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The Supplementary Material provides additional information regarding the three methods adopted to estimate the CHy fluxes
and isotopic source signature adjustments obtained with top-down approaches (Sect. S1, Sect. S2 and Sect. S3). Additional
information regarding the multiple sensitivity simulations (Sect. S1, Figure S1, Figure S2, Figure S3, Table S1 and Table S2)
are also provided. Also, a demonstration of the formula given in Sect. 3.2 in the main manuscript is provided (Sect. S4).
Tables S5 and S6 provide a list of CH4 and §'3C(CH,) surface stations used in this study. Table S3 and Figure S4 provide the
locations and a list of CH4 AirCore profiles. Table S4 and Figure S5 provide the locations and a list of §'3C(CH,) balloons
profiles. Figure S6 provides maps of seasonal cycle amplitudes for multiple configurations. Figure S7 provides the time-series

of the biases in atmospheric CH4 mass.

S1 Method 1 — 3-D variational inversion

This section describes the Method 1 (M1) used in the main manuscript. It is based on the 3-D variational inversion system

designed by Thanwerdas et al. (2022). Configurations adopted for running inversions with this system is presented below.
S 1.1 The chemistry-transport model

The chemistry-transport model (CTM) LMDz-SACS is presented in the main manuscript. Oxidations by OH, O('D) and Cl
were included in the chemical scheme of LMDz-SACS. Time-varying 3-D fields with daily resolution were prescribed offline
for each oxidant species to simulate the associated chemical loss. These fields were simulated by the LMDz-INCA chemistry

model (Hauglustaine et al., 2004) with the same meteorology as in the simulations of this study.

The resulting OH field, named OH-INCA, exhibits a global mass-weighted tropospheric concentration of 11.1 x 10° molec. cm™

over the 1998-2018 period, consistent with the previous estimates from Zhao et al. (2019) (11.7 x 10° molec. cm™3), estimates
from Prather et al. (2012) (11.2 + 1.3 x 10° molec. cm—3), and well within the range derived from the Atmospheric Chem-
istry and climate Model Intercomparison Project (ACCMIP) (10.3-13.4 x 10° molec.cm™3 ; Voulgarakis et al., 2013). The
inter-hemispheric ratio is 1.14, lower than the mean value of 1.3 inferred by Zhao et al. (2019) but more consistent with an
inter-hemispheric parity suggested by Patra et al. (2014). OH-INCA globally-averaged concentrations increase by 4 % between
2002 and 2014.

S 1.2 Inverse modelling with a variational approach

Inversions are powerful methods that optimize our prior knowledge of a state (here emissions) by assimilating data (here atmo-
spheric CH4 mole fractions and isotopic composition). Inversions were performed using the Community Inversion Framework
(CIF) (Berchet et al., 2021). This framework was designed to rationalize and bridge development efforts made by the scientific

community within the same flexible, transparent and open-source system. This system was recently enhanced by Thanwerdas
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et al. (2022) to assimilate §'*C(CH,) together with CH, observations and optimize source signatures §'3C(CHy)source together
with CH4 emissions.

The notations introduced here to describe the variational inversion method follow the convention defined by Ide et al.
(1997) and Rayner et al. (2019). x is the control vector and includes all the variables optimized by the inversion system.
Prior information about the control variables is included in the vector x°. Its associated errors are assumed to be unbiased and
Gaussian, and are described within the error covariance matrix B.

The observation vector y° includes here all available observations, namely atmospheric CH4 and 613C(CH4) data, over the
full simulation time-window. The associated errors are also assumed to be unbiased and Gaussian, and are described within
the error covariance matrix R. This matrix accounts for all errors contributing to mismatches between simulated and observed
values.

 is the observation operator that projects the control vector x into the observation space. This operator mainly consists
of the CTM but is also followed by spatial, time and isotope-conversion operators, which interpolate the simulated fields to
produce simulated equivalents of the observed mole fractions and isotopic composition at specific locations and times, making
the simulations and observations comparable.

In a variational formulation of the inversion problem that allows for # non-linearity, the cost function J is defined as :
1 1
J(x) = S (x=x") B~ (x =x") 4+ 2 (A (x) =y°) 'R (A (x) = ¥°) (.1

Here, the minimum of J is reached iteratively with the descent algorithm M1QN?3 (Gilbert and Lemaréchal, 1989) that

requires several computations (40-50) of the gradient of J with respect to the control vector x:
Vix =B (x—x°) + (R (' (x) —y°)) (S.2)

J* denotes the adjoint operator of 7.

All inversions performed as part of this study shared the same configuration. The only difference is the prescribed Cl sink. All
inversions assimilated CH4 and §'*C(CHy) observations over the 1998-2018 period. CH4 emissions and §'3C(CHy) source
signatures for five categories of emissions were optimized : biofuels-biomass burning (BB), wetlands (WET), fossil fuels
and geological sources (FFG), agriculture and waste (AGW) and other natural sources (NAT). CH4 and 513C(CH4) initial

conditions were also optimized (see Sect. S 1.6 of the present document).
S 1.3 Prior emissions and signatures

For prior CH4 emissions, we adopted the bottom-up estimates compiled for the inversions performed as part of the Global
Methane Budget (Saunois et al., 2020). Anthropogenic (including biofuels) and fire emissions are based on the EDGARv4.3.2
database (Janssens-Maenhout et al., 2019) and the GFED4s databases (van der Werf et al., 2017), respectively. Statistics
from British Petroleum (BP) and the Food and Agriculture Organization of the United Nations (FAO) have been used to
extend the EDGARvV4.3.2 database, ending 2012, until 2017. The natural sources emissions are based on averaged literature

values : Poulter et al. (2017) for wetlands, Kirschke et al. (2013) for termites, Lambert and Schmidt (1993), Etiope (2015) for
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geological (onshore) sources and oceanic sources that include geological (offshore) and hydrates sources. Prior emissions for
2018 are set equal to 2017. Globally averaged emissions over the 1998-2018 period are listed in Table S1.

BB emissions are the combination of biomass burning emissions from GFED4s and biofuels burning emissions from
EDGARv4.3.2. FFG emissions are the combination of oil, gas, coal and industry emissions from EDGARv4.3.2 and geo-
logical (onshore) sources from Etiope (2015) which have been scaled down to 15.0 TgCH4 yr~! in the protocol of Saunois
et al. (2020). AGW emissions are the combination of enteric fermentation, rice agriculture, manure management and waste
emissions from EDGARv4.3.2. NAT emissions are the combination of termites and oceanic emissions, i.e., natural emissions
apart from wetlands and geological sources.

Emissions are optimized at the grid cell scale (one scaling factor per grid cell). For each category, diagonal elements of the
matrix B are filled with the variances set to 100 % of the square of the maximum of prior emissions over the cell and its eight
neighbours during each month. Spatial error correlations (off-diagonal elements) are prescribed using an e-folding correlation
length of 500 km on land and 1000 km over the oceans, without any correlation between land and ocean grid points. No
temporal error correlations are prescribed.

613C(CH4)50urce isotopic source signatures for each emissions category are also optimized and therefore included in the
control vector. Prior information is built using the references given in Table S2. When regional information could be found,
regional source signature values were prescribed onto 11 continental regions (see Fig. S2, lower-right panel). We optimized
source signatures at the regional scale rather than at the grid cell scale (i.e., using only one scaling factor per region), as
optimizing at the grid cell scale could result in substantial posterior differences between two adjacent grid cells. At present,
there is not enough data to corroborate, explain or reject such differences.

Livestock source signatures have been likely decreasing over time since the 1990s due to changes in C3/C4 diet within
the major livestock producing countries (Chang et al., 2019). Also, FFG regional source signatures can vary over time due to
variations in the contributions from different sectors (coal, oil and gas) to the emissions of a specific region (Schwietzke et al.,
2016; Feinberg et al., 2018). For AGW and FFG source signatures, we therefore optimize one scaling factor per year, for each
region. As for the other emission categories, only one scaling factor for the entire period and for each region is optimized. Error

correlations are prescribed by following the same methods as that for CH4 emissions.
S 1.4 Uncertainties in source signatures

313C(CH4)SOurCe uncertainty values that are used to fill the diagonal elements of the matrix B are summarized in Table S1.
These values have been chosen by compiling data from several studies (Sherwood et al., 2017; Ganesan et al., 2018; Feinberg
et al., 2018; Zazzeri et al., 2016). As the inversion system is used over a long time period for the first time, a global uncertainty
value has been prescribed for all emission categories. For BB sources, Sherwood et al. (2017) indicates a standard deviation of
about 20 %. However, this value is not weighted by proportion C3 versus C4 vegetation. Therefore, we decided to inflate this

uncertainty up to 30 %.
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S 1.5 Observations

Measurements retrieved by the NOAA-ESRL Global Monitoring Laboratory (NOAA GML) network and analyzed by the
Institute of Artic and Alpine Research INSTAAR) are assimilated. 79 stations (among which 4 mobile stations) provided CHy
measurements between 1998 and 2018 (not necessarily over the full period), 22 stations provided §'3C(CH,) measurements
between 1998 and 2018 (see Fig. S3).

Missing CH4 measurement errors were filled with the maximum value at the station over the monitoring period. As for
8'13C(CH,) measurements, missing errors were filled with a value of 0.1 %o and 3 %o, respectively (Quay et al., 1999). We also
removed outliers outside three times the residual standard deviations as such extreme values cannot be reasonably captured at
the resolution of LMDz. Variances (diagonal elements) in the covariance matrix R were defined as the sum of the measurement
and model errors.

For each station and each year, we used the Residual Standard Deviation (RSD) between the measurements and a fitting curve
function as a proxy for the model error (Locatelli et al., 2015, 2013; Cressot et al., 2014; Yver et al., 2011; Bousquet et al.,
2006; Rodenbeck et al., 2003). The fitting function includes 3 polynomial parameters (quadratic) and 8 harmonic parameters,
sinus and cosinus, as in Masarie and Tans (1995).

More information about the surface stations is provided in Tables S5 and S6 as well as in Figure S3.
S 1.6 Initial conditions

To infer initial conditions in 1998 for CH4 and 513C(CH4), we run a shorter inversion between 1988 and 1998 using the
configuration described in the previous sections. The state of the atmosphere in January 1998 was used as initial conditions for
the 1998-2018 inversions.

We assimilated CH4 measurements from the NOAA GML network (56 stations) and & 13C(CH4) measurements retrieved at
5 stations across the globe by the University of Washington (UW) between 1988 and 1996 (Quay et al., 1999; Bousquet et al.,
2006) that we offset by 0.1 %o to account for measurement offsets between INSTAAR and UW (Umezawa et al., 2018).

As we acknowledge that this method is not perfect considering the equilibration time of the isotopic composition (Tans,

1997), we also prescribe large uncertainties in these initial conditions : 10 % for CHy and 3 % for §'*C(CHy).
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S2 Method 2 — 1-D analytical inversion

This section describes the Method 2 (M2) used in the main manuscript. For the purpose of this study, we built an analytical
inversion framework based on a very simple one-box model representing the atmosphere. We use the same notations introduced

in Sect. S 1.2.
S 2.1 The control vector

The control vector x includes monthly global CHy fluxes and monthly global isotopic source signature o 13C(CH4)Source for the
1998-2018 period, i.e. 252 x 2 = 504 values. We also include two increments for CH4 and §'3C(CHy) initial conditions. The
prior global fluxes and source signatures are the same as in Sect. S1.

To fill the diagonal of the matrix B, we prescribe a flux uncertainty of 50 TgCH, yr~! (one standard deviation) and a source
isotopic signature uncertainty of 5 %o. As for initial conditions, we prescribe an uncertainty of 5 ppb for CHy and 0.1 %o for

) 13C(CH4).
S 2.2 The observation vector

The §'3C(CH,) data presented in Sect. S1 is also used for the inversions performed with this inversion framework. However,
the observations are globally averaged using a similar method to Masarie and Tans (1995) to preserve only a global monthly
time-series that can be assimilated in our inversion. As for CHy, we use the monthly data available at https://gml.noaa.gov/

ccgg/trends_ch4/. We prescribe an observational uncertainty of 2 ppb for CH4 and 0.1 %o for 613C(CH4).
S 2.3 The observation operator

The observation operator .7 (one-box model) consists in two mass-conservation equations for '>CHy et '3CHy :

dBy» Bi;
e
dt T12 (S.3)
dBi3 _g _% ’
dt 13 T13

B et By are the total masses of '>CH, and '3CHy in the atmosphere, respectively. 715 and 73 are the chemical lifetimes of
12CHy4 and '3CHy in the atmosphere, respectively. Their numerical values are based on the outputs of the forward simulations
performed for each scenario (FWD-*) and are calculated by dividing the tracer total mass in the atmosphere by the total sink.
S12 and S5 are the global mass fluxes of '>CHy and '*CHy, respectively. They are calculated using the total CHy4 fluxes and

source signatures included in the control vector :

M, 1
Fo=—-—— Fp

Mr 1+A 54)
F Mz A r '
BT My 1A T
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with
A= (1 + 613C(CH4)source) ‘Rgd (5.3)

Fr, Fi» and Fj3 are the CHy, 12CH, and '3CH,4 mass fluxes, respectively. My, M1, and M3 are the CHy, 12CH, and 3CH4
molar masses, respectively. After the simulation, we retrieve the total mass of CHy, denoted by B, and the atmospheric isotopic

composition §'3C(CHy):

Bz B3
B=(224+28By.y
(M]2 M13) r
Biz Mp (5.6)
s3c(cHy) = Bz M
Rstd

To compare the total atmospheric CH4 mass and the observed CH4 mole fraction at the surface, we use a conversion factor
in TgCH;1 ppb that is calculated using the outputs of the forward simulations (FWD-*) by dividing the tracer total mass by

3

the tropospheric mass-weighted average of mole fractions. Also, throughout the study, quantities in molec. cm™ are averaged

using a volume-weighted averaging and quantities in volume mixing ratio are averaged using a mass-weighted average.

S 2.4 The analytical solution

If the observation operator is assumed to be linear, the solution of this inversion problem is :

x? =x° 4+ BHT(R+HBHT) ! (y° — Hx") (S.7)

Here, we cannot consider that the observation operator is linear due to the isotopic operations and the chemistry reactions
(accounting for in the lifetime). If the problem is assumed to be only slightly non-linear, an iterative inversion procedure can
be used in which the system is linearized around the current control vector X{ at each iteration i. Under these conditions, the

expression of the optimal control vector becomes, for iteration i 4 1 using a formulation at fixed point x® (Tarantola, 1987) :
xi 1 =x°+BHy (R + HgBHy) ™' (v° — 2 (x}) + Hyo (x} —x°)) (S.8)

This formulation requires to derive the tangent-linear operations of the forward model and to calculate the tangent-linear

operator around the current control vector x! at each iteration. The convergence is reached after only three iterations.
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S3 Method 3 — Simple estimation based on forward simulations

The method 3 does not require to run inversions. It is based on the outputs of forward simulations (FWD-*) performed with
different prescribed Cl field. We demonstrate here that we can easily infer the adjustment value/increment that an inversion
system would apply to the prior global flux and the globally-averaged isotopic source signature in order to fit the observational
data.

In a one-box model, the temporal evolution of the CHy total mass is described by the equation below :

dB B
i S— 7 (5.9)
where B is the mass of CHy in the atmosphere in TgCHy4, S is the source in TgCHy yr’1 and 7 is the chemical lifetime of
CHy in the atmosphere in yr. If the total mass of CHy is increasing in response to a flux enhancement, the total sink will also
increase and lead to a stabilization of the total mass after several decades.

In this study, the bias between the CH4 atmospheric masses is caused by a change in 7 because we modify the ClI field. The

evolution of the bias b can therefore be described by the equation :

db _ d(B,—By) _ﬂJr@

S.10
dt dt D (S.10)

Fig S7 shows that, after 21 years of simulation, this bias appears to be tending towards a stabilized value.

In a surface-based inversion (i.e., an inversion assimilating observations from surface stations) without sink optimization,
the bias is compensated for by a correction of the CHy4 global surface flux S+ AS. The inversion system therefore provides an
answer to the question : "What is the value of AS that will offset the bias caused by a change in the prescribed sink ?". The

temporal evolution of the bias between a simulation and the reference simulation can therefore be described by the equation :

db b
=AS

E B 17ref

(S.11)

Trr denotes the chemical lifetime in the reference simulation, namely the lifetime in INV-Wang / FWD-Wang. We assume that

AS is constant over time because the contribution from the Cl sink to the atmospheric lifetime of CHy is very small and also

because the inter-annual variability of the CI sink is below 4 % of the mean value for all Cl fields. M1 and M2 results confirm

that the inter-annual variations of adjustments (see error bars in Fig. 3 in the main manuscript) are below 10 % of the mean

value. Furthermore, we assume 7, to be constant over time because the variation around the mean value is below 2 %.
Under these assumptions, the solution of this equation is :

t

b(t) =AS X Trep X (1 —e /) (S.12)

The value of AS can be obtained by analyzing the temporal evolution of the bias and, in particular, by looking at the value of
the bias when it is stabilized. Here, after 21 years of simulation, the stabilization is not reached yet. Therefore, we extend our

results by applying a curve fitting function to our simulated values :

by (t) = Ax X Trep x (1 —e ) (S.13)
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Ay is a constant that the curve fitting algorithm returns in order to maximize the agreement between the simulated values and
the curve fitting function. Using this function, the results are extended until 2070 to reach a clear stabilization of the simulated
biases.

An estimate of AS is provided by the coefficient Ay. This theoretical framework is valid for both '>’CH, and '3CHy isotopo-
logues. Therefore, we use it for both tracers and to derive numerical values for both AS}, and AS;3. With these values, it is easy
to find AS and AS'3C(CHy)source-

S 4 Calculating the stabilization value of the globally-averaged isotopic source signature

Here, we demonstrate the result used in Sect. 3.2 of the main paper. That is, the §'3C(CH,) bias, denoted by A§,, between two
simulations prescribing the same CHy source, the same source signature ; but different isotopic fractionations &, tends to a

steady-state value (steady-state) that is given by the formula below:
AS, = —Ae- (1+6) (S.14)

For ease of demonstration, this relationship is shown by approximating that the tropospheric mixing ratios of '>’CHy are
equal to those of CH4 and we simplify the problem by reducing it to a one-box model problem.

If we start from a mass-conservation equation in a one-box problem, we have :

dB
S =S—kB

: (S.15)
Bis _ gy ki-B
dt — 913 13°D13

where B et B;3 are the total masses of 2CHy et '13CHy in the atmosphere, respectively. k and k3 are the reaction rate constants
of 2CHy4 and '3CH4 chemical sinks, respectively. S and S;3 are the total sources of '>CHy and '3CHy (including soil sink as a
negative source), respectively.

LetRym,Ryande=o—1= ]% — 1 be the atmospheric isotopic ratio, the source isotopic ratio and the isotopic fractionation

coefficient of the total chemical CH4 sink. We can infer an equation linking these three terms :

dB

dt13 =S813—ki3-Bi3 (5.16)
. dngn:&S_&ﬂyme) (S.17)
. dm??B):RyS—U+€YRmmP (S.18)

Here, P = k- B is the total sink. At steady state, with time derivatives equal to zero, we have :

S—P=0
(S.19)
Ry-S—(1+€) Rym P=0



Subsequently, these equations can be reshaped to obtain a relationship between &,, which is the mean atmospheric isotopic

composition at steady state, and &, which is the globally-averaged isotopic source signature.

220 Ry-S—(1+€)-Rym-P=0 (S.20)
= Ry—(14+€) Rym=0 (S.21)
= (1+68) Rya=(14¢€)-(1+8,) Rya (8.22)
1+ 6
— O = Tre -1 (5.23)

With §'3C(CHy), we have 1 +&e~ 1 :
225 §,~ 0, —€—06;-€ (S.24)

Therefore, the bias A§, between two simulations prescribing the same CH4 source, the same source signature &, but different

isotopic fractionations € is given by the formula :

AS, ~ —Ae - (1+6) (S.25)



Table S1. Prior emissions and flux-weighted isotopic signatures averaged over 1998-2018 for different categories and sub-categories. Values
between brackets indicate the minimum and maximum over the time period. * Unc. : Prior uncertainty as a percentage of the grid cell value

(or regional value for the signatures) used to fill the matrix B.

Emissions 0 ! 3C(CH“')source
Categories Unc.* Unc.*

TgCHy yr~! %o vs PDB
WET 180 [180/180] | 100 % | —60.8 [-60.8/—60.8] | 10 %

AGW 213 [195/232] | 100 % | —59.1[—59.2/-59.0] | 10 %

FFG 117 [99 /7 133] 100% | —44.9[-45.6/—-444] | 20%
BB 27 [24 ] 35] 100 % | —22.3[-225/-222] | 30%
NAT 23 [23 /23] 100 % | —50.7[-50.7/—-50.7] | 15%

10



Table S2. Global flux-weighted values and references for & 13C(CH4)SOurce source signatures associated to the different emission categories
and subcategories. * Values are prescribed at regional or grid cell scale (see Fig. S2).

E19 : (Etiope et al., 2019) ; CH19 : Chang et al. (2019) ; GA18 : Ganesan et al. (2018) ; TH18 : Thompson et al. (2018) ; SH17 : Sherwood
et al. (2017) ; SH16 : Schwietzke et al. (2016) ; WA16 : Warwick et al. (2016) ; ZA16 : Zazzeri et al. (2016) ; TO12 : Townsend-Small et al.
(2012) ; KL10 : Klevenhusen et al. (2010) ; BO06 : Bousquet et al. (2006) ; BRO1 : Bréas et al. (2001) ; SAO1 : Sansone et al. (2001) ; CHOO
: Chanton et al. (2000) ; HOOO : Holmes et al. (2000) ; CH99 : Chanton et al. (1999) ; BE98 : Bergamaschi et al. (1998) ; LE93 : Levin et al.
(1993);

Global
. Global signatures . .
Categories o) Subcategories signature References
(4] (%O)
Rice cultivation -63.0 SH17; BO06; BRO1
Enteric fermentation -64.7 * CHI19
AGW -59.1 % Agriculture waste -52.0 KL10 ; LE93
Landfills -52.0 TO12 ; CH99 ; BE9S ; LE93
Waste water -48.0 TO12 ; CH99 ; BE9S ; LE93
Oil and gas -44.9 * SHO7
FFG -44.9 * Coal -42.3 * SHO7 ; ZA16
Geological sources -49 E19
Biomass burning -24.9 * BOO06 ; CHOO
BB -22.3 %
Biofuel burning -20 CHO00
WET -60.8 * Wetlands -60.8 * GA18
Oceanic sources -42 BRO1; HOO0O0 ; SAO1
NAT -50.7 *
Termites -63 THI18; SH16 ; SH17; WA16

11



Table S3. Providers, locations and number of vertical profiles of CHy retrieved using AirCore technique between 2012 and 2018. The

longitude and latitude given here are means over the AirCore descent profile.

Provider Location Number of profiles | Longitude | Latitude
Edwards AFB/Dryden, USA 6 117.51°W | 34.58°N

Boulder, CO, USA 33 104.34°W | 39.53°N

NOAA-ESRL Aircraft Program Lamont, OK, USA 30 97.45°W | 36.65° N
Park Falls, WI, USA 4 90.27°W | 46.03° N

Sodankyld, Finland 6 2597°E 67.60° N

Lauder, NZ 1 170.01° E 45.19° S

Alice Springs, Australia 3 132.58°E | 23.66°S

Aire-sur-1’ Adour, France 9 1.02°E 43.25° N

French AirCore Program Trainou, France 17 1.86°E 47.30°N
Timmins, Ontario, Canada 4 83.28° W 48.49° N

Esrange, Northern Sweden 2 22.86°E 67.87° N

12



Table S4. Balloon flights and number of samples analyzed for §'3C(CHj) vertical profiles. Each flight is given a flight ID as STA-JJ-MM,
where STA is the 3-letter-code for the balloon launch station, JJ the year and MM the month of sampling. This Table is adapted from
Rockmann et al. (2011). ' HYD: Hyderabad, India (17.5 °N, 78.60 °E); 2 KIR: Kiruna, Sweden (67.9 °N, 21.10 °E); 3 ASA: Aire sur
I’ Adour, France (43.70 °N, - 0.30 °E); * GAP: Gap, France (44.44 °N, 6.14 °E);

Flight ID Flight Date ‘ Location ‘ Number of §'3C(CH,) samples ‘ Characteristics
Flights operated by MPI fiir Sonnensystemforschung
HYD-99-04 04/29/99 HYD! 10 Subtropical
GAP-99-06 06/23/99 GAP* 15 Mid-latitudinal summer
Flights operated by Institut fiir Meteorologie und Geophysik, Universitit Frankfurt

KIR-00-01 01/03/00 KIR?2 13 Artic strong vortex
ASA-01-10 10/11/01 ASA3 13 Mid-latitudinal background
ASA-02-09 09/15/02 ASA3 13 Mid-latitudinal background
KIR-03-03 03/06/03 KIR? 13 Arctic vortex, mesospheric enclosure
KIR-03-03 06/09/03 KIR? 13 Artic summer

13



Table SS. List of CH4 surface in-situ observation sites that provided measurements assimilated in the inversion between 1998 and 2018.
AOC, PAO, POC et WPC are mobile stations. Their characteristics are compiled into a single line, providing latitude and longitude ranges of

the measurements. Stations that retrieved samples consisting mainly of well-mixed Marine Boundary Layer (MBL) air are indicated in bold

red.
Site . . . . Elevation Date range
Station name Country/Territory Network  Latitude  Longitude
code (mas.l.) MM/YYYY)
ABP Arembepe Brazil NOAA 12.76°S  38.16°W 6 10/2006 - 01/2010
ALT Alert Canada NOAA  8245°N  6251°W 195 01/1998 - 12/2018
AMT Argyle United States NOAA  45.03°N  68.68°W 157 09/2003 - 12/2008
AMY Anmyeon-do Republic of Korea NOAA 36.54° N 126.33°E 125 12/2013 - 12/2018
AOC Atlantic Ocean Cruise N/A NOAA 203075 AW 22 05/2004 - 02/2005
35.00° N 13.57°E
ASC Ascension Island United Kingdom NOAA 7.97°S 14.40° W 90 01/1998 - 12/2018
ASK Assekrem Algeria NOAA  23.26°N 5.63°E 2715 01/1998 - 12/2018
AZR Terceira Island Portugal NOAA 38.77°N  27.38°W 24 01/1998 - 12/2018
BAL Baltic Sea Poland NOAA  5543°N 16.95°E 28 01/1998 - 06/2011
BHD Baring Head Station New Zealand NOAA  4141°S  174.87°E 90 10/1999 - 12/2018
BKT Bukit Kototabang Indonesia NOAA 0.20° S 100.32°E 875 01/2004 - 12/2018
BME St. Davids Head United Kingdom NOAA 32.37°N 64.65° W 17 01/1998 - 01/2010
BMW Tudor Hill United Kingdom NOAA  3226°N  64.88°W 60 01/1998 - 12/2018
Brw ~ Darmow Amospheric United States NOAA  7132°N  15660°W 13 01/1998 - 12/2018
Baseline Observatory
BSC Black Sea Romania NOAA  44.18°N 28.66°E 5 01/1998 - 12/2011
CBA Cold Bay United States NOAA 55.20°N  162.72° W 25 01/1998 - 12/2018
CGO Cape Grim Australia NOAA  40.68°S  144.68°E 164 01/1998 - 12/2018
CHR Christmas Island Republic of Kiribati ~ NOAA 1.70° N 157.15° W 5 11/1998 - 12/2018
Centro de Investigacion
CIB de la Baja Atmosfera Spain NOAA  41.8I1°N 4.93°W 850 05/2009 - 12/2018
(CIBA)

CMO Cape Meares United States NOAA 4548°N  12397°W 35 03/1998 - 03/1998
CPT Cape Point South Africa NOAA 34.35°S 18.49°E 260 02/2010 - 12/2018
CRZ Crozet Island France NOAA  4643°S 51.85°E 202 01/1998 - 11/2018
DRP Drake Passage nan NOAA 57.65° S 64.18° W 10 04/2003 - 12/2018

DSI Dongsha Island Taiwan NOAA 20.70°N  116.73°E 8 03/2010 - 12/2018
EIC Easter Island Chile NOAA 27.15°S  109.45°W 55 01/1998 - 12/2018
GMI Mariana Islands Guam NOAA 13.39°N  144.66° E 01/1998 - 12/2018
GOz Dwejra Point Malta NOAA  36.05°N 14.89°E 01/1998 - 02/1999
HBA Halley Station United Kingdom NOAA 75.61°S  2621°W 35 01/1998 - 02/2018
HPB Hohenpeissenberg Germany NOAA  47.80°N 11.02° E 990 04/2006 - 12/2018
HSU  Humboldt State University United States NOAA  41.05°N  124.73°W 7 05/2008 - 05/2017
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Table SS. Following Table S5

Site
code
HUN
ICE

ITN
120
KCO
KEY

KUM

MEX

MHD
MID
MKN
MLO

NAT

NMB

NWR
OXK
PAL

PAO

POC

PSA
PTA
RPB
SDZ
SEY

Station name

Hegyhatsal
Storhofdi
Grifton
Izana
Kaashidhoo
Key Biscayne
Cape Kumukahi
Sary Taukum
Plateau Assy
Park Falls
Lac La Biche
Lulin
Lampedusa
High Altitude Global
Climate Observation
Center
Mace Head
Sand Island
Mt. Kenya
Mauna Loa
Farol De Mae Luiza
Lighthouse
Gobabeb
Niwot Ridge
Ochsenkopf

Pallas-Sammaltunturi

Pacific-Atlantic Ocean

Pacific Ocean

Palmer Station
Point Arena
Ragged Point
Shangdianzi
Mabhe Island

Country/Territory

Hungary
Iceland
United States
Spain
Republic of Maldives
United States
United States
Kazakhstan
Kazakhstan
United States
Canada
Taiwan

Italy

Mexico

Ireland
United States
Kenya
United States

Brazil

Namibia
United States
Germany
Finland

N/A

N/A

United States
United States
Barbados
Peoples Republic of China
Seychelles

Network

NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA

NOAA

NOAA
NOAA
NOAA
NOAA

NOAA

NOAA
NOAA
NOAA
NOAA

NOAA

NOAA

NOAA
NOAA
NOAA
NOAA
NOAA

15

Latitude

46.95° N
63.40° N
3537°N
28.30° N
497°N
25.67°N
19.52°N
44.45°N
4325°N
4593°N
54.95°N
23.46° N
35.51°N

18.98° N

53.33°N
28.22°N
0.06° S
19.53° N

5.51°8S

23.58°S
40.05° N
50.03° N
67.97° N
30.20° S
67.86° N
36.67° S
35.07°N
64.92° S
38.95°N
13.16° N
40.65° N
4.68°S

Longitude

16.65° E

20.29° W
77.39° W
16.48° W
7347°E

80.20° W
154.82° W
75.57°E

77.88°E

90.27° W
112.45° W
120.86° E
12.61°E

97.31° W

9.90° W
177.37° W
37.30°E
155.58° W

35.26° W

15.03°E

105.58° W
11.81°E

24.12°E

164.58° W
9.93° W

180.00° W
179.83° E
64.00° W
123.73° W
59.43° W
117.12°E
55.53°E

Elevation
(m a.s.l.)
344
127
505
2377
6
6
8
412
2524
868
546
2867
50

4469

26

3649

3437

20

461
3526
1185

570

10

20

15

22

20
298

Date range
MM/YYYY)
0171998 - 12/2018
01/1998 - 12/2018
01/1998 - 06/1999
01/1998 - 12/2018
03/1998 - 07/1999
0171998 - 12/2018
01/1998 - 12/2018
01/1998 - 08/2009
01/1998 - 08/2009
01/1998 - 12/2018
0172008 - 02/2013
08/2006 - 12/2018
10/2006 - 12/2018

0172009 - 12/2018

01/1998 - 12/2018
01/1998 - 12/2018
12/2003 - 06/2011
0171998 - 12/2018

0972010 - 12/2018

07/1998 - 12/2018
01/1998 - 12/2018
03/2003 - 12/2018
12/2001 - 12/2018

03/2006 - 10/2006

04/1998 - 07/2017

0171998 - 12/2018
0171999 - 05/2011
01/1998 - 12/2018
09/2009 - 09/2015
01/1998 - 12/2018



Table SS. Following Table S5

Site
code
SGP
SHM
SMO
SPO
STM
SUM
SYO
TAC
TAP
THD

TIK

USH
UTA
UUM

WIS

WKT
WLG
WPC

ZEP

Station name

Southern Great Plains
Shemya Island
Tutuila
South Pole
Ocean Station M
Summit
Syowa Station
Tacolneston
Tae-ahn Peninsula
Trinidad Head
Hydrometeorological
Observatory of Tiksi
Ushuaia
Wendover
Ulaan Uul
Weizmann Institute
of Science at the
Arava Institute
Moody
Mt. Waliguan

Western Pacific Cruise

Ny-Alesund

Country/Territory

United States
United States
American Samoa
United States
Norway
Greenland
Japan
United Kingdom
Republic of Korea

United States

Russia

Argentina
United States
Mongolia

Israel

United States

Peoples Republic of China

N/A

Norway and Sweden

Network

NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA

NOAA

NOAA
NOAA
NOAA

NOAA

NOAA
NOAA

NOAA

NOAA

16

Latitude

36.62° N
52.72° N
14.25° S
89.98° S
66.00° N
72.60° N
69.00° S
52.52°N
36.73° N
41.05° N

71.60° N

54.85° S
39.90° N
44.45° N

30.86° N

31.32°N
36.27° N
30.67° S
32.46° N
7891° N

Longitude Elevation
(mas.l.)
97.48° W 374
174.10° E 28
170.57° W 47
24.80° W 2821
2.00°E 7
38.42°W 3214
39.58°E 16
1.14°E 236
126.13°E 21
124.15° W 112
128.89°E 29
68.31°W 32
113.72° W 1332
111.10°E 1012
34.78°E 482
97.33° W 708
100.92° E 3815
135.55°E 8
170.47° E
11.89°E 479

Date range
MM/YYYY)
04/2002 - 12/2018
01/1998 - 10/2018
01/1998 - 12/2018
01/1998 - 12/2018
01/1998 - 11/2009
01/1998 - 12/2018
01/1998 - 12/2018
06/2014 - 01/2016
01/1998 - 12/2018
04/2002 - 06/2017

08/2011 - 09/2018

01/1998 - 12/2018
01/1998 - 12/2018
01/1998 - 12/2018

01/1998 - 12/2018

02/2001 - 10/2010
01/1998 - 12/2018

05/2004 - 06/2013

01/1998 - 12/2018



Table S6. List of §!3C(CH,4) surface in-situ observation sites that provided measurements assimilated in the inversion between 1998 and

2018. WPC is a mobile station. Its characteristics are compiled into a single line, providing latitude and longitude ranges of the measurements.

Stations that retrieved samples consisting mainly of well-mixed MBL air are indicated in bold red.

Site
code
ALT
AMY
ASC
AZR
BAL
BHD

BRW

CBA

CGO
KUM
LLB

MEX

MHD
MLO
NWR
SMO
SPO
SUM
TAP
WLG
WPC
ZEP

Station name

Alert
Anmyeon-do
Ascension Island
Terceira Island
Baltic Sea
Baring Head Station
Barrow Atmospheric
Baseline Observatory
Cold Bay
Cape Grim
Cape Kumukahi
Lac La Biche
High Altitude Global
Climate Observation
Center
Mace Head
Mauna Loa
Niwot Ridge
Tutuila
South Pole
Summit
Tae-ahn Peninsula
Mt. Waliguan
Western Pacific Cruise
Ny-Alesund

Country/Territory

Canada
Republic of Korea
United Kingdom
Portugal
Poland
New Zealand

United States

United States
Australia
United States

Canada

Mexico

ITreland
United States
United States

American Samoa
United States
Greenland

Republic of Korea

Peoples Republic of China

N/A

Norway and Sweden

Network

NOAA
NOAA
NOAA
NOAA
NOAA
NOAA

NOAA

NOAA
NOAA
NOAA
NOAA

NOAA

NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA

17

Latitude

82.45° N
36.54° N
7.97° S
38.75° N
55.35°N
41.41°8S

71.32°N

55.20°N
40.68° S
19.52° N
54.95°N

18.98° N

53.33°N
19.53° N
40.05° N
14.25° S
89.98° S
72.60° N
36.73° N
36.27° N
30.35°S
78.91°N

Longitude

62.51° W
126.33°E
14.40° W
27.08° W
17.22°E
174.87° E

156.60° W

162.72° W
144.68° E
154.82° W
112.45° W

97.31° W

9.90° W
155.58° W
105.58° W
170.57° W
24.80° W
38.42° W
126.13° E
100.92° E
167.73° E
11.89°E

Elevation
(ma.s.l.)
195
125
90
24
28
90

16

25
164

546

4469

26
3402
3526

47
2815
3214

21
3815

479

Date range
MM/YYYY)
08/2000 - 12/2017
12/2013 - 12/2017
10/2000 - 12/2017
08/2000 - 12/2017
04/2008 - 06/2011
03/2009 - 11/2017

01/1998 - 12/2017

08/2000 - 12/2017
01/1998 - 12/2017
01/1999 - 12/2017
0172008 - 02/2013

01/2009 - 12/2017

01/1999 - 12/2017
0171998 - 12/2017
0171998 - 12/2017
01/1998 - 12/2017
01/1998 - 12/2017
04/2010 - 12/2017
0972000 - 12/2017
07/2001 - 12/2017
1172005 - 06/2013
10/2001 - 12/2017
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Figure S1. Time-series of observed and simulated CH4 and §'3C(CH,4) monthly values averaged over the globe using a latitudinal band

average (30°)
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Figure S2. Prior estimates of § 13C(CH4)50urce isotopic signatures for each of the five emission categories averaged over the 1998-2018
period. The regions over which the values are optimized are shown in the lower-right panel. WET source signatures are dependent on the
latitude, with more depleted values in boreal regions than in tropical regions. BB source signatures are dependent on the vegetation (C3/C4).
Burning C4 vegetation tropical regions releases CHy that is more '3C-enriched than CHy released when burning C3 vegetation. AGW source
signatures is dependent on the country/region and the C3 versus C4 livestock diet. FFG source signatures mainly depend both on the location
and the contributions from coal, oil&gas and geological sources to the total FFG emissions of a specific country/region. For example, China
13C-enriched large coal emissions highly contributes to the FEG source signature in this region which is notably !3C-enriched compared to

other regions.
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Figure S3. Locations of CH4 and §'3C(CHy) surface stations. Affiliated networks are not displayed. More information about the stations
can be found in Table S5 and Table S6.
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Figure S4. Locations and numbers of CH, vertical profiles retrieved using the AirCore technique. A comprehensive list of locations and

associated providers can be found in Table S3.
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Figure S5. Locations and numbers of §'3C(CHj) vertical profiles provided by Réckmann et al. (2011). A comprehensive list of locations
can be found in Table S4.
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Figure S6. Mean seasonal cycles for multiple sensitivity tests averaged over 1998-2018. Left panels show the peak-to-peak amplitudes of
the CHy seasonal cycle. Right panels show the peak-to-peak amplitudes of the 613C(CH4) seasonal cycle. For clarity reasons and as all
seasonal cycles are here very similar, the FWD-Wang seasonal cycle amplitudes are not displayed. Note that colour scales are identical for

all simulations.

23



100 100 1
w S NS
g ° ° ’
o
w0
o N T T T
e
z -1
%5 —100 —— FWD-Taki —100
I9 —— FWD-Sherwen
— FWD-INCA
)] —— FWD-NoTropo -2
© —200 —
= —— FWD-NoCl 200
©
)
2 -3
£ —300 -300
)]
S
m
-4
—-400 B SN M e —400 i S ST S | e e

200010050080 05000% 010 1000000810 a0 07000, 050 080,010

Figure S7. Biases in total atmospheric masses for CHy, '>CHy4 and '3CH, between FWD-* and FWD-Wang. Solid lines correspond to the

monthly simulated values. Dashed lines correspond to the extended values following the methods in Sect. S2.
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