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Trends in atmospheric methane concentrations
since 1990 were driven and modified by
anthropogenic emissions

Ragnhild Bieltvedt Skeie® '™, @ivind Hodnebrog® ! & Gunnar Myhre® '

The atmospheric methane trend is not fully understood. Here we investigate the role of the
main sink, the main natural source, and anthropogenic emissions on the methane growth rate
over the last three decades using numerical models and emission inventories. We find that
the long-term trend is driven by increased anthropogenic methane emissions, while wetland
emissions show large variability and can modify the trend. The anthropogenic influence on
hydroxyl radical, through nitrogen oxides and carbon monoxide emissions, has modified the
trend over the last decades and contributed to the atmospheric methane stabilization from
2000 to 2007. The hydroxyl radical increase prior to this stabilization period might have
contributed to the decline in the isotopic ratio after 2007 due to the time dependent isotopic
response of hydroxyl radical. Emission reductions due to COVID-19 restrictions via the
influence on hydroxyl radical, possibly contributed to approximately two thirds of the increase
in methane growth from 2019 to 2020.
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ethane (CH,) is the second strongest contributor to

anthropogenic greenhouse gas radiative forcing after

carbon dioxide!. The global mean concentration
reached 1908 parts-per-billion (ppb) in 20212, >160% higher than
the pre-industrial level (year 1750) of methane and this increase is
largely driven by anthropogenic activities>.

The current atmospheric concentrations are higher than in
scenarios consistent with limiting global warming to 1.5 and 2
degrees*, and several studies point to the importance of reducing
atmospheric methane to meet the temperature goals of the Paris
Agreement*~7. To better evaluate mitigation efforts in view of
reaching the temperature goals in the Paris AgreementS, an
improved understanding of past methane trends is crucial®.
However, over the four last decades, the growth rate of atmo-
spheric methane has varied® (Fig. 1) and the reasons for the
variations in the observed methane trend have been discussed in
the literature often with contradicting explanations (see Turner,
et al.10 and references therein). The high growth rate in the 1980s
slowed down in the 1990s. Between 2000 and 2007, atmospheric
methane concentrations were relatively stable, but from 2007 it
started rising again!l12, with a further acceleration in 2014%
Large annual increases equivalent to those observed in 2020 and

0 (a) Trend due to anthropogenic emissions

2021 (15.2 and 17.8 ppb, respectively) have not been seen since
the 1980s°.

What determines the growth rate of atmospheric methane is
the imbalance in the methane budget. The global methane budget
- the total sources and sinks of methane—consists of several large
terms that are all associated with large uncertainties!®. Anthro-
pogenic sources contribute to about 60% and natural sources
(mainly wetlands) to about 40 % of the total sources of
methane!3. The main sink of methane is through chemical
reactions in the atmosphere. Understanding the observed changes
in methane growth rates requires a good understanding of trends
in the methane budget terms. The uncertainties in the compo-
nents of the methane budget greatly exceed the sources-sink
imbalance driving the contemporary methane trends!0. These
uncertainties are a crucial hindrance in our ability to understand
past and present methane growth rates.

Anthropogenic activity is the main contributor to the increase
in atmospheric methane since pre-industrial times, through
agriculture (rice cultivation, enteric fermentation and manure
management), fossil fuel activities (coal mining, oil and gas
industry), landfill and waste management. For the increase in
atmospheric methane since 2007 several studies point at

0 (b) Effect on trend due to OH

OsloCTM3/AerChemMIP/CCMI
- o —— 0sl0CTM3 CEDS21+COVID
L 154 L 154
© ©
() ()
> >
A S
o o
= 2
9 51 Qe 51
© ‘ g /\ /
< \ <
ER v ER %
IS4 Y o
o o
o —51 o —51
C C
2 —— RCP —— EDGARV7 2
s s
2 —101 GAINSv4 CEDS-2021 2 —101
—— CEDS-2017 = Observed trend
-15 T T T T T -15 T T T T T
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
20 (c) Effect on trend due to wetland 20 (d) Trend all factors
T o154 To151
© ©
[ [
> >
2z 10 2 101
Q Q
= =
9] 51 ] 51
2 o]
B /\ 8 /\
e ey
£ 0 vV € 0 vV
o o
o (o))
o -5 v -5
= oM =
< 04 CLM parameter sensitivity F= 04
g -1 VISIT g -1 Anthropogenic CH4 emissions
LP)_wsl All factors
-15 , . ) . . -15 . . ) . .
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

Fig. 1 Observed and calculated growth rate in atmospheric methane. In (a) the calculated growth rate in atmospheric methane due to different emission
inventories (anthropogenic and biomass burning, see Method and Supplementary Fig. 1) from the box model are shown as coloured lines. The grey shading
indicates the ranges in the calculated methane growth rate from the different emission inventories. In (b) the difference in the methane growth rate
allowing for changes in methane lifetime (due to OH changes) over time compared to fixed methane lifetime. The green line shows contribution to the
growth rate allowing for changes in methane lifetime following the OsloCTM3 CEDS21+ COVID, while the green shading indicates the range in
contribution from allowing methane lifetime to change following the other OsloCTM3 CEDS17 simulations (with fixed and varying meteorology), CCMI and
AerChemMIP results (see Box model section in Method). In () the difference in the methane growth rate allowing for changes over time in the natural
emissions compared to fixed natural methane emissions. The different shadings indicate range in contributions from CLM driven by different
meteorological data, CLM parameter sensitivity simulations, the set of VISIT model results and the set of LPJ-wsl| simulations. In (d) the calculated
methane growth rate combining different anthropogenic emission inventories, estimates of changes in methane lifetime over time and changes in natural
methane emissions over time (red shading) compared to only the ranges in the calculated methane growth rate based on anthropogenic emission
inventories (grey shading, similar to the shading in (a)). In all panels, the observed annual methane mole fraction increase from NOAA Global Monitoring
Laboratory® are shown in black. The stabilization period from 2000 to 2007 is indicated by the grey vertical field. In Supplementary Figs. 2-4, similar
figures with different base set up of the box model (methane lifetime, natural emissions) are shown.
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anthropogenic emissions as the main contributor!4-17. Different
emission inventories and scenarios show large differences in
emission trends, both prior to the 1990s, as well as after 2005
(Fig. 2), especially for the fossil fuel sector!8.

Wetland emissions may have decreased since pre-industrial
time driven by conversion of wetland areas to drylands by
humans!? or increased in response to increased precipitation and
atmospheric CO, that consequently increase net primary pro-
ductivity and heterotrophic respiration?. A strengthening of the
wetland methane feedback, an increase in wetland emissions
driven by temperature and precipitation increases, is of concern
as the climate is changing!3. Results from one wetland model
show increased wetland emissions over the last two decades
driven by climate change?!. Contrary multi-land-model studies
find no trend in wetland methane emissions over the most recent
decade!3. However, land models have difficulties in representing
wetlands, in particular seasonal flooding influences the temporal
and spatial variability in wetland emissions??. Based on mea-
surements of methane and isotopic ratio, studies point at
increased biogenic emissions in the tropics as a contributor to the
recent increase in methane*2324 and global inversion studies find
contribution from tropical wetlands?>, and regional studies do
find increases in tropical wetland emissions in South America26-27
and tropical Africa?$2? over the last decade.

The dominant loss of atmospheric methane is through oxida-
tion by the hydroxyl radical (OH). The abundance of OH is
dependent on the combined effect of atmospheric composition
and meteorological factors such as humidity, UV radiation, and
temperature. OH has an atmospheric lifetime of ~1 s3° and hence
direct measurements cannot be used to derive the methane sink
trend. To gain knowledge of the trend in OH and hence the
methane sink, atmospheric chemical models®!-33 and inverse
methods using methyl chloroform or other components34-38 are
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Fig. 2 Time development of anthropogenic methane emissions and
biomass burning emissions from 1970 to 2020. Annual emissions for
anthropogenic emission inventories and scenarios (see Table 1 for details)
from 1970 and onwards and open biomass burning emissions (CMIP6-BB
followed by GFED from 1997 and onwards) are shown. The ranges in
anthropogenic emissions from the Global Methane Budget (agricultural and
waste, fossil fuel and biofuel) for the year 2017 and the 2000-2009 period
are marked by error bars (black: bottom-up estimates, grey: top-down
estimates). The uncertainty estimate (£30% for 90% confidence
interval)®6 is added to EDGARV7 in 2018. The SSPs are the nine CMIP6
harmonized marker scenarios in the SSP database. The stabilization period
from 2000 to 2007 is indicated by the grey vertical field.

necessary. In chemical modelling carbon monoxide (CO) and
nitrogen oxides (NOy) emissions play an important role for the
OH trend32:33:39, as increases in NO, tend to increase OH and
increases in CO tend to decrease OH. The spread in estimates of
the OH trend is large, and chemical models and inversion method
show different trends for the period with renewed growth of
methane33. Incomplete knowledge of the OH sink also impact
top-down estimates of trend in methane sources using inverse
modelling340. These methods mostly apply prescribed OH and
hence attribute all mismatches between observations and models
to emission sources.

In this study the time evolution as well as the relative roles of
the methane sink, natural sources and anthropogenic sources on
atmospheric methane is consistently assessed, with the focus on
the last three decades. The trend in OH and hence the methane
lifetime is studied using a chemical transport model (OsloCTM3),
investigating both the role of meteorological factors as well as
anthropogenic influence on OH through changes in NO, and CO
emissions. The possible influence on the high growth rate of
atmospheric methane in 2020 due to emission reductions of NO,
and CO as a consequence of COVID-19 lockdowns are assessed.
The time evolution of natural emissions is calculated using the
community land model CLM5.0, and the trend in anthropogenic
emissions is investigated using a wide range of emission inven-
tories and scenarios. To assess the role of these three largest terms
in the methane budget on the atmospheric methane growth rate,
a box model is used. Joint changes as well as separate contribu-
tions of the methane budget terms and their uncertainties to the
year-to-year increase in atmospheric methane are assessed.
Another box model is used to illustrate the influence of OH on
the isotopic ratio, with its time dependent isotopic response, as
well as the response due to wetland and anthropogenic emissions.

Results
Anthropogenic methane emissions and influence on methane
trend. Figure la shows how different anthropogenic emission
inventories influence the growth rate of atmospheric methane.
For these calculations a box model (see Method) is used, with
constant methane lifetime and natural emissions while anthro-
pogenic and biomass burning emission vary (Fig. 2). The different
anthropogenic methane emission inventories (Table 1) used as
input for these calculations have a large spread and show different
time development (Fig. 2). Due to different start years of the
inventories (Table 1), different emission inventories/scenarios are
combined to cover the period 1950 to 2020 (see Method and
Supplementary Fig. 1).

The box model calculations using the CEDS-2017 emission
inventory and a Shared Socioeconomic Pathway (SSP) scenario

Table 1 Anthropogenic emission inventories and scenarios
used in this study.

Short name References Start year  End year

CEDS-2021 McDuffie, et al.%4 updated 1970 2019

CEDS-2017 Hoesly, et al.5 1850 2014

SSPs Gidden, et al.9> 2015 2100

GAINSv4 Hoglund-Isaksson, et al.®® 1990 2050

RCPs Lamarque, et al.#4 and van 1850 2100
Vuuren, et al.%6

EDGARV7 Crippa, et al.%” and EC- 1970 2021
JRC/PBL?®

EDGARV5 Crippa, et al.?° 1970 2015

Short name used in the text, references, start year and end year of the emission data. Links to
the emission data are included in Supplementary Table 1.
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(CEDS-2017 in Fig. la, see Method) give an increase in methane
that is too small prior to 1990 and too strong post 2005 compared
to the observed growth rate’. The CEDS-2017 inventory was
prepared for the Coupled Model Intercomparison Project Phase 6
(CMIP6), while the older emission inventory (RCP) prepared for
CMIP5 give similar atmospheric growth rates and an even
stronger positive methane trend than CEDS-2017 over the last
decade. Note that RCP follows the Representative Concentration
Pathway 8.5 (RCP8.5) post 2000, while CEDS-2017 follows a
scenario with small increase post 2015, and not a SSP scenario
with similar emission growth as RCP8.5 (Fig. 2).

Using the more recent emission inventories (GAINSv4, CEDS-
2021) in the calculations give atmospheric growth rates closer to
observed at the end of 1990s to mid-2010s, with a smaller growth
rate post 2000 compared to the older emission inventories (RCP,
CEDS-2017). Prior to the 1990s CEDS-2021 anthropogenic
emissions are not able to reproduce the high growth rate in the
1980s (Fig. 1a), as also seen directly from the relatively stable
CEDS-2021 emissions in the 1980s and 1990s (Fig. 2). The CEDS-
2021 inventory builds on EDGARV5 emission inventory (Fig. 2),
while the most recent EDGAR inventory (EDGARvV?) is similar to
the older emission inventories (Fig. 2). The older emission
inventories and EDGARv7 are closer to the observed growth in
the 1980s than the other more recent inventories. A sensitivity
test enhancing the methane lifetime due to OH from 9.6 to
11 years, gives atmospheric growth rate slightly closer to the
observed in the 1980s (Supplementary Fig. 2).

A single anthropogenic emission inventory alone will never be
able to reproduce the observed trend in atmospheric methane.
Emissions are uncertain (see e.g., the error bars in Fig. 2) and
represented here as a range of emission inventories. Observed
growth rates are mostly within the range of the calculated growth
rate, where the more recent inventories better reproduce
observations after the stabilization period, while the older
emission inventories in addition to EDGARv7 are closer to
observations in the 1980s.

OH and methane lifetime. To study the trend in the OH sink, a

Fig. 3 the OsloCTM3 results for OH are shown as changes in
global OH relative to year 2000. As oxidation by OH is the main
methane sink, the methane lifetime trend goes in the opposite
direction of the OH trend (Supplementary Fig. 5). Two sets of
simulations are performed, time-slice simulations with fixed 2010
meteorology for selected years from 1850 to 2020 and simulations
with variable meteorology for the years 1997 to 2017, with the
CEDS-2017 emission inventory as input (CEDS17).

The OsloCTM3 simulations show a decrease in OH (and an
increase in methane lifetime) from 1850 to 1990 of ~3%. An
increase in methane lifetime over this period can be expected as
methane concentration more than doubled over this period, from
808 ppb in 1850 to 1717 ppb in 199041, The OH in 1850 is similar
as in year 2000, but in the second half of the 20th century the OH
and methane lifetime were ~2-3% lower and longer, respectively,
as in 1850. From 1990, OH rapidly increased up to 2007 with an
increase in OH of 5.8% in the simulation with fixed meteorology.

A similar increase as in the fixed meteorology simulations is
seen in the simulation with varying meteorology, but with slightly
smaller magnitude (4.9 %). As expected, the results with varying
meteorology show more year-to-year variability, both as meteor-
ological factors (humidity, radiation, lightning etc.) and biomass
burning emissions influence the OH distribution with large
interannual variability. Considering meteorological factors, most
of the increase occurs over a shorter period from 1999 to 2007
with an increase of 3.8%. Post 2007, the OH concentration
declines, in the simulation with constant meteorology, while for
the simulation with variable meteorology, the concentrations
fluctuate around larger values than prior to the year 2000.

The increase in OH is slightly less between 2000 and 2007
using the most recent CEDS emission inventory (CEDS21)
(Fig. 3b) compared to the CEDS17 simulation. For the year 2020,
the CEDS21 emission for year 2019 is scaled by estimated
emission reduction due to policies to combat the COVID19
pandemic (see Method). The results for 2020 show a sharp
decrease in OH of 2.2% from 2019 (Fig. 3b) and hence an increase
in methane lifetime.

Also shown in Fig. 3 are results from two multi-model
initiatives, the Chemistry-Climate Model Initiative (CCMI)*? and

chemistry transport model (OsloCTM3, see Method) is used. In  The Aerosol Chemistry Model Intercomparison Project
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Fig. 3 Modelled global OH relative to global OH in year 2000. In (a) results from 1850 are shown while in (b) the results are shown from 1970. Results
from the OsloCTM3 time-slice simulations (with fixed year 2010 meteorology) are shown as dark blue diamonds combined with dashed lines and the time
development for OH from the simulations with variable meteorology are shown as a dark blue solid line. These simulations use the CEDS-2017 emissions
(CEDS17). In (b) the additional simulation with the CEDS-2021 emissions and COVID emission for 2020 (with fixed year 2010 meteorology) is shown as
dark red crosses combined with dashed line (CEDS214 COVID). The range of the model results from AerChemMIP33 up to 2014 are shown as green

shading and model results from CCMI3' up to 2010 are shown as blue shadings. Note that the multi-model results are tropospheric means, while the

OsloCTM3 results are for the whole atmosphere. The stabilization period from 2000 to 2007 is indicated by grey shadings. Similar figures for methane

lifetime are shown in Supplementary Fig. 5.
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(AerChemMIP)*3 endorsed by CMIP6. The span of the relative
change in OH from 11 models from phase 1 of CCMI?! and 3
models participating in AerChemMIP33 are shown as shadings in
Fig. 3.

The emission inventories used to drive the OsloCTM3 model
are the same as used in CMIP6/AerChemMIP. AerChemMIP
models show similar trend in OH as OsloCTM3, with a sharp
increase of around 9% in global OH from 1980 to 201433, The
similarities in the time evolution of these model results are linked
to the emissions of chemically reactive components used to drive
the models. In CCMI a different emission inventory was
recommended, based on the historical emissions used in
CMIP5* and RCP8.5%, although some models used other
emission inventories’!. The model spread for relative OH is
larger, as more model results are included, but the increase in OH
since 1990 is less steep compared to AerChemMIP results,
indicating a role for the emissions used for the OH time evolution
(see Discussion).

OH sink and influence on atmospheric CH4 trend. To illustrate
the effect of the OH trend on the methane growth rate, the life-
time due to OH in the box model (9.6 years, see Method) is
adjusted based on the simulated relative change in OH from
OsloCTM3, CCMI and AerChemMIP. In Fig. 1b the difference in
calculated methane trend between runs with adjusted methane
lifetime over time and with fixed methane lifetime are shown.
Adjusting the lifetime based on results from the OsloCTM3 and
the multi-model initiatives (green shadings in Fig. 1b) reduced
the atmospheric trend from 1980s up to —7.3 ppb yr—! in year
2000. The contribution to the trend is negative throughout the
stabilization period and becomes less negative in the period with
renewed growth in atmospheric methane. Changes in the OH
sink have likely contributed to the stabilization of atmospheric
methane in the period 2000 to 2007.

Results based on OsloCTM3 simulations with fixed meteorol-
ogy are shown as a green line in Fig. 1b. After year 2000 the
lifetime is adjusted based on the CEDS21 + COVID simulation
and before year 2000 the lifetime is adjusted based on the
CEDS17 simulations, as the trend in the emissions used in these
simulations are similar before year 2000 (Supplementary Fig. 8).
From 2010, the contribution from OH to the growth rate was
negligible until the end of the period. From 2019 to 2020 the
methane trend increased by 3.7 ppb yr—! due to COVID emission
reductions of NOy and CO, possibly contributing to the 5.5 ppb
yr~!larger observed growth rate in 2020 compared to 2019°. The
approximately two thirds of the increase in growth rate from 2019
to 2020 is larger than previous estimates of up to one half*¢ and
53 (+10) %%7.

Wetland emissions. The CLM5.0 model is used to calculate
natural fluxes of methane and estimate recent trends in these
fluxes (see Methods). Three sets of simulations are performed,
with different meteorological data used to drive the model in
addition to sensitivity tests varying two of the most sensitive
parameters for methane fluxes in the CLM*3.

The global wetland emissions from the CLM are in the lower
range of the Global Methane Budget (GMB) emissions!3 due to
lower emissions in the tropics, while at high latitudes the CLM
are in the upper range of the GMB emissions (Fig. 4). The
different meteorological data used to drive the model give slightly
different wetland fluxes (Fig. 4). Supplementary Fig. 6 show the
net emissions that in addition to wetland emissions, defined in
the CLM as emission fluxes in the inundated fraction of the grid
cell, include fluxes from the non-inundated areas and soil sink.
The different meteorological data used to drive the model give

slightly different wetland fluxes (Fig. 4) and span a larger range
for net emissions (Supplementary Fig. 6).

Varying the two parameters that are found to influence the
methane fluxes the most#® results in global wetland fluxes that
span the entire range of both bottom-up and top-down estimates
from the GMB (Fig. 4). The two parameters considered are
ql0ch4 (q10 for methane production) and f ch4 (methane
production to total C mineralization rate). The minimum,
maximum and the value in the main simulations for ql0ch4
are 1, 4 and 1.33 respectively. For f_ch4 the values are 0.1, 0.4 and
0.26. The minimum value of f_ch4 gave unrealistically low values
for methane emissions (Supplementary Fig. 7) and is not included
in Fig. 4.

Wetland emissions are highly dependent on the wetland
distribution. In the CLM, the wetland extent is parameterized and
optimized to fit the wetland area in Wetland Area and Dynamics
for Methane Modelling (WAD2M) dataset* (see Method). The
wetland emissions are also calculated based on the CLM wetland
fluxes (calculated in each grid-cell and independent of wetland
area) and the monthly wetland area in WAD2M and its
predecessor the hybrid wetland product SWAMPS-GLWD?C. As
the wetland area in SWAMPS-GLWD was larger than in the
updated and improved WAD2M dataset?, the wetland emission
using SWAMPS-GLWD was larger than WAD2M (Fig. 4 third
column). Also note that the wetland fluxes multiplied by the
monthly global wetland distribution (WAD2M) gave similar
results to the CLM where wetland area is parameterised based on
the same wetland distribution.

The total soil sink does not have large year-to-year variability,
does not vary for different meteorological datasets, and is not
influenced by changing the two parameters in the CLM (Fig. 4).

In Fig. 5. the trend in natural fluxes of methane is shown as
global anomalies of net methane emissions (wetland emissions,
fluxes from non-inundated areas and soil sink) (Fig. 5a) and for
only wetland emissions (Fig. 5b). The general pattern in the time
evolution is similar for the CLM model driven by different
meteorological datasets, where the global net-emission increased
from 1992 to 2000, then increased again from the end of the
stabilization period up to 2011 and decreased thereafter (Fig. 5a).
The year-to-year variability in the net methane emissions can be
related to the phase of the El Nino-Southern Oscillation. In the
CLM there are positive anomalies for La Nina years (around year
2000, 2007-12) and negative anomalies for El Nino years
(1992,1998,2016) (Fig. 5a).

The anomalies scale with total emissions. As GSWP3 has the
largest emissions, a larger year-to-year variability than CRUN-
CEP and CRUJRA is seen. A larger year-to-year variability is also
seen in the parameter sensitivity results (pink shading in Fig. 5),
where the total global wetland fluxes span the range from 100 to
200 Tg yr~! (Fig. 4). The parameter sensitivity tests do not
change the overall trend, but the magnitude of the emissions and
hence the amplitude of the anomalies (Supplementary Fig. 7).

The interannual variability in the wetland emissions are
smaller than for the net emissions (Fig. 5), as the emissions in
the non-inundated areas included in the net emissions are more
affected by meteorological factors. The general pattern for
wetland emissions is similar to the net-emissions, with negative
anomalies prior to the stabilization period, and positive anomalies
in the period with the renewed growth in atmospheric methane
(Fig. 5b). Using the wetland area distribution directly in
combination with CLM wetland fluxes give similar results as
the CLM parameterisation, but there are some small differences.
Between 2011 and 2014, emissions are stable if wetland area data
are used while for the parameterisation the emissions increased.

Added to Fig. 5b are the Vegetation Integrated Simulator of
Trace gases (VISIT) model results!® using two different schemes
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(a) Global and regional wetland emissions 2008 to 2017

0(b) Sink 2008 to 2017
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Fig. 4 Modelled wetland methane emissions and soil sink. In (a) global and regional wetland emissions and in (b) the global soil sink calculated using the
CLM model are shown. Coloured boxes show the annual mean values from the CLM simulations for the period 2008-2017 (or the end year of the
simulation see Method) compared to the range of reported studies in The Global Methane Budget (GMB) for the 2008-2017 decade from top-down
inversions models and bottom-up models'3 represented by the error bars. The CLM results are presented for three groups, simulations driven by different
meteorological data (left column), simulations driven by CRUJRA meteorological data where values for two central parameters for methane fluxes (q10ch4:
q10 for methane production and f_ch4: methane production to total C mineralization rate) are varied (middle column) and methane fluxes calculated using
the monthly wetland distributions and the methane fluxes for wetland areas from the CLM (right column). Note that some of the coloured boxes overlap.

to estimate the wetland emissions and The Lund-Potsdam-Jena-
Wald, Schnee and Landschaft (LPJ-wsl) model results driven by
two different meteorological datasets?!. The time development in
VISIT show similarities to the CLM results, both having 1992 as
the lowest value and an increase (less negative anomalies) up to
the end of the 1990s and in general positive anomalies after the
stabilization period. The VISIT model shows larger interannual
variability but note that the total fluxes are larger compared to the
CLM (Fig. 5b). The LPJ-wsl results?! show an increase in
emissions from the stabilization period and up 2021.

Influence of natural emissions on atmospheric methane trend.
Adding interannual variability in natural emissions of methane
alters the atmospheric methane growth rate calculated by the box
model (Fig. 1c). As the total global emissions are uncertain, the
anomalies are scaled to a mean value of 149 Tg yr—1, the best
estimate from GMB bottom-up studies'3. The net emission
anomalies from CLM simulations (Fig. 5a) and wetland flux
anomalies (Fig. 5b) from VISIT runs and LPJ-wsl runs are used. If
the total natural emissions are increased, and the anomalies
scaled by a larger number of 179 Tg yr—1, slightly larger con-
tribution to the atmospheric methane trend are found (Supple-
mentary Fig. 4) compared to results in Fig. 1.

The CLM and VISIT simulations show a negative contribution
to the atmospheric methane trend in the early 1990s (Fig. 1c).
The observed atmospheric methane trend is weakening in the
1990s compared to the 1980s, and the negative anomalies in the
natural fluxes might have contributed to this. The three models
show an increased contribution to the trend in the first years
following the stabilization period, indicating a possible wetland
contribution to the rapid growth in methane from 2007. The LPJ-
wsl results show an increasing contribution to the growth rate for
the recent decade, while the contribution to the trend is small for
CLM and VISIT. Note that anomalies are set to zero after end of
land model results (2014,2016 and 2019 for CLM and 2016 for
VISIT, Supplementary Fig. 9b).

Combined influence on atmospheric methane trend. In the
previous sections the effect on the atmospheric growth rate due to
different anthropogenic emission inventories, changes in the

methane sink over time and changes in natural fluxes is illustrated
separately. If all these effects are combined, the observed trend is
well within the modelled range over the last two decades (except
the negative anomaly in 2004) (Fig. 1d). In the 1980s and 1990s
the modelled growth rates are generally lower than the observed
growth rates. In the estimates considered here, changes in
methane lifetime due to OH have contributed to the reduced
growth rate of methane in the 1990s and the stabilization period
2000 to 2007. Both OH and the modelled natural fluxes made a
positive contribution to the trend in the years following 2007, and
possibly contributed to the renewed growth in methane. The
main contributor to the atmospheric methane trend is anthro-
pogenic methane emissions, but changes in OH and wetland
emission can modify the trend.

Influence on 8'3Ccy, trends. Measurements of methane isotopes
can indicate changes in methane sources as biogenic, thermogenic
and pyrogenic sources are characterized by different isotopic
signatures®l. Isotope measurements can also indicate changes in
the oxidation capacity of the atmosphere as OH preferentially
oxidizes the 12CH, methane isotope. Prior to the stabilization
period the observed trend in 13C/12C isotopic ratio (§13Ccp4) was
positive, while at the end of the stabilization period, the trend in
813Ccpyy turned negative?.

Nisbet, et al.# pointed at several possible reasons for the more
negative values in atmospheric 6'3Ccpyy since 2007, one of them
was a decline in the atmospheric oxidation capacity. Here we
propose an alternative hypothesis that an earlier increase in the
oxidation capacity of the atmosphere can decrease the isotopic
ratio in later years. Both Haghnegahdar, et al.>? and Stell, et al.>
(in their Fig. S9) illustrated that the isotopic effect of a step
change in OH exhibited a sign change in §'3Ccyy trend after
around one decade. We investigate the isotopic effect of the
strong increase in OH prior to the stabilization period by using an
isotopic box model (see Method).

Results show indeed that about 30% of the strong observed
decrease in 813Cgyy, of 0.2%o between 2008 and 2014 can be
explained by OH from OsloCTM3 and AerChemMIP driven by
CEDS emissions (Fig. 6a; Supplementary Fig. 10). The further
observed decline of >0.2%o in 613Ccyy4 between 2014 and 20202 is
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Fig. 5 Global anomalies for natural methane emissions. In a global
anomalies for net methane emissions (wetland emissions, fluxes from non-
inundated areas and soil sink) and in b global anomalies for wetland
emissions from 1990 to 2079. Total global emissions for the baseline period
(2000-2007) are indicated in the legend. The El Nino-Southern
Oscillation phases are indicated with El Nino (red) and La Nina (blue) from
the Oceanic Nifio Index (NOAA. https://www.cpc.ncep.noaa.gov/data/
indices/oni.ascii.txt (2023)) with threshold of +0.5 deg for El Nino and
—0.5 for La Nina where tick marks on x-axis indicate mid-year. In a annual
emission anomalies from the CLM using three different meteorology
datasets to drive the model are shown. Pink shading indicates the range of
anomalies from simulations varying two parameters in the biogeochemical
model using the CRUJRA meteorology. In b the main CLM results are
compared to CLM wetland fluxes combined with WAD2M (red diamond)
and SWAMPS-GLDW (blue diamond) datasets for wetland distribution,
and compared to the VISIT model results'® and LPJ-wsl model results?.
The stabilization period from 2000 to 2007 is indicated by grey shadings.

not explained by the OsloCTM3 (CEDS21 + COVID). However,
results using the AerChemMIP and CCMI datasets indicate that
the OH evolution prior to this period has led to a small decline in
S13Ccpyq in recent years, as OH concentration is set constant after
2014 and 2010 respectively. The enhanced OH from the 1980s
towards the stabilization period in AerChemMIP and OsloCTM3
contributed slightly to the increase in isotopic ratio from the late
1980s to the late 1990s. The box model simulations show
relatively small influences of OH between 1998 and 2008, a period
when observed §13Ccyyy value is also relatively constant.

The more negative values in atmospheric §13Ccyy since 2007
can also indicate an increase in isotopically very negative biogenic
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Fig. 6 Modelled influence of evolving OH concentrations and individual
emission sectors on the §13Ccy,4 isotopic ratio. Anomaly in globally
averaged 6'3Ccpa (%o0) from observations and from the difference between
box model simulations (see Methods and Supplementary Fig. 10) that are
run with evolving vs. constant (@) OH concentrations, (b) anthropogenic
emissions (from 2007), and (€) wetland emissions. In (a), three different
OH datasets have been used (AerChemMIP, CCMI and OsloCTM3), and
the green shading represents the range for the three different AerChemMIP
models while dotted lines assume constant OH for the remaining time
period (CCMI and AerChemMIP datasets end in 2010 and 2014,
respectively). In (b) and (c), shading represent +/—1c uncertainty in the
isotopic signature for individual anthropogenic emission sectors (b) and
wetland emissions (¢). Observations are from Table S4 in Schaefer, et al.100
(black line) and WMO/GAW? (grey line and shading).

emissions, whether from wetlands, ruminants, waste or all of
these?. With the isotopic box model, we have quantified the
contribution from evolving vs. constant emissions from indivi-
dual sectors to the isotopic ratio (Fig. 6b, ¢; Supplementary
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Fig. 11). Among the anthropogenic emissions, results show that
increasing fossil emissions (isotopically less negative) have
contributed a ~0.2%o increase in isotopic ratio since 2007 and
increasing livestock emissions (isotopically strongly negative)
have contributed to a~0.15%0 decrease (Fig. 6b). There is a
further contribution of ~—0.05%o0 from increasing waste emis-
sions while rice emissions only contribute slightly due to near-
constant emissions since 2007. It is worth noting that the
contribution due to waste emissions is particularly uncertain due
to large uncertainty in its global isotopic signature (yellow
shading in Fig. 6b). Based on these results, a potential
overestimation in the increase of fossil emissions, or under-
estimation in the increase of livestock emissions, would have
contributed to a more negative 6'3Ccp, evolution. In fact, the
CEDS-2021 emission inventory does show much smaller increase
in both fossil and livestock emissions compared to EDGARv7
(Supplementary Fig. 11), and isotopic box model simulations
using anthropogenic emissions from CEDS-2021 therefore show
much smaller contributions to the §13Ccy evolution from these
two sectors (Supplementary Fig. 12), indicating that uncertainties
in the time evolution of anthropogenic emissions contribute to
the difficulty in reproducing the observed §13Ccyy evolution.

The evolving vs. constant wetland emissions (isotopically
strongly negative) show small contributions to the atmospheric
8'3Ccpy4 evolution during 2000-2007 and a contribution towards
decreasing 8'3Ccyyy in the following few years (Fig. 6¢). From
around 2010 to 2020, the contribution from wetlands differs
depending on the emission datasets, and interestingly, the two
LPJ-wsl emission timeseries?! show a relatively strong contribu-
tion of a ~ 0.1%o decline in §'3Ccyy, during this period. It should
be mentioned, however, that most of the increase in wetland
emissions in their inventories origin from tropical wetlands,
which are less negative in 813Ccpy compared to wetlands in
temperate and boreal vegetation®*. Hence, the decline of ~0.1%o
due to wetlands may be too strong in our isotopic box model,
which uses one global mean value for the isotopic signature of
wetland emissions.

Discussion

In this study we focus on three of the most important and
uncertain factors for the methane trend over the last decades, the
main sink of methane through oxidation by OH, natural emis-
sions from wetlands and anthropogenic emissions.

As illustrated in Fig. 2, the various anthropogenic emission
inventories differ in magnitude and have experienced different
time evolution. The error bars from GMB in Fig. 2 are mainly
based on the range of different estimates, excluding uncertainty in
emission factors and activity data. For the EDGAR emission
inventory these uncertainties are assessed to be —33% to +46%
(at 20) for total anthropogenic methane emissions®, and based
on best value judgement narrowed to +30% (90% confidence
interval)®®, corresponding to 263 to 489 Tg (for 2018 in
EDGARv7, Fig. 2). There are no uncertainty estimates for his-
torical emissions and only two different emission paths prior to
1990 exist (note that emission inventories are not independent).
Only the EDGARv7 inventory includes emission for year 2020,
when observed methane growth rate hits a new record (Fig. 1).
Driven by the agricultural and waste sector, the EDGARv7
emissions increased by 1% from 2019 to 2020, whilst others
estimate a weak decrease in anthropogenic methane emissions
due to COVID lockdowns>’. McNorton, et al.>® found increased
emissions in 2020, especially from the energy sector®8, and pos-
sible reasons are increased venting due to reduction in energy
demand and limited maintenance during lockdown®®. Gas lea-
kages and leakages due to accidents in the oil and gas sectors are

mostly unaccounted for in the inventories and can contribute
substantially to the emissions®® and add additional uncertainties
to the inventories. Noting that the different emission inventories
do not span the full uncertainty in anthropogenic methane
emissions, the box model results with different anthropogenic
emissions illustrate the importance of anthropogenic emissions in
driving the decadal increase in atmospheric methane, as also
highlighted in previous studies!4-17.

Several factors influence the OH distribution and trend and
hence the methane lifetime32:61:62, Factors that enhance OH are
increased humidity, tropospheric ozone, NO, emissions and UV
radiation (influenced by stratospheric ozone). Factors that
decrease OH are increased abundance of methane, CO and other
compounds that have OH as their main atmospheric sink.

The AerChemMIP models and the OsloCTM3 had similar
time evolution of OH (Fig. 3). As these models were driven by the
same emission inventory of chemically reactive gases, this indi-
cates that the emission inventories used are important for the OH
variability, as also pointed out by Stevenson, et al.33 for Aer-
ChemMIP. The results from the OsloCTM3 simulation with
varying meteorology show more year-to-year variability than with
fixed meteorology but similar long-term trend in OH (Fig. 3b).

Dalsoren, et al.3? investigated the drivers of the change in
methane lifetime in the OsloCTM3 model and found the ratio of
NO,/CO emission to be a key variable. When the NO,/CO ratio
increases, OH production (NO, emissions) dominates over OH
loss (CO emissions) and OH concentration increases, and
methane lifetime decreases. The NO,/CO ratio increases for
CEDS-2017 (Fig. 7) from 1980 to 2007 consistent with the
increase in OH in the model simulations using these emissions
(Fig. 3).

The time evolution of the NO,/CO ratio differs for different
emission inventories (Fig. 7). From the 1980s-1990s, the RCP and
ECLIPSEv6 have weaker increase compared to the others, while
EDGARVS5 has the strongest increase. After the methane stabili-
zation period the ratios are relatively flat for all inventories. In
CCMI the emission inventory used is based on the RCP
historical** extended by RCP8.5. This inventory has a less steep
increase in the ratio from the 1980s and onwards compared to

0.35

Anthropogenic NOx/CO emission ratio

0.101
—— RCP historical CEDS-2021
0.05 | RCPs COVID19est
—— CEDS-2017 EDGARV5
rrrrrrrrrr SSPs —— ECLIPSEV6
0.00 - - - , ,
1970 1980 1990 2000 2010 2020 2030

Fig. 7 Time evolution of total anthropogenic NO, to CO emission ratios
from 1970 to 2030. Details of the inventories and scenarios are presented
in Table 1 and see Supplementary Fig. 8 for the NO, and CO emissions
separately. The COVID19 estimate is described in the method section. The
ECLIPSEv6 used in Whaley, et al.’01 are equivalent NO, and CO emissions
to the GAINS methane emissions in Table 1. The stabilization period from
2000 to 2007 is indicated by grey shading.
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CEDS-2017. The CCMI model results driven by RCP emissions
have generally a weaker trend in OH from 1990s to 2010 com-
pared to OsloCTM3 and AerChemMIP driven by CEDS-2017
emissions (Fig. 3b). Nicely, et al.%3 considered various factors
affecting tropospheric OH and found the oxidizing capacity to be
steady since 1980 but note that the effect of NO, was based on
model results using the RCP emission inventory. For the recent
update of CEDS, both CO and NO, emissions are revised
downwards, but the NO,/CO ratio shows similar trend as the
previous CEDS inventory, as also seen as similar OH trend in
OsloCTM3 simulations driven by the two inventories (Fig. 3b).

The model results using the CEDS-2017 emission inventory
points at an important contribution of changes in OH via
anthropogenic NO, and CO emissions to the methane stabiliza-
tion period. Several previous studies have indicated an important
role of an increased methane sink for the methane stabilization
period using observationally derived OH concentration36:37:64
without presenting a physical explanation of the OH trend.
However, it should be noted that the uncertainties in global
anthropogenic emissions of NO, and CO are large. These are not
assessed but assumed to be >15% and less than factor of two in
CEDS-2017 on a global scale®. The different trend of the NO,/
CO emission ratio reflects some uncertainty in methane lifetime
due to uncertainties in these emissions, with both stronger
(EDGARv5) and weaker (RCP) trends from 1990 to 2007 com-
pared to CEDS-2017.

One out of several possible reasons for the more negative
values in atmospheric 8'3Ccyy since 2007, is a decline in the
atmospheric oxidation capacity?. From model simulations, driven
by CEDS-2017 emissions, there is no large decline in the oxida-
tion capacity from mid-2000s, and the NO,/CO emission ratio
from other inventories do not indicate any large change in OH
either since 2007 (Fig. 7). Here we have proposed an alternative
hypothesis that an earlier increase in the oxidation capacity of the
atmosphere can decrease the isotopic ratio in later years, as
previously illustrated for idealized step changes in OH>%~3, Using
an isotopic box model, the increase in OH from the 1980s to early
2000s using CEDS-2017 emissions can explain part of the
decrease in observed 8!3Ccpy from 2007, due to the time
dependence of the 813Cyy4 response (Fig. 6). Rigby, et al.3 also
used a box model to show that evolving OH concentrations,
inferred from methyl chloroform (CH3;CCl;) observations by
inversion, could explain some of the decline in §13Ccyy (their
Fig. S6), but their inferred OH concentration had both an
increase until around 2005 and a decrease thereafter. On the
other hand, Lan, et al.? did not find an influence of OH on the
813Ccpy4 decrease, but they only explored a scenario with negative
OH trend after 2006. It should be noted that box models have
important limitations. Our isotopic box model is based on global
and annual means and does not account for the highly variable
OH concentrations in both time and space, nor the inhomoge-
neous distribution of the isotopic ratio and emission signatures.
Further studies are needed using 3-D models to better resolve and
understand the influence of OH and its temporal evolution on the
813Cyy4 evolution.

Increased tropical wetland emission has been suggested as a
reason for the renewed growth of atmospheric methane and the
decline in 813Cqpy4*232%4. The CLM land model results show
contribution to the interannual variability in the methane growth
rate, but no long-term trend. This is consistent with global bio-
geochemical modelling done within GMB, with no trend in
emissions from 2000-2006 to 201714, however the uncertainties
are large. Top-down estimates within GMB show relatively
unchanged natural emission over the same period. Methane
emissions from wetlands are strongly dependent on the wetland
distribution (Figs. 4 and 5). Any trend in wetland extent will

influence the trend in methane fluxes. There is no trend in wet-
land extent in the WAD2M dataset®®. As these data are used in
GMB and this study, it explains the lack of long-term trend in
emissions. There are however large uncertainties in the WAD2M
over tropical areas, due to large seasonality and interannual
variability in inundated area and vegetated forest canopy that
may lead to underestimation of wetland area from satellite-based
products?® and trends in wetland area extent here can be missed.
Using a hydrological model to determine the wetland area,
Zhang, et al.2! modelled an intensification of the tropical wetland
methane emissions over the period 2000 to 2021, due to climate
change, and highlighted the needs for sustained observations for
documenting trends and variability in these emissions. Using
these wetland emissions in the box models does indeed indicate
that increased wetland emissions have contributed to the increase
in the methane growth rate (Fig. 1c) and to the declining §'3Cc¢yyy
in the most recent years (Fig. 6¢). Emissions from livestock and
waste also have strongly negative isotopic signature and
increasing emissions in recent years, and the box model further
indicates contributions from these two sectors on the decline in
813Ccpyy (Fig. 6b). The comprehensive analysis of modelled versus
observed 813Ccypy, by Lan, et al.% identified a few scenarios that
could explain the renewed methane growth after 2006, and these
involved different combinations of increased wetland emission,
more moderately increasing fossil fuel emissions, decreases in
biomass burning emissions and/or a significant decrease in
soil sink.

Other natural methane sources as emissions from freshwater
systems and geological sources, are largely uncertain and tem-
poral changes are not available in the literature!# and hence not
included here.

A single process is not sufficient to fully explain the atmo-
spheric methane trend over the last decades. The growth rate of
methane is determined by the balance of sources and sinks in the
global methane budget, that are associated with large
uncertainties!3. Even small changes can have a large impact on
the growth ratel®. The main driver of the methane trend is
anthropogenic activity. Mainly directly through methane emis-
sions, but also indirectly by emissions of CO and NO, changing
the atmospheric oxidation capacity and hence the methane life-
time. There are uncertainties in both the magnitude and the trend
of anthropogenic emissions, and better knowledge of emissions,
both the recent emissions but also for the past, is crucial for our
understanding of the methane trend. In 2020, the COVID
restrictions reduced the NO, and CO emissions. Using estimates
for emission reductions in 2020, the methane lifetime increased,
and possibly contributed to approximately two thirds of the
increase in methane growth from 2019 to 2020. The atmospheric
growth in methane in 2020 and 2021 is higher than in the early
1980s. To limit global warming, it is important to limit the
growth in methane, and mitigate atmospheric constituents that
influence methane indirectly by affecting the methane lifetime
such as CO. The most recent anthropogenic emission estimates of
methane show growth in recent years. It is critical to reverse this
trend to achieve the temperature goals of the Paris Agreement.

Method

OsloCTM3. To calculate changes over time in OH and methane
lifetime the OsloCTM3 is used. OsloCTM3 is an offline global
three-dimensional chemistry transport model driven by 3-h
meteorological forecast data by the Open Integrated Forecast
System (Open IFS, cycle 38 revision 1) at the European Centre for
Medium-Range Weather Forecasts (ECMWEF). The OsloCTM3
consists of a tropospheric and stratospheric chemistry scheme®”
as well as aerosol modules for sulphate, nitrate, black carbon,
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primary organic carbon, secondary organic aerosols, mineral dust
and sea salt®s.

In this study, the model is run with anthropogenic and biomass
burning emissions provided for the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6). For the years since 2000, the model
is also run with a recent update of these emissions. Two sets of
simulations are performed using the CMIP6 emissions, time-slice
simulations for the years 1750, 1850, 1950, 1970, 1980, 1990,
2000, 2007, 2010, 2014, 2017, and 2020, with fixed year 2010
meteorological data for all simulations and a set of simulations
from 1990 to 2017 with meteorological data for the correspond-
ing year. In addition, simulations are performed for a shorter
period (from year 2000) where the anthropogenic emissions are
replaced by the updated version of these emissions and consistent
emissions for 2020 that include COVID perturbation to the
emissions. Time slice simulations with fixed meteorology (2010
meteorology) for year 2000, 2007, 2010, 2014, 2017, 2019 and
2020 are performed. Natural emissions are kept the same for all
years in all simulations, except lightning emissions of NO,. The
parameterization of lightning NO, emissions are described in
Sovde, et al.%”. The climatological mean lightning emissions is 5
Tg(N) yr—1 but change daily and yearly due to meteorology. The
horizontal resolution is ~2.25° x 2.25° with 60 vertical layers
ranging from the surface up to 0.1 hPa.

The emissions provided for CMIP6 are the historical anthro-
pogenic emissions from the Community Emissions Data System
(CEDS)®” and biomass burning emissions from van Marle, et al.®°
(CMIP6-BB). The anthropogenic emissions are provided for the
period 1750 to 2014 and extended by emissions from a scenario
from 2015 to 2020, the IAMC-MESSAGE-GLOBIOM-ssp245
scenario (SSP245)70, For the years between 2015 and 2020, the
monthly emissions are linearly interpolated. Biomass burning
emissions used are CMIP6-BB with monthly resolution, while
daily Global Fire Emissions Database version 4 with small fires
(GFEDv4s)”1 emissions are used after 2003 in the simulation with
varying meteorology. Note that CMIP6-BB are based on GFED.
For the year 2020 in the fixed meteorology simulation, the open
biomass burning data from SSP245 is used. The simulations using
these emissions are named CEDS17.

For the simulation with updated emissions, CMIP6 anthro-
pogenic emissions are replaced by the recent updated CEDS
emissions (v_2021_02_05)72, that extend to 2019. To create a
consistent emission inventory for 2020, the CEDS emissions for
year 2019 is scaled (by sector, month and grid box) by the relative
reduction in the COVID-MIP emissions’>74 The daily emissions
from GFEDv4s are used in both sets of simulations for all years.
The simulation sets using these emissions are named CEDS21 or
CEDS21 + COVID.

The CTM is run with prescribed surface concentrations of
methane®” scaled to the historical global mean methane
concentrations*! for the year simulated. The main atmospheric
sink of methane is due to OH, mainly in the troposphere. In
OsloCTM3, the loss of methane due to O(1D) and Cl is only
calculated in the stratosphere. Different diagnostics of global
methane lifetime and OH concentrations are available®”. Here, we
calculate OH concentration using a methane averaging kernel
(OH concentration is weighted by air mass and by the loss rate to
methane) from the model surface up to the model top and the
methane lifetime with respect to OH for the same domain.

CLM. For calculation of natural methane fluxes, mainly methane
fluxes from wetland, we apply the Community Land Model
version 5.0 (CLM5)7>, the land component of the Community
Earth System Model (CESM)7°. The model includes a biogeo-
chemical model””78 that simulates methane production,

oxidation, ebullition, transport through plant aerenchyma and
both aqueous and gaseous diffusion. The model does not have a
wetland plant functional type. Wetland area, the inundated
fraction of the grid box, are specified by parameterization that
include hydrological variables and parameters fitted to match
satellite-based products of inundated area’8. In the CLM5, two
parameters are optimized for each grid cell based on linear
equation involving simulated total water storage (TWS) to esti-
mate inundated area’”. Here, these parameters are re-optimized
based on the global Wetland Area and Dynamics for Methane
Modelling (WAD2M) dataset®. The two parameters are esti-
mated for each month compared to annual values in the default
CLM5.0 version. The WAD2M data for wetland areas have no
value when snow on ground. If the value in a grid box is <80% of
the median values in the grid box over the entire period, the value
used to estimate the data are set to the mean of the values that are
>80% of the median for the entire period.

A few modifications to the default setup of CLM5.0 (within
cesm2.1.1-rc.05) are done. (1) The effect on methane production
on soil pH are turned on, that are known to reduce the methane
fluxes in the CLM model’’. Fields of soil pH from the
Harmonized World Soil Database$® are used. (2) Set the
parameter value f_ch4 (baseline fraction of anaerobically miner-
alized carbon atoms becoming methane) to 0.26 as used as default
value in Miiller, et al.#8 (3) Neglect aerenchyma transport in the
non-inundated areas of the grid box!%77. (4) Ignore the use of a
perched water table depth (water table depth above frozen soil
layers) in the methane production as it gives an unrealistic spring
peak in emissions in non-inundated areas at high latitudes. (5)
Emissions from rice paddies are excluded from the CLM methane
fluxes. Methane fluxes from lakes are not calculated.

Simulations are performed with three sets of meteorological
data. Global Soil Wetness Project 3 (GSWP3) version 1 and of the
CRUNCEP (version 7) are standard atmospheric data sets used to
force the CLM81. The CRUJRA (CRU JRA v2.1)82, data are
adapted to the format used in CLM and span the more recent
years. The model resolution is 0.9° x 1.25°. The CLM model is
run with these three meteorological data from 1990 to the last
year available (GSWP3: 2014, CRUNCEP: 2016. CRUJRA: 2019).
The model runs are initialized with a field generated by
simulating year 1990 for 20 years from the corresponding default
CLM year 2000 initialization field (for CRUJRA the CRUNCEP
field are used).

Box model. To illustrate the impact of the time development of
OH and wetland emissions, as well as different anthropogenic
methane emissions inventories (Fig. 2 and Table 1) on the
atmospheric methane trend, a box model representing the mass
balance equation is used.

The atmospheric concentrations are calculated based on time
series of total methane emissions and assumptions on methane
lifetimes. For conversion of emissions to mixing ratio a factor of
2.84 Tg ppb~! is used. This value is calculated from the molecular
weight of methane (16.04 gmol™!), molecular weight of air
(28.97 gmol~!) and the total dry air mass of the atmosphere
(5.1352e18 kg83). The methane loss is calculated by a set of three
different lifetimes of 9.6years, 120years, and 160 years,
representing the loss due to OH, loss in the stratosphere and
soil sink respectively®4. This give a total lifetime of ~8.4 years,
within the range 9.1 + 0.9 years in Szopa, et al.30.

The box model is run from 1950 to 2020 for a range of
anthropogenic methane emissions inventories (see Table 1). To
cover the full time period, the chosen set of anthropogenic
emissions are combined: RCP: RCPhistorical+RCP8.5, GAINSv4:
CEDS-2021 (scaled to match start year of GAINSv4)+GAINSv4,
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CEDS-2017: CEDS-2017 + SSP (REMIND-MAGPIE - SSP5-34-
0S), EDGARv7, CEDS-2021: CEDS-2021 and emission in 2020
equal emission in 2019. For those anthropogenic emissions with
start year 1970, CEDS-2017 scaled to match the 1970 emissions
are added prior to 1970. The anthropogenic emissions used in the
box model are shown in Supplementary Fig. 1.

The emissions of methane from fires are taken from GFED
from 1997 to 2020 (preliminary data post 2016)718> and prior to
1997 from CMIP6-BB® (see Fig. 2). Note that CMIP6-BB was
built on GFED post 1997. The combined anthropogenic and
biomass burning emissions used in the box model are shown in
Supplementary Fig. 9a.

To account for changes in methane lifetime, the lifetime
representing the loss due to OH (9.6 years) is scaled by a time
varying factor. The scaling factor is calculated using the annual
varying ~ methane  lifetime  diagnosed  from  the
OsloCTM3 simulations and tropospheric OH concentrations
from the AerChemMIP (used the multi-model mean) and CCMI
model (used the multi-model mean, multi-model max and multi-
model min) results relative to year 2000. The scaling factor is
hence 1 in 2000. The OsloCTM3 results using varying
meteorology are extended in time and from 2017 to 2020 using
the trend in the simulations with fixed meteorology. The
OsloCTM3 CEDS21 is extended back in time from 2000 using
the CEDS17 results, as trend in NO, and CO emissions are similar
prior to year 2000 in CEDS-2021 and CEDS-2017 (Supplementary
Fig. 8). For CCMI and AerChemMIP the scaling factors are kept
constant after model end, post 2010 and post 2014, respectively, as
well as before 1960 for CCML. The scaling factors used in the box
model are shown in Supplementary Fig. 9c.

Natural emission is a large source of methane, and an
important source of uncertainty in the methane budget!3. The
default natural methane emission in the box model is set to a
constant value of 215 Tg yr—!. This is close to the sum of the top-
down estimates of wetlands (181 Tg yr—!) and other natural
sources including inland waters, geological, ocean, termites, wild
animals, permafrost, vegetations (37 Tg yr~1) from the global
methane budget 2008-201713.

Anomalies in natural emissions for the different CLM
simulations, VISIT simulations!® and LPJ-wsl simulations21-86
(with baseline as the period 2000-2007) are added to the natural
emissions of 215 Tg yr—1. As the total methane emissions from
wetlands is associated with large uncertainties, the anomalies are
scaled according to the bottom-up estimates from the Global
Methane Budget of 149 Tg yr~! from wetlands!3. The anomalies
are set to zero before and after the period with land model
results. The total natural emissions including the anomalies used
in the box model are shown in Supplementary Fig. 9b.

The box model is used for illustration of the effect on year-to-
year increase in atmospheric methane and the relative role of
anthropogenic emissions, changes in oxidation capacity of the
atmosphere and wetland emissions and does not take into
account complex interaction of chemistry, dynamics and spatial
and temporal variability in emissions.

Box model for isotopes. Another box model is used to investigate
the influence of annually varying OH concentrations and emis-
sions (as opposed to constant OH and emissions) on the global
813Ccpy isotopic ratio. The model calculates the concentration of

12CH, and 13CH, separately and the isotopic ratio is calculated as

[°CH,]/[*CH,]

8C(CH,) = ( 2

- 1) x 1000%0 (1)

standard

where Rgandara is Vienna Peedee belemnite (VPDB) isotopic
standard with a value of 0.011183%7.

Losses through reaction with OH, Cl and through soil uptake
are accounted for. The reaction rates for OH + CH4 and Cl
+CH4 are taken from NASA/JPL38 while a lifetime of 160 years is
assumed for the soil sink. A constant Cl concentration of
620 cm—3 is assumed based on Wang, et al.%°.

The kinetic isotope effect (KIE), representing the ratio between
reaction rate with 13CH, and 12CH, (a =k;s/k;,), is assumed
a = 0.9946 for loss through reaction with OH%, a = 0.938 for loss
through reaction with Cl°!, and a =0.978 for loss through soil
uptake’2,

The reference simulation with the isotopic box model has been
run from 1970 to 2020 using EDGARv7 anthropogenic emissions,
constant climatological biomass burning emissions of 15.73 Tg
yr~! (GFED mean between 1997-2021), and constant natural
emissions of 215 Tg yr~! as in the methane box model. Isotopic
signatures and uncertainties for each emission sector are from
Table S4 in Zhang, et al?3. The time evolution of sectoral
anthropogenic emissions and the isotopic signature for the most
important sectors are shown in Supplementary Fig. 11. The
evolution of OH concentrations is taken from the OsloCTM3
(CEDS21 + COVID) simulation, and the initial (1970) OH
concentration of 1.303e6 molec cm~3 is set to approximately
give mass balance in 1970 for a methane mixing ratio of 1550 ppb
(this methane mixing ratio is higher than observed but chosen so
that the box model approximately reproduces the observed
methane mixing ratios in recent years). Supplementary Fig. 10
shows the OH concentration, CH, mixing ratio and 8'3Ccpy
isotopic ratio for the reference simulation and simulations with
different OH evolution.

Simulation Description

Table 2 Overview of the main simulations performed with the isotopic box model.

OH_AerChemMIP
OH_CCMI
OH_constant
Fossil_constant
Livestock_constant
Rice_constant
Waste_constant
CLM_GSWP3
CLM_CRUNCEP
CLM_CRUJRA
Zhang23_MERRA?2
Zhang23_CRU

REF Reference simulation (OH time evolution from OsloCTM3, constant wetland emissions)

Same as REF except OH time evolution from OsloCTM3 replaced with that from AerChemMIP
Same as REF except OH time evolution from OsloCTM3 replaced with that from CCMI

Same as REF except OH time evolution set to constant

Same as REF except emissions from coal, gas, oil and industry set to constant from 2007
Same as REF except emissions from livestock set to constant from 2007

Same as REF except emissions from rice set to constant from 2007

Same as REF except emissions from waste set to constant from 2007

Same as REF except wetland emission evolution from CLM GSWP3 instead of constant

Same as REF except wetland emission evolution from CLM CRUNCEP instead of constant
Same as REF except wetland emission evolution from CLM CRUJRA instead of constant

Same as REF except wetland emission evolution from Zhang, et al.2! MERRAZ2 instead of constant
Same as REF except wetland emission evolution from Zhang, et al.2! CRU instead of constant
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Several sensitivity simulations have been conducted—see
Table 2. The different lines in Fig. 6 show differences between
simulations, in (a) REF-OH_constant, OH_AerChemMIP-
OH_constant, and OH_CCMI-OH_constant; in (b) REF-Fossil_-
constant, REF-Livestock_constant, REF-Rice_constant, and REF-
Waste_constant; in (¢) CLM_GSWP3-REF, CLM_CRUNCEP-
REF, CLM_CRUJRA-REF, Zhang23 MERRA2-REF, and
Zhang23_CRU-REF. In addition to the simulations in Table 2,
different sets of sensitivity simulations have been performed to
investigate the influence of uncertainty in the isotopic signature of
individual emission sectors (shown as shading in Fig. 6b, c), and
the influence of using CEDS-2021 emissions instead of EDGARv7
(shown in Supplementary Fig. 12). Also, as the modelled §!3Ccpy4
isotopic ratio is around 3.5-4%o too negative compared to
observations (Supplementary Fig. 10), a different set of simula-
tions was carried out where the model was tuned to better match
the 813Ccpy isotopic ratio by increasing the (isotopically weakly
negative) biomass burning emissions fivefold. The results from
these simulations show a much better comparison against
observed 813Ccpy, (Supplementary Fig. 13a) and the sensitivity
simulations (Supplementary Fig. 13b-d) yield fairly similar results
as those in Fig. 6, indicating that the main results (shown in
Fig. 6) are fairly robust despite the underestimated isotopic ratio.

The limitations mentioned above for the methane box model
apply also here for the isotopic box model. In addition, an
important limitation is that one global mean value for the isotopic
signature is used for each emission sector, while in reality these
values differ in space and partly also in time.

Data availability

The OsloCTM3 modelling results and the CLM modelling results are available in the
NIRD Research Data Archive, OsloCTM3: https://doi.org/10.11582/2023.00043 and
CLM: https://doi.org/10.11582/2023.00044. Anthropogenic emission inventories and
scenarios used in this study: CEDS-2021 and CEDS-2017: https://github.com/JGCRI/
CEDS/, SSPs: https://tntcat.iiasa.ac.at/SspDb/, RCPs: https://tntcat.iiasa.ac.at/RcpDb/,
EDGARV7: https://edgar.jrc.ec.europa.eu/dataset_ghg70, EDGARVS5: https://edgar.jrc.ec.
europa.eu/dataset_ghg50. The observed methane growth rate from NOAA Global
Monitoring Laboratory: https://doi.org/10.15138/P8XG-AA10.

Code availability

The box model and code to reproduce the figures are available here: https://doi.org/10.
5281/zenodo.8112184 and for the isotopic box model and associated figures: https://doi.
org/10.5281/zenodo.8108548.
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