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Abstract. Compared to 2019, the global growth rate of atmospheric methane rose by about 50% in 2020, reaching 15 ppb/yr.
Models of global atmospheric chemistry show that reductions in nitrogen oxide (NOx) emissions reduce levels of the hydroxyl
radical, and lengthen the methane lifetime. Using estimates of NOx emission reductions associated with COVID-19 lockdowns
around the world in 2020, together with model-derived regional and sectoral sensitivities of methane to NOx emissions, we
find that NOx emissions reductions can fully explain the observed surge in the global methane growth rate. Whilst changes in
NOx emissions are probably not the only important factor that has influenced methane since the beginning of 2020, it is clear
that they are a key factor that will need to be included within any attribution study, and that they may well be the dominant
driver of these recent methane changes. The major global scale changes in composition of the Earth’s atmosphere measured
during lockdown provide unprecedented constraints on the sensitivity of the atmospheric chemical system to changes in

emissions, and are of great utility for evaluating policy-relevant models.

1 Introduction

Methane is a powerful greenhouse gas and important precursor of tropospheric ozone; both are key air pollutants and short-
lived climate forcers (SLCFs). The 2013 Intergovernmental Panel on Climate Change assessment estimated methane’s Global
Warming Potential (GWP) over a 100 year time horizon to be 28 (Myhre et al., 2013); updates to its short-wave radiative
forcing have increased this value by 14% (Etminan et al., 2016). Advances in our understanding of how GWP metrics relate
to climate change indicate that it is not only the magnitude of emissions, but also the rates of change of SLCFs like methane
that strongly influence near-term global temperature changes (Allen et al., 2018; Cain et al., 2019). These post-2013 updates
increase the importance of methane and its evolution in the context of the Paris Climate Agreement target that seeks to limit
warming to 1.5°C above pre-industrial levels.

Following the onset of the COVID-19 pandemic in early 2020, the trace gas composition of the global atmosphere has shown
substantial changes. Atmospheric nitrogen oxide (NOx) levels have reduced, whilst the measured growth rate of methane

(CHa4) has risen sharply. The observed NOx changes are clearly linked to falls in emissions resulting from lockdowns, but the
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methane increases remain unexplained (e.g., Vaughan, 2021). Methane and NOx are linked through the oxidising capacity of
the atmosphere, specifically by the abundance of the hydroxyl (OH) radical. The response of global atmospheric chemistry to
the large lockdown perturbation since early 2020 provides an opportunity to explore the sensitivity of the NOx-OH-CH4
system, and compare models and observations. Here we use model-derived sensitivities of methane to NOx, together with
estimated changes in anthropogenic NOx emissions related to the COVID-19 lockdowns, to calculate the impacts on the growth

rate of global methane, and compare this to methane observations.

2 Measurements of atmospheric methane and nitrogen oxides

Recent methane measurements from the US National Oceanographic and Atmospheric Administration (NOAA) show that the
atmospheric methane growth rate rose sharply from 9.9 ppb/yr in 2019 to 14.8 ppb/yr in 2020, the highest annual value in the
37-year NOAA record (Figure 1; Dlugokencky, 2021). Many of the earlier large year-to-year jumps in methane’s growth rate
relate in part to variability in climate and emissions associated with El Nifio Southern Oscillation (ENSO), and in particular
because of modulation of methane’s main sink, oxidation by OH (Turner et al., 2018; Zhao et al., 2020). ENSO indices have
not shown strong variations over 2019-2020 (WMO, 2021).

Measurements of nitrogen dioxide (NO>) from satellite instruments and nitrogen monoxide (NO) and NO, from surface sites
show that levels of atmospheric NOx (NO + NO,) dramatically fell globally during 2020 (Bauwens et al., 2020) as COVID-
19 lockdowns around the world reduced emissions, mainly from transportation (Venter et al., 2020; Lamboll et al., 2021).
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Figure 1: Global annual changes in surface atmospheric methane mole fraction (ppb) 1984-2020
(Dlugokencky, 2021).
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3 Sensitivity of global methane to NOx emissions

Global atmospheric chemistry model simulations indicate that decreases in NOx emissions lead to reductions in OH and
increases in the methane lifetime (Prather, 1994; Derwent et al., 2001; Wild et al., 2001; Stevenson et al., 2004; Weber et al.,
2020). Multi-model studies have calculated methane effects for NOx emissions from specific world regions (Fry et al., 2012)
and the aviation sector (Lee et al., 2021). Although methane has an atmospheric lifetime of about 10 years, the models show
that its peak response occurs within a few months of the cessation of a sudden short-lived (month- or year-long) pulse of extra
NOx emissions (Derwent et al., 2001; Wild et al., 2001; Stevenson et al., 2004).

Derwent et al. (2001) conducted a series of experiments with the global tropospheric chemistry model STOCHEM to quantify
the impact of NOx emissions on methane. They compared a 4-year long base simulation with a perturbation simulation that
was identical apart from an enhancement in NOx emissions of magnitude 1 Tg(NO,), added during the first month with the
Northern Hemisphere surface anthropogenic NOx emissions distribution. The extra NOx produced a short-lived increase in
OH, and this led to a rapid depletion of global methane, which peaked at around 0.39 Tg(CHy) after about six months. The
methane deficit then exponentially decayed with an e-folding timescale of about 12 years (the methane perturbation lifetime),
with methane levels returning towards their base values. Wild et al. (2001) conducted similar experiments, with year-long
perturbations using a different model (UCI CTM), and found slightly larger sensitivities: 1 Tg(NO,) from global fossil fuel
sources yielded a 0.55 Tg depletion of CHs. Fry et al. (2012) analysed multi-model experiments from the Hemispheric
Transport of Air Pollutants (HTAP) study that isolated the impacts on methane of surface NOx emissions from Europe, North
America, and South and East Asia. For each region, Fry et al. (2012) compared a base simulation to one with 20% lower
anthropogenic NOx emissions from that region. These simulations had methane fixed as a prescribed boundary condition, but
diagnosed the change in methane lifetime associated with changes in OH. From these changes in methane lifetime, the
equilibrium change in methane was calculated, that is the change in methane that would have been achieved if methane levels
had been free to respond (e.g., see Stevenson et al., 2013). In model simulations with methane not prescribed, it adjusts towards
equilibrium with an e-folding time given by the methane perturbation lifetime (t) (Holmes, 2018). To convert equilibrium
methane changes derived from sustained changes in emissions to the equivalent response for a pulse of emissions, we use the
perturbation lifetime to calculate the fraction of the equilibrium response that would have been reached after one year; for a
methane perturbation lifetime of 12.4 years (Holmes, 2018) this fraction is (1-e™"%) = 7.7%.

Similar model simulations have calculated the sensitivity of methane to aviation NOx emissions. Wild et al. (2001) and
Stevenson et al. (2004) conducted pulse experiments adding NOx using the global aviation NOx emissions distribution, and
found a peak impact on methane of about 2.5-2.6 Tg for a 1 Tg(NO,) emission perturbation. Lee et al. (2021) assessed multi-
model results for aviation NOx emissions using sustained changes, which we convert, as described above, to the equivalent

response for a pulse of emissions, and find a similar sensitivity.

3
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Table 1 summarises results from all these existing studies. For surface NOx emissions reductions of 1 Tg(NO>) over one year,
models find peak increases in global methane burden of about 0.5 Tg, with about five times higher sensitivities for reductions
in aviation NOx. There is significant variation in sensitivity between regions for surface NOx emissions, with South Asia about
twice as sensitive as North America and East Asia, and three times as sensitive as Europe (Fry et al., 2012). Stevenson and

Derwent (2009) also found spatial variation in sensitivity for aviation NOx, with the more sensitive regions tending to have

lower background NOx levels.

Atmospheric
Chemistry
and Physics

model grid-boxes

NOx emission ACH4/AENox 2020-2019 AEnox ACH4
region/sector Tg(CH4)/Tg(NO2) yr! Tg(NO2) yr! Tg(CHs)
Surface emissions
Global -0.55¢ -19.38
N. Hemisphere -0.39° -16.72
S. Hemisphere -1.1° -2.66 2.93
Europe -0.28° -2.65 0.74
N. America -0.47¢ -2.55 1.20
E. Asia -0.44¢ -4.40 1.94
S. Asia -0.88¢ -3.78 3.33
NH minus 4 regions -0.39° -3.34 1.30
Aviation emissions
Global -2.6* -0.83
Global -2.54 -0.83
Global -2.3¢ -0.83 1.91
Various 10° x 10° -1.9 to -15°

Table 1: Sensitivity of changes in the global methane burden (ACHs; units Tg(CH4)) to changes in NOx emissions (AEnox; units
Tg(NO2) yr') from several modelling studies, calculated for a variety of surface and aviation emissions from different regions. Also
shown are COVID-19 lockdown impacts on NOx emissions (Tg(NO2) yr!') between 2019 and 2020 from Lamboll et al. (2021) for
regions and global aviation, and the corresponding contributions to the change in global methane burden (Tg(CH4); values only
given for contributions used in Section 4). References for the sensitivity values: (a) Wild et al. (2001); (b) Derwent et al. (2001); (c)
Fry et al. (2012); (d) Stevenson et al. (2004); (e) Lee et al. (2021); and (f) Stevenson and Derwent (2009).
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4 COVID-19 lockdown impacts on NOx emissions

Lamboll et al. (2021) compiled estimates of the impact of COVID-19 lockdowns on global anthropogenic NOx emissions, as
monthly mean time series, with spatial resolution 0.5° latitude by 0.5° longitude. We use these data to calculate the difference
in surface NOx emissions between 2019 (pre-lockdown) and 2020 for the four HTAP regions, as well as for the Northern and
Southern Hemispheres. The annual reduction in global surface NOx emissions from 2019 to 2020 was about 19.38 Tg(NO,),
or 15%. Lamboll et al. (2021) also compiled data on aviation emissions, estimating a global reduction of about 0.83 Tg(NO,),

or 25%. Regional changes in NOx emissions are summarised in Table 1.

5 Impacts of reduced NOx emissions on global methane

To calculate an approximate impact of the NOx emission reductions on global methane, we simply multiply the
regional/aviation sensitivities and emissions changes and sum over the globe. Table 1 shows calculated regional and aviation
components of the methane change. We calculate a total methane burden change of 13.36 Tg(CHy), comprising 11.44 Tg(CH,4)
from surface NOx changes, with a further 1.92 Tg(CH4) from aircraft. The more sensitive regions (South Asia, the Southern
Hemisphere) and aviation make proportionally larger contributions to the total methane change. We convert the overall change
in global methane burden (Tg) to a change in tropospheric mole fraction (ppb) using the total atmosphere mass of 5.113 x 10°
Tg and a fill factor of 0.973 for conversion of a total atmosphere abundance to a tropospheric abundance (Prather et al., 2012).
This yields a global mean increase in tropospheric methane mole fraction of 4.9 ppb associated with the NOx reductions. Since

the troposphere is well mixed, this is also the change at the surface.

6 Discussion and Conclusions

This model-derived estimate of the extra methane expected due to the reductions in NOx emissions exactly matches the
observed extra growth in methane seen during lockdown from 2019 to 2020 (4.9 ppb), suggesting that the NOx changes can
account for all or most of the observed methane changes.

Refinements to this simple estimate will need to account for several additional complications. The NOx emission changes have
temporal structure (Lamboll et al., 2021), as do the sensitivities of methane to NOx (e.g., Stevenson et al., 2004), and these
will interact. In addition, we have ignored any spatial variations in aircraft emissions, but Stevenson and Derwent (2009) found
that NOx emissions into cleaner environments had larger effects; there are also likely spatial variations within the large regions
we have used for the surface NOx emissions. Detailed modelling of the lockdown period is starting to explore these effects
(Weber et al., 2020; Miyazaki et al., 2021). There is also spatio-temporal structure in the observed methane changes that will
yield further information. There are undoubtedly several other factors, in addition to changes in NOX, that influenced methane
during 2020. Nevertheless, it seems likely that the dramatic reductions in NOx emissions brought about by the COVID-19

lockdowns can explain a large component of the surge in methane growth rate seen since early 2020.

5
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