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S1 Contents of the main manuscript

Here we provide the Contents list of the main manuscript.

1. Introduction

2. Methodology

2.1 Units used

2.2 Period of budget and availability of data

2.3 Definition of regions

2.4 Definition of source and sink categories

2.5 Processing of emission maps and box-plot representation of emission budgets

3. Methane sources and sinks: bottom-up estimates

3.1 Anthropogenic direct sources

3.1.1 Global Inventories

3.1.2 Total anthropogenic direct emissions

3.1.3 Fossil fuel production and use

3.1.4 Agriculture and waste sectors

3.1.5 Biomass and biofuel burning

3.1.6 Other anthropogenic sources (not explicitly included in this study)

3.2 Natural and indirect anthropogenic sources

3.2.1 Wetlands

3.2.2 Inland freshwater systems (lakes, ponds, reservoirs, streams, rivers)

3.2.3 Onshore and offshore geological sources

3.2.4 Termites

3.2.5 Wild animals

3.2.6 Coastal and ocean sources

3.2.7 Terrestrial permafrost

3.2.8 Vegetation

3.3 Methane sinks and lifetime

3.3.1 Tropospheric OH oxidation

3.3.2 Stratospheric loss

3.3.3 Tropospheric reaction with Cl

3.3.4 Soil uptake

3.3.5 CH4 lifetime

4. Atmospheric observations and top-down inversions

4.1 Atmospheric observations

i. In situ CH4 observations and atmospheric growth rate at the surface

ii. Satellite data of column average CH4

4.2 Top-down inversions used in the budget

5. Methane budget: top-down and bottom-up comparison

5.1 Global methane budget

5.1.1 Global total methane emissions

5.1.2 Global methane emissions per source category

5.1.3 Global budget of total methane sinks

5.2 Latitudinal and regional methane budgets

5.2.1 Latitudinal budget of total methane emissions

5.2.2 Latitudinal methane emissions per source category
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5.2.3 Regional budget for total emissions

5.2.4 Regional budget per source category

6. Insights on the methane cycle from 2020-2022 during which there has been unprecedented high growth rates of
methane emissions

7. Future developments, missing elements, and remaining uncertainties

8. Conclusions

S2 Comparisons with AR5 and AR6 projections

Figure S1: Time series of methane anthropogenic emissions (top) and atmospheric concentrations (bottom). RCPs (from
AR5) and SSPs (from AR6) are shown on top of the anthropogenic total emission estimates from this study for emissions
(top) and NOAA global mean atmospheric concentrations (bottom).

S3 Supplementary text 1: Principle of inversions

An atmospheric inversion for methane fluxes (sources and sinks) optimally combines atmospheric observations of methane
and associated uncertainties, a prior knowledge of the fluxes including their uncertainties, and a chemistry-transport
model to relate fluxes to concentrations (Rodgers, 2000). In this sense, top-down inversions integrate all the components
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of the methane cycle described previously in this paper. The observations can be surface or upper-air in situ observations,
satellite and surface retrievals. Prior emissions generally come from bottom-up approaches such as process-based models
or data-driven extrapolations (natural sources) and inventories (anthropogenic sources). The chemistry-transport model
can be Eulerian or Lagrangian, and global or regional, depending on the scale of the flux to be optimized. Atmospheric
inversions generally rely on the Bayes theorem, which leads to the minimization of a cost function as Eq.S1:

J(x) =
1

2
(y −H(x))TR−1(y −H(x)) +

1

2
(x− xb)

TB−1(x− xb) (S1)

where y is a vector containing the atmospheric observations, x is a state vector containing the methane emissions and
other appropriate variables (like OH concentrations or CH4 concentrations at the start of the assimilation window) to be
estimated, xb is the prior state of x, and H is the observation operator, here the combination of an atmospheric transport
and chemistry model and an interpolation procedure sampling the model at the measurement coordinates. R is the error
covariance matrix of the observations and Pb is the error covariance matrix associated to. The errors on the modelling of
atmospheric transport and chemistry are included in the R matrix (Tarantola, 1987). The minimization of a linearized
version of J leads to the optimized state vector xa (Eq.S2):

xa = xb + (HTR−1H + P−1
b )−1HTR−1(y −H(x)) (S2)

where Pa is given by Eq.S3 and represents the error covariance matrix associated to xa, and H contains the sensitivities
of any observation to any component of state vector x (linearized version of the observation operator H(x)).

Pa = (HTR−1H + P−1
b )−1 (S3)

Unfortunately, the size of the inverse problem usually does not allow computing Pa, which is therefore approximated using
the leading eigenvectors of the Hessian of J (Chevallier et al., 2005) or from stochastic ensembles (Chevallier et al., 2007).
Therefore, the optimized fluxes xa are obtained using classical minimization algorithms (Chevallier et al., 2005; Meirink et
al., 2008b). Alternatively, Chen and Prinn (2006) computed monthly emissions by applying a recursive Kalman filter in
which Pa is computed explicitly for each month. Emissions are generally derived at weekly to monthly time scales, and for
spatial resolutions ranging from model grid resolution to large aggregated regions. Spatio-temporal aggregation of state
vector elements reduces the size of the inverse problem and allows the computation of Pa. However, such aggregation can
also generate aggregation errors inducing possible biases in the inferred emissions and sinks (Kaminski et al., 2001). The
estimated xa can represent either the net methane flux in a given region or contributions from specific source categories.
Atmospheric inversions use bottom-up models and inventories as prior estimates of the emissions and sinks in their setup,
which make B-U and T-D approaches generally not independent.
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S4 Supplementary text 2: Set of prior fluxes proposed by the atmospheric
inversion protocol

A set of fluxes for the different methane sources has been gathered and made available to the community to perform
atmospheric inversions.
We have used :

• biomass burning from GFED4.1s on a monthly basis up to 2020.

• the dynamical (monthly) wetlands emissions from the ensemble mean of 11 models contributing to the Global
Methane Budget (Saunois et al. 2020)

• termite emissions from the model described in Saunois et al. (2020), representing a climatological estimate.

• emissions from oceans from Weber et al. (2019) geological emissions from Etiope et al. (2019) scaled to 23 Tg
for global emission based on IPCC AR6 best estimates. This estimate is higher than Hmiel et al.(2020), but lower
than Etiope et al., (2019). Offshore and onshore estimates were provided. We suggested to use only land emissions
(onshore) to avoid double-counting offshore geological emissions with these from the “ocean” emission.

• the soils uptake is Saunois et al. (2020), based on Murgia-Flores et al. (2018).

We performed two rounds of inversions (v1 and v2).
The first round of inversions uses anthropogenic emissions from EDGARv6 database (Crippa et al., 2021; Oreggioni et

al., 2021; EDGARv6 website https://edgar.jrc.ec.europa.eu/dataset_ghg60; Ferrario et al., 2021), which is avail-
able up to 2018.

For this study, the EDGARv6 was extrapolated up to 2019 using the FAO-CH4 emissions for CH4 emissions from en-
teric fermentation, manure management and rice cultivation, and using the BP statistical review of fossil fuel production
and consumption (http://www.bp.com/) to update CH4 emissions from coal, oil and gas sectors. 2020 and 2021 emissions
were set equal 2019 emissions.

Later, it was further extended to 2020 for the main budget. In this extrapolated inventory, called EDGARv6EXT,
methane emissions for year t are set up equal to the 2018 EDGAR CH4 emissions (E EDGARv6) times the ratio between
the FAO-CH4 emissions (or BP statistics) of year t (E FAO-CH4(t)) and FAO-CH4 emissions (or BP statistics) of 2018
(E FAO-CH4(2018)). For each emission sector, the region-specific emissions (E EDGARv6ext) in year (t) are estimated
following Eq.S4:

EEDGARv6(t) = EEDGARv6(2018) ∗ EFAO−CH4(t)/EFAO−CH4(2018) (S4)

Transport, industrial, waste and biofuel sources were linearly extrapolated based on the last three years of data while
other sources are kept constant at the 2018 level. This extrapolation approach is necessary, and often performed by
top-down approaches to define prior emissions, because, up to now, global inventories such as sector-specific emissions in
the EDGAR database are not updated on a regular basis.

A second round of inversion was performed by most of the groups using the GAINS gridded data set instead of
EDGARv6 for all the fossil fuel related emissions. This was done due to a significant change on boreal emissions in
EDGARv6 probably related to changes in data activity maps.
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Figure S2: Emission in the fossil fuel sector in the inventories (left) and after data assimilation in inversions (right) for
the boreal region (top) and the USA (bottom).
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S5 Definition of the regions

Figure S3: Map of the 18 continental regions.
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Table S1: List of the countries used to define the 18 continental regions. Compared to Saunois et al. (2020), regions are
the same except for the last region includes only Australia and New-Zealand and is called Australasia.

N◦ Region name Countries or territories

1 USA USA with Alaska, Bermuda Islands

2 Canada Canada

3 Central America

Anguilla, Antigua and Barbuda, Bahamas, Barbados, Belize, British Virgin
Islands, Cayman Islands, Costa Rica, Cuba, Dominica, Dominican Republic,
El Salvador, Guadeloupe, Guatemala, Honduras, Jamaica, Martinique, Mexico,
Montserrat, Nicaragua, Panama, Puerto Rico, Saint Kitts and Nevis, Saint
Lucia, Saint Vincent and the Grenadines, Turks and Caicos Islands, United
States Virgin Islands

4 Brazil Brazil

5 Northern South America
Aruba, Colombia, French Guiana, Grenada, Guyana, Suriname, Trinidad and
Tobago, Venezuela

6 Southwest South America
Argentina, Bolivia, Chile, Ecuador, Peru, Falkland Islands (Malvinas),
Paraguay, Uruguay

7 Europe

Albania, Andorra, Austria, Belarus, Belgium, Belgium, Luxembourg, Bulgaria,
Channel Islands, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Faroe
Islands, Finland, France, Germany, Gibraltar, Greece, Greenland, Hungary,
Iceland, Ireland, Isle of Man, Italy, Latvia, Liechtenstein, Lithuania, Luxem-
bourg, Malta, Montenegro, Netherlands, Norway, Poland, Portugal, Republic
of Moldova, Romania, Serbia, Slovakia, Slovenia, Spain, Sweden, United King-
dom, Ukraine

8 Northern Africa

Algeria, Cabo Verde, Chad, Côte d’Ivoire, Djibouti, Egypt, Eritrea, Ethiopia,
Ethiopia PDR, Gambia, Guinea, Guinea-Bissau, Libya, Mali, Mauritania, Mo-
rocco, Saint Helena Ascension and Tristan da Cunha, Sao Tome and Principe,
Senegal, Somalia, Sudan former, Tunisia, Western Sahara

9 Equatorial Africa
Benin, Burkina Faso, Burundi, Cameroon, Central African Republic, Congo,
Democratic Republic of the Congo, Equatorial Guinea, Gabon, Ghana, Liberia,
Nigeria, Rwanda, Sierra Leone, Togo, Uganda, United Republic of Tanzania

10 Southern Africa
Angola, Botswana, Comoros, Lesotho, Madagascar, Malawi, Mauritius, May-
otte, Mozambique, Namibia, Reunion, Seychelles, South Africa, Swaziland,
Zambia, Zimbabwe

11 Russia Russian federation

12 Central Asia Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan, Mongolia

13 Middle East
Armenia, Azerbaijan, Bahrain, People’s Republic of Georgia, Iran, Iraq, Israel,
Jordan, Kuwait, Lebanon, Occupied Palestinian Territory, Oman, Qatar, Saudi
Arabia, Syrian Arab Republic, Turkey, United Arab Emirates, Yemen

14 China China mainland, Macao, Hong Kong, Taiwan

15 Korea and Japan Japan, Korea, Republic of Korea

16 South Asia Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan, Sri Lanka

17 South East Asia

American Samoa, Brunei Darussalam, Cambodia, Cook Islands, Fiji, French
Polynesia, Guam, Indonesia, Kiribati, Lao People’s Democratic Republic,
Malaysia, Maldives, Marshall Islands, Myanmar, Nauru, New Caledonia, Niue,
Norfolk Island, Northern Mariana Islands, Pacific Islands Trust Territory,
Palau, Papua New Guinea, Pitcairn Islands, Philippines, Samoa, Singapore,
Solomon Islands, Thailand, Timor-Leste, Tokelau, Tonga, Tuvalu, Vanuatu,
Vietnam, Wallis and Futuna Islands

18 Australasia Australia, New Zealand
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S6 Tables and figures supporting the bottom-up-budget section
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Table S3: Contributions of the land surface models to compute methane wetland emissions to the different releases of the
global methane budget.

Model name Kirschke et al. (2013)
Saunois et al. (2016)
Poulter et al. (2017)

Saunois et al. (2020) This study

CH4MOD – – – Y
CLASS-CTEM // CLASSIC – Y Y Y
CLM4.5 – Y – –
DLEM – Y Y Y
ELM-ECA – – Y Y
ISAM – – – Y
JSBACH – – Y Y
JULES – Y Y Y
LPJ-GUESS – – Y Y
LPJ-MPI – Y Y Y
LPJ-wsl Y Y Y Y
LPX-Bern Y Y Y Y
ORCHIDEE Y Y Y Y
SDGVM – Y – Y
TEM-MDM – – Y Y
TRIPLEX-GHG – Y Y Y
VISIT – Y Y Y

Contributing 3 11 13 16
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Table S4: Tropospheric OH concentrations in 106 molec cm−3 and inter annual variability (IAV) in % from the ensemble
of model contributing to CCMI-2022 (Plummer et al., 2021) and CMIP6 (Collins et al., 2017) modeling activities. Values
are given as average values over the period 2000-2010 for CCMI-2022 and CMIP6 and for 2010-2018 for CCCMI-2022
only.

mean [mil. molec/cm3] IAV [%]

CCMI-2022 - 2000-2010

ACCESS-CM2-Chem 1.22 1.2
CCSRNIES-MIROC32b 2.37 2.4
CMAM 1.29 1.3
CNRM-MOCAGE 1.34 1.3
EMAC-CCMI2 1.23 1.2
GEOSCCM 1.20 1.2
IPSL-CM6A-ATM-LR-REPROBUSa 0.17 0.2
NIWA-UKCA2 1.17 1.2
SOCOL 1.82 1.8
UKESM1-StratTrop 1.39 1.4
mean of 8 models [min-max] 1.33 [1.17 - 1.82]

CMIP6 - 2000-2010 - Historical run

BCC-ESM1 b 0.79 0.8
CESM2-FV2 1.20 1.2
CESM2-WACCM-FV2 1.35 1.3
CESM2-WACCM 1.20 1.2
CESM2 1.20 1.2
CNRM-ESM2-1 b 0.47 0.5
EC-Earth3-AerChem 1.20 1.2
GISS-E2-1-G 1.34 1.3
GISS-E2-2-G 1.26 1.3
MPI-ESM-1-2-HAM 0.97 1.0
MRI-ESM2-0 0.94 0.9
mean of 10 models [min-max] 1.15 [0.79-1.35]

CCMI-2022 - 2010-2018

ACCESS-CM2-Chem 1.22 1.2
CCSRNIES-MIROC32b 2.38 2.4
CMAM 1.30 1.3
CNRM-MOCAGE 1.27 1.3
EMAC-CCMI2 1.25 1.2
GEOSCCM 1.21 1.2
IPSL-CM6A-ATM-LR-REPROBUSa 0.17 0.2
NIWA-UKCA2 1.17 1.2
SOCOL 1.85 1.9
UKESM1-StratTrop 1.40 1.4
mean [min-max] of 8 models 1.33 [1.17-1.85]

a no tropospheric chemical scheme in this model - removed from the ensemble
b outlier - removed from the ensemble
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Table S5: Methane chemical loss in the tropospherea and stratosphere in Tg yr−1 on average the decade 2000-2009 and
2010-2019 as calculated by chemistry climate models contributing to CMIP6 (Collins et al., 2017) modeling activities.
Values are provided for both the historical run (Hist- SSP3-7.0 starting in 2015), and the AMIP experiments. The AMIP
experiments use prescribed SSTs and Sea Ice rather than a coupled ocean.

Tropospheric Stratospheric Total chemical Tropospheric Total
loss loss loss lifetimeb lifetimec

CMIP6 (2000-2009) - Historical run + SSP3-7.0 Starting in 2015

BCC-ESM1d 794.3 27.2 821.5 6.2 5.7
CESM2-WACCM 663.3 39.9 703.2 7.5 6.8
EC-Earth3-AerChem 557.2 10.2e 567.4 8.8 8.2
GISS-E2-1-G 527.7 51.2 578.9 9.3 8.1
GISS-E2-1-H 510.4 41.2 551.6 9.7 8.5
MRI-ESM2-0 446.5 33.3 479.8 11.0 9.7
mean [min-max] 541 [446-663] 39 [27-51] 576 [480-703] 9.3 [7.5-11.0] 8.2 [6.8-9.7]

CMIP6 - AMIP experiment (2000-2009)

BCC-ESM1d 799.1 27.4 826.5 6.1 5.7
CESM2-WACCM-FV2 606.8 38.1 644.9 8.1 7.3
CESM2-WACCM 650.9 39.3 690.2 7.6 6.9
EC-Earth3-AerChem 552.7 10.2e 562.9 8.9 8.3
GISS-E2-1-G 487.6 41.2 528.8 10.1 8.8
MRI-ESM2-0 452.3 32.8 485.1 10.9 9.5
mean [min-max] 550 [452-650] 36 [27-41] 582 [485-690] 9.1 [7.7-10.9] 8.2 [6.9-9.5]

Ensemble of 10 runs - Historical and AMIP runs (2000-2009)
mean [min-max] 546 [446-663] 37 [27-51] 579 [480-703] 9.2 [7.5-11.0] 8.2 [6.8-9.7]

CMIP6 (2010-2019) - Historical run + SSP3-7.0 Starting in 2015

BCC-ESM1d 836.6 27.8 864.4 6.0 5.6
CESM2-WACCM 693.4 40.9 734.3 7.4 6.7
EC-Earth3-AerChem 582.2 10.7e 592.9 8.7 8.1
GISS-E2-1-G 540.8 43.3 584.1 9.4 8.3
GISS-E2-1-H 537.0 37.6 574.7 9.5 8.5
MRI-ESM2-0 462.3 33.4 495.7 11.0 9.7
mean [min-max] 563 [462-663] 37 [28-43] 596 [496-734] 9.2 [7.4-11.0] 8.2 [6.7-9.7]

a tropopause height at 200hPa
b defined as total burden divided by tropospheric loss
c defined as total burden divided by total loss. Total loss = total chemical loss (tropospheric and stratospheric losses) + 31 Tg from soil uptake
for consistency with the main text budget. Note that changing the amount of soil uptake to 35 Tg will not change the results significantly
(about 0.1 year).
d outlier regarding the tropospheric loss - removed from the calculation
e outlier regarding the stratospheric loss - removed from the calculation
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Table S6: Soil uptake estimates from the literature and in the Global Methane Budget in Tg CH4 yr−1

Reference Method Period Best estimate Range Range explanation

Ridgwell et al. (1999) Modelling 1990s 38 20-51 Model struct. uncertainty
Dutaur and Verchot (2007) Extrapolation of obs. ? 22 10-34
Curry (2007) Modelling- CLASS 1979–1999 28 9-47
Riley et al. (2011) Modeling - CLM4Me ? 31 15-38 Struc. uncertainties
Ito and Inatomi (2012) Modelling - VISIT 1996-2005 25-35
Tian et al. (2016) Modelling - DLEM 2000-2009 30 11-49
Murguia-Flores et al. (2018) Modelling – MeMo 2008-2017a 32 29-38 Different parametrizations

Modelling – MeMo 2000-2009b 35 30-38 Different parametrizations
Modelling – MeMo 2010-2019b 36 31-39 Different parametrizations

Kaiser et al. (2017) Modelling – JSBACH 2000-2009b 17
Kaiser et al. (2017) Modelling – JSBACH 2010-2019b 18
Ito and Inatomi et al. (2012) Modelling – VISIT 2000-2009b 34
Ito and Inatomi et al. (2012) Modelling – VISIT 2010-2019b 37

Synthesis publications Litterature based on Mean Range

Kirschke et al. (2013) Curry (2007) 28 9-47
Saunois et al. (2016) Curry (2007) 28 9-47
Saunois et al. (2020) Tian et al. (2016) 2000-2009 30 11- 49
This study 2000-2009 31 17-39
This study 2010-2019 32 18-40

a runs have been performed specifically for this period for Saunois et al. (2020)
b runs have been performed specifically for this period for this study
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Figure S4: Distribution of the soil uptake from three different studies : MeMo (Murgia-Flores et al., 2018), Curry et al.
(2007) and Ridgewell et al. (1999).
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S7 Table supporting the top-down budget section

Table S7: Contributions of the different inverse systems to the different releases of the global methane budget.

Model name Kirschke et al. (2013) Saunois et al. (2016) Saunois et al. (2020) This study

CTE-CH4 (NOAA) Surface Surface – –
CTE-CH4 (FMI) – – Surface/GOSAT Surface
GELCA – Surface Surface –
GEOSCHEM Surface – – –
GISS Surface – – –
LMDz-CIF – – – Surface
LMDz-MIOP Surface Surface – –
LMDz-PYVAR Surface Surface/GOSAT Surface/GOSAT GOSAT
MATCH Surface – – –
MIROC4-ACTM – Surface Surface Surface
NICAM-TM – – Surface Surface
NIESTM – Surface/GOSAT Surface/GOSAT Surface/GOSAT
TM2 Surface – – –
TM5-CAMS (TM5-SRON) Surface Surface/GOSAT Surface/GOSAT Surface/GOSAT
TM5-JRC Surface Surface/GOSAT Surface/GOSAT –
TOMCAT – – Surface –

Contributing 9 8 9 7
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S8 Comparison of 2000-2009 decadal emissions through the different bud-
gets

Table S12: Global methane emissions by source type for 2000 - 2009 decade (TgCH4 yr−1)

Saunois et al. (2016) Saunois et al. (2020) This work

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Wetlands 183 [151-222] 166 [125-204] 147 [102-179] 180 [153-196] 153 [116-189] 158 [145-172]
Freshwaters 122 [60-180] 209 [134-284] 89 [40-166]

Other natural sources 199 [104-297] 68 [21-130] 222 [143-306] 35 [21-47] 63 [24-93] 44 [40-46]
Geological 40 [30-56] 38 [13-53] 35 [13-53] 22 [21-25]
Termites 9 [3-15] 9 [3-15] 10 [4-16] 10 [9-11]
Oceanic sources 14 [5-25] 13 [9-22] 13 [6-20] 12 [11-12]

Total natural sources 382 [255-519] 234 [194-292] 369 [245-485] 215 [176-243] 216 [140-282] 204 [189-223]

Anthropogenic sources

Agriculture and
waste

189 [169-205] 183 [112-241] 192 [171-206] 202 [198-219] 195 [175-215] 210 [197-223]

Enteric ferm. &
manure

103 [95-109] 104 [93-109] 104 [100-110] 108 [108-108]

Landfills & waste 57 [51-61] 60 [55-63] 61 [52-71] 65 [62-71]
Rice cultivation 29 [23-35] 28 [23-34] 30 [24-34] 35 [34-35]

Fossil fuels 112 [107-126] 101 [77-126] 110 [94-129] 101 [71-151] 105 [97-123] 105 [88-115]
Coal mining 36 [24-43] 32 [24-42] 30 [26-32] 29 [24-32]
Oil & gas 76 [64-85] 73 [60-85] 65 [63-71] 77 [64-90]
Industry 2 [0-6] 4 [1-8]
Transport 4 [1-11] 3 [1-8]

Biomass & biofuel
burning

30 [26-34] 35 [16-53] 31 [26-46] 29 [23-35] 30 [22-44] 26 [22-29]

Biomass burning 18 [15-20] 19 [15-32] 19 [14-29] 14 [11-16]
Biofuel burning 12 [9-14] 12 [9-14] 11 [8-14] 11 [6-12]

Total anthropogenic
sources

338 [329-342] 319 [255-357] 334 [321-358] 332 [312-347] 333 [305-365] 341 [319-355]

Sinks

Total chemical loss 604 [483-738] 514 595 [489-749] 505 [459-516] 504 [496-511]
Tropospheric OH 528 [454-617] 553 [476-677] 472 [468-477]
Stratospheric loss 51 [16-84] 31 [12-37] 37 [27-51]
Tropospheric Cl 25 [13-37] 32 [27-38] 3 [0-8]

Soil uptake 28 [9-47] 32 [27-38] 30 [11-49] 34 [27-41] 35 [30-38] 34 [34-34]

Total sinks 632 [492-785] 546 625 [500-798] 539 [486-557] 538 [530-545]

Sources - sink imbalance

Total sources 720 [584-861] 552 [535-566] 703 [566-843] 547 [524-560] 549 [445-647] 543 [526-558]
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S9 Regional budgets: Tables and plots

Table S13: USA, Canada, Central America methane emissions by source type (TgCH4 yr−1)

Region USA Canada Central America

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

16 [4-30] 5 [5-6] 30 [10-60] 12 [9-18] 6 [2-14] 4 [4-5]

Wetlands 10 [2-19] 14 [3-26] 4 [1-9]
Freshwaters 6 [3-12] 17 [7-34] 2 [1-5]

Other natural sources 8 [3-12] 5 [3-7] 2 [1-3] 1 [1-1] 2 [1-3] 1 [1-2]

Total natural sources 24 [7-43] 12 [7-22] 32 [11-63] 14 [11-22] 8 [3-17] 5 [2-6]

Anthropogenic sources

Agriculture and
waste

14 [12-16] 13 [9-16] 2 [2-3] 2 [1-3] 7 [6-9] 9 [8-10]

Enteric ferm. &
manure

9 [7-9] 1 [1-1] 4 [3-5]

Landfills & waste 5 [4-6] 1 [1-1] 3 [2-4]
Rice cultivation 0 [0-1] 0 [0-0] 0 [0-0]

Fossil fuels 11 [4-18] 12 [7-16] 3 [1-4] 4 [2-5] 2 [1-3] 2 [2-3]
Coal mining 3 [2-3] 0 [0-0] 0 [0-0]
Oil & gas 8 [1-12] 2 [1-4] 1 [1-2]
Industry 0 [0-1] 0 [0-0] 0 [0-0]
Transport 0 [0-1] 0 [0-0] 0 [0-0]

Biomass & biofuel
burning

1 [0-1] 1 [0-1] 1 [0-1] 1 [0-1] 1 [0-1] 0 [0-1]

Biomass burning 0 [0-0] 1 [0-1] 0 [0-0]
Biofuel burning 0 [0-0] 0 [0-0] 0 [0-0]

Total anthropogenic
sources

26 [19-34] 25 [16-31] 6 [3-8] 7 [5-9] 10 [8-12] 12 [11-13]

Total sources 49 [27-77] 38 [32-46] 38 [14-71] 20 [17-24] 18 [10-28] 17 [14-19]
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Table S14: Northern South America, Brazil, Southwest South America methane emissions by source type (TgCH4 yr−1)

Region Northern South America Brazil Southwest South America

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

8 [2-15] 8 [6-10] 29 [10-52] 24 [20-33] 18 [5-31] 22 [14-33]

Wetlands 7 [2-11] 25 [8-41] 14 [3-21]
Freshwaters 1 [0-3] 5 [2-11] 4 [1-9]

Other natural sources 2 [1-3] 1 [1-2] 3 [1-4] 2 [2-3] 3 [1-4] 2 [2-3]

Total natural sources 10 [3-17] 9 [7-11] 32 [11-57] 26 [22-36] 21 [6-35] 24 [16-34]

Anthropogenic sources

Agriculture and
waste

4 [3-4] 4 [4-5] 16 [14-19] 19 [14-22] 10 [8-12] 12 [9-14]

Enteric ferm. &
manure

3 [3-3] 12 [11-13] 7 [6-9]

Landfills & waste 1 [0-1] 3 [3-5] 2 [1-2]
Rice cultivation 0 [0-0] 0 [0-1] 0 [0-0]

Fossil fuels 5 [2-13] 2 [2-3] 1 [0-1] 1 [0-2] 2 [1-3] 2 [1-2]
Coal mining 0 [0-1] 0 [0-0] 0 [0-0]
Oil & gas 2 [1-2] 0 [0-1] 1 [1-2]
Industry 0 [0-0] 0 [0-1] 0 [0-0]
Transport 0 [0-0] 0 [0-0] 0 [0-0]

Biomass & biofuel
burning

0 [0-0] 0 [0-0] 1 [1-2] 1 [1-2] 1 [1-1] 1 [1-1]

Biomass burning 0 [0-0] 1 [1-1] 1 [1-1]
Biofuel burning 0 [0-0] 0 [0-0] 0 [0-0]

Total anthropogenic
sources

9 [6-17] 7 [6-8] 19 [16-22] 21 [17-26] 13 [10-16] 14 [12-17]

Total sources 19 [9-35] 16 [13-20] 51 [26-79] 47 [41-58] 34 [16-51] 38 [30-48]
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Table S15: Europe, Northern Africa, Equatorial Africa methane emissions by source type (TgCH4 yr−1)

Region Europe Northern Africa Equatorial Africa

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

9 [3-17] 2 [2-2] 6 [2-11] 5 [4-7] 21 [9-45] 22 [19-28]

Wetlands 5 [1-9] 2 [0-4] 14 [6-31]
Freshwaters 4 [2-8] 3 [1-7] 7 [3-15]

Other natural sources 8 [3-13] 6 [3-7] 1 [0-2] 1 [1-1] 2 [1-3] 2 [1-2]

Total natural sources 17 [6-30] 7 [5-9] 7 [2-13] 6 [6-8] 23 [10-49] 24 [20-30]

Anthropogenic sources

Agriculture and
waste

19 [17-23] 19 [16-23] 11 [4-15] 13 [12-14] 11 [7-15] 13 [11-15]

Enteric ferm. &
manure

11 [10-12] 7 [2-10] 6 [5-7]

Landfills & waste 8 [6-12] 3 [2-4] 3 [2-4]
Rice cultivation 0 [0-0] 0 [0-1] 2 [1-3]

Fossil fuels 5 [3-6] 4 [2-7] 6 [5-7] 5 [4-7] 7 [4-8] 6 [3-10]
Coal mining 2 [1-2] 0 [0-0] 0 [0-0]
Oil & gas 2 [0-4] 5 [4-5] 5 [2-8]
Industry 0 [0-1] 0 [0-1] 0 [0-2]
Transport 0 [0-0] 0 [0-0] 0 [0-0]

Biomass & biofuel
burning

1 [0-1] 1 [1-1] 1 [0-2] 1 [1-1] 5 [3-8] 5 [4-5]

Biomass burning 0 [0-0] 0 [0-1] 2 [2-3]
Biofuel burning 1 [0-1] 1 [1-1] 2 [2-2]

Total anthropogenic
sources

25 [22-27] 24 [20-31] 18 [16-20] 19 [17-21] 24 [19-34] 23 [19-29]

Total sources 42 [29-57] 31 [24-36] 24 [18-33] 25 [23-29] 47 [28-83] 47 [39-59]
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Table S16: Southern Africa, Russia, Central Asia methane emissions by source type (TgCH4 yr−1)

Region Southern Africa Russia Central Asia

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

10 [2-27] 7 [4-9] 22 [7-41] 11 [8-13] 7 [2-19] 1 [1-1]

Wetlands 6 [-0-18] 13 [4-23] 0 [-0-2]
Freshwaters 4 [2-9] 9 [4-18] 7 [2-17]

Other natural sources 1 [1-2] 1 [1-1] 4 [2-6] 3 [1-4] 1 [0-1] 1 [0-1]

Total natural sources 11 [2-29] 8 [7-10] 25 [9-47] 14 [11-18] 8 [2-19] 1 [0-2]

Anthropogenic sources

Agriculture and
waste

5 [1-8] 5 [4-6] 5 [5-6] 5 [3-6] 3 [2-3] 3 [2-5]

Enteric ferm. &
manure

2 [1-3] 2 [2-2] 2 [1-3]

Landfills & waste 2 [0-5] 3 [3-4] 1 [0-1]
Rice cultivation 0 [0-0] 0 [0-0] 0 [0-0]

Fossil fuels 3 [1-4] 4 [3-4] 15 [9-27] 14 [8-23] 5 [3-6] 5 [4-7]
Coal mining 1 [0-2] 3 [2-4] 1 [1-1]
Oil & gas 1 [0-3] 12 [6-24] 3 [1-5]
Industry 0 [0-1] 0 [0-2] 0 [0-0]
Transport 0 [0-0] 0 [0-0] 0 [0-0]

Biomass & biofuel
burning

3 [1-4] 3 [2-3] 2 [1-4] 2 [1-2] 0 [0-0] 0 [0-0]

Biomass burning 2 [1-3] 1 [1-3] 0 [0-0]
Biofuel burning 0 [0-1] 0 [0-0] 0 [0-0]

Total anthropogenic
sources

10 [3-14] 11 [10-12] 23 [15-36] 21 [14-29] 8 [4-10] 9 [7-11]

Total sources 21 [5-43] 19 [16-24] 48 [24-83] 36 [27-45] 15 [6-29] 10 [8-13]
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Table S17: Middle East, China, Korean Japan methane emissions by source type (TgCH4 yr−1)

Region Middle East China Korean Japan

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

4 [1-8] 1 [0-1] 12 [3-30] 3 [2-4] 1 [0-5] 0 [0-1]

Wetlands 1 [0-1] 7 [1-18] 1 [0-4]
Freshwaters 3 [1-7] 5 [2-12] 0 [0-1]

Other natural sources 5 [2-7] 3 [1-5] 2 [1-4] 1 [0-2] 1 [0-2] 1 [1-1]

Total natural sources 9 [3-15] 4 [1-6] 15 [4-33] 4 [3-7] 3 [1-7] 1 [1-1]

Anthropogenic sources

Agriculture and
waste

9 [7-10] 10 [9-11] 32 [19-44] 30 [13-36] 3 [2-4] 4 [3-4]

Enteric ferm. &
manure

3 [2-4] 11 [8-16] 1 [1-1]

Landfills & waste 5 [4-6] 11 [6-14] 1 [1-1]
Rice cultivation 0 [0-0] 9 [5-14] 1 [1-1]

Fossil fuels 17 [9-21] 24 [23-26] 1 [0-1]
Coal mining 0 [0-0] 21 [20-21] 0 [0-1]
Oil & gas 16 [8-20] 2 [2-2] 0 [0-0]
Industry 0 [0-0] 1 [0-1] 0 [0-0]
Transport 0 [0-0] 0 [0-1] 0 [0-0]

Biomass & biofuel
burning

0 [0-0] 0 [0-0] 2 [1-4] 3 [0-4] 0 [0-0] 0 [0-0]

Biomass burning 0 [0-0] 0 [0-1] 0 [0-0]
Biofuel burning 0 [0-0] 2 [1-3] 0 [0-0]

Total anthropogenic
sources

26 [18-31] 28 [20-34] 57 [51-66] 53 [34-66] 4 [3-5] 4 [3-5]

Total sources 35 [21-47] 31 [24-39] 71 [55-99] 57 [37-72] 6 [4-12] 5 [4-6]
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Table S18: South Asia, Southeast Asia, Australasia methane emissions by source type (TgCH4 yr−1)

Region South Asia Southeast Asia Australasia

Approach Bottom-up Top-down Bottom-up Top-down Bottom-up Top-down

Natural sources

Comb. wetland & in-
land freshwaters

12 [5-23] 5 [4-6] 27 [17-45] 24 [14-29] 7 [3-15] 4 [4-5]

Wetlands 9 [3-17] 24 [16-38] 3 [1-6]
Freshwaters 3 [1-6] 3 [1-7] 4 [2-9]

Other natural sources 1 [0-2] 1 [1-1] 6 [2-9] 4 [2-6] 3 [1-4] 2 [2-2]

Total natural sources 13 [5-25] 6 [5-6] 32 [19-54] 27 [20-34] 10 [4-19] 6 [4-7]

Anthropogenic sources

Agriculture and
waste

37 [26-45] 39 [33-43] 19 [14-25] 24 [21-31] 5 [4-5] 4 [4-5]

Enteric ferm. &
manure

20 [18-22] 4 [3-5] 4 [3-4]

Landfills & waste 9 [4-11] 6 [4-8] 1 [1-1]
Rice cultivation 8 [5-12] 9 [8-12] 0 [0-0]

Fossil fuels 4 [4-5] 4 [3-4] 8 [5-10] 8 [6-11] 2 [1-2] 2 [1-2]
Coal mining 2 [1-3] 5 [4-5] 1 [1-1]
Oil & gas 1 [1-2] 3 [1-4] 0 [0-0]
Industry 0 [0-1] 0 [0-1] 0 [0-0]
Transport 0 [0-0] 0 [0-0] 0 [0-0]

Biomass & biofuel
burning

3 [2-3] 2 [2-3] 5 [2-7] 4 [2-5] 1 [0-1] 1 [0-1]

Biomass burning 0 [0-1] 4 [1-6] 1 [0-1]
Biofuel burning 2 [2-3] 1 [0-1] 0 [0-0]

Total anthropogenic
sources

45 [44-47] 45 [38-49] 32 [23-39] 35 [31-46] 7 [6-7] 7 [6-7]

Total sources 58 [49-72] 52 [43-60] 64 [42-93] 63 [52-71] 16 [9-26] 13 [10-17]
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Figure S5: (a) Natural (green) emissions by region, (b) mean anthropogenic (orange), and (c) mean anthropogenic
proportion as a percentage of total regional emissions (orange) in TgCH4 yr−1 for 2010 – 2019 decade for top-down
estimates (left light colored box plots or bars) and bottom-up estimates (right dark colored box plots or bars). Suspected
outliers are marked with stars in (a) and (b) and excluded from (c), they were determined as values below the first quartile
minus 3 times the inter-quartile range, or values above the third quartile plus 3 times the inter-quartile range. Mean values
are represented with “+” symbols.
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S10 Methane recent changes
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Figure S7: Difference in global emissions between 2020 and 2019 based on the ensemble of data sets contributing the
bottom-up and top-down budgets.
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Figure S8: Difference in global emissions between 2020 and 2019 based on the top-down approaches only, for the total
sources (totsrc) and wetland (wetl), biomass and biofuel burning (bbur), fossil fuels (fos), agriculture and waste (agriw),
and other natural (other) emissions. Inv1 group assumed constant OH through the full period of inversion. Inv2 group
assumed OH IAV based on Patra et al., (2021).
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Table S19: Direct anthropogenic emissions estimated by EDGARv8 inventory for years 2020 to 2022 in TgCH4 yr−1

2020 2021 2022 Difference 2022-2020

Total anthropogenic emissions 373.7 379.4 386.0 12.3

Fossil fuel total 118.6 121.6 126.2 7.6

Coal 42.2 43.5 46.8
Oil and gas 67.7 68.5 69.8
Industry 8.2 8.4 8.4
Transport 1.0 1.0 1.1

Agriculture and waste total 243.9 246.6 248.5 4.6

Agriculture total 159.8 160.9 161.5 1.7

Livestock 123.0 124.1 125.0
Rice 36.8 36.9 36.5

Landfill and waste 84.1 85.6 87.0 2.9

Biofuel 11.3 11.3 11.3
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S11 TROPOMI - observations

Figure S9: Number of daily observations over the year 2020 from the product Sentinel-5P TROPOMI Methane CH4 L2
5.5km x 7km, last access date Dec 1, 2023 via NASA: https://disc.gsfc.nasa.gov/datasets/S5P_L2__CH4____HiR_
2/summary?keywords=tropomi%20ch4.
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X., Weiss, R. F. and Dlugokencky, E.: Preindustrial 14 CH 4 indicates greater anthropogenic fossil CH 4 emissions,
Nature, 578(7795), 409–412, doi:10.1038/s41586-020-1991-8, 2020.

Holtslag, A. A. M., Boville, B. A.: Local versus nonlocal boundary-layer diffusion in a global climate model. Journal
of climate, 6(10), 1825-1842, 1993

Ito, A. and Inatomi, M.: Use of a process-based model for assessing the methane budgets of global terrestrial
ecosystems and evaluation of uncertainty, Biogeosciences, 9(2), 759–773, doi:10.5194/bg-9-759-2012, 2012.
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