.2%, suggesting that at least half of th@fithé CH, chemical loss is

due to IAV in trace gas and aerosol emissions.

This small IAV during the 2000s, with top-down inversion IAV still twice thattted CCMs, is
consistent with recent estimates @H concentration IAV since 1998 reported to be less than 5%
when using a box model and less than 3% when using a three dimensional top-down invérsion wi
estimate of 1.8J_rl.ﬁ The large 1AV of CH loss by OH before 1998 now analysed as an artefact

of the overly large sensitivity of OH concentration inferred from methidroform measurements to
uncertainties irits emissions’| An alternative scenario invokes the occurrence of several large El Nino
evenﬁl before 1998. Finally since 2007, as for thd,; sink, yearo-year changes in OH

WA

concentrations are found to be Hi < 1% per year), and possibly partially offset by the increase of

atmospheric C

In addition, even if ACCMIP models simulate 1AV, we cannot discuss specific elimagnts using
the ACCMIP CH chemical loss because the climate models used for the simulations are nottaudged
meteorological reanalyses. Meteorology depends on the climate that is being simuilaéedimate

portion of the models, which will show yeryear variations, but not necessarily in phase with

11
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260 observed climate events such as El Nifio. Finally, only two top-down inversioridgd OH fields to

261 calculate IAV, which explains why only two estimates are shown.

262 ST7-A simplemodel for CH4 emissions from termites (Figure S6)

263  Several up-scaling approaches have been carried out to quantify the global contributioites te

264 CH, emissions ™| However, although the number of available information is increasing, estimates

265  still show large uncertainties, related to: 1) the effect of soil and mountbemégnts on net CH
266 emissions, 2) the quantification of termite biomass for each ecosystem type,thadn®)act of land

267 use change on termite biomass.

268 We have computed CHemission from termites at global scale as the product of termite Womas
269 (derived by gross primary production, as proxy of net primary productiomofoical ecosystems), a
270 termite emission factor (fix), and a crop reduction effect (fix). Usiagnput global GPP products
271 (GPRAEDD and crop distribution mﬁ (new version of Ramankutty and Foley, 1999;
272  http://www.geog.mcgill.ca/~nramankutty/Datasets/Datasets.html) from 19806, the equation in
273 Fig. S6 was applied in a GIS environment to obtain yeaHy emission estimates. First, the GPP of
274  the “Other-ThanCrop” (OTC) land covers was extracted from GPf-r and termite biomass (g )

275 was calculated. Termite biomass in the crop area was estimated to be& #@86oaginal pristine

276 ecosystem, whereas no consistent effect from conversion into pastries and secondary forests was found

277 [*** Total biomass (Tg of CHper yeay per pixel was then aggregated on the basis of natural

278 vegetation classificati for land regions between 35°S and 35°N. To calculate &Hissions
279 outside + 35°, i.e. temperate forests, temperate grasslands, and Mediterranean shibbldotid,
280 suitable land surface (18m?) was multiplied with a termite biomass value of 3.0°qgfor temperate
281 ecosyste and 4.0 g if for Mediterranean areas (average value derived from GPP of Australian

282 mallee areas and data reported for a similar Australian ec tem

283 Based on a literature analf§5 ] we used a CHemission factor of 2.8 + 1.0 mg GKg" termite)

284  for tropical and Mediterranean ecosystems. For temperate forests and grasslandsheevalse of

12
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1.7 mg CH g* termitf? No significant conversion of natural ecosystems into crops was assumed in

these areas during the period 1980-2009.

Yearly CH, emissions (g nfy™) were finally computed and averaged over three periods 1982-1989,
1990-1999 and 2000-2007 representative of th&)s191990s’ and 2000s’, respectively. We find

8.7+3.1 Tg of CH per year for the 1980s, 8.7+3.1 Tg of her year for the 1990s, and 8.8+3.2 Tg of

CH, per year for the 2000s. The uncertainty of the total estimate was calculdtg@gdplying error
propagation of products to calculations, which included main variables (termite bioBtss,
emission factor, and land use effeend 2) by means of error propagation of the sum when global
estimates of Cliwere computed. These estimates are in the lower bound of current estimates and
show only little inter-annual variability. Regionally, tropical South America Afita are the main
sources (36 and 30% of the global total emission, respectively) due to the extent of their natural forests

and savanna ecosystems.

ST8 - The “plant” source

After the 4" IPCC Assessment Report one study concluded that plants wer aiphit CH, under
aerobic conditions contributirgmoderateto-large global source of 62-23&) of CH, per year to the
globalCH, budgﬂ This finding was consistent with the first maps of column, @ittieved from the
SCIAMACHY space-borne instrument that reveatetirge exces®f CH, above tropical foreﬁ
although not in agreement on the magnitude of potential plant emissions. Howevenrthlation
appearedo be fortuitous. Indeed, later improvements to the spectrgdedpo large reductionsf the

satellite-observed atmospher@H, excess in the trop Although plants may emi€CH, under

aerobic conditions, additional measurements on plant em|35idasd atmospheric analySgsave

not suppordthat plants, under aerobic conditions, are a significant player in the glblpaludget.

13
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|.2 Supporting figures

mg.m?®.d’ Wetland emission flux 1990-2006

" I
40

Figure SO: (Left) Distribution of methane emissions from naturalbwdd (top) and fires (bottom) at
1x1° resolution in mgCknf/day. Note the different color scales. Emissions lower than 1
mgCHy/m?/day (0.1 for fires) are not shown. Each miamn average over the maximum common
periodof time of the different models aggregated in this study. On the right, purple areas inglidate
cells where the mean emissida® larger than the standard deviation between the B-U studies

aggregated to build the map.
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ORCHIDEE-TOP

- LPJ-wsl -

Zonal mean emission (Tg/yr)

90

EDGARv4.1-biofuel + GFED2
| EDGARv4.21-biofuel + GFED3
| EDGARv4.1-biofuel + RETRO
EDGARv4.1-biofuel + GICC

Zonal mean emission (Tg/yr)

©
o

Latitudes

Figure S1: Zonal mean fluxes of ¢kHom natural wetlands (top), biomass burning (including biofuel,
middle), and OH loss (bottom). The zonal mean has been computed over the period 19@0-2006
wetland emissions and 1980-2005 for biomass burning emissions. The coloured lines correspond to B
U models or inventories as specified in the legend (the same as those osegtite the gridded

maps in Fig. S0). Coloured ranges indicate the minimum and maximum of thenmeaa fluxes
derived from T-D inversions. Zonal mean of methane loss through Qidtmda is computed by the
ACCMIP models and the T-D inversions (PYVAR and LMDZ-MIOP), tempoaaérage being

calculated over the 2000s. Note that vertical scales are different for taetbre
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Figure S2: Deseasonalized g£emissions from natural wetland emissions (top, in green) and fires (bottosa))ifor two latitudinal bands (Left: Tropics

<30°N, Right: Northern latitudes, 50-90°N). Lines represent B-U modelswaedtories. Colored ranges are for T-D inversions. Wetland emissions are from

ORCHIDEﬂ LPJ-WHyMﬁ and LPJ-WEE'I and inversio biomass-burning emissions are from RE@(GBFED\/Z@ GFEDVEI GIC(ﬁl and

FINNEI and inversions (same as for wetlands). Note that y-axis scales are diffemeetldod and biomass-burning emissions.
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333 Figure S3: Same as figure S2 but for the anomaly (de-seasonitigederies minus their long-term mean) of Gissions from natural wetlands (in
334  TgCH..yr?) for two latitudinal bands (Left: Tropics <30°N, Right: Northerntlates, 50-90°N). Lines represent B-U models and inventories. Colored ranges
335 are for T-D inversions.
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Figure S4: Inter-annual variability (IAV) of T-D and B-U emissions andssasla functionof latitude.
IAV is calculated as the de-trended standard deviation of the zonal emissions arat &tk
resolution. Rangef all T-D inversiongs shown as light coloured shaded area (except for chemical
loss). Rangef all B-U approachess shown as dark-coloured shaded area (wetland models, fire
models and inventories). From tapbottom: natural wetlands (green), fires (red), fossil fuels
(brown), agriculture/waste (blue), and chemical loss (turquoise) for the 1990s an6Q@berY
chemical loss, T-D inversions are shaaglines. Note that y-axis scales are extended for wetland and
biomass-burning emission IAV.
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Figure S5: Inter-annual variability (IAV) of T-D and B-U esi@ns over the last three decades.
Anomalies are calculated as the difference between deseasonalizedrem{@&-month running
mean), and a long-term mean of the same emission. Long-term mean is calaslater mean
emission over the stable period 1999-2006, except for wetland (both T-D and B-U, 1985-2006) and for
fossil fuel and agriculture/waste inventories (1990-2006). For studies coverirtgrsperiods the

long term mean is based on a subset of the 1999-2006 period (except for TM58DRGE3-2009).

The decadal IIASA andEPAinventory values are represented as black diamonds and coloured
triangles, respectivelylhe shaded grey areas highlight the three time periods discogbedtéxt
(post-Pinatubo period, 1997-98 EI-Nino, and the recent years).
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357 Figure S6: Termite biomass vs. mean annual GPP derived from diffevertes’||"for tropical
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364

365

|.3 Supporting tables

Table S1: T-D Model main characteristics
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Data sets
(indicate
network/instrum
ent)
Satellite IMAPV5.5 / SCIAMACHY / / /
retrievals IMAPV5.5
(Frankenberg et
al., 2011J
Ground based NOAA / ESRL | MCF=AGAGE NOAA-ESRL and| 48 ESRL sites NOAA-ESRL MCF=NOAA, NOAA/CMDL NOAA (30 | NOAA (54 flask
(only marine and| CH4=CSIRO, Environment AGAGE, (19 sites), CSIRQ stations for CH4) | sites)
continental NOAA, LSCE Canada sites (8 CH4=CSIRO, EC,| (2 sites), 2 AGAGE (5 high
background sites) sites) NOAA, additional  sites| 13CH4 frequency sites)
RAMCES, (Cape Point,| observations (6
NIWA, AGAGE | South Africa; | stations from UCI,
(continuous), Tsukuba, Japan) | and 1 from
SAWS, INMA, NIWA)
ENEA, JMA,
UBAG
Satellite + | bias correction of| / SCIAMACHY / / /
inversions are

Ground based

satellite data (2ng
order polynomial
as function of
latitude and
month)
(Bergamaschi e
al., JGR, 2009)

always carried ouf
in combination
with surface data
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Prior scenarios

Emissions

anthropogenic
emissions (excep
biomass burning);

EDGARV4.1,
biomass burning]
GFEDv3.1,
wetlands:
inventory  from
Jed Kaplan
(Bergamaschi e
al., JGR, 2007),
further minor
natural sources a
described in
(Bergamaschi e
al., 2009)

MCF=Montzka et
al., 2000 +
Bousquet et al.|
20086, CH4=
EDGAR 3.2,
GFED-v2 (van der|
Werf et al., 2006),
Matthews et Fung
(1987)

EDGARV3.2,
GFED3,
Bergamaschi et al
2007 wetlands

ruminant animals,
coal mining, oll
production,

landfills: EDGAR
3.2 FT (Olivier et
al., 2005);
biomass burning
GFEDv2 (van der|
Werf et al., 2006);
oceans:

Houweling et al.,
1999; wetlands
and rice: Bloom et|
al., 2010; termites
hydrates: Fung e
al., 1991

EDGARv4.1
(Anthropogenic),
GFED3
LPJ-WhyMe
(Wetlands)
minor processes

(BMB),

+

MCF=Montzka et
al., 2000 +

Bousquet et al.
2006, CH4=
EDGAR 3,

GFED-v2 (van der|
Werf et al., 2006),
Fung et al. (1991)
constant over the
oceans

Wetlands:

Matthews and
Fung, 1987; rice:
Matthews et al.,
1991; animals:
based on Crutze
et al, 1986 and
Lerner et al.,
1988; natural gas
U.S. Department
of Energy, 1986,
U.N. Department|
of International

Economic and
Social Affairs,
1986; coal:

Espenshade, 197§
Central
Intelligence
Agency, 1978 and
1986, Seydliyz
Weltatlas 1984,
U.N. Department]
of  International
Economic and
Social Affairs,
1986; biomasg
burning:
Houghton et al.,
1987, termites:
based on
Matthews, 1983,
Zimmermann et
al., 1982 and
1983, Fraser et al|
1986; hydrates]
based on

Kvenvolden, 1988

Based on Fung €|
al., 991

Adapted from
Fung et al., 1991

For wetland and
rice

EDGAR3.0
anthropognic

for

Hao and Liu
[1994] for
biomass burning

Supplementary Information

© 2013 Macmillan Publishers Limited. All rights reserved.

22



Sinks troposphere: Prior OH Field | troposphere: OH: 3D monthly | Climatological Prior OH fields by| OH: Spivakovsky| OH OH
TM5-OH from MOZART | TM5-OH fields from a fult | OH based on| INCA et al, 1990a,b; Computed with| output of a T62
(Bergamaschi el model (Bergamaschi el chemistry Ox | Montzka, Science soils: based on the chemistry-| run of the
al., 2009),| (Hauglustaine al., 2007),| NOx-VOC run of | 2011 Born et al.,, 1990 transport model of MATCH model
stratosphere: OH| 2004) stratosphere: OH| the GEOSChem and Matthews,| the paper
O(1Db) and CI O(1D) and Cl| model (Fiore et 1983
from 2D MPI from 2D MPI| al, 2003); soil
model (Brihl and model (Briihl and| sink: Fung et al.
Crutzen, 1993), Crutzen, 1993), 1991:
soil sink: soil sink: | stratospheric loss
(Ridgwell et al., (Ridgwell et al.,| adapted from a-2
1999) 1999) D  stratospheric
model (Wang et
al., 2004)
M eteor ological ECMWF Era-| LMDZ on-line | ECMWEF Forecast| GEOS5 ECMWF ERA-| LMDz on-line | Hansen et al.] ECMWF NCEP reanalysis
forcing Interim nudged on ERA40 interim nudged on ERA40, 1983 analysis
Model
characteristics
Resolution 6x4 degrees; 25 3.75degreesx2.5d| 6x4 degrees,25 | 5x4x47 6x4x25  (degree 3.75degreesx2.5d{ 4x5 (degree lat| 7.5x7.5 1.8x1.8 lat, degreg
(lonxlatxlev) vertical layers greesx19 sigmaj 34 levels lon, degree lat, # greesx19 sigmaj degree lon), 9 (degree lat, degreq lon), 28 vertical
pressure levels layers) pressure levels vertical layers lon), 14 vertical| layers
layers
PBL scheme Holtslag and| Local closure Holtslag and| VDIFF (Lin & | Holtslag & Moeng| Local closure Local closure
Moeng, 1991] Moeng, 1991 McElroy, 2010) (J. Atmos. Sci., based on Louis
1991) 1979
Convection Tiedke, 1989 Tiedtke et al.,| Tiedke, 1989 Relaxed Arakawa-{ Tiedtke (Mon. | Tiedtke et al.,| Arakawa schemq Tiedtke et al,
scheme 1989 Schubert schem¢ Wea. Rev., 1989) | 1989 B 1989
(Moorthi and
Suarez, 1992)
Inversion
Time resolution| monthly one month Weekly 8 day monthly one week monthly Monthly

(flux domain)

aggregated tg

monthly
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366

Spatial resolution | grid cell (6x4| 10 land regions # 120 land regions Based on| 6x4 degree grid cell Global per procesy Large regions ang
degrees) 1 ocean region based on sourc{ Transcom (3.75 °x2.5°) processes
process and (Gurney et al.,
Transcom region| 2002): 99 land
1 ocean regions + 11
ocean regions + ]
ice region
Correlation length| 500 km / / 1000 km 500 km on land, /
(flux domain) 1000 km on ocean
Minimizer mlgn3 Analytical Ensemble Kalmar ensemble Kalmar Variational mlqgn3 / / Kalman filter
solution smoother filter approach
Time window 2003-2010 1983-2010 2000-2011 2000-2010 2003-2010 1990-2008 1980-1989 1983-1989 1996-2001
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367 Table S2: Estimated CHluxes corresponding to the regional bar plots in Fig. 3. Values are given in

368 Tgyr' (mean [min-max]) for the 2000s.

Wetlands  Biomass- Fossil Fuels Agriculture/ Other  Sail Sink OH

burning Waste Sources Chemica
| Sink
Region
Africa T-D 36[2048] 9[7-14] 7[3-13] 18[16-22] 9[7-15] 8[5-12] 43[NA]
B-U 24[2227] 8[6-12] 9[7-11] 21[13-29] NA NA NA
Australia  T-D  4[0-11] 0[0-1] 1[0-2] 3[2-5] 1[1-2]  2[1-3] 12[NA]
B-U 3[2-3] 1[0-2] 1[1-2] 5[4-6] NA NA NA
China T-D  6[2-12] 1[0-3] 15 [9-21] 29[2136]  1[1-2] 2[1-2]  8[NA]
B-U  7[5-10] 4[4-5]  12[10-13]  28[25-31] NA NA NA
Eurasia, T-D  14[9-23] 1[1-2] 7[3-11] 2[1-3] 1[0-1]  3[1-5]  4[NA]
poreal B-U  9[4-13] 1[1-2] 11[6-17] 4[2-6] NA NA NA

Eurasia, T-D  4[0-13] 0[0-1] 14[9-17]  13[12-15]  2[1-3]  2[2-3] 14[NA]
temperate
B-U  2[2-2] 1[0-1]  15[13-18]  15[15-16] NA NA NA

Europe  T-D  10[4-19 0[0-1]  18[7-23]  20[1326] 1[1-2] 2[2-3] 8[NA]

B-U 10[5-17] 2[0-2] 17 [9-26] 25 [22-28] NA NA NA
India T-D 2[0-4] 1[0-3] 2[2-4] 27[1943]  1[1-1] 1[0-1]  5[NA]

B-U 9[5-16] 2[2-2] 2[2-3] 22 [20-24] NA NA NA
North T-D 9[6-17] 0[0-1] 0[0-1] 0[0-1] 1[0-2] 2[1-2] 3[NA]
America,
boreal B-U 16 [9-28] 0[0-1] 1[0-2] 1[0-2] NA NA NA
North T-D 8[6-11] 0[0-1] 18[8-27] 24 [21-31] 2[1-3] 3[2-4] 13 [NA]
America,
temperate B-U 17 [10-29] 1[0-1] 14 [13-15] 21 [21-21] NA NA NA
South T-D  19[10-32] 2[0-3] 1[0-2] 19 [16-23] 2[2-3] 3[1-4] 15 [NA]
America,
temperate B-U  23[17-31] 1[1-2] 1[1-2] 11[6-17] NA NA NA
South T-D 28[17-48] 5[3-9] 2[1-3] 7 [6-9] 4[3-7] 2 [0-4] 16 [NA]
America,
tropical B-U 58[39-92] 4[2-4] 3[3-3] 15[7-23] NA NA NA
South East T-D 19[7-32] 4[3-6] 4[2-6] 18[10-32] 2[1-4] 1[0-2] 10 [NA]
Asia

B-U 26[14-37] 5[2-7] 4[3-5] 21[19-24] NA NA NA

369
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Table S3: Estimated region@H; fluxes for each model corresponding to bar plots in Fig. 3. Values are given if fog tyre 2000s.

370

371

TT0C ‘Vd3

(6002 ‘TYHdVOA3) TYAHVYOAT

(¥ooz
“le B JBM Bp ueA) zad349

(TT02
“le ® »Aswuipaim) TANN 14

(0TOZ “[2 ®B|IIMBIN) DD 1D

(2002 ““Te ® Z1INYoS) OY L3

(otoz
“le B JBM Bp uep) eAd3HO

(tToz
“e 1 [erebuly) 33AIHOHO

(tToz
“[e ® 1uyeds) s NAUM-Cd

(TTOZ “[e 1 UOSPOH) SM-[d]
(TT0Z “"Ie 1 BNbsnog ‘6002
“le B uosid) SOVS-1ZAN T

(tToz
“le B Jkseld) weyd-s03I9

(6002 “"Te
B Iyoseweb jog) YVAAr-SIN L

(Tt “le 1@
BlIMynig) "HO-Boe 1 L Uoq fed

(cToz
“Ie B BuipMnoH) YV AQr-GIN L

(trToz
“Ie 1 Bnbsnog) dOIIN-ZAW

North America, boreal

0.9 0.6 0.2

0.4

1.6

0.3

Other

North America, temperate

1.4 1.2

1.3

3.2 0.8

1.1

Other
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South America, tropical

Other 3.2 6.8 4.9 4.9 2.9 2.6

South America, temper ate

Other 0.8 2.0 0.9 0.8 1.2 0.6

Africa
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Other 6.9 15.2 9.0 12.0 6.5 6.7

Eurasia, temperate

Other 1.2 3.3 1.2 15 1.6 1.2

Eurasia, boreal

Other 0.7 1.4 0.6 0.8 0.7 0.5

China

Other 1.2 15 0.9 0.6 1.2 1.3
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India

Other 0.8 1.3 0.8 0.7 0.7 0.8

Australia

Other 1.3 15 1.3 1.4 1.7 1.4

South East Asia

Other 1.3 3.8 1.8 1.8 15 12
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387

388

389

390

391

392

393

394

395

II Observations and model descriptions

[1.1 Description of atmospheric CH,4 datasets

NOAA/ESRL (Dlugokencky et al., 2011)

NOAA air samples are collected in pairs, approximately weekly, in 2.5 L borosititzge flasks with

Teflon Oxing sealed stopcocks from sites in NOAA’s global cooperative air sampling networlﬁ

Flasks are flushed and pressurized to ~1.2 atm with a portable sampler. Methane isdriBagas
chromatography with flame ionization detection against the NOAA 20Qds@iddard scale (it is also

the WMO Global Atmosphere Watch Ghhole fraction scaﬁand reported in dry air mole fractions
(nmol mol*, abbreviated ppb). Repeatability of the measurements averages 1.5 ppb (1 s.d.). For this
study, measurements from 46 globally-distributed remote boundary layer sitestt@draith curves

to smooth variability with periods less than ~40 d3ySynchronized points were extracted from these
curves at approximately weekly intervals and smoothed as a function of latitdééirne an evenly

spaced matrix of surface GHmole fractions as a function of time and latitude (data path:

ftp://ftp.cmdl.noaa.gov/ccg/ch4/flagk/This matrix was used to calculate gloG&l, averages.

AGAGE (Rigby et al., 2008)

Global-average GAGE/AGAGE CHnole fractions

GAGE CH, measurements began between 1985 and 1987 at Adrigole, Ireland, Cape Grim, Tasmania,
Cape Mears, Oregon and Cape Matatula, Cﬁmﬁbese observations have been ongoing throughout
the GAGE and subsequent AGAGE project, but with a relocation of the Adrigelend) and Cape
Matatula (California) sites to Mace Head (Ireland) and Trinidad Head ¢€ua#j respectively, and

the addition of ChH measurements to the ALE/GAGE/AGAGE site at Ragged Point (Barbados) in
1996. These locations were chosen to dantg remote atmosphere in four “semi-hemispheres”.
Measurements are made using automated gas chromatograph/flame ionization detectory @&C/FI

approximately hourly frequency. “Background” concentrations were extracted from the high-
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ftp://ftp.cmdl.noaa.gov/ccg/ch4/flask/

396

397

398

399

400

401

402
403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

frequency measurement time series at each site using a statisti fiiterder to account for data

gaps, global average Ghhole fractions were calculated using a 2D model of the atmogpHef&

into which AGAGE observations had been assimilated, €Hissions were estimated in the model in

each semi-hemisphere during each month between 1986 and 2011, using AGAGE obgervdtmns

global averages were then calculated based on the optimized semi-hemispheric model mole fractions.

CSIRO (Francey et al., 1999)
Sampling:

The CSIRO data used in this manuscript have been obtained from flask air samplesd ragur
GASLAB for analysis. The flasks are of 6 types, 4 of which are the pyopE€SIRO (items at
below) and 2 of which are the property of Environment Canada for air sampling arthdiah sites,
Alert and Estevan Point (items e and f): (a) glass 0.5 litre, sealed with tveockegditted with PTFE,
PFA or Viton Orings (flask identifier prefix “G050”), (b) glass 5.0 litre, sealed with two stopcocks
fitted with PTFE Orings (“G5007), (c) glass 0.8 litre, sealed with two stopcocks fitted with PTFE or
PFA Oxings (“G0807), (d) electropolished stainless steel 1.6 litre “Sirocans” fitted with two stainless

steel valves manufactured by either Nupro or Hoke (“S160”), (e) glass 2.0 litre sealed with a single
stopcock fitted with a Viton @ing (“F”, “FF”, “FA”, “FE”, “EP”, “ALT”) or (f) glass 2.0 litre sealed

with two stopcocks fitted with Viton @Gings (“M17, “S”, “P2”, “TEMP”). Experiments carried out to

test for any change in sample £Mixing ratio during storage have shown no drift to within detection
limits over test periods of several months to fiyypical sample storage times range from days to
weeks for some sites (e.g. Cape Grim, Aircraft) to as much as 1 year foudviactsland and the

Antarctic sites.

The CSIRO sampling sites used in this study &oath Pole, Antarctica (89° 59’S, 24° 48°W, 2810
metres altitude) Mawson, Australian Antarctic Territorgo7° 37°S, 62° 52°E, 32 m); Macquarie

Island, Australia (54° 29°S, 158° 58’E, 12 m); Cape Grim,Australia (40° 41°S, 144° 41°E, 94 m);

Supplementary Information

© 2013 Macmillan Publishers Limited. All rights reserved.

31



421  Cape Ferguson, Australia (19° 17°S, 147° 03’E, 2 m); Mauna Loa, Hawaii, USA (19° 32’N, 155°
422  35°W, 3397 m); Estevan Point, Canada (49° 23’N, 126° 32°W, 39 m); Shetland, Scotland (60° 10°N,

423  01°10°W, 30 m); and Alert, Gnada (82° 27°N, 62° 31’W, 6 m).
424  Analysis:

425 Samples were analysed by gas chromatography with flame ionisation detection (FIBg Thr
426 individual but similarly configured Carle gas chromatographs were used ouengtle of the record.

427  Further details are pvided elsewhere of CSIRO’s global sampling network, sampling and analytical

428 techniquﬁand measurement uncertﬂy

429 Calibration:

430 Data are reported in the NOAACIAH4scaIE| The link to this scale was established with 8 high
431  pressure cylinders containing dry, natural air with g, @idle fraction range of 690 - 1870 ppb. These
432 standards were calibrated by NOAA on one or more occasions between 1987 and 2004, @tabili
433 the CSIRO scale is monitored with ~25 assorted long-lived standards. Instrument resgobserh
434  further evaluated with a suite of six Nippon Sanso,@Hair standards (volumetrically prepared,
435 calibrated against a gravimetric scale at Tohoku University) spanning the3Ehd&45 ppb. Details

436  of calibration and measurement uncertainty are given tmref(
437 Data Processing:

438 Flask data are assigned flags to indicate whether they are classified as @tagjedted. Cause of
439 rejection falls into three broad categories: (i) the sample is consittetexinot representative of the
440 atmosphere at the time and place of sampling due to identified or inferred sampéinglyrcal
441  problems (eg. sample contamination, poor analysis), (ii) the sample is considered to be “non-baseline”
442  as indicated by the meteorological conditions at the time of sampling arghyiitemaining outliers
443 are flagged on the basis of a 3 sigma filter. Only data marked as retainetielesveised in this

444  manuscript.
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445
446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

UCI (Simpson et al., 2012)
The University of California, Irvine (UCI) has monitored global &hixing ratios since 197‘“3‘ yﬂ

Each season (March, June, September, December) more than 80 whole air samples are collected over a
3-week period in a latitudinal transect of the Pacific Basin froAN7Barrow, AK) to 4?S (Slope
Point, New Zealand), with occasional sampling at more northerly and southidgdat Individual

air samples are collected at sites that our experience has shown to give remoteatmmsentsually
along the coast when the wind is arriving from the ocean. A map of the samplingrsdat the UCI
network is given in regf(). Each air sample is collected into a conditioned, evacuated 2 L stainless
steel canister equipped with a bellows valve, over a period of about one minutEr $hmples are
returned to our UCI laboratory and analyzed for,Qiding gas chromatography (HP-5890A) with
flame ionization detection. Other light hydrocarbons and halocarbons are measured samehar
samples using multi-column gas chromatography. Primary ¢ahbration standards dating back to
late 1977 ensure that our measurements are internally consistent. Theix@ig ratios are reported

for dry air and are relative to a primary standard purchased from the Mathas®@ompany in 1977,

and to a National Bureau of Standards standard that was purchased in 1982 andrstainty of

+1% (comparison witha NIST standard), which is our measurement accuracy. Systematic offsets
between networks are regularly quantified and can be corrected when using severalomernat
networks in a modelling work. Our analytical precision, which is determined teynating

measurements of secondary standards with aliquots from an individual air saroptesngly about 1

ppbv.

Each data point is individually inspected, and those that do not represent ratoete are removed
from the data set (typically 2—5 samples per season). The remaining samples are used to calculate a
global trace gas mixing ratio for each season of measurements as follows. he éartled into 16
latitudinal bands, each with an equal volume of air. The mixing ratios measured in téadmdé
band are averaged, and the gloB&l, mixing ratio for each season is the mean of the 16 band

averages. Its uncertainty is the sum of standard errors for each band, agdadrature, divided by
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471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

16. Because we do not routinely collect air samples in the southernmost tworatituhds, their

CH, concentrations are inferred from concentrations measured in neighbouring bands in the southern

hemisphere, where GHs well-mixed. The annual glob&H, mixing ratio is the average of 4
consecutive seasonal means, and its uncertainty is the sum of the standardf @hrerseasonal
means, added in quadrature, divided by 4. The annual global growth rate is the difference h&tween t
consecutive annual global Glhixing ratios. Its uncertainty is the sum of the standard errors of the

two annual means from which it was calculated, added in quadrature.

I1.2 Description of top-down inversions (T-D)

Model main characteristics are summarized in table S1.

TM5-4DVAR (Bergamaschi et al., 2009)

Model simulations are based on the TM5-4DVAR inverse modelling system describedilirbyleta

[93]

Meirink™| including subsequent further developments described by Bergamaschi et al. (2009;

201051 TM5 is an offline transport moI, driven by the meteorological fields from the ERA-

INTERIM reanalysis. We employ the standard TM5 version (TM5 cycle 1), with 25 verticas,layer
and apply a horizontal resolution ofx@°. The 4-dimensional variational (4DVAR) optimization
technique minimizes iteratively a cost function taking into account anioai pstimate of the
emissions, based on the emission inventories hgdgkergamaschi et al. (ZOﬁ) Column-averaged
CH, mixing ratios from the Scanning Imaging Absorption Spectrometer for Atmaspbartography
(SCIAMACHY) instrument®|onboard ENVISAT are assimilated together with surface observations
from the NOAA Earth System Research Laboratory (ESRL) global cooperative air hich
serve as 'anchor-points' to correct for bidsethe satellite retrievily. The CH inversions used in
this paper are from the Glee-analysis over the period 2003-2010 in the framework of the Monitoring

Atmospheric Composition and Climate (MACC) project http://www.gmes-atmosphere.eu/.
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494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

LMDZ-MIOP (Bousquet et al., 2011)

The LMDZ-MIOP inversion model is an analytical inversion that has been usatktdhie sources

and sinks of carbon diox[tf methyl-chloroforrmCH3CCI3, and recently di-hydrce;ﬁle. Briefly,

it solves for monthly surface GHmissions for the different categories of sources and sinks and for 11
large regions (10 land regions + 1 ocean), as described in the TRANSCOM exﬁirﬁeu‘aes
monthly mean observations at up to 68 surface stations from the NOAA/ESRL, CS8IRO

IPSL/LSCE surface monitoring networks. The offline version LMDZt version tBel.MDZ-GCM,

10

nudged to analysed wi is used to model atmospheric tran$pqr

Prior emissions are taken

—

éU4-J.Ut

from inventorig The OH 3-dimensional fields are pre-optimized by an inversion ofCCH

(MCF) observations as described by Bousquet et al. ﬁﬂ)ﬁc}nthly uncertainties are prescribed for
prior CH, emissions of £150% for each region each month, and fqraBkkrvations (from £5 ppb to
+50ppb, with a median of £10 ppb), with no error correlations. A simple filter is also added in the time
domain: changes of the inferred fluxes from one month to the next are limit28Q&oxsources with

a seasonal cycle in the prior data) or to +50% (sources with no seasonahdipeliior data) of the

prior monthto-month differences, according to previous st This noise filter avoids the
creation of unrealistic large montb-month flux differences. A more complete description of the
method can be found in Bousquet et al. (300%Ye define a reference inversion scenario based on
these assumptions, complemented by four additional scenarios varying the number of aitnospher
stations (only NOAA/ESRL stations), the OH IAV (OH is maintained constahe wetland

scenar|5j| and the noise filter (no noise filter used).

CarbonTracker-CHy (Bruhwiler et al., 2012)

The global CH, assimilation, CarbonTracké&H,, estimates anthropogenic and natural emissions
from 2000 through to the end of 2010. Anthropogenic prior emissions are from the REDGA
3.2FT2000 dataset and were kept constant over the period of the simulation in aelemtbether
trends in emissions would be captured by the assimilation. Prior wetland emissientaken from

Bergamaschi et al. (20@ and were based on the work by Mathews and Fung ﬁ&ﬂ)ﬂtural
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prior CH, sources also included emissions from wildfires using the GFED ﬁuﬁt well as the

global soil upta Smaller prior emissions from the oceans, termites and wild animals were also
included. A diagonal prior covariance matrix was assumed with the uncertainty of individual processes
taken to be 75% of the magnitude of each source. To produce flux estimates, Carbordlgcless

the ensemble Kalman smoother described by Peters et al@@ﬁ@i the TM5 transport model with
driving meteorology from ECMWF. The estimated parameters are multiplietheoprior flux
estimates at weekly intervals, aggregated to monthly values. Air sampies88 sites distributed
globally are used to constrain the flux estimates. Most of the sites weredagiathe surface;
however, at a few sites samples were collected from towers. Aircraft obsesvatre not used, but
instead retained for evaluation. The model-data mismatch errors are diffiquiantify for each site;
however, sites located in the marine boundary layer and deep Southern Hemisphere were given mor
weight in the assimilation than continental sites that are more difficattobel due to proximity to

local sources. More details on CarbonTradketrare given byBruhwiler et al. (201ﬂ

GEOS-Chem (Fraser et al., 2013)

GEOS-Chem is a global 3-D chemical transport model (v8-01-01) driven yf #de analyzed

meteorological fields from the NASA Global Modeling and Assimilation Offisecomprehensive

description and evaluation of the ¢simulation is given by nﬁ‘ﬂ“*’. Here, the model was run at 4x5

resolution with 47 vertical levels. We use prior year-specific emission im&ntor anthropogenic
activity (EDGAR 3.2 Fm, biomass-burning (GFE@, and wetlands and and
climatological seasonal emissions for the d all other natural emissions and the soil sink
(Fung et al, 1991). We use monthly-mean 3-D fields for the tropospheric Olgesiekated from the
Ox-NOx-VOC chemistry version of GEOS-CIﬁ Stratospheric loss rates are adapted from a 2D
stratospheric mo We use an ensemble Kalman ﬁno estimate surface GHluxes by fitting
surface measurements (2000-2010) at 4 @sth measurement errors described by Wang et al.
(200 We estimate fluxes on an 8-day time step, using a 3.5 month lag window, over 116 region

defined by subdividing each of the 23 continental TransCom regions into 9 @im regions
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with significant contribution from both seasonal and constant sources (templerdte America,
North Africa, temperate Eurasia, Europe) we estimate seasonal and constargnenssparately,
assigning a prior uncertainty of 50% for land-regions with seasonal emisgidr&b% for constant
emissions. For all other regions we estimate all emissions together, vpittorauncertainty of

50%. We report monthly mean fluxes on the original 23 TransCom regions.

TM5-4DVAR (Beck et al., 2012)

The TM5-4DVAR inversions make use of the global atmospheric transport modTIMé off-line
TM5 model is driven by meteorological fields from the ERA-interim reanafysis ECMWF at a
resolution 6x4 degree (lat x long) and 25 hybrid sigma pressure levels. The omimégorithm is
based on the variational approach, and uses the conjugate gradients technique fiomctioat
minimizatioft”| The inversion solves for net monthly ¢Huxes at the resolution of the transport
model for the period 2003-2010. A priori emissions are taken from the EDGARA4.1 ennssiotory
(http://edgar.jrc.ec.europa.eu) for anthropogenic fluxes, LPJ—\Aﬁ/M}E natural wetlands, and
GFEDfor biomass-burning, complemented by minor soﬂ:é’ﬂe photochemical removal of GH

is calculated using an MCF calibrated OH climat d accounts for oxidation by CI and®0
radicals in the stratospﬁ TM5-4DVAR optimizes CH surface fluxes to minimize the misfit with
measurements of the GHry air mole fraction from 46 sites of the NOAA-ESRL cooperative flask
sampling netwoﬂand retrievals of vertical column averaged,Gtdm the SCIAMACHY satellite
instrument’|for the period 2003-2010. Posterior flux estimates per source category are derived from
the optimized grid box totals using the a priori assumed partitioning between the gsquessgrid

box.

LMDZt-SACS (Pison et al., 2009; Bousquet et al., 2011)

We use the variational schﬁincluding the off-line version of the LMDZt (Laboratoire de
Météorologie Dynamique Zoom) transport model version 4 coupled with the atmospheric chemistry

module SACS (Simplified Atmospheric Chemistry Syﬁ’ILMDZ’S grid is 3.75 degrees x 2.5
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degrees (longitude-latitude) on 19 sigma-pressure levels. The air mass fluxescamagueed by the
on-line LMDz version nudged to ECMWF analysis for horizontal winds. SACS represents a simplified
CH, oxidation chain that links CHand CO through reactions with hydroxyl radicals (OH) and
formaldehyde (HCHﬁI the reaction between OH and methyl-chloroform (MCF@El) is also
represented as a constraint on OH concentrations. Methane prior inventories areeddnaipn the
Emission Database for Global Atmospheric Research (EDGAR~3) inventory fgedhd 9 for
anthropogenic emissions, the Global Fire and Emission database (Gﬁ]eﬂhonthly biomass-
burning emissions, the study by Fung et al. ( lc)r emissions due to wetlands and termites, and a
constant source (total 15 Tg/year) for oceans. MCF emissions are based on the infévitorizka

et al. (zooﬁ rescaled according to an update of the study by Bousquet et almm'@@) prior

variances in each grid cell are set&00% of the monthly maximum flux over the eight neighbouring

grid cells and the current grid . The error correlations of the GHluxes are optimied using
correlation lengths of 500 km on land and 1000 km on oceans, without time corfeigtioady

mean CH and MCF observations at continuous measurement stations and individual flask
observations at flask stations are assimilated at 66 surface stations from the NOBAZISHRO and
IPSL/LSCE surface monitoring networks. The inversion is run from January 1990¢h R09. The
relevant cost function and the norm of its gradient (computed by the adjoint) areézathinith the
algorithm M1QN The inversion results consist of eight-day maps (7081 cells) of ngt CH
emission fluxes and four correction coefficients for OH columns (one perdiati band 90S-30S;
30S-0, 0-30N, 30N-90N). To compare our results with the other inventories, thadbfluxes are
broken into categories. The global monthly analysiprior ratio is computed and then applied to

each source category used in the prior in each grid cell over the month.

MATCH model (Chen & Prinn, 2006)

See Table S1
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TM2 model (Hein et al., 1997)
See Table S1

GISS model (Fung et al. 1991)
See Table S1

I1.3 Description of bottom-up studies (B-U)

LPJ-wsl (Hodson et al, 2011)

The LPJ-wsl ClH model output used in this analysis is the same as presented by HodsHgn et
(201 The wetland CHiflux E (Tg CH, grid cell* month?) at each 0.5° grid cell (x) and monthly
time step (t) is calculated as a linear function of wetland extent (A) aabtrephic respiration (R

according to the following equation:
E(X,t) = R(X,HAX,HBF(X) 1)

R, is calculated using the LPJ-wsl dynamic global vegetation model (DGVM), baskd aRiv3.1
DGVN]jD The monthly climatology inputs (precipitation, mean temperature, cloud cover, wet
days) and the non-gridded annual &ncentration inputs to LPJ-wsl are described by Hodson et al.
(2011). In addition, we prescri oil texture from the Food and Agriculture Organizgtigrusing

a 2-soil layer hydrological model with a total soil depth of 1.5 metres. A §880spin up was
implemented by recycling the first 30 years of climate data (1901-1930) witimdustrial CQ
concentrations to equilibrate soil and vegetation carbon pools, followed by a transiefattigim

running from 1901-2005.

Wetland extent (A) represents natural wetland area and lakes only and is a manting-combined

model and satellite product at 0.5° x 0.5° spatial resﬁion
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The scaling ratio BF converts C to CH, fluxes and is a combination of two scaling factors, one for
tropical (TR) and one for boreal (B) wetland conditions, which allows t#ehto account for broad
ecosystem differences in GHmitting capacity between wetland types (Eqgn. 2). The fraction of

wetland type found in each grid cell is calculated based on surface temperature (Egn. 3).
BF = oFr + (1-0)Fp (2)
6 = exp((T(x) — Tmay)/8) 3)

where T is the mean neaunrface temperature between 198890, and T.x = 303.35 K. kg and i
were fit to match regional estimates of wetland,Gldxes for the Hudson Bay lowlands and the
central Amazon Basin as described by Hodson et al. (2011).

ORCHIDEE (Ringeval et al., 2011)

The ORCHIDEE moﬂ has been implemented with a wetland 4,GHinissions scheme. Such an

ORCHIDEE version has been used for various studies on different time2 Hs1leThe model

explicitly represents both the mechanisms leading tg fCid at the atmosphere/soil interface and the
dynamic wetland extent. Basically, the wetland,;@hhissions E44(g,t) are computed in ORCHIDEE-

WET for each grid-cell g and for each time-step t through the following equation:

Ecra(9,t)=Zwroi(Swroi(9,t). Dwroi(9,1))

Where $pi is the fraction of g covered by a wetland where the water table depth is @ &k}

and Dyro; is the CH flux density (i.e. gCH, per nf per unit time) for a wetland where the water table
depth is equal to WTDHere, the WTDvalues for each grid-cell are taken as: 0, -3 and -6GAb; S

and Dymp; are respectively computed by (i) the coupling between a TOPMODEL approach and
ORCHIDEF™] and (ii) the coupling between a slight modification of the Walter nﬁfhnd
ORCHIDE As in a previous versiﬁ the wetland extent is corrected to subtract the systematic
biases of the model using a mean climatology of the remote sensing data of inundatipn’|ext

Moreover, in the present study, two ORCHIDEE estimates are given in which the seasonal cycle of the
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wetland extent is either prescribed (ORCHIDEE-P0O7) or computed (ORCHIDER-TI® both

estimates, the IAV of the wetland extent is computed.

LPJ-WhyMe (Spahni et al., 2011)

Global CH, emissions and sinks have been estimated with thleapproach using the LPJ-WhyMe
dynamic global vegetation moﬁlThe model was forced by the CRU-NCEP climate dﬁsmd

run over the period of 1990-2009. The model runs were performed for four wetland spacef
atmospheric Cil(northern high latitude peatlands, tropical and subtropical inundated wetlands, global
rice paddies and global wet mineral soils) and the global €l sink. For peatlands, inundated
wetlands and rice paddies the fractional emission area was prescribed accol@BgiDIS soil
carbon map (Global Soil Data Task Group, 2000), inundatioapd fractional rice cover
respectively. Areas were treated to be conformal (Spahni et al., 2011) and-ihendated fractional
area of mineral soils could be a £sburce or a sink depending on soil moisture content as calculated
by the LPJ-WhyMe hydrolo CH, emission fluxes per unit area were calculated as being
proportional to the mod#d soil carbon respiration, differentially for each emission and sink type. The
global scaling parameters were calibrated by dptimization of the global budget using the TM5

atmospheric chemistry and transport model on the basis of monthly quxes 2004

GICC (Mievilleet al., 2010)

The Global Inventory for Chemistry-Climate studies (Gﬁ@idded decadal (for the 1980s and
1990s) and yearly (1997-2005) biomass burning emission fields were downloadetthdr&@@CAD

portal (http://eccad.sedoo.fr, date of access: 14 November, 2011).

RETRO (Schultz et al., 2007)

Yearly gridded emission data sets from the Reanalysis of the TROpospheric clempalkition
over the last 40 years project (RETﬂ))‘or the period 1980-2000 were downloaded from
ftp://ftp.retro.enes.org/pub/emissions/ch4/.
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GFEDv2 (Van der Werf et al., 2004)

The Global Fire Emission Database version 2 (GFEEI\g?)dded monthly biomass burning emission
fields for the period 1997-2008 were downloaded from the ECCAD portpl/(bticad.sedoo.fr, date

of access: 30 January, 2012).

GFEDv3 (Van der Werf et al., 2010)

The Global Fire Emission Database version 3 (GF jJdded monthly biomass burning emission
fields for the period 1997-2009 were downloaded from

http:/www.falw.vu/~gwerf/GFED/GFED3/emissions/ (date of access: 20 July 2011).

FINNv1 (Wiedinmyer et al., 2011)

The Fire Inventory from NCAR (FINN\ﬂ gridded emission fields were gathered by Christine
Wiedinmyer and downloaded from the ftp server (date of access: 3 January 2012).

[TASA (Dentener et al., 2005)

IIASA CH, data for the 1990’s and 2000s and the fossil fuel, agriculture/waste and biomass burning
categorigs’’|were downloaded from http://www.iiasa.ac.at/rains/global_emiss/global _emis&atml

of access: 7 November 2011

EPA, 2011

EPA™Y"{CH, data for the 1990°s and 2000s and the fossil fuel and agriculture/waste categories were

downloaded from http://www.epa.gov/climatechange/economics/downloads/Data%20Annexes%20-

%202012.zip (date of access: 14 November 011

EDGARV4.1 (EDGARA4.1, 2009)

EDGARV4.E|gridded emission fields for anthropogenic fluxes were downloaded from the EDGAR

website (http://edgar.jrc.ec.europa.eu/datasets_grid_list41.php#, date of access: 2&28Lgust
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EDGARv4.2 (EDGAR4.2, 2011)

EDGARV4.E|gridded emission fields for anthropogenic fluxes were downloaded from the EDGAR
website (http://edgar.jrc.ec.europa.eu/datasets_list.php?v=42&edgar_compound=CH4, de¢ssof ac

20, November 2012).

Description of models contributing to the Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP, Lamarqueet al., 2013; Voulgar akis et

al., 2013; Naik et al., 2013)

The Atmospheric Chemistry and Climate Model Intercomparison Project (ACC‘BWJIP)BZ

(http://www.giss.nasa.gov/projects/accmip/) consists of a series ofiimegperiments targeting the
long-term changes in atmospheric composition between 1850 and 2100, with the goal of documenting
radiative forcing and the associated composition changes. Methane chemical destructm®Hue t
from 9 of the 12 ACCMIP modelss included in this study. All the models are run as coupled
chemistry-climate models (CCMs), driven by monthly mean sea-surface tempemtdrega-ice
coverage either from observations or from the corresponding coupled ocean-atmosphere model

integrations submitted to the Coupled Model Intercomparison Project Phase 5 (CMIP5).afdl det

141

about model specifications and performed simulations can be found in the related pubfigiations

In most modelsCH, concentration was prescribed at the surface using the historical reconstruction but
was allowed to undergo chemical processing in the rest of the atmosphere. In LMIZZO8urface

CH,; emissions were specified following ﬁ while UM-CAM used a globally constant
concentration. In all model§H, varies between different timeslices. Ozone photolysis is the primary
source of hydroxyl radicals (OH), the main sink @i, in the troposphere. CESMAM-superfast,
CMAM, GFDL-AMﬁ LMDzORINCA, MIROC-CHEM, NCAR-CAMS3.5, and UM-CAM
employed a lookup table approach wherein calculated-skgy photolysis frequencies are adjusted for
modelled clouds, overhead ozone column, and surface albedo. The GEOSCCM, ard2-RISS-

models used versions of the Fast-J scﬁmwhich calculates photolysis frequencies online
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accounting for modelled clouds, overhead ozone column, surface albedo and aerosols. Overhead
stratospheric ozone column determines the level of incoming ultraviolet radiatiportant for the
formation of tropospheric OH radicals. Six of the nine models simulatiestriatospheric chemistry.
Stratospheric ozone concentrations in the UM-CAM and LMDzORINCA were prescribedafrom
databaﬂ developed in support of CMIP5 and a cIimatﬁyrespectively. In CESM-CAM-

superfast, a simplified “linearized ozone chemistry” (LINOZ) scheme was used.

We used data from the 1980 and 2000 timeslices simulated within the ACCMIEomparison,
representing the CHchemical loss for the years around 1980 and 2000. This poegtimates of

CH, loss due to OH for the 1980s and the 2000s, two of the decades we asdadtar. Only two of

the models, LMDzORINCA and GISE2-R, provided a full yeate-year dataset from transient
simulations for all three decades. Since no model simulated a 1990 timeslioaly used those two
models to estimate GHhemical loss for the 1990s. This explains why we get fewer estimates in the

1990s than in the 1980s and the 2000s (Fig. 2).

TM5 full chemistry model (Williamset al., 2012; Huijnen et al., 2010)

Forward simulations using the TM5 chemistry-transport model in full chemiside rand relaxation
to CH, surface concentrations provide information on the global sink term. Informatic@Hgn
emissions is obtained following a semi-inverse appﬁcﬁorward simulations using TM5 and
including CH, emissions’|and latest anthropogenic emission inven ovide information on the
3D time evolution of the OH field. The full chemistry simulations are performe@x@ndegrees
(longitude x latitude) grid and 34 sigma-pressure vertical levels. The cabt@b; losses for the

years 2000-2009 are given for the TM5 model version referenced iT (
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