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Abstract Methane (CH,) is one of the most important trace gases in the atmosphere owing to its role

as an exceedingly effective greenhouse gas and atmospheric pollutant. Better understanding of the global
methane cycle and its interactions with the Earth system is therefore necessary for robust future projections

of anthropogenic climate change and assessments of multi-gas mitigation strategies. Here we present a

newly developed methane emission-driven Earth system model to simulate the global methane cycle fully
interactively. We provide an evaluation of methane sources and sinks and a full-cycle methane budget and its
change over the historic period. We further evaluate the methane atmospheric abundance and lifetime against
available observations. The new methane emission-driven model simulates all the components of the methane
cycle within observational uncertainty. We calculate a total present-day (2000-2009 decadal average) methane
source of 591 Tg(CH,) yr~! with 197 Tg(CH,) yr~! coming from wetlands. These sources are nearly balanced
by the global methane sinks amounting to 580 Tg (CH,) yr~!; reaction of methane with the hydroxyl radical in
the troposphere alone removes 525 Tg(CH,) yr~'. The imbalance between sources and sinks of 11 Tg(CH,) yr!
represents the atmospheric methane growth rate and is in fairly good agreement with current best estimates of
5.8 Tg(CH,) yr~! with a range of 4.9-6.6 Tg(CH,) yr~'. At present-day the model shows a maximum systematic
negative-bias of approximately 200 ppb in the methane surface mole fraction.

Plain Language Summary Methane is a very important greenhouse gas. The global methane
cycle needs to be understood fully to accurately model the way methane affects climate change. We describe
a new version of the UKESM1 Earth system model, UKESM1-ems, that uses emissions of methane to drive
the atmospheric chemistry. In case of emissions from global wetlands, such as bogs, swamps and tundra,

the methane emissions are calculated by the model during runtime. Methane emissions react directly to changes
in the modeled climate. UKESM1-ems simulates the global cycle of methane from emissions via oxidation
in the atmosphere to uptake at the surface more realistically. We also test the model against measurements
from satellites and ground-based stations to ensure the relevant processes in the model behave accurately.
The comparison with observations shows that UKESM1-ems performs well and represents an improvement
in simulating important processes in climate and the Earth system. However, we also found that the methane
concentration in the model is too low compared to observations for the period of the twentieth and early 21st
century during which human activity, especially the use of fossil fuel, is dominating the methane cycle.

1. Introduction

Methane (CH,) is the second most important anthropogenic greenhouse gas (GHG), second only to CO,. Meth-
ane's direct radiative forcing accounts for 25% of the anthropogenic radiative forcing since pre-industrial times
(Ganesan et al., 2019), adding 0.54 + 0.11 W m~2 (1750-2019) to the total anthropogenic forcing (Forster
et al., 2021). The importance of methane as a GHG derives from its large global warming potential (GWP) which
exceeds that of CO, by a factor of 29.8 + 11 (Forster et al., 2021) for methane from fossil fuel sources over a
100-year period (GWP-100), while its present-day atmospheric mole fraction is still two orders of magnitude
smaller than that of CO, (Dlugokencky & Tans, 2020; Dlugokencky et al., 2021). Methane also plays a critical
role in atmospheric composition. As a precursor to tropospheric ozone, it contributes significantly to atmospheric
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pollution with harmful effects for human and ecosystem health on a global scale (von Schneidemesser and
Monks, 2013; von Schneidemesser et al., 2015).

The abundance of methane in the atmosphere is determined by a complex balance of natural and anthropogenic
processes, all of which have large uncertainties. Sources of methane include natural processes such as emission
of methane from wetlands, ecosystem fires, and termites. Another potentially very large source of methane from
natural environments, that could even rival global wetland methane emissions in magnitude, has been reported
by Bastviken et al. (2011) and Rosenterter et al. (2021). This methane source originates from inland freshwater
systems, such as lakes, reservoirs, ponds, streams, and rivers.

Fossil fuel production, enteric fermentation in ruminant animals, rice cultivation and emissions from land-
fills make up most of the anthropogenic methane sources. These emissions are estimated to amount to around
334 (321-358) Tg CH, yr~' (Saunois et al., 2016, 2020); natural emissions are estimated at 215 (176-243)
and 369 (245-485) Tg CH, yr~', respectively, based on a top-down and bottom-up approach for the period
2000-2009 (Saunois et al., 2020).

The atmospheric methane burden has undergone substantial changes over the course of the Earth's history
(Quiquet et al., 2015). Methane surface mole fractions have steadily increased since the pre-industrial because of
the industrialization of manufacturing and agriculture. Ice core records reveal the onset of an increase in atmos-
pheric methane mole fractions since 1720 attributed to human activity. In 1750 the CH, mole fraction in the lower
atmosphere had reached 710 ppb (Rubino et al., 2019), increasing roughly by a factor of 2.5-1884 ppb at the end
of 2020, based on in situ measurements (Dlugokencky et al., 2021). The dominant contribution responsible for
this increase comes from fossil fuel use, livestock, and rice cultivation (Kirschke et al., 2013).

To date, Earth system models, in most cases, have specified atmospheric methane mole fractions to follow
prescribed pathways (Eyring et al., 2016) thereby disallowing important coupling mechanisms, in particular
coupling between global wetlands and atmospheric chemistry. For instance, during the Coupled Model Inter-
comparison Project—Phase 5 (CMIP5) most modeling groups, in their submissions to ACCMIP (Atmospheric
Chemistry and Climate Model Intercomparison Project; Lamarque et al., 2013), used prescribed methane concen-
trations throughout the whole atmosphere or at least at the surface level (cf., Table A1, Voulgarakis et al., 2013).
In all models contributing to AerChemMIP (Aerosols and Chemistry Model Intercomparison Project; Collins
et al., 2017) during CMIP6 global mean methane concentrations were prescribed at the surface (cf., e.g., Grif-
fith et al., 2021), except for some future simulations with GISS-E2-1-G, the NASA Goddard Institute for Space
Studies chemistry—climate model version E2.1(Nazarenko et al., 2022), which used interactive online methane
emissions.

There have been other previous studies, however, that applied methane emissions to drive the model methane
cycle. For instance, LMDzORINCA used anthropogenic emissions from Lamarque et al. (2010) and fixed present
day natural emissions of methane during CMIP5 (Szopa et al., 2013). Going a step further, the GISS Model E2
included an interactive wetland methane emission source in addition to prescribed emissions from anthropo-
genic and biomass burning sources (Shindell et al., 2013). HadGEM2-ES (Hadley Center Global Environment
Model-Earth System configuration; Collins et al., 2011; Jones et al., 2011) has also been used in a methane
emission-driven configuration for one study (Hopcroft et al., 2017). Heimann et al. (2020) have examined the
present-day and future atmospheric methane burden with a methane emission-driven chemistry-climate model.
However, until very recently these examples largely remain the exception.

Here, we present a description and evaluation of a methane emission-driven Earth system model that is based on
the United Kingdom Earth System Model release version 1.0 (Sellar at al., 2019, 2020; Archibald et al., 2020;
Mulcahy et al., 2020), hereafter called UKESM1. UKESM1 has been applied extensively in the Coupled Model
Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016).

The release version of UKESM 1 has been modified substantially to run in fully coupled methane emission-driven
mode. The new model configuration, denoted as the “emission-driven UKESMI1 configuration” or
“UKESM1-ems” for short, provides the tool to study the hitherto neglected feedbacks in the global methane
cycle. We distinguish between the two configurations by referring to the standard UKESM1 configuration, which
is constrained at the surface by methane surface mole fractions, as “concentration-driven UKESM1 configu-
ration” or “UKESM1-conc” for short. Figure 1 summarizes the global methane cycle as it is represented in
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Figure 1. Decadal global mean full-cycle methane budget for the historic period (1850-2014) as represented in UKESM 1-ems. The individual budget terms have been
calculated with UKESM1-ems and are shown at 50-year intervals. Numbers represent decadal averages of global annual means around the center year indicated in each
case. The figure is limited to the dominant fluxes in the global methane cycle as represented in UKESM1-ems.

5.1 G 1855

UKESM1-ems. We only include the dominant budget terms from the historic simulation (1850-2014) in 50-year
intervals. Numbers in Figure 1 represent decadal averages of global annual means.

The paper is structured as follows: In Section 2 we summarize the principal components of UKESM1 common
to both configurations and describe the required changes applied to UKESM1 to run the CH, emission-driven
experiment. Section 3 presents an evaluation of the model performance of UKESM1-ems in comparison to
UKESM1-conc and to observations of the global methane cycle. In the concluding section we discuss our find-
ings and present directions for future research.

2. Model Description

In this section we briefly describe UKESM1 in its default release configuration (UKESM1-conc) which partici-
pated in CMIP6. UKESM1-conc has then been modified to run in methane emission-driven configuration. Nearly
all modifications pertain to the atmospheric chemistry and aerosol module UKCA (United Kingdom Chemistry
and Aerosol model; Archibald et al., 2020) in UKESM1-conc and comprise updates of the deposition scheme,
coupling between UKCA and the Joint UK Land Environment Simulator (JULES), particularly the methane
emissions from the wetlands scheme in JULES, and the diagnostic section. In the following we will discuss each
of the modifications in more detail.

2.1. The Parent Model UKESM1

The United Kingdom Earth System Model, release version 1.0 (UKESM1), is a fully coupled Earth system model
built upon the Met Office coupled climate model HadGEM3-GC3.1 (Hadley Center Global Environment Model
Version 3, Global Coupled Model configuration Version 3.1) as the physical core (Kuhlbrodt et al., 2018; Williams
et al., 2018). On top of HadGEM3-GC3.1 several component models are built into UKESM1: UKCA represent-
ing atmospheric composition (Archibald et al., 2020; Mulcahy et al., 2020), the JULES land surface model
simulating terrestrial biogeochemistry and dynamic vegetation (Clark et al., 2011; Harper et al., 2016, 2018),
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and MEDUSA (Model of Ecosystem Dynamics, nutrient Utilisation, Sequestration and Acidification), a dynamic
ocean biogeochemistry model (Yool et al., 2013). Table 1 of Sellar et al. (2019) presents a list of the coupled inter-
actions between Earth system components included in the release configuration of UKESM1. A more detailed
description and evaluation of the model is provided in Sellar et al. (2019, 2020).

We use the same UKESM1 configuration that has been applied for the UK's contribution to the CMIP6 Diagnos-
tic, Evaluation and Characterization of Klima, DECK (Eyring et al., 2016), historical, and ScenarioMIP (O’Neill
et al., 2016) simulations, denoted as UKESM 1-conc in this study. Further details of the model setup and forcing
implementation are presented in Sellar et al. (2019, 2020) and Archibald et al. (2020).

2.1.1. Trace Gas and Aerosol Emissions in the Default Configuration

UKESM1-conc uses both interactive and offline emissions of trace gases and aerosols. However, in the default
configuration UKESM1-conc uses prescribed methane concentrations at the surface instead of emission fluxes
to constrain the model to scenarios. Furthermore, methane wetland emissions are diagnostic only and methane
soil uptake is not considered. For the historic period (1850-2014), offline emissions for anthropogenic trace
gases are prescribed with data taken from the Community Emissions Data System (CEDS v2016-07-26, Hoesly
et al., 2018; updated to CEDS v2017-05-18 for CO, and methane post-publishing) which were prepared for
CMIP6 (Eyring et al., 2016). Biomass burning emissions are taken from van Marle et al. (2017). UKESM1-conc
interactively simulates emissions of dust, sea salt, primary marine organic aerosols, nitrogen oxide emissions
from lightning, and biogenic volatile organic compounds (Archibald et al., 2020; Sellar et al., 2019, 2020).

In UKESM1-conc, the methane cycle is driven via CH, surface mole fractions from the CMIP6 forcing data for
the historical period described in Meinshausen et al. (2017). Global-mean annual-mean concentrations of meth-
ane are prescribed at the surface and methane concentrations evolve freely in all other model levels. The radiation
model in UKESM1-conc uses 3D concentrations of methane (as well as O, and N,0) from the UKCA chemistry
model, allowing for feedbacks between radiation and atmospheric composition to be simulated. Neither anthro-
pogenic emissions (fossil fuel use, agriculture) nor natural emissions (wetlands, termites, ocean biogeochemistry,
hydrates) nor biomass burning sources are accounted for explicitly; CH, emissions from the interactive wetland
scheme in JULES are purely diagnostic. Methane removal at the surface via soil uptake and microbial decompo-
sition is also not included in the UKESM1-conc default setup.

2.2. Modifications to UKESM1-Conc

The aim of all the modifications was to remove the constraints at the lower boundary by methane surface mole
fractions and replace them with methane emissions. We replaced the prescribed surface methane mole fractions
with explicit emission sources, included CH, surface removal and switched the wetland scheme in JULES from
diagnostic to prognostic, thereby coupling the wetland scheme in JULES and the methane photochemistry in the
atmospheric composition model UKCA. We will now discuss these model changes in detail.

2.2.1. Natural Sources of Methane
2.2.1.1. Methane Emissions From Wetlands

UKESM1-conc includes an interactive wetland fraction and diagnostic methane emission process model (Clark
et al., 2011). However, in UKESM1-conc this wetland methane emission model is used purely diagnostically.
The changes made to enable the full methane cycle include the coupling of wetland methane emissions with
UKCA. Subgrid wetland extent is calculated interactively with a TOPMODEL based scheme in JULES (Gedney
& Cox, 2003; Gedney et al., 2004, 2019). CH, production is calculated with a net primary productivity-based
substrate parametrization with a hydrogenotrophic methanogenesis pathway, as described in detail in Gedney
et al. (2019).

The wetland model is dependent on wetland extent, substrate availability (where used NPP) and temperature,
where the temperature response directly follows the Arrhenius equation which described the temperature depend-
ence of a biological process. It does not include some of the more detailed processes, such as CH, transport
through soil and vegetation and production of CH, via different carbon pools. McNorton et al. (2016) demonstrate
that including these processes within the standard JULES model does not improve overall performance. Moreo-
ver, there is insufficient data to adequately constrain many of these processes (Riley et al., 2011).
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The wetland methane emission flux is then added to the atmospheric methane tracer in UKESM1-ems at every
timestep, when it becomes subject to atmospheric transport (advection, convection, etc.) and photochemical
decomposition in UKCA (Archibald et al., 2020), mainly through reaction with hydroxyl radical. Further details
of this coupling are discussed in Hopcroft et al. (2017) and O’Connor et al. (2014).

2.2.1.2. Other Natural Sources of Methane

Methane emissions from other important natural sources (termites, oceanic sources, methane hydrates) are not
included in the CMIP6 forcing data. In the absence of better understanding, we assume the magnitude of these
sources to be constant over the entire period of the simulation (1850-2014). The emissions in each case are
based on the work by Fung et al. (1991). Data sets were taken from https://data.giss.nasa.gov/ch4_fung/. CH,
emissions from oceans and methane hydrates were lumped together and distributed globally using the global
distribution of oceanic CO emission from the “Precursors of ozone and their effects in the troposphere”, POET,
data sets (Granier et al., 2005). The additional global annual total CH, source amounts to 49.9 Tg(CH,) yr~!, with
20.0 Tg(CH,) yr~! coming from ocean sources, 19.9 Tg(CH,) yr~! coming from termites, and 10.0 Tg(CH,) yr~!
are assumed to come from methane release from hydrates. The estimates for oceanic sources and hydrates fall
within the estimates given in Saunois et al. (2020), albeit on the higher end. Our estimates for termite methane
emissions are significantly higher than the current best estimates from Saunois et al. (2020). Our estimates are
higher by up to 100% compared to Canadell et al. (2021). Emission of methane from thawing permafrost soils is
currently not included in UKESM1-ems. Burke et al. (2017) have developed a new representation of soil carbon
for JULES with a specific emphasis on permafrost soils, and this new scheme has been marked for inclusion in the
next major release of UKESM. All other natural methane sources are, at this point, considered to be negligible.

Emissions from inland freshwater systems (lakes, ponds, reservoirs, streams, and rivers) could potentially repre-
sent a very large global source of methane (Bastviken et al., 2011; Rosenterter et al., 2021). This natural source
has been found very sensitive to changes in climate (Tan & Zhuang, 2015; Yvon-Durocher et al., 2014). The
emissions seem to be driven mainly by ebullition, which is highly variable in space and time. However, very few
process-based models exist at present (Saunois et al., 2020). Furthermore, clearly distinguishing between wetland
and freshwater sources in emission inventories can be challenging, rendering global freshwater sources highly
uncertain. For these reasons we have not yet included this emission category explicitly in our model.

2.2.2. Pyrogenic and Anthropogenic Methane Sources

We used anthropogenic (CEDS v2016-07-26, Hoesly et al., 2018; CEDS v2017-05-18 for CO, and CH,) and
biomass burning (van Marle et al., 2017) methane emission data sets for the historic period (1850-2014). Emis-
sions from fires in forest and grassland ecosystems are still prescribed in UKESM1-ems. However, work is
currently in progress to provide these emissions interactively in a future release of UKESM. Methane emissions
from natural fires will be provided by INFERNO (INteractive Fire and Emission algoRithm for Natural environ-
ments; Mangeon et al., 2016), the fire and emissions model in JULES (Teixeira et al., 2021). Completion of this
development is planned for the next major UK Earth System Model release version UKESM?2.0.

2.2.3. Photochemical and Physical Methane Sinks

The UKCA stratosphere—troposphere chemistry mechanism (StratTrop version 1.0) included in UKESM1-conc
(Archibald et al., 2020) is designed to simulate the O,, HO, and NO, chemical cycles and the oxidation of carbon
monoxide, methane, ethane, propane, and isoprene in addition to chlorine and bromine chemistry in the strato-
sphere. In total the model employs 84 species and represents the chemistry of 81 of these. O,, N, and CO, are not
treated as chemically active species (Archibald et al., 2020). UKCA StratTrop includes the dominant chemical
sinks for methane in the atmosphere. The most important is the reaction of methane with the hydroxyl radical,
which is responsible for 80%-90% of the total chemical methane loss (see also Kirschke et al., 2013; Saunois
et al., 2020). UKCA StratTrop also accounts for the reaction of methane with excited atomic oxygen radicals,
O(1D), which represents an important methane sink in the stratosphere. However, UKCA StratTrop does not
include tropospheric halogen photochemistry. In particular, the reaction of methane with chlorine radicals is not
accounted for.

Methane removal via soil uptake is not included in the UKESM1-conc. We implemented surface dry deposition
for methane in UKCA as described in Archibald et al. (2020) and O’Connor et al. (2014).
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2.2.4. Model Calibration and Spin-Up Procedure

With all the modifications to the representation of the methane cycle in UKESM1-ems a systematic drift in
the methane concentration between UKESM1-conc and UKESM1-ems must be considered. To assess any such
divergent trend between the two configurations, we conducted an initial 30-year simulation with a pre-industrial
control setup for UKESM1-ems. A restart-file from the PI-control simulation with UKESM1-conc was used to
initialize UKESM1-ems. No divergent trend between the two models could be identified.

Using output from this experiment, we calculate a time series of residual methane surface exchange fluxes for
every gridbox location. These residual surface exchange fluxes represent the additional methane source or sink for
each gridbox, that would bring UKESM1-ems in complete agreement with UKESM1-conc at every model time-
step, with respect to the methane surface mole fraction. We then produced a 2-D, 30-year average monthly mean
climatology of residual methane surface exchange fluxes, which represents a bias correction for UKESM1-ems
at pre-industrial conditions. The global, annual mean climatological residual methane surface exchange flux
amounts to close to 5 Tg(CH,)yr~! or less than 2% of the total methane emission flux of 266 Tg(CH,) yr~! at
pre-industrial conditions. We applied this constant bias correction in all our simulations.

This methane surface exchange flux climatology can be interpreted as the “missing” sources or sinks that are
required in our emissions-driven configuration at each gridbox to reproduce exactly the pre-industrial (1850)
methane mole fraction in UKESM1-conc. This method of model calibration is referred to as “flux adjust-
ment” (Haney, 1971; Yamazaki et al., 2021). For this procedure it is assumed that UKESM1-conc represents
the “true” state with respect to the methane surface mole fraction, since prescribed surface mole fractions are
observation-based.

Model spin-up was performed by extending the pre-industrial control simulation to over 300 years after the initial
30 years of test simulation. The transient historic simulations have then been branched off from this pre-industrial
control simulations at regular intervals of 40 years each. This procedure produced the three 165-year transient
simulations over the historic period (1850-2014).

2.3. Uncertainties in the Global Methane Budget

While methane is one of the key atmospheric constituents due to its role as a potent GHG and major air pollutant,
knowledge and understanding of the global methane cycle and budget continues to be incomplete, with large
uncertainties still persisting around the main processes. Uncertainties can be grouped into four categories (after
Saunois et al., 2020):

Uncertainties around methane emitted from wetlands and anthropogenic sources (specifically past emissions)
Uncertainties around global methane sinks

Uncertainties around regional variation in methane sources/sinks

Uncertainties in the modeling of atmospheric transport in the models used in the top-down budget.

R =

Wetland emissions of methane are the largest source of this important atmospheric GHG over the historic
period, and they also represent the most important source of uncertainty in the global methane budget (Saunois
et al., 2020). Note that another potentially large source of methane with a high degree of variability are emissions
from aquatic systems (Rosentreter et al., 2021), but we did not include this source for reason already discussed.
Gedney et al. (2019) attribute the main causes of the high level of uncertainty global wetland emissions to: “a
limited knowledge of the present-day wetland extent from observations, and uncertainties in methane emission
temperature dependence.” However, Hmiel et al. (2020) pointed out that estimates of anthropogenic fossil meth-
ane emissions may have been substantially underestimated, too, but total anthropogenic methane emissions have
rivaled natural sources in magnitude only in the latter half of the twentieth century when this source contributes
largely to the overall uncertainty.

Chemical loss of methane, mainly via reaction with the hydroxyl radical in the troposphere, represents another
major source of uncertainty (Saunois et al., 2020). The main source of uncertainty from this process comes
from inter-model differences in the simulation of OH (Naik et al., 2013; Stevenson et al., 2020; Voulgarakis
et al., 2013). Previous studies have attributed the differences in simulated OH to differences in the chemical
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Table 1

Comparison of the Global Methane Sources and Sinks, Grouped by Type and Expressed in Tg(CH,) yr~', From the UKESM1-Ems Simulation With the Summary
From Saunois et al. (2020) and Kirschke et al. (2013) That Provide Bottom-Up (BU) and Top-Down (TD) Estimates

2000-2009 decadal means in Tg(CH,) yr~!

Sources/Sinks This work Kir-BU Kir-TD Sau-BU Sau-TD
Sources
Wetlands 197 217 [177-284] 175 [142-208] 147 [102-179] 180 [153-196]
Anthropogenic 333 331 [304-368] 335 [273-409] 334 [321-358] 332 [312-347]
Wildfires 11 n/a n/a 3[1-5]2 n/a
Termites 20 11 [2-22] n/a 9 [3-15] n/a
Oceanic sources 21 18 [2-40] n/a 13 [9-22] n/a
Methane hydrates 9 0 n/a 2 [0-5] n/a
Sinks
Total chemical loss 549 604 [483-738] 528 [510-538] 595 [489-749] 505 [459-516]
Tropospheric OH 525 528 [454-617] n/a 553 [476-677] n/a
Tropospheric O(1D) 1 n/a n/a n/a n/a
Stratospheric OH, O(1D) 23 51 [16-84] n/a 31 [12-37] n/a
Tropospheric Cl n/a 25 [13-37] n/a 11 [1-35] n/a
Soil uptake 31 28 [9-47] 32 [26-42] 30 [11-49] 34 [27-41]
Overall Budget
Sum of sources 591 678 [542-852] 553 [526-569] 703 [500-842] 552 [488-590]
Sum of sinks 580 632 [592-785] 550 [514-560] 625 [500-798] 540 [486-556]
Imbalance 11 n/a 3 [-4-19] 78 3 [-10-38]
Atmospheric growth 9.3 n/a 6 n/a 5.8 [4.9-6.6]

Note. Uncertainties are reported as the [min-max] range of included studies. Differences of up to 1 Tg(CH,) yr~" in the totals can occur due to rounding errors.

aFrom Saunois et al. (2020).

mechanisms applied in the individual models, varying treatments of the ozone photolysis rate, and modeled
ozone and carbon monoxide (cf. Wild et al., 2020; Zhao et al., 2019, Nicely et al., 2018; Szopa et al., 2021).

2.4. Summary of Experiments

For the evaluation of UKESM1-ems we conducted several centennial-scale simulations starting with a 300 years
long model integration with constant pre-industrial conditions. This pre-industrial control simulation serves as
reference and to produce the methane surface flux adjustment climatology, as described in the previous section.
We then produced an initial condition ensemble simulation covering the historical period from 1850 to 2014. The
ensemble simulations consist of three simulations spanning 165 years each.

3. Model Evaluation
3.1. The Global Full-Cycle Methane Budget

Methane has several important natural and anthropogenic sources, but only one dominating global sink in the
form of reaction with the hydroxyl radical in the troposphere. For an emission-driven model of the global meth-
ane cycle it is imperative that these individual sources and sinks, and the processes that drive them, are repre-
sented with high accuracy and balance out. The individual components of the methane budget in the model, as
summarized in Table 1, are all within estimated uncertainties reported in the literature (Saunois et al., 2020), but
their combination does not precisely reproduce the observed increase in methane mole fractions.

Methane from wetlands represents the biggest individual source of methane globally and our interactive simula-
tion of this source is in very good agreement with current estimates. Saunois et al. (2020) report best estimates
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ranging from 147 Tg(CH,) yr~! to 217 Tg(CH,) yr~! expressed as decadal means over the period 20002009 (see
Table 1). In UKESM1-ems we calculate a decadal mean wetland methane emission flux of 197 Tg(CH,) yr~! over
the same period. Also, total anthropogenic methane emissions are in good agreement with the best estimates in
Saunois et al. (2020), but that is hardly surprising since these emissions are prescribed from ancillaries.

As mentioned above, reaction with hydroxyl radicals in the troposphere is the predominant sink (by far) for
atmospheric methane. UKESM1-ems predicts a global decadal mean loss of 525 Tg(CH,) yr~! from the atmos-
phere for the period 2000-2009 via this route. Thus, the atmospheric methane sink, interactively calculated with
the UKCA-StratTrop mechanism (Archibald et al., 2020) in UKESM1-ems, is in very good agreement with best
estimates presented in Saunois et al. (2020) and lies well within the fairly large uncertainty range extending
between roughly 450 Tg(CH,) yr~! and 675 Tg(CH,) yr~! reported in this meta-study (see Table 1). The interac-
tively calculated methane removal at the surface via uptake by the soil of 31 Tg(CH,) yr~!, while only a minor
sink, also agrees well with best estimates reported in Saunois et al. (2020).

Overall, the calculated total methane source of 591 Tg(CH,) yr~! and total methane sink of 580 Tg(CH,) yr~'agrees
well with the best estimates in Saunois et al. (2020). The numbers presented here refer to global decadal means
over the period 2000-2009, This results in an imbalance between global methane sources and sinks of 11 Tg(CH,)
yr~! in UKESM1-ems which represents the atmospheric methane growth rate. Independently, we calculate a
decadal mean methane growth rate of 9.3 Tg(CH,) yr~! in our model. The difference between growth rate and
source-sink-imbalance could be due to numerical errors or potentially non-conservation issues in the transport
scheme will have to be investigated further. However, both estimates are in close agreement with the estimates by
Saunois et al. (2020) and Kirschke et al. (2013) summarized in Table 1.

3.2. Interactive Wetland Emissions

In our model, methane emissions are calculated interactively at every timestep, based on a global distribution of
wetlands provided by JULES, the Joint UK Land Environment Simulator (Best et al., 2011; Clark et al., 2011).
Recently, Gedney et al. (2019) presented a comparison of the wetland fraction in the standalone version of the
JULES land surface model with observation-based global wetland products. Here, we have evaluated the wetland
model in JULES when coupled to the atmosphere in UKESM1-ems, against the Wetland Area and Dynamics for
Methane Modeling (WAD2Mv2 Zhang et al., 2021), observation-based product (Figure 2, top row). WAD2M
combines a time series of surface inundation based on active and passive microwave remote sensing with six
static data sets that discriminate inland waters, agriculture, shoreline, and non-inundated wetlands. In this fully
coupled configuration, the wetland scheme shows a similar level of skill as the stand-alone version evaluated in
Gedney et al. (2019).

In the mid and high latitudes UKESM1-ems simulates the largest observed wetland regions, although it tends to
underestimate their local extent (gridbox wetland fraction). UKESM1-ems also tends to simulate greater regions
with small amounts of inundation, which are not evident in the WAD2Mv2 (Zhang et al., 2021) remote sensing
product. Similarly, in the tropics, UKESM1-ems simulates the broad patterns well but the local areas with high
wetland cover tend to have lower inundation fractions than those in WAD2Myv?2. This is particularly true for the
Amazon River basin. As the inundation model only includes groundwater and local precipitation flooding and
not fluvial flooding (Best et al., 2011), this under-estimate is unsurprising. These differences are also driven
by errors in the simulated precipitation, where there is a dry bias over much of Amazonia (Sellar at el., 2019).
UKESMI1-ems also simulates the general seasonal timings of maximum wetland extent, albeit under-estimating
its magnitude (Figure 2, middle and bottom rows).

Model estimates of global annual total methane emissions from wetlands are in very good agreement with other
bottom-up and top-down estimates reported in the literature (Kirschke et al., 2013; Saunois et al., 2020). Under
present-day conditions (2000-2009 decadal mean) UKESM1-ems calculates a decadal mean annual global total
methane emission flux from wetlands of 197 Tg(CH,) yr~! (Table 1). Bottom-up and top-down best estimates
from previous work range between 147 Tg(CH,) yr~! to 217 Tg(CH,) yr~!, but the uncertainty in those estimates
is much higher (cf., Table 1 and Saunois et al., 2020).

FOLBERTH ET AL.

8 of 27

5UBD 1T SUOWILIOD) BAIRRID 3|qedl(dde ay) Ag pausenob afe sajonte YO ‘3N JO S3|NJ 104 AfeiqiauluQ AS|1AA UO (SUOIIPUOD-PUR-SWLIBY WY’ A3 1M AReiq 1 BU{UO//SANY) SUOIIPUOD pue SWIS | 8y} 89S [£202/0T/20] U0 ARiqiTaulup 48| ‘9oueIH aueIyd0D Aq 286200S INTZ02/620T OT/I0p/od A im Ar.d1puluosqndnbe//sdny wouy papeojumod */ ‘2202 ‘99v2zy6T



AGU Journal of Advances in Modeling Earth Systems 10.1029/2021MS002982
UKESMS1-ems annual mean 0.35 WAD2M annual mean 0.35
0.30 0.30
0.25 * ] 0.25
- 0.20 - 0.20
- 0.15 x K L 0.15
- 0.10 I - 0.10
- 0.05 - 0.05
—L 0.00 —L 0.00
UKESMS1-ems DJF 035 WAD2M DJF 0.35
0.30 0.30
0.25 0.25
- 0.20 - 0.20
- 0.15 x 35 - 0.15
- 0.10 : L 010
- 0.05 - 0.05
—L 0.00 L1 0.00
UKESMS1-ems JJA 0.35 WAD2M JJA 0.35
0.30 i 0.30
0.25 i o~ 0.25
- 0.20 - 0.20
- 0.15 x - 0.15
- 0.10 ': - 0.10
- 0.05 - 0.05
—L 0.00 L 0.00

Figure 2. Contemporary wetland fraction. One UKESM 1-ems ensemble (left) and WAD2Mv2 (Wetland Area and Dynamics for Methane Modeling; Zhang
et al., 2021) product (right). Both are averaged between the years 2000 and 2014. Multi-annual mean (first row), December, January, February mean (second row) and

June, July, August mean (third row).

3.3. Global Methane Sinks
3.3.1. OH Distribution and Methane Lifetime

The hydroxyl radical (OH) has a very short chemical lifetime of less than a second and readily reacts with many
atmospheric constituents. The atmospheric OH number density is used as a measure for the oxidative capacity
of the atmosphere. Reaction with OH is the most important removal process for methane and far outweighs any
other methane sink by at least an order of magnitude. However, due to its very short chemical lifetime, direct
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measurement of OH in the atmosphere is very challenging. Instead, tropospheric mean OH number densities
have commonly been inferred from measurements of trace gases with lifetimes longer than the timescale of trop-
ospheric mixing, whose emission source is well known, and whose primary loss is via reaction with OH.

Recent studies differ on the OH trend over the past decades and into the future. For instance, Nicely et al. (2018)

did not identify a significant trend in the tropospheric OH concentration, [OH],,. In their study [OH],,, was

troj
derived from methyl chloroform inversions, over the period 1980-2015 which the authors attribute to compen-
sating factors (increasing methane abundance vs. rising tropospheric water vapor, increased nitrogen oxide
abundance and rising temperatures). Stevenson et al. (2020) on the other hand, identified a 10% increase in
[OH],,,, over the same period with an associated decrease in methane lifetime. The authors explain that all models
analyzed in the study show similar historic trends in global OH with relative stability between 1850 and 1980,
followed by a strong increase in OH by up to 9% between 1980 and 2015. The authors explain that the modeled
change in OH, and consequently the methane lifetime, was not inconsistent with OH trends derived from inver-
sions (e.g., Nicely et al., 2018) given the wide uncertainty range.

The findings presented in Stevenson et al. (2020) are based on a multi-model analysis of [OH],,, and methane
lifetime data from AerChemMIP (Aerosol and Chemistry Model Intercomparison Project; Collins et al., 2017)
experiments for the historic period (1850-2014). Naik et al. (2013), on the other hand, found no significant trend
in [OH]mP between the pre-industrial (1850) and present-day (2000) in their multi-model analysis of time-slice
experiments conducted during CMIP5 ACCMIP. Our own simulations with UKESM1-ems, shown in Figure 3a,

produce an [OH], . trend similar to that found in Stevenson et al. (2020).

trop

The 1850-2014 trend in the tropospheric OH number densities for UKESM1-conc (solid black line in Figure 3a)
and UKESM1-ems (solid red line in Figure 3a) of UKESM1-ems appear to be very close over the entire
pre-industrial-to-present-day period: both simulations show an overlapping, almost constant trend from 1850 to
about 1980 around 11.5 X 10% cm= and an 8% rise between 1980 and 2014 to 12.5 x 10° cm~. A closer exami-
nation of the OH trends from the two model configurations reveals, however, that the OH trend in UKESM1-ems
after approximately 1950 is discernibly more rapid. This can be seen from the inlay in Figure 3a, which depicts
time series of the tropospheric ensemble mean relative OH number density anomalies (with respect to the
pre-industrial, 1850-1859 decadal mean OH number density). After 1950, when anthropogenic emissions of
methane overtake natural sources in magnitude, the ensemble mean relative OH anomalies are 2%-4% higher in
UKESM1-ems (solid red line in the inlay in Figure 3a).

The trends in tropospheric OH number densities are closely related to the trends in the methane atmospheric
lifetime (Figure 3b). Methane lifetimes in this study are defined as the lifetime with respect to removal of meth-
ane by OH in the troposphere and calculated as the whole atmosphere methane burden divided by the trop-
ospheric CH,+OH reaction flux (cf. Prather et al., 2012). Figure 3b shows that the ensemble mean methane
lifetime inUKESM 1-ems diverges from that in UKESM 1-conc starting around 1950. In 2014 the ensemble mean
methane lifetime is approximately 8.2 years, which is two to three months or approximately 3% lower than in
UKESM1-conc. The difference between the two configurations with respect to methane lifetimes is relatively
small, but significant in the sense that it is bigger than the spread around the ensemble means in both simulations
(shaded areas in Figure 3b).

It should also be noted that a present-day (2000-2009 decadal mean) methane lifetime of 8.5 + 0.1 years in
our CH,-emissions driven simulation is in fairly good agreement with previous modeling studies, albeit on the
shorter side of the range: observation-based studies have derived a methane lifetime of 9.8 years for the period
1983-2015 (Nicely et al., 2018), 9.1 + 0.9 years for the year 2010 (Prather et al., 2012), and 10.21’8:3 years for
the period 1978-2004 (Prinn et al., 2005). Multi-model ensemble averages of 8.4 + 0.3 years for the period
2005-2014 (Stevenson et al., 2020), 9.7 + 1.5 years for the year 2000 (Naik et al., 2013), 10.2 + 1.7 years for year
2001 (Fiore et al., 2009), and 9.7 + 1.7 years for the period 1995-2004 (Shindell et al., 2006) have been reported

in the literature.

The atmospheric oxidation capacity, measured as the global mean OH abundance in the atmosphere, is sensi-
tive to both the amount of OH and its spatial distribution in the atmosphere (Lawrence et al., 2001; Lelieveld
et al., 2016; Naik et al., 2013; Stevenson et al., 2020; Voulgarakis et al., 2013). It is therefore critical to not only
accurately simulate the global mean OH concentration but also the distribution of OH throughout the atmosphere.
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Figure 3. Time series of tropospheric OH number densities and methane lifetimes: (a) 18502014 trends in the ensemble mean annual mean OH number densities and
(inlay) trends in the ensemble mean annual mean relative OH anomalies with respect to the 1850-1859 decadal mean OH number densities for UKESM 1-conc (solid
black line) and UKESM 1-ems (solid red line), respectively; (b) 1850-2014 trends in the ensemble mean methane lifetime with respect to loss via reaction with OH in
the troposphere for UKESM1-conc (solid black line) and UKESM1-ems (solid red line). The shaded areas around the mean trends in each case denote the ensemble
spread expressed as the one standard deviation (1—o) interval.

In Figure 4 we compare the ensemble mean decadal average regional OH distribution for 12 tropospheric sectors
after Lawrence et al. (2001) in UKESM1-ems with previous work.

Consistent with previous studies (Naik et al., 2013; Spivakovsky et al., 2000) OH concentrations are high-
est in the tropical troposphere between 1000 hPa and 500 hPa. OH concentrations vary nearly fivefold
between 22.8 + 3.8 X 10° cm™ in the northern tropical (0°N-30°N) lower troposphere (>750 hPa) and
5.5 + 3.3 x 10° cm~3 in the southern extratropical (90°S—30°S) upper troposphere/lower stratosphere (UT/LS)
region (500 hPa—250 hPa).The spread in the ensemble mean is relatively large, though, indicating considerable
uncertainty around the processes controlling OH in the model.

Generally, our model is in good agreement with previous studies. The model overestimates OH in the tropical
lower troposphere. In the other tropospheric regions, our model is in close agreement with the previous studies,
particularly with the results from the ACCMIP multi-model means reported in Naik et al. (2013). Figure 4 also
shows that UKESM1-ems and UKESM1-conc perform very similarly with respect to simulating OH.

3.3.2. Coupling to Carbon Monoxide

Carbon monoxide (CO) is an intermediate product of methane oxidation, predominantly via reaction with the
hydroxyl radical in the troposphere, but also has substantial primary sources from fossil fuel use and biomass
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Figure 4. Comparison of decadal average regional annual mean airmass weighted OH concentrations (x10° molecules cm~3)
for the period 2000-2009 in 12 tropospheric sectors after Lawrence et al. (2001). The ensemble means and spread, expressed
as the standard deviation, for UKESM1-ems in red are compared with the 3D-climatology of OH concentrations from
Spivakovsky et al. (2000) in green, results from the multi-model analysis by Naik et al. (2013) in blue. Also included are OH
concentrations from UKESM 1-conc in black (Archibald et al., 2020).

burning. CO has an atmospheric lifetime of less than 2 months on average. Atmospheric carbon monoxide
mole fractions are strongly coupled to methane OH chemistry (Prather, 1994). We compare model output for
carbon monoxide from UKESM1-conc and UKESM1-ems with observations of CO surface mole fractions from
the NOAA GML (Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air Sampling Network
(Dlugokencky et al., 2021) in Figure 5. We evaluate against CO as a second, independent way of assessing the
impact of our methane emission-driven setup on the performance of the model with respect to OH.

For the southern hemisphere the latitudinal distribution of carbon monoxide in both model configurations agrees
well with the observations. Both model configurations have a high bias in the CO surface mole fraction between
approximately 30°S and 20°N suggesting a potential overestimation of CO emissions from biomass burning. The
model also has a negative bias between roughly 45°N to 90°N with respect to observed CO surface mole frac-
tions. Many models have reported a similar negative bias in this region (e.g., Naik et al., 2013; Stein et al., 2014;
Strode et al., 2015, 2016). Recently, Heimann et al. (2020) showed that increased CO and methane emissions
could each at least partially resolve the negative bias in carbon monoxide, but they also argue that the negative
bias in CO could be due to missing higher VOC sources. However, without targeted sensitivity experiments it is
difficult to conclusively attribute these biases to primary emissions of CO or to secondary in situ CO production
from chemical oxidation of methane and non-methane volatile organic compounds (NMVOC) in our model. Such
experiments are beyond the scope of this first assessment of the model's performance but will be addressed in a
follow-up study.

Figure 5 also shows that UKESM1-ems (red line in Figure 5) is negatively biased with respect to UKESM1-conc.
This can be attributed to the negative bias in the methane surface mole fraction in UKESM1-ems (cf. Figure 7).
Atmospheric methane mole fractions will be investigated in Section 3.4.

The negative bias in carbon monoxide surface mole fractions relative to the observations at northern mid-to
high latitudes persists over the entire period for which observations are available. This can be seen from the time
series differences between model and observations shown in Figure 6. The differences between the time series
of CO mole fraction anomalies (relative to the CO mole fraction at 90°S) are most pronounced around 45°N
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Figure 5. Interhemispheric gradient of decadal mean annual mean carbon monoxide surface mole fractions, averaged

over the period 2000-2009, for UKESM 1-conc (black) and UKESM1-ems (red), respectively. Model output is compared
to observations from the NOAA GML (Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air Sampling
Network for carbon monoxide for the same period.

in both configurations of UKESM1, where both model configurations are biased low against the observations.

Below 40°N and extending to 30°S both model configurations are overestimating CO surface mole fractions

consistently, except for a 10-year period between approximately 1990 and 2000. During this period both model

configurations of UKESM1 show a clear negative bias in a narrow region around 20°N and, to a lesser extent,
around 10°N. After the year 2000 the bias disappears and re-emerges at the end of the time period (2010-2014).

Attribution of these biases to one process is difficult and is beyond the scope of this study. However, we note

that methane surface mole fractions, at least in UKESM1-conc, show very good agreement with observations at

most latitudinal zones for which we find biases in carbon monoxide relative to the observations (cf. Figure 10).
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Figure 6. Difference in the time series of the annual zonal mean CO surface mole fraction anomalies (with respect to the CO surface mole fraction at 90°S) for the
period 19902014 between the simulation with UKESM1 and NOAA GML observations (Dlugokencky et al., 2021) for UKESM1-conc (left plot) and UKESM1-ems
(right plot). Gray stippling indicates data points for which no observations are available.
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Figure 7.

As we shall discuss later in more detail, methane surface mole fractions are biased low throughout the northern
hemisphere in UKESM1-ems. This indicates that the CO biases in the model are not directly attributable to biases
in the methane surface mole fractions and may be controlled by other processes in the model independently, such
as for instance loss of HO, radicals on aerosols (Mao et al., 2013). Further research is required.
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3.4. Atmospheric Abundance and Distribution of Methane

The dynamic equilibrium between its sources and sinks determines the atmospheric abundance of methane. In
the previous section we have closely examined the simulated CH, sources and sinks for two configurations of the
UKESMI1 Earth system model, one in which methane is constrained by observation-based surface mole fractions
at the lower-most model level and one that is driven by methane emissions from the coupled JULES wetland
model and methane emission scenarios from CMIP6. In this section we evaluate the resulting methane surface
mole fraction and atmospheric burden, based on the simulation over the historical period (1850-2014).

3.4.1. Methane Surface Mole Fractions and Atmospheric Burden

Global annual mean methane surface mole fractions agree very well with those from UKESM1-conc for the first
part of the 165-year long simulation as is shown in Figure 7 a. This figure compares atmospheric methane abun-
dances and their evolution in time for the two configurations of UKESM 1. Between 1850 and 1920 UKESM1-ems
predicts nearly identical methane surface mole fractions as UKESM1-conc, but the latter is constrained at the
surface by methane observations. Hence, the global mean surface mole fractions in UKESM 1-conc are equivalent
to observed values over the period shown.

After 1920 the time series of global annual mean surface mole fractions diverge between the two model config-
urations. The negative bias in UKESM1-ems reaches a maximum difference of approximately —200 ppb in 2003
with a simulated global annual mean surface mole fraction of 1577 ppb. This is in good agreement with model
simulations conducted by Heimann et al. (2020) using UM-UKCA. The authors report a negative bias of —190
ppb in global annual mean methane surface mole fractions at 1590 ppb. Heimann et al. (2020) argued that the
negative bias could be due either to the tropospheric methane sink being too strong in their model or the methane
emissions being too low. An identical argument can be made for our model simulations in relation to the negative
bias in methane surface mole fractions.

The inlay in Figure 7a shows the evolution of atmospheric methane over the historic period for the whole atmos-
phere methane burden. The burden shows a very similar trend over the historical period with a maximum negative
bias of —600 Tg(CH,) at an annual mean whole atmosphere methane burden of 4,297 Tg(CH,) in 2004 of our
simulation.

In Figure 7b we examine zonally averaged annual mean methane surface mole fraction anomalies with respect
to the global annual mean for three individual latitudinal zones. UKESM1-ems shows an increasing latitudinal
divergence in the surface mole fractions from pre-industrial to present-day while there is hardly any north-south
gradient present in the concentration-driven simulation over the same period. This is hardly surprising, however,
because UKESM1-conc is constrained at the surface with global annual mean values constant over the entire
domain (cf. Sellar et al., 2019 and Archibald et al., 2020). The diverging zonally averaged surface mole fraction
anomalies in the emission-driven run demonstrate the increasing importance of anthropogenic methane sources
over time. Most anthropogenic methane emissions (fossil fuel extraction and use, rice cultivation, cattle raising,
landfills) are located north of the equator and even further north in the northern extra-tropics (>23.5°N). Thus,
zonally averaged annual mean methane surface mole fraction anomalies are positive (i.e., higher than the global
annual mean) only in the northern extratropics between 23.5°N and 90°N. In the tropics and southern extratropics
these anomalies become increasingly negative.

The time series of zonally averaged annual mean surface mole fraction anomalies exhibits two maxima in the
northern extratropical zone, in 1980 and 2012, respectively. From 1980 to 1997 the methane anomalies in the
northern extratropics decrease by 16.9 Tg(CH,)), only to rise again by the same amount by 2012. The minimum in

Figure 7. Global annual mean CH, surface mole fraction, expressed in ppb, and estimated residual methane surface exchange flux time series ranging from the
pre-industrial (1850) to the present-day (2014), simulated with UKESM1-ems. The figure shows (a) the time series of ensemble mean global mean CH, surface mole
fractions for UKESM1-conc (black) and UKESM1-ems (red). The inlay in plot (a) depicts the time series of ensemble mean global annual mean CH, atmospheric
burdens simulated with UKESM1-conc (black) and UKESM1-ems (red), respectively. The shaded area around the individual curves indicates the ensemble spread

for each model configuration, expressed as the one standard deviation (1—o) interval. Plot (b) shows the difference of ensemble mean annual mean zonally averaged
CH, surface mole fraction from the global average, expressed in ppb, for three latitudinal bands: the northern extra-tropics (90°N-30°N; dashed lines), the tropics
(30°N-30°S; dash-dotted lines) and the southern extra-tropics (30°S—90°S; dotted lines). Red lines refer to simulations with UKESM 1-ems and black lines indicate
UKESM -conc simulations. Plot (c) shows estimates of the pre-industrial to present-day time series of the annual global total (solid red line) and decadal average of the
annal global total (dashed red line) net residual methane surface exchange flux, expressed in Tg(CH,) yr~!, representing the net (positive or negative) methane emissions
that are required to bring methane surface mole fractions in UKESM1-ems into complete agreement with the observations, equivalent to the black line in plot (a). The
envelope indicates the 1—o interval around the decadal means, calculated from the inter-annual variation in annual global totals for each decade.
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1997 in the northern extratropics coincides with a maximum in the anomalies in the tropics and southern extrat-
ropics. The decrease and subsequent increase in the zonally averaged annual mean surface fraction anomalies in
the northern extratropics points to anthropogenic activity as the driving force behind these changes.

We then calculate the residual methane surface flux that would be required to bring surface mole fractions in
UKESM1-ems into complete agreement with the observed mole fractions (Figure 7c). Interpreting this residual
flux as a “missing source” of methane, this would indicate that a further 50 + 20 Tg(CH,) yr~!, on a decadal mean
basis at the present day (2000s), would be required for the model to simulate the true rise in methane surface mole
fractions. 50 Tg(CH,) yr~! amounts to approximately 15% and 25% of present-day anthropogenic and wetland
methane emissions in our model, respectively.

This is firmly within the uncertainty limits of current emissions estimates for each of the two sources individually
(Saunois et al., 2020), and could potentially explain the discrepancy between model and observations. Indeed, in
a recently published paper Hmiel et al. (2020) argue that, based on a re-evaluation of the preindustrial-era '“CH,
ice-core records, anthropogenic fossil methane emissions could be underestimated by about 38-58 Tg(CH,) yr~!,
or about 25%-40% of recent estimates. This additional anthropogenic methane source would be enough to recon-
cile our model simulation with observations.

3.4.2. Site-Level Assessment of Methane Surface Mole Fractions

In Figure 8 we compare methane surface mole fractions from UKESM1-conc and UKEMS1-ems with site-level
data from stations in the NOAA GML (Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air
Sampling Network. Observations have been averaged over all sites contributing to the latitude bands in which
they are located.

The left column in Figure 8 (plots a, d, g, and j) shows the time series of annual mean surface mole fraction
anomalies with respect to the 2000-2009 mean. In all four latitude bands UKESM1-ems tends to underestimate
surface mole fractions between 2000 and 2005. UKESM1-ems also shows an earlier and steeper increase in
methane surface mole fractions than the observations starting in 2002-2005 depending on the latitude band.
UKESM1-conc follows the observed trend because it is constrained by observations.

We assess the model-to-observations correlation for the annual mean methane surface mole fraction anoma-
lies from UKESM1-conc and UKESM1-ems with those from the observations (shown in the middle column of
Figure 8, plots b, e, h, and k) over the period 2000-2009. The plots also include slope and Pearson's correlation
coefficient for each of the latitude bands. UKESM1-ems shows a significantly weaker correlation with the obser-
vation than UKESM1-conc in all four latitude bands. The weaker correlation is a consequence of the steeper
increase in methane surface mole fractions in the second half of the 2000s in UKESM1-em:s.

In the right column of Figure 8 (plots c, f, I, and 1) we compare multi-annual average monthly mean methane
surface mole fraction anomalies (with respect to the annual means) for the period 2000-2009. The observations
have been averaged over all sites contributing to each latitude band. UKESM1-conc clearly lacks any seasonal
variation in surface methane in all four latitude bands. UKESM 1-ems, on the other hand, shows good agreement
with the observations with respect to seasonal variation. At northern mid-to high latitudes seasonality in surface
methane is over pronounced compared to the observations (Figure 8c) but this overestimation of the seasonal
amplitude becomes less pronounced with decreasing latitude (Figures 8f, 8i, and 8l). At southern mid-to high
latitudes the picture is reversed with the seasonal variation being more pronounced in the observations than in
UKESM1-ems. The comparison of the seasonal variation also reveals a timing error in UKESM1-ems with
respect to seasonal maximum and minimum surface methane, which appear approximately one to two months
later in the model than in the observations. An interesting exception occurs in the southern mid-to high latitudes,
where timing error seems to disappear.

Figure 9 shows the latitudinal distribution of methane in both UKESM1-conc and UKESM1-ems together with
latitudinally resolved measurements of methane surface mole fractions from the NOAA GML Air Sampling
Network (Dlugokencky et al., 2021). UKESM1-ems yields a maximum interhemispheric gradient of 106 ppb
(calculated as the difference between maximum and minimum decadal mean zonally averaged methane surface
mole fraction for the period 2000-2009) with a decadal average global mean methane surface mole fraction of
1592 ppb. Heimann et al. (2020) previously reported a methane interhemispheric gradient of 104 ppb with a
global mean methane surface mole fraction of 1590 ppb for the period 2000-2005, calculated from their BASE
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experiment, which is comparable to our emission-driven simulation (cf. Heimann et al., 2020, Section 3.2). In
comparison, the maximum interhemispheric gradient in the observations is approximately 209 ppb with a decadal
global mean methane surface mole fraction of 1805 ppb, using the same definition as above.

Driving UKESM1-ems with methane emissions instead of constraining the model at the surface with one value
for the methane surface mole fraction that is constant for the entire domain and the whole year, albeit based
on observations, represents an obvious improvement in the model's skill in simulating the global methane
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Figure 8. Site-level comparison of the modeled horizontal distribution of methane surface mole fractions from UKESM1-ems with observations from the NOAA GML
(Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air Sampling Network. Left column: time series of annual mean methane surface mole fraction
anomalies relative to the 2000—2009 mean surface mole fraction at each station for four individual latitude bands. Middle column: UKESM1-ems versus obs correlation
for the same four latitude bands. Right column: multi-annual mean seasonal variation in the simulations with UKESM1-ems and observations for the same four latitude
bands. Observations are taken from the NOAA GML (Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air Sampling Network, specifically monthly
mean flask CH, data for the years 2000-2009 (Dlugokencky et al., 2021). UKESM1-ems is represented by one single realisation in each case.
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Figure 9. Comparison of methane interhemispheric gradients between UKESM1-ems (red) and UKESM1-conc (black)
and observations from the NOAA GML (Global Monitoring Laboratory) Carbon Cycle Cooperative Global Air Sampling
Network (Dlugokencky et al., 2021). Methane surface mole fractions in each case have been averaged over the period
2000-2009. Note that the y-axes have different values to allow comparison of the interhemispheric gradient (due to the
negative bias in UKESM1-ems), but both extend over the same range of 300 ppb.

distribution. This can be seen in Figure 9 and also in Figure 10 which, similar to Figure 6 for modeled carbon

monoxide mole fractions, shows the time series differences of the normalized interhemispheric gradients between

model and observations.

UKESM1-ems (left plot in Figure 10) shows a substantially better agreement with the methane observation from
the NOAA GML station network (Dlugokencky et al., 2021). The only sizable differences in the anomalies are
found between 45°N and 55°N after 1993, corresponding to a peak in observed methane surface mole fractions

which the model does not capture. In contrast, UKESM1-conc shows substantial negative biases relative to the

observations for the entire northern hemisphere over the whole period for which observations are available.
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Figure 10. Difference in the time series of the annual zonal mean CH, surface mole fraction anomalies (with respect to the CH, surface mole fraction at 90°S) for the
period 1985-2014 between the simulations and NOAA GML observations (Dlugokencky et al., 2021) for UKESM1-conc (left plot) and UKESM1-ems (right plot).
Gray stippling indicates data points for which no observations are available.
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3.4.3. Vertical Distribution of Methane

The vertical distribution of methane mole fractions stays relatively constant with increasing height throughout the
troposphere because of the relatively long methane chemical lifetime of approximately 9.5 years. Above the trop-
opause level methane mole fractions begin to drop off. Both configurations of UKESM1 capture this behavior
of the methane vertical profile qualitatively. In Figure 11 we compare simulated vertical profiles of normalized
zonal mean methane mole fractions with methane observation data from the NASA Atmospheric Tomography
Mission (ATom; Wofsy et al., 2021).

In the southern extratropical region (90°-30°S) both model configurations capture the methane vertical profile
well up to an altitude of about 7 km. Above 7 km the modeled profiles increasingly diverge from the observed
methane profiles; both configurations of UKESM1 show a very similar profile for methane in this latitudinal
region. In the tropics methane mole fractions remain virtually constant with height up to the maximum flight
altitude of the NASA DC-§ aircraft at approximately 12 km. This is due to a much higher tropopause height
in the tropics compared to the extratropical regions. In this latitudinal region the difference between modeled
and observed methane profiles is bigger than in the southern extratropics. The methane vertical profiles from
UKESM1-ems show a better agreement with observations than those from UKESM1-conc, but the agreement is
not as good as in the southern extratropics.
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Figure 11. Comparison of vertical profiles of normalized zonal mean CH, mole fractions for UKESM1-conc (black) and UKESM1-ems (red) for the year 2000 with
methane observations from the Atom (the NASA Atmospheric Tomography Mission; Wofsy et al., 2021) data set (blue). Methane mole fractions in all latitude bands
are normalized to the 90°S—60°S mean value. The height of the chemical tropopause (defined as the ozone 150 ppb iso-line) in UKESM1-conc is shown by the red
dotted line. ATom profiles extend from 0.2 to 12 km altitude, and flights occurred in each of the four seasons over a 4-year period (2016-2020).
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10-1 In the northern extratropical region, our model shows the highest bias relative
C —— UKESM1-conc to the observed methane vertical profile. Also, the difference between the
= — UKESM1-ems two configurations of UKESMI is the most pronounced for all latitudinal
o 10°F — HALOE zones. UKESM1-ems shows a much better agreement with the observed
I - profile than UKESM1-conc throughout the whole troposphere. Interestingly,
E 10t = the methane vertical profile in UKESM1-ems shows a much faster decline
§ L with altitude above the tropopause level throughout the northern extrat-
§ = ropics (30°N-90°N). Overall, the tropospheric methane vertical profile in
10°F UKESM1-ems is in much better agreement with the observations in almost
C all latitudinal regions than the profiles from the UKESM-conc indicating a
= substantial improvement in the model's skill to simulate the vertical distri-
1030_ — 5(|)0 I I10|OOI I15|00I - I2000 bution of methane in the troposphere. While vertical methane mole fraction
CH4 / ppb

Figure 12. Comparison of multi-year average vertical profiles of the mean
tropical (10°N) modeled atmospheric methane mole fraction for the period
1991 to 1997, from UKESM1-conc in black and UKESM1-ems in red with
the methane climatology (Kumer et al., 1993) from the Halogen Occultation
Experiment (HALOE; Russell et al., 1993) with Cryogenic Limb Array Etalon
Spectrometer (CLAES; Roche et al., 1993) instrument on board the NASA
Upper Atmosphere Research Satellite (UARS; Reber et al., 1993) in blue over
the same period (after Archibald et al., 2020). The shading for each profile
represents one standard deviation about the multi-annual mean, except for the
HALOE data, where the shading represents the seasonal variation as well as
the variation within the tropics.

profiles are practically constant over the entire troposphere, as depicted in
Figure 11, methane mole fractions fall off steeply with increasing altitude in
the stratosphere.

In Figure 12 we compare vertical profiles of multi-annual mean atmospheric
methane mole fractions from UKESM1-ems against methane profiles from
UKESM1-conc Also included in Figure 12 is a methane vertical profile of
the Halogen Occultation Experiment/Cryogenic Limb Array Etalon Spec-
trometer (HALOE/CLAES) satellite observation climatology (Kumer
et al., 1993; Russell et al., 1993), spanning 1991-1997 (Randel et al., 1998).
UKESM1-ems (solid red line in Figure 12) shows a systematic negative bias
throughout the stratospheric column, compared to UKESMI1-conc (solid
black line in Figure 12) which is consistent with the systematic negative bias
in methane surface mole fractions (Figure 7) and the tropospheric methane
vertical profiles (Figure 11).

The multi-annual zonal mean stratospheric methane distribution is compared against the HALOE/CLAES clima-
tology (Kumer et al., 1993; Russell et al., 1993) in Figure 13. UKESM1-ems shows similar skill in simulating
the horizontal and vertical structure of methane in the stratosphere as UKESM1-conc discussed in Archibald

et al. (2020). The seasonal variation of stratospheric methane is also well captured (cf. Panels (a) and (b) in

Figure 13). UKESM1-ems also shows a negative bias in the absolute methane mole fractions, consistent with the
negative bias in tropospheric methane at present-day.

The systematic negative bias in the modeled methane mole fractions is evident for both seasons in the scatter

plots (panels (c) and (d) in Figure 13). Root mean square errors have become slightly higher in this configura-

tion at 0.17 ppm as opposed to 0.1 ppm in UKESM1-conc. Slopes are also further away from unity at 0.15, but
the correlation between model and observations at » > 0.98 is equally high as in UKESM1-conc (cf. Archibald
etal., 2020; Figure 11). Furthermore, UKESM 1-ems simulates equally well the vertical fall-off in methane. There
is an excellent one-to-one correspondence between the model and observations: the slopes of the least squares fit

for January and July are within 0.05 of unity, the correlation coefficients are greater than 0.98, and the root mean
square errors between UKESM1-ems and the HALOE/CLAES climatology are less than 0.1 ppm.

In Figure 14 we compare the total column CH, (denoted as XCH,) calculated from output from UKESM1-ems
against satellite observations of XCH, (Parker et al., 2020) from the GOSAT satellite (Kuze et al., 2009). The
satellite data was first averaged into monthly means with 2° X 2° grid boxes resolution and then the latitudinal

mean for each month was computed. For the model data, the total column CH, was computed from the verti-

cally resolved model profiles at the native model resolution, with the latitudinal mean then computed from this

model-derived XCH, data.

Note that the satellite averaging kernels have not been applied to the model output for the following reasons:

(a) applying averaging kernels generally requires the model to be sampled at the time and location of the obser-

vation, (b) the model's spatial resolution is relatively coarse at 1.9° x 1.3°, (c) the GOSAT averaging kernel is

relatively flat (Parker et al., 2020) rendering any corrections small in comparison to uncertainties in model and
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Figure 13. Comparison of multi-annual mean monthly mean zonal mean stratospheric methane mole fractions (expressed in ppm) from the historical UKESM1-ems
simulation with the HALOE/CLAES methane climatology (cf., Kumer et al., 1993; HALOE; Russell et al., 1993; CLAES; Roche et al., 1993; UARS; Reber

et al., 1993) for the period 1991-1997. The comparison is for zonal mean stratospheric methane mole fractions for January and July in panels (a) and (b) and scatter
plots of modeled vs. observed mole fractions for January and July in panels (c) and (d), respectively. The filled color contours in panels (a) and (b) represent data from
UKESMI-ems and the black contour lines represent the HALOE/CLAES climatology. The scatter plots also show the 1:1-correlation line, the root mean square errors,
the slope of a least squares linear fit, and the Pearson correlation coefficient (r).

observations, and (d) the averaging kernel is constant over time and omitting it will not introduce errors in
seasonality and interannual variability. For these reasons the potential correction was deemed to be insignificant
compared to the existing systematic negative bias between the model and observations.

The zonal and temporal distribution of total column methane in UKESM1-ems is in excellent qualitative agree-
ment with the observations. The model shows a similar interhemispheric gradient in XCH,. Both data sets show
a very similar methane trend over the 10 years of the observed period (2010-2020). Model and observations also
agree on the amplitude in the seasonality in both hemispheres, with a small timing error discernible in the model
simulation: the model seems to lag behind persistently with respect to the observed XCH, by one or two months.
Overall, the qualitative agreement between modeled and observed XCH, is very strong.

As noted in Section 3.4, an offset of approximately 200 ppb was identified between modeled methane surface
mole fractions and observations at present-day conditions (2000s). This offset persists in the total column compar-
isons, with a negative bias in the model of approximately 180 ppb. To facilitate comparison, we have removed the
negative bias in Figure 14, simply by adjusting the scales in each of the plots. However, the scales extend over the
same range of 190 ppb in each of the two subplots.
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Figure 14. Hovmoller plot (zonal mean vs. time) comparing the total column CH, (XCH,) latitude-time distribution calculated from UKESM1-ems model data and
GOSAT satellite (Kuze et al., 2009) XCH, data (Parker et al., 2020). Scales in each subplot have been chosen to remove the systematic negative bias in the model data
but they extend over the same range of 190 ppb. For this figure, model data beyond 2014 is taken from a future scenario simulation with UKESM1-esm. The future
scenario simulation applies the Shared Socio-economic pathway, SSP, scenarios (Gidden et al., 2019), provided for Coupled Model Intercomparison Project—Phase 6,
using SSP3-7.0. However, for the first few years SSP scenarios differ very little.

4. Discussion and Conclusions

In this paper we have described a new, methane emission-driven configuration of the first community release
version of the UK Earth System Model, UKESM1.0. This new capability for ESMs will enable a fuller and more
realistic simulation of the global methane cycle. In the same way in which emissions-driven CO, simulations have
enabled much more policy-relevant science to be explored with climate models (Arora et al., 2020; Friedlingstein
et al., 2006) this interactive capability will enable ESMs to address more directly and consistently forcing and
feedbacks associated with methane.

Our focus has been on the assessment of the model's capability to simulate the main methane sources, particularly
the fully coupled methane wetland emission model, and sinks and its atmospheric abundance over the historic
period 1850-2014. We have presented the areas of improvement over the default, UKESM1-conc (cf., Sellar
etal., 2019, 2020; Archibald et al., 2020; Mulcahy et al., 2020) and we have identified the areas for which system-
atic biases persist in the new configuration.

Our evaluation has shown that UKESM1-ems simulates all the components of the methane cycle within obser-
vational uncertainty. We found that the UKESM1-ems simulation of the global annual mean methane surface
mole fraction is in excellent agreement with observations for the first half of the historic period from 1850 to
approximately the 1920s, a period during which natural methane emission sources dominated. After about 1920
the model shows an increasing negative bias in simulating atmospheric methane mole fractions. During this latter
period between the 1920s and present-day anthropogenic methane emission became increasingly important in the
global methane budget. It is not possible to say from this initial assessment whether this underestimation of the
atmospheric methane burden is a model bias in simulated processes or an underestimate of historical emissions
from CMIP6 used to drive the simulations. One recommendation therefore from our study is that better estimates
and reconstructions of past CH, emissions are needed.

This is analogous to the uncertainty in past CO, emissions - which is especially large for emissions from land-use
and land-use change, and which hinders the simulation of past CO, being used as a constraint on future projections
(Booth et al., 2017). In the meantime, process-based and site-specific evaluation against a range of observations
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and chemical species gives us confidence that the model is performing well and is fit for purpose for exploration
of future changes in the methane cycle.

While studies in the past have dealt with certain aspects of the methane cycle and feedbacks with climate (cf.,
e.g., Holmes, C. D., 2018; Gedney et al., 2019; Nguyen et al., 2020, Stevenson et al., 2020), these processes
have been absent from mainstream climate model projections contributing to past CMIP simulations. This
new capability will enable assessment of future emissions and mitigation pathways (Staniaszek et al., 2022)
and even the implications and potential benefits of anthropogenic methane removal (Abernethy et al., 2021;
Jackson et al., 2021).

Interactions between biogeochemical cycles can also be investigated using this new capability. For example,
changes in atmospheric CO, may stimulate CH, emissions from wetlands (a major uncertainty in future emis-
sions: Canadell et al., 2021), thawing of permafrost may release large amounts of CH, as well as CO, (Burke
et al., 2012) and changes in wildfire activity not only represent potential abrupt changes to ecosystems but
could increase CH, and aerosol emissions. These new feedbacks have the potential to alter the global climate
sensitivity—usually defined as the climate response to elevated CO,, but in a fully coupled system may also
include the subsequent changes in atmospheric composition.

It is worthwhile noting here that UKESM1-ems is capable of correctly simulating the recent changes in the
atmospheric methane trends (cf. Figure 7a). The model reproduces the hiatus in the methane growth between
approximately 1999 and 2006 (Allen, 2016) and the renewed rise in atmospheric methane trends after this period
(Schaefer, 2019). Hence, the new capability in simulating the global methane cycle fully interactively will allow
us to examine possible mechanisms behind the recent hiatus in substantially more detail than was possible hith-
erto. We will address this question in a follow-up study.

In this paper we have made no attempt to explain in detail the causes for the model biases identified here because
it is beyond this initial model assessment. Further studies are planned which will address the biases with targeted
follow-up studies on:

1. The cause(s) behind the systematic negative bias in the methane surface mole fraction and atmospheric burden

2. The assessment of the sensitivities and uncertainties in the wetland emissions in UKESM1-ems and their main
drivers: climate change versus CO, fertilisation effects.

3. The assessment of the climate sensitivity in UKESM1-ems

4. The assessment of the timing errors in the seasonality of the atmospheric methane burden

5. The assessment of the biases in CO surface mole fractions in UKESM1-ems

We want to conclude this discussion with a broader perspective on the performance of UKESM1-ems
for the purpose of carbon cycle analysis by comparing it with the three development cycles of CO,
emission-driven coupled carbon cycle models over the past 20 years. We look at the relative error in simulat-
ing the pre-industrial-to-present-day increase in atmospheric CO, over four generations of emission-driven
coupled carbon cycle models with the relative error in simulating the increase in atmospheric methane in
UKESM1-ems (cf. Figure 15). UKESM1-ems is representative of the first generation of a new, substan-
tially more complex type of carbon cycle models that also includes an interactive coupling to atmospheric
composition.

Figure 15 clearly shows the significant improvement in the performance of every generation of emission-driven
coupled carbon cycle models with substantially reduced relative errors in simulating the PI-to-PD increase
in CO,. While the first generation of these models showed a 40% relative error this has been reduced to a
mere 10% in the latest generation of coupled carbon cycle models. For the first version of UKESM1-ems we
find a 20% relative error in simulating the PI-to-PD increase in atmospheric methane mole fractions which
is comparable to the performance of the majority of coupled carbon cycle models participating in CMIPS
in simulating the PI-to-PD CO, increase. It is our hope that UKESM1-ems, while already showing a good
performance, will also follow the path of substantial improvements in understanding and representation of
the global carbon cycle and its feedbacks with the land surface, atmospheric composition and the climate and
Earth systems in its future versions.
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Figure 15. Comparison of the relative error (%) in the simulated CO, mole fraction increase since the pre-industrial over the past 20 years of emission-driven carbon
cycle modeling. Black: Cox et al. (2000); green: Climate—Carbon Cycle Feedback Analysis from C4MIP (Friedlingstein et al., 2006); orange: Carbon cycle feedbacks
in Coupled Model Intercomparison Project-Phase 5 (CMIP5) simulations (Friedlingstein et al., 2014); red: CMIP6 CO, simulation with the UKESM1 standard
configuration; purple: UKESM1-ems simulation, but for methane (this work).
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