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Abstract: This study investigates atmospheric δ13CH4 trends, as produced by a global atmospheric
transport model using CH4 inversions from CarbonTracker-Europe CH4 for 2000–2020, and compares
them to observations. The CH4 inversions include the grouping of the emissions both by δ13CH4

isotopic signatures and process type to investigate the effect, and to estimate the CH4 magnitudes and
model CH4 and δ13CH4 trends. In addition to inversion results, simulations of the global atmospheric
transport model were performed with modified emissions. The estimated global CH4 trends for oil
and gas were found to increase more than coal compared to the priors from 2000–2006 to 2007–2020.
Estimated trends for coal emissions at 30◦ N–60◦ N are less than 50% of those from priors. Estimated
global CH4 rice emissions trends are opposite to priors, with the largest contribution from the EQ to
60◦ N. The results of this study indicate that optimizing wetland emissions separately produces better
agreement with the observed δ13CH4 trend than optimizing all biogenic emissions simultaneously.
This study recommends optimizing separately biogenic emissions with similar isotopic signature to
wetland emissions. In addition, this study suggests that fossil-based emissions were overestimated
by 9% after 2012 and biogenic emissions are underestimated by 8% in the inversion using EDGAR
v6.0 as priors.
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1. Introduction

Methane (CH4) is a greenhouse gas emitted into the atmosphere by natural and
anthropogenic processes. Emissions can also be categorized according to their formation
processes into biogenic, pyrogenic, and thermogenic emissions [1]. Atmospheric CH4
concentrations have more than doubled since pre-industrial times [1]. The atmospheric
concentration of CH4 is well known, unlike the magnitude and contribution of each
CH4 source [2,3]. Atmospheric records show that the concentration of CH4 was almost
stable during the early 2000s but started to increase again after 2006. At the same time,
observations of 13CH4 show a decrease, i.e., the atmosphere is becoming more depleted in
the heavy isotope [4].

CH4 has two stable carbon isotopes, and their isotopic signatures (δ13C; deviation of
the ratio relative to a standard) depend on the processes producing CH4 [5]. In general,
emissions from biogenic processes are most depleted in 13C, and emissions of pyrogenic
origin are most enriched in 13C, followed by thermogenic sources (e.g., [5,6]). At present,
isotopic measurements are limited in both spatial and temporal coverage, while partly
overlapping signatures make source attribution uncertain [7]. Furthermore, the isotopic
signatures of emissions can vary from place to place due to differences in production
processes, types of origin, or methanogenesis [8–11]. It is important to have detailed
spatial information on isotopic signatures; otherwise, the results may be erroneous [8].
In combination with atmospheric inversions with only total CH4 budgets (e.g., [1,12]),
isotopic information is helpful in characterizing CH4 sources [7,13–15]. In addition CH4
emissions, all sinks have fractionation factors, and there are uncertainties such as the
fractionation factor of OH, which also varies between studies [16,17]. There is also some
uncertainty in the tropospheric Cl sink, which varies from 13–37 Tg CH4 yr−1 [18] to
12–13 Tg CH4 yr−1 [19] and even smaller estimates [20].

Previous studies have proposed a variety of causes for the CH4 plateau in the early
2000s and the post-2006 growth. Lan et al. [15] concluded, using the forward modeling of
atmospheric chemistry, that fossil fuel emissions are unlikely to be the dominant driver of
global CH4 growth after 2006 and that a significant reduction in OH would not correspond
to the observed decrease in global mean δ13CH4. Lassey and Ragnauth [21] also concluded
that it is unlikely that the post-2006 increase is primarily due to sinks of OH and Cl. In
addition, Thompson et al. [13], Zhang et al. [22] concluded that changes in the atmospheric
sink are not significant to the recent increase in global CH4. Similarly, Milkov et al. [23]
found that emissions from shale gas and shale oil are not the dominant driver of the increase
in global CH4, even though emissions from these sources are expected to increase. Instead,
Milkov et al. [23] proposed that changes in the emissions of isotopically lighter CH4 domi-
nate the increase in global CH4. Yin et al. [24] used ensemble inverse modeling to suggest
that the recent acceleration in the CH4 growth rate from 2010 to 2017 is due to increases
in CH4 emissions, particularly from wetlands in the tropics and anthropogenic emissions
from China, rather than variations in OH. Similarly, Zhang et al. [22] suggested that the
high grow rates from 2016 to 2018 are due to increases in tropical and boreal wetlands with
increased anthropogenic emission, especially livestock emissions in tropical regions.

A box-model analysis by Schaefer et al. [25] suggested that decreasing thermogenic
emissions and/or changes in OH concentrations, which is an atmospheric sink for CH4, are
responsible for the plateau in the early 2000s. On the contrary, Fujita et al. [26] suggest that
the plateau is explained by decreases in biogenic and biomass burning CH4 emissions. In
contrast, Zhang et al. [27] suggest that the decreased coal, oil, and gas emissions, together
with the anomaly of increasing OH, contributed to the plateau. Schaefer et al. [25] suggests
that the growth after 2006 is predominantly biogenic and more consistent with agriculture
than wetlands, and tropical regions have shown the highest increase based on satellite
measurements [12]. Thompson et al. [13], Fujita et al. [26] also suggest that biogenic
emissions from the tropics are responsible for the growth after 2006. Zhang et al. [27]
suggest that the post-2006 growth is primarily due to increases in agriculture and landfill
and waste sectors with minor contributions from increased emissions from industrial fossil
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and wetland. Bousquet et al. [28] found that Arctic warming increased emissions from
wetlands in 2007. Dlugokencky et al. [29] estimated that tropical wetland CH4 emissions
increased during La Niña conditions in 2007 and 2008, contributing to the global increase
in CH4, as natural wetland CH4 emissions in the tropics are driven by precipitation,
which is enhanced during La Niña conditions in some regions. Lassey and Ragnauth [21]
also suggest that southern tropical wetlands may be behind the increase in global CH4
after 2006.

Previous CH4 inversion studies divide emissions into anthropogenic, biospheric,
and other categories (e.g., [30,31]). The category of anthropogenic emissions include
all CH4 emissions from human activity, while biospheric emissions include emissions
from wetlands and soil sinks. The other emissions include geological, ocean, and termite
emissions. In this study, we challenge the traditional division of emissions and instead
group the emissions based on their isotopic signatures and origin. In this study, we
categorize the emissions based on their isotopic signatures: fossil-based and more enriched
in 13CH4 and biogenic with depleted 13CH4.

We performed two inversion runs using a CarbonTracker Europe –CH4 data assimila-
tion system using CH4 mole fraction data. The TM5 atmospheric chemistry model was run
using the posterior fluxes and process-specific isotopic signatures to examine atmospheric
δ13CH4 and CH4 trends. Furthermore, the simulations were also performed with TM5,
which included 1) increasing wetland emissions and 2–3) changing the ratio of biogenic to
fossil emissions in the anthropogenic sources. The results from the study show the role of
fossil emissions in the global methane budget and that grouping sources isotopically is an
effective way to optimize emissions in atmospheric inversions.

2. Materials and Methods
2.1. CarbonTracker-Europe-CH4

CarbonTracker-Europe-CH4 (CTE-CH4) is an atmospheric inversion model that op-
timizes surface CH4 fluxes globally using the Ensemble Kalman Filter (EnKF) [32] as
the model scheme [30,33]. The atmospheric chemistry transport model TM5 [34] (see
Section 2.1.1) is used as an observation operator EnKF. TM5 uses a priori information on the
CH4 fluxes, the initial mole fraction of atmospheric CH4, and ECMWF ERA5 meteorological
reanalysis data to compute estimated atmospheric concentrations, after which the EnKF is
applied to optimize emission fields for anthropogenic and biogenic sources using the ob-
served atmospheric concentrations [30]. TM5 in the CTE-CH4 is run at a global resolution of
4◦ × 6◦ (latitude × longitude) with a 1◦ × 1◦ zoom and 2◦ × 3◦ intermediate zoom surround-
ing the 1◦ × 1◦ zoom grid over Europe (see more details in Section 2.1.1).

CTE-CH4 optimizes fluxes from two categories simultaneously at a weekly resolution.
The horizontal resolution of the optimization varies: for northern land, including Canada,
the USA, Europe, and Russia, fluxes are optimized grid-wise, and elsewhere, they are opti-
mized region-wise (see, e.g., [35]). The two categories are assumed to be independent, with
an uncertainty of 80% over land and 20% over oceans. The spatial correlation length varies
from 100 to 900 km between optimized regions, depending on the grid or optimization
region size and observation density (see Tenkanen et al. [35] for details). Uncertainties for
emissions are calculated for each emission source based on its prior or posterior ratio of the
category in the model.

2.1.1. TM5

TM5 is a global Eulerian atmospheric chemistry transport model [34]. It is driven by
ECMWF ERA5 meteorological fields with a 1◦ × 1◦ (latitude × longitude) zoom grid
over Europe (up to 74◦ N) embedded in a 4◦ × 6◦ global grid with an intermediate
2◦ × 3◦ zoom region (e.g., [30]). TM5 includes off-line chemical reactions with OH, Cl, and
O(1D), where the the reaction with OH is the largest atmospheric sink of CH4. The reaction
with OH is calculated based on Houweling et al. [12], and the monthly variations in OH
concentrations from Spivakovsky et al. [36] are scaled by 0.92 based on an evaluation with
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methyl chloroform [37]. Atmospheric sinks of Cl and O(1D) are considered only in the
stratosphere, where the reaction rates are prescribed based on the atmospheric chemistry
general circulation model ECHAM5/MESSy1 [38]. The TM5 in this study does not consider
any interannual variability in the photochemical sink processes, as they are assumed to be
small during the study period [39–41].

In this study, TM5 in CTE-CH4 includes only CH4, but the forward runs based on the
results of the inversions include both total CH4 (incl. 12CH4 and 13CH4) and 13CH4. The
kinetic isotope effects (KIE) k(12CH4)/k(13CH4) of 1.004 and 1.013 are used for 13CH4 OH
and O(1D), respectively [16], and 1.066 [42] is used for Cl. In this study, the TM5 forward
model applied after the inversions assumes that the KIE of the total CH4 is the same as for
12CH4, i.e., k(12CH4)/k(13CH4) ≈ k(CH4)/k(13CH4).

In this study, we also include the CH4 sink to dry soils (i.e., a negative flux from
the atmosphere to the soil) in the lowermost layer of TM5. The soil sink depends on soil
moisture, temperature, and soil texture, resulting in the smallest sink in winter and the
largest sink in the summer [43].

Soil sink removal rate of 13CH4 is calculated as [44]

Lsoil,13 =
Fsoil,12

h · KIEsoil
× [13CH4]

[12CH4]
(1)

where Fsoil,12 is the negative flux of 12CH4 at the surface, h is the thickness of the lowermost
layer, [12CH4] and [13CH4] are the atmospheric concentrations of 12CH4 and 13CH4, and
KIEsoil is assumed to be 1.0177 [45].

In the TM5 forward simulations, we include two separate tracers, CH4 (incl. 12CH4
and 13CH4 ) and 13CH4. The δ13CH4 (δ13C) is calculated as follows:

δ13CH4 =

(
(13C/12C)sample

(13C/12C)std
− 1

)
× 1000, (2)

where (13C/12C)std = 0.0112372 is the isotopic (13C and 12C) ratio of the standard, Vienna
Pee-Dee Belemnite (VPDB; [46]).

2.2. CH4 and 13CH4 Fluxes

In this study, we use inventories and process-based model data for global CH4 flux
fields from anthropogenic and natural sources. All the CH4 fields are pre-processed to
a 1◦ × 1◦ grid to match the TM5 model resolution. The 13CH4 fluxes are obtained using
Equation (2).

CH4 anthropogenic flux data are taken from the EDGAR inventory v6.0 [47,48]. The
data used in this study cover the years 2000–2020. The anthropogenic emissions include
emissions from coal, oil and gas, residential, rice cultivation, landfills and wastewater
treatment (LWW), and enteric fermentation and manure management (EFMM). EDGAR
v6.0 includes the seasonal cycle of emissions.

Anthropogenic emissions can be of fossil or biogenic origin, and the grouping between
them is based on the processes by which CH4 is formed, using isotopic signatures. In
general, fossil sources are more enriched in 13CH4 than emissions of biogenic origin.

Emissions from wetlands, soil sinks, and termites are taken from Saunois et al. [1].
Wetland emissions are the climatological monthly means from the bottom-up models for
2000–2017. Biomass burning emissions are taken from the Global Fire Emissions Database
(GFED) v4.1 [49], ocean emissions from Weber et al. [50], and geological emissions from
Etiope et al. [10]. Based on the Intergovernmental Panel on Climate Change (IPCC) AR6 WG1
report [51], we scaled the geological emissions to obtain the total global emissions of 23 Tg.

2.3. Atmospheric Observations

Atmospheric observations for CH4 were taken from the National Oceanic and Atmo-
spheric Administration—Global Monitoring Laboratory (NOAA/GML) and other national
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and international networks [52], and the observations of δ13C were taken from the Institute
of Arctic and Alpine Research (INSTAAR) and the University of Colorado Boulder [53]. We
used the CH4 observations from NOAA/GML and the δ13C observations to evaluate the
simulation results and trends. The uncertainty target for CH4 is 3 ppb [54], and for δ13C,
the reproducibility of the measurements is 0.08‰ ± 0.02‰ [55].

2.3.1. CH4 Observations for Constraining CH4 Fluxes

Atmospheric observations for CH4 mole fractions were obtained from NOAA/GML
and other national and international networks and assimilated in the CTE-CH4. The CH4
observations include surface observations from continuous and flask samples, i.e., weekly
discrete air samples. The hourly data from the continuous in situ CH4 observations were
processed similarly to Tsuruta et al. [30] before the inversions were performed. Observation
uncertainties were defined for each site and observation based on the site’s characteristics
and the measurement accuracy. The observation uncertainty is defined by taking into ac-
count both the observation error and the TM5 model error. The model error arises from the
ability of the TM5 to simulate the observations. The observation uncertainty is somewhat
arbitrary and based on expert judgement [3,30,56]. Observations were not assimilated to
constrain posterior CH4 fluxes if the absolute differences between observations and prior
mole fractions were greater than three times the observation uncertainty.

2.3.2. δ13CH4 Observations for Evaluation

We used observations of δ13CH4 to evaluate the emission trends and model estimates.
Anomalies in the trends were used for comparison. We used curve fitting methods from
Thoning et al. [57] to calculate the trend. The trend curve represents the long-term trend
with seasonal cycles removed. Anomalies were obtained by subtracting the mean of the
time series. In this study, we compared the model with observations at 13 stations, which
has a long enough data time series, as shown in Table 1 and Supplementary Table S1.

Table 1. List of stations.

Station Station Code Country Latitude Longitude Elevation [m a.s.l.] Intake Height [m a. g.]
Barrow BRW Alaska, USA 71.32° N 156.61° W 11.00 5–16.5
Mace Head MHD Ireland 53.33° N 9.9° W 5.00 21
Niwot Ridge NWR Colorado, USA 40.05° N 105.59° W 3526 3
South Pole SPO Antarctica 89.98° S 24.8° W 2821.3 3–11.3

2.4. Isotopic Signatures

Each CH4 source was assigned to a process a specific isotopic signature (Table 2) in a
same way as previously carried out by Kangasaho et al. [44], which was used together with
Equation (2) to calculate the global 13CH4 flux fields from CH4 emission fields. For LWW,
rice, residential, ocean, and termite emissions, a single isotopic value was used, and the
signature was taken from Thompson et al. [13] (mean values). For the remaining categories
(EFMM, coal, oil and gas, wetlands, biomass burning, and geological) a spatially varying
isotopic signature was used from Feinberg et al. [9]. EFMM isotopic signatures consider
the local ratio of C3 and C4 vegetation [58] and the emitted isotopic signatures of livestock
fed with C3 or C4 diets [59]. Country-level natural gas and oil signatures [59] were used in
the oil and gas isotopic signatures in Feinberg et al. [9]. The M-COAL version presented by
Feinberg et al. [9] and references therein were used as coal isotopic signatures, which are
based on coal rank and depth. Globally varying isotopic signatures for geological emissions
were taken from Etiope et al. [10]. Wetland isotopic signatures were based on observations
characterizing wetland ecosystems taken from Ganesan et al. [8].

The original resolution of the isotopic signatures from Feinberg et al. [9] was T42
resolution but were converted to 1◦ × 1◦ resolution by selecting the closest coordinate
value and by simple grid-averaging, respectively, for [44]. For all sources, the grid cells,
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where isotopic signature data were not available from the data described above, were filled
with mean values from Thompson et al. [13] (see Table 2) according to Kangasaho et al. [44].

Table 2. Isotopic signatures used to convert CH4 flux fields to 13CH4 fields. For spatially varying
global values, the ranges of values are shown. Please see Kangasaho et al. [44] for spatial distributions.
Isotopic signatures from Monteil et al. [14] are also presented for comparison.

Emission Source Signature Value (‰) Signature Value (‰)
(Used in This Study) [14]

Enteric Fermentation and Manure Management (EFMM) [−67.9,−54.5] 1, −66.8 2 −62
Landfills and Waste Water Treatment (LWW) −55.6 2 −55
Rice (RICE) −62.1 2 −63
Coal [−64.1, −36.1] 1, −40 2 −35
Oil and Gas [−56.6, −29.1] 1, −40 2 −40
Residential −40 2 −38
Wetlands [−74.9, −50] 3, −61.3 2 −59
Fires [−25, −12] 1, −22.2 2 −21.8
Ocean −47 2 −59
Termites −65.2 2 −57
Geological [−68, −24.3] 4, −40 2 −40

1 Feinberg et al. [9], 2 Thompson et al. [13], 3 Ganesan et al. [8], 4 Etiope et al. [10].

We acknowledge the differences in the spatial distributions of emissions used in, e.g.,
Feinberg et al. [9] against the EDGAR v6.0. We are also aware of the seasonal variations in
δ13CH4 signatures, but in this study, the seasonal variations in δ13CH4 signatures are not
taken into account. However, considering the wide range of source signatures [5–7,60], we
assume that our values are reasonable for the purposes of this study.

2.5. Model Setup

We used different set-ups for the inversions, which are described in Section 2.5.1. The
different model set-ups for the TM5 transport model are described in detail in Section 2.5.2.

2.5.1. Inversion Model—CH4 Only

The inversions differ in the categorization of the optimized fluxes (Table 3). For each
category, one flux-scaling factor is applied per optimized region (see Section 2.1). In ORIG,
the optimized category 1 (categ1) includes all anthropogenic sources, i.e., coal, oil, and
gas, EFMM, LWW , rice, and residential, as well as biomass burning. Category 2 (categ2)
includes wetlands and soil sinks. This division was used in, e.g., Saunois et al. [1]. This kind
of division does not consider the differences in isotopic signatures, and the CH4 budgets
can be better resolved when emissions with similar isotopic signatures are optimized in the
same category. Therefore, we wanted to optimize emissions together with similar isotopic
signatures, so SET1 and SET2 inversions were performed. In SET1, categ1 includes coal
and oil and gas, and categ2 includes EFMM, LWW, rice, wetlands, and soil sinks. In SET2,
categ1 includes coal and oil and gas, and categ2 includes EFMM, LWW, and rice. In all
inversions, the emission sources that are not included in categ1 or categ2 are taken as priors
and not optimized.
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Table 3. Model setup.

Simulation Optimised (categ1) Optimised (categ2) Not Optimised (categ3)
ORIG coal wetlands geological

oil and gas soil sink termites
agriculture * ocean
residential
fires

SET1 coal agriculture * residential
oil and gas soil sink fires

wetlands geological
termites
ocean

SET2 coal agriculture * residential
oil and gas fires

geological
termites
ocean
wetlands
soil sink

* Agriculture emissions include emissions from rice cultivations, enteric fermentation and manure management
(EFMM) and landfills and wastewater treatment (LWW).

2.5.2. TM5 Forward Model with δ13CH4

We performed a spin-up including δ13CH4 prior to the TM5 simulation for the years
2000–2020. For the spin-up, we ran TM5 40 times using year 2000 emissions and meteoro-
logical fields, together with the isotopic signatures described in Sections 2.2 and 2.4. The
spin-up was performed to obtain a well-mixed initial field for the TM5 forward modeling.
The spin-up is important because the inversion did not include δ13CH4 but only CH4.

We performed a total of nine simulations using TM5 (Table 4). Out of these nine, six
simulations were performed using prior and posterior emissions from ORIG, SET1, and
SET2 inversions. The prior simulations for ORIG and SET1 are the same, but SET2 differs
from ORIG and SET1. For the prior simulations, the spin-up was performed with posterior
fluxes, and the same initial fields were used for the simulations with the prior fluxes.

We also modified the emissions after 2012 for the ORIG simulation to examine the effect
of the ratio of fossil to biogenic emissions and to obtain a stronger response of the isotopic
trend to the emission change. We increased the ratio of biogenic (including emissions from
rice, LWW, EFMM, and wetlands) to fossil (including emissions from coal, oil and gas,
and residential) by 2% from 74% to 76%. The ratio is defined as follows: ((rice + LWW +
EFMM) + wetland)/((rice + LWW + EFMM) + wetland+ (coal + oil and gas + residential)).
This increase was achieved by increasing wetland emissions by 29% (43.3 Tg yr−1) (WET);
decreasing fossil emissions by 9%, and increasing rice, LWW, and EFMM emissions by 2%
(COMBO_1). In addition, we changed the biogenic fossil ratio to be 77% by decreasing
fossil emissions by 9% and increasing rice, LWW, and EFMM emissions by 8% (COMBO_2).

Table 4. Different TM5 simulations. Emission sources and modifications to emissions are shown.

Simulation Emissions Modifications
ORIG ORIG posteriors
ORIGpri ORIG priors
SET1 SET1 posteriors
SET1pri SET1 priors
SET2 SET2 posteriors
SET2pri SET2 priors
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Table 4. Cont.

Simulation Emissions Modifications
WET ORIG posteriors After 2012: Wetland emissions +29%
COMBO_1 ORIG posteriors After 2012: Oil and gas, coal and residential −9%

EFMM, LWW and Rice +2%
COMBO_2 ORIG posteriors After 2012: Oil and gas, coal and residential −9%

EFMM, LWW and Rice +8%

3. Results
3.1. Estimated CH4 Fluxes

The results for estimated CH4 fluxes are divided into two sections. Section 3.1.1 focuses
on differences in the CH4 budget at 30 degree latitudinal bands and globally. Section 3.1.2
focuses on an analysis of the emission change during different time periods (2000–2006,
2007–2013, and 2014–2020), both globally and in 30-degree latitudinal bands.

3.1.1. Estimated Emission Budgets

The estimated global posterior CH4 emissions for oil and gas are higher compared
to priors after 2010 (Figure 1). SET1 and SET2 estimate higher posterior emissions for
oil and gas compared to ORIG, on average 3.16–3.19 TgCH4 yr−1 (Table S2), and this is
statistically significant (p < 0.05). In general, the largest contribution to the increase in oil
and gas emissions in the posteriors comes from latitudes EQ–60◦ N (Figures S3 and S4). In
contrast, posterior global coal emissions do not increase as much as priors suggest after
2007 in any of the simulations (Figure 1). The most significant difference in the magnitude
of posterior and prior coal emissions occurs at latitudes 30◦ N–60◦ N (Figure S4). On
average, posterior coal emissions are 0.86–4.72 TgCH4 yr−1 lower than priors, although the
result is not statistically significant (p > 0.05) (Table S2). Residential posterior emissions
in ORIG differ in magnitude and trend from SET1 and SET2 (Figure 1), with the largest
contribution coming from latitudes EQ–60◦ N (Figures S3 and S4). However, on average,
the total estimated residential emissions in ORIG are 0.13 Tg yr−1 (Table S2) lower than
prior. Residential emissions in SET1 and SET2 are not optimized.

Global LWW- and EFMM-estimated CH4 emissions have a similar trend to the priors,
but the magnitudes are higher (Figure 1 and Table S2). Average prior LWW emissions are
approx. 1.7–4.2 TgCH4 yr−1 smaller than the posteriors, and EFMM posterior emissions
are 7.8–9.8 TgCH4 yr−1 larger than in the priors in all inversions (Table S2). The largest
contribution to the increase in LWW and EFMM posterior emissions comes from latitudes
90◦ S–EQ and 30◦ N–60◦ N (Figures S2 and S4). The global posterior rice emissions show
an opposite trend to the prior emissions. However, the global total differs, on average, by
less than 1 TgCH4 yr−1 (Table S2).

The global posterior wetland CH4 emissions differ between the simulations (Figure 1).
SET1 estimates the largest posterior wetland CH4 emissions among the total simulations.
The largest contribution to the increase in SET1 wetland emissions comes from latitudes
30◦ S–EQ and 30◦ N–60◦ N (Table S2).

The global average soil-sink posteriors vary among simulated years, and no clear
trend is visible for the years 2000–2014 (Figure 1). However, a strong decrease in the soil
sink is estimated by SET1 in 2018, along with an increase in ORIG (and SET2). Termite,
ocean, and geological emissions are not optimized in any simulation; therefore, posterior
and prior emissions are the same (Table S2). Residential and fire emissions were optimized
in ORIG in the biomass burning but are not optimized in SET1 or SET2. However, the
estimated fire emissions differ very little from priors.



Atmosphere 2023, 14, 1121 9 of 22

Figure 1. Global prior and posterior CH4 emissions by sector. Solid lines are SET1, dash–dot lines are
SET2, and dotted lines are ORIG. Posterior emission are bolded, and prior emissions are presented in
gray. For emissions from residential and fires, please note that priors (SET1, SET2 and ORIG) are the
same as posteriors for SET1 and SET2.

3.1.2. Emission Changes during 2000–2006, 2007–2013, and 2014–2020

Globally, oil and gas, EFMM, and LWW prior and posterior CH4 emissions show
an increasing trend (Figure 2). Coal emissions in SET1 and SET2 also show a globally
increasing trend. The posterior mean LWW and coal emissions suggest a smaller increas-
ing trend for CH4 emissions compared to the priors (Figure 2). EFMM and oil and gas
trends for SET1 and SET2 show a stronger increasing trend in comparison to the priors
(Figure 2). However, the estimated EFMM trend from 2000–2006 to 2007–2013 is slightly
smaller (<0.1 TgCH4 yr−1) for SET1 (Figure 2 and Table S2). The contributions of different
latitude bands to the global EFMM CH4 posterior trend is different. At the latitudes 30◦

S–EQ, the EFMM posterior trend is decreased from 2007–2013 to 2014–2020 (Figure 3). At
the latitudes 30◦ N–60◦ N, the posterior trends in SET1 and SET2 are opposite to the prior
trends from 2000–2006 to 2007–2013. From 2007–2013 to 2014–2020, the trend increases
again, similar to the priors, but the increasing trend in ORIG is 69% larger than that in the
priors (Figure 4 and Table S3). At the latitudes 60◦ N–90◦ N, the posterior trend differs only
a little from the priors, although the decrease in ORIG from 2000–2006 to 2013-2020 is more
than twice as large as in the priors (Figures S6 and S7). At the latitudes 90◦ S–30◦ S, the
EFMM posterior trends are stronger from 2000–2006 to 2007–2013 in all simulations but
weaker from 2000–2006 to 2014–2020 for SET1 and SET2. LWW emissions have a globally
increasing trend, but there are differences between the latitude bands and the simulations.
The trend at 30◦ N–60◦ N and 90◦ S–30◦ S is opposite to that of the priors from 2000–2006
to 2007–2013 (Figures 4 and S6). The increasing trends for LWW emission in the posteriors
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are smaller than in the priors, except for SET1 and SET2 for 90◦ S–EQ from 2000–2006 to
2014–2020 and also for 30◦ S–EQ from 2000–2006 to 2007–2013 (Figures 2, 3, 5 and S7).
However, all simulations show a larger decreasing trend than priors at 60◦ N–90◦ N and
90◦ S–30◦ S from 2000–2006 to 2007–2013. The stronger decreasing trend from 2000–2006
to 2014–2020 continues at 60◦ N–90◦ N (Figures S6 and S7). Estimated posterior trends
for oil and gas emissions at 60◦ N–90◦ N indicate a smaller decrease in emissions than
priors (Figure S7) from 2000–2006 to 2007–2020. For SET1 and SET2, the posterior emissions
indicate a larger increase in emissions from 2000–2006 to 2007–2020 compared to the priors
at EQ–60◦ N. Global posterior coal emissions indicate a smaller increase in emissions from
2000–2006 to 2007–2020 compared to the priors, but there are differences between latitude
bands. At latitudes of 30◦ N–60◦ N, the posterior trends are less than half of the priors in all
simulations. At the latitudes 30◦ S–30◦ N, the posterior trend is similar to the priors over
the time periods (Figures 3–5). At the latitudes 90◦ S–30◦ S and 60◦ N–90◦ N, the posterior
trends differ from the priors, but the contribution is small (Table S3 and Figures S6 and S7).
As a result, the global posterior coal emissions have a smaller magnitude compared to the
priors expect for ORIG during 2000–2006 (Tables S2 and S3).

The global posterior CH4 emission trends for rice are opposite to the priors, indicating
a decrease in rice emissions (Figure 2). Estimated global residential emissions in ORIG
increase less from 2000–2006 to 2007–2013 compared to priors, and there is decrease in the
estimated emissions for 2014–2020 compared to 2000–2006 (Figure 2). The estimated global
trends for fire emissions in ORIG are similar to the priors (Figure 2). The estimated global
trends for wetland CH4 emissions are decreasing in all simulations (Figure 2), although the
magnitude of the emissions is 4.79 TgCH4 yr−1 larger (p < 0.05) than the priors in SET1
(Table S3). Prior rice emissions have an increasing trend in all latitudinal bands, a small
decreasing trend at 90◦ S–30◦ S and no trend at all at 60◦ N–90◦ N (Figures 3–5, S6 and S7).
The decreasing trend for SET2 is the strongest among the simulations (Figure 2). The
largest contribution to the differences between the prior and posterior comes from latitudes
EQ–60◦ N (Figures 4 and 5). At latitudes 30◦ S–EQ, the posterior rice emission trends
suggest a smaller increase in emissions compared to the priors (Figure 3). the estimated
wetland CH4 trends show some differences between the simulations at different latitude
bands; e.g., the decreasing trend from 2000–2006 to 2014–2020 is stronger for SET1 than for
ORIG at latitudes EQ–30◦ N but vice versa for 30◦ S–EQ (Figures 3 and 5).

Figure 2. Difference in prior and posterior emissions globally from three different inversions com-
pared to the years 2000–2006.
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Figure 3. Difference in prior and posterior emissions at 30◦ S–EQ from three different inversions
compared to the years 2000–2006.

Figure 4. Difference in prior and posterior emissions at 30◦ N–60◦ N from three different inversions
compared to the years 2000–2006.

Figure 5. Difference in prior and posterior emissions at EQ–30◦ N from three different inversions
compared to the years 2000–2006.

3.2. Estimated CH4 and δ13CH4 Trends

At almost all stations, the modeled CH4 trends were in agreement with the observa-
tions, except for the WET simulation, which was not in agreement at any station. However,
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there were large differences in the modeled δ13CH4 trends between simulations but not be-
tween stations (Figures 6–9 and S8–S16). In general, the inversions were in better agreement
with the observed δ13CH4 trend from 2000 to 2012 than the priors; however, after 2012,
all inversions showed no trend or an increasing trend, while the observations showed a
decreasing trend. However, the COMBO_2 run with modified fossil and biogenic emissions
agreed well with the observed δ13CH4 trend. Here, we present a detailed analysis of the
results for the four stations described in Section 2.3.2. The results from other stations are
presented in the Supplementary Material (Figures S8–S16).

At BRW, anomalies for the modeled CH4 differ from the observations (Figure 6). From
2012 to 2020, the modeled CH4 trends in the anomalies are similar to the observations in all
simulations except WET, but they start from a lower level. The simulated CH4 anomalies
in 2005 and 2010–2012 show a strong decrease, which is not seen in the observations. The
modeled trends in δ13CH4 show a similar behavior to that observed from 2000 to 2010, but
the timing is different, so the modeled peaks and dips occur earlier.

Figure 6. Anomalies in the CH4 and δ13CH4 trends at Barrow, Alaska, USA. Different simulations
are shown with different colors. Simulations with prior emissions are shown as dashed lines. Note
that ORIGpri and SET1pri are the same.

At MHD, the modeled and observed trends in the CH4 anomaly are similar (Figure 7),
except for WET. In addition, ORIG/SET1pri and SET2pri differ from observations before
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2003. The modeled δ13CH4 trends in WET and COMBO_2 are similar to the observations.
The δ13CH4 anomaly in the unmodified priors and posteriors shows increasing trends,
despite the decreasing trend in the observations. The δ13CH4 trend in COMBO_1 does not
decrease as much as observations suggest after 2015.

Figure 7. Anomalies in the CH4 and δ13CH4 trends at Mace Head, Ireland. Different simulations are
shown with different colors. Simulations with prior emission are shown as dashed lines. Note that
ORIGpri and SET1pri are the same.

At NWR, the modeled trends in the CH4 anomaly are stronger in WET, but in other
simulations, the trend agrees well with the observations, except for priors until 2002
(Figure 8). In contrast, the modeled δ13CH4 trends in WET and COMBO_2 agree well with
observations. The COMBO_1 simulation also has a similar trend to the observations, but
the trend is weaker. Other simulations do not agree with the observations.
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Figure 8. Anomalies in the CH4 and δ13CH4 trends at Niwot Ridge, Colorado, USA. Different
simulations are shown with different colors. Simulations with prior emissions are shown as dashed
lines. Note that ORIGpri and SET1pri are the same.

At SPO, the modeled and observed trends in the CH4 anomaly are similar, except for
WET. The priors are also different before 2003 (Figure 9). The observed trend in δ13CH4 is
similar to the observations in WET and COMBO_2 (Figure 9). The trend in COMBO_1 is
decreasing but still weaker than the observations. Other simulations show an increasing
trend in δ13CH4, which is opposite to the observations.
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Figure 9. Anomalies in the CH4 and δ13CH4 trends at the South Pole, Antarctica. Different simulations
are shown with different colors. Simulations with prior emissions are shown as dashed lines. Note
that ORIGpri and SET1pri are the same.

4. Discussion

The TM5 results in this paper demonstrate the importance of initial emissions. We
acknowledge that there are differences between emission inventories. Coal and oil and gas
emissions in EDGARv6.0 differ from GAINS emissions in magnitude and trend in latitudi-
nal bands. The total global emissions for coal and oil and gas in GAINS are 3.4 TgCH4 yr−1

and 5.5 TgCH4 yr−1 higher than in EDGAR v6.0, respectively. However, the global in-
creasing trend for oil and gas from 2000–2006 to 2014–2020 is almost 50% smaller than
for EDGAR v6.0. For coal, the increasing trend from 2000–2006 to 2007–2020 is similar
to EDGAR v6.0. For example, at the latitudes EQ–30◦ N, the oil and gas emissions are
6.6 TgCH4 yr−1 lower in GAINS, but coal emissions are 1.7 TgCH4 yr−1 higher. Emissions
from coal and oil and gas also vary between the EDGAR v6.0, v5.0 [48], and v4.3.2 [47].

The global trend of oil and gas emissions in GAINS according to our COMBO_2
results are consistent with the observed trends, as the results now suggest that oil and gas
emissions are overestimated. However, the magnitude of oil and gas emissions in GAINS
is larger compared to EDGAR v6.0 or the ORIG posterior. The global increasing trends in
agricultural (including EFMM, LWW, and rice) and fossil (including coal and oil and gas)
emissions are consistent with other bottom-up estimates by Stavert et al. [61], although



Atmosphere 2023, 14, 1121 16 of 22

different prior emissions were used. However, the total magnitude of fossil emissions
in bottom-up estimates is larger than the top-down estimates in Stavert et al. [61], but
in this study, the estimated global fossil emissions are, on average, 0.8–1.43 TgCH4 yr−1

smaller. The estimated agricultural emissions in this study are higher than prior emissions,
contradicting the results of Stavert et al. [61].

Lan et al. [15] found that the increasing trend in EDGAR v4.3.2 anthropogenic fossil
emissions did not match with the observed δ13CH4 trend when simulated. Similarly, in this
study, using EDGAR v6.0, the increasing CH4 trend in anthropogenic fossil emissions did
not match the observed δ13CH4 trend in the simulation. The demonstration by Lan et al. [15]
of changing partitioning of fossil and microbial emissions is consistent with our COMBO_2
scenario, where anthropogenic fossil emissions are reduced by 9% and anthropogenic biogenic
emissions are increased by 8%. We also performed a TM5 simulation by increasing rice, LWW,
and EFMM emissions, such that the biogenic and fossil ratio would increase by 2% (results
not shown). However, such an increase would imply an increase of 18% (43.5 Tg yr−1) in
these emissions, which is outside the uncertainty range [1].

The inversions performed in this study were able to decrease the global coal emissions
compared to priors throughout the years (on average 0.8–4.7 TgCH4 yr−1). However, the
inversions were unable to decrease global oil and gas emissions, which were 5.88 TgCH4
yr−1 higher than priors between 2014 and 2020. LWW and EFMM emissions were estimated
to be larger tan priors, as suggested by the TM5 results. The inversions were unable to
reduce fossil-based emissions enough, nor could they increase the agricultural emissions
enough after 2012, but this can be explained by the inversion model’s ability when the prior
fluxes used are estimated wrongly, e.g., in magnitude or in spatial distribution. The TM5
results indicate that wetland CH4 emissions should be optimized separately, as previously
carried out by (e.g., [30,31]), and not together with agricultural emissions, as was carried
out in this study. Furthermore, the TM5 results indicate that the contributions from biogenic
sources to recent CH4 trends need to be larger, which is consistent with Basu et al. [62]. In
this study, we assimilated only CH4 in the inversion, but there are studies that suggest it
could be beneficial to simultaneously assimilate the δ13CH4 and CH4 [62].

We further acknowledge that temporal changes in isotopic signatures are important to
consider when analyzing long-term trends. Seasonal variations have been reported for bio-
genic sources, such as wetlands [63,64] as well as rice cultivation [65–68]. Zazzeri et al. [69]
reported that the coal source signatures vary depending on coal type, depth, coalification
process, mining method, and coal rank. In addition, Liu et al. [70] reported that the δ13CH4
signature changed in four stages during shale gas release. However, only limited data are
available, and the signatures used in the study by Feinberg et al. [9] may be misreported.

We can assume that the time-invariant δ13CH4 signatures used in this study are
reasonable, since the modeled δ13CH4 trend in the COMBO_2 simulation agrees with the
observations. However, we cannot exclude the possibility that the time-invariant signatures
could potentially lead to a misinterpretation of the modeled δ13CH4 trend, as previously
reported by Ganesan et al. [8] and Kangasaho et al. [44] in seasonal cycle analysis. There are
limited studies on source-specific isotopic signatures changing over time (e.g., [71,72]). We
did not consider isotopic signatures changing over time, but we acknowledge that this kind
of variation may affect trends. We also acknowledge that including δ2HCH3 isotopes would
provide additional information for source separation (e.g., [73]). However, there are not
enough data available for δ2HCH3 isotopes to be used in this kind of modeling at present.

5. Conclusions

We performed global atmospheric inversions for CH4 using CarbonTracker-Europe-
CH4 with different optimized emissions for 2000–2020. In addition, we performed a global
atmospheric forward modeling analysis for CH4 and δ13CH4 using the inversion results
to investigate which inversions corresponds best with observations.The results of the
inversion simulations performed in this study suggest larger LWW and EFMM and lower
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coal emissions than reported in EDGAR v6.0. This is supported by the results obtained
with TM5 when analyzing the δ13CH4 trends at different stations.

The results for TM5 indicate that the inversion obtained using EDGAR v6.0 emissions
after 2012 is not able to reproduce the correct trend, in line with observations. The results
of this study indicate that fossil-based emissions (coal, oil and gas, and residential) are
overestimated by approximately 9% (approx. 12.31 Tg yr−1), and biogenic emissions
(rice, LWW, and EFMM) emissions are underestimated by approximately 8% (approx.
19.52 Tg yr−1), after 2012 in the inversion using EDGAR v6.0. Interestingly, the modification
of only CH4 wetland emissions to produce a stronger decreasing δ13CH4 trend, similar to
observation results, in a CH4 trend that is inconsistent with the observed CH4 trend. This
suggests that other emission sources, in addition to wetland emissions, should be modified
despite the large uncertainty range of the wetland emissions. This study shows that the
contribution of biogenic emissions needs to be larger after 2012 than what is in EDGAR
v6.0. Furthermore, this study emphasizes the crucial role of the grouping of the optimized
CH4 emissions in atmospheric inversions to reproduce the observed δ13CH4 trends from
the CH4 inversion results.

Despite the different optimized categories for CH4 inversions, the modeled trend in
TM5 for CH4 did not differ much between simulations. However, there were differences in
the modeled δ13CH4 trends. When agricultural emissions are not included in the optimized
biospheric CH4 emissions, the modeled CH4 and δ13CH4 trends in TM5 agree better with
the observations. Therefore, based on this study, it is recommended that CH4 biospheric
emissions are optimized with wetland emissions only, emission components are optimized
individually, or, alternatively, the relationship between the emission components is traced
to produce realistic trends for CH4 and δ13CH4. The results also show how sensitive the
δ13CH4 trend is to the correct CH4 emissions, highlighting the importance of the CH4
emissions used for simulations.

More research regarding δ13CH4 signatures that possibly vary over time (periodically,
seasonally or intermittently) would improve the understanding of the global CH4 budget.
In the future, more comprehensive research is needed on emissions inventories and how
they match with the observed δ13CH4 trend. As shown by this study, the emission invento-
ries may be inconsistent with the observed δ13CH4 trend, despite agreeing with the CH4
trend. In the future, it would be worth investigating what additional information on source
separation could be attained by simultaneously assimilating CH4 and δ13CH4 in inversion.
In addition, it would be fruitful to investigate the reasons behind the observed trends of
CH4 and δ13CH4 in more detail.
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