’.) Check for updates

ADVANCING
EARTHAND
a ‘u U SPACE SCIENCE

Geophysical Research Letters

RESEARCH LETTER
10.1029/2019GL085706

Key Points:

« Neglecting chemical feedbacks can
bias estimates of methane emissions
perturbations by up to 25% over
10 years

« Strong biomass burning events, such
as El Niflo, can indirectly increase
the methane growth rate through
emissions of CO

« Attributions of decadal trends in
methane are dependent on the
assumptions about both OH and CO

Correspondence to:
N. Nguyen,
newton@caltech.edu

Citation:

Nguyen, N. H., Turner, A. J.,

Yin, Y., Prather, M. J., &
Frankenberg, C. (2020). Effects

of chemical feedbacks on decadal
methane emissions estimates.
Geophysical Research Letters, 47,
€2019GL085706. https://doi.org/10.
1029/2019GL085706

Received 7 OCT 2019
Accepted 15 JAN 2020
Accepted article online 16 JAN 2020

©2020. American Geophysical Union.
All Rights Reserved.

Effects of Chemical Feedbacks on Decadal Methane
Emissions Estimates

Newton H. Nguyen!'", Alexander J. Turner?3#
and Christian Frankenberg!*

, Yi Yin!'"', Michael J. Prather’'",

I Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA, 2Dcpartmcnt of
Earth and Planetary Sciences, University of California, Berkeley, CA, USA, 3College of Chemistry, University of
California, Berkeley, CA, USA, “NASA Jet Propulsion Lab, California Institute of Technology, Pasadena, CA, USA,
>Department of Earth System Science, University of California, Irvine, CA, USA

Abstract The coupled chemistry of methane, carbon monoxide (CO), and hydroxyl radical (OH) can
modulate methane's 9-year lifetime. This is often ignored in methane flux inversions, and the impacts of
neglecting interactive chemistry have not been quantified. Using a coupled-chemistry box model, we show
that neglecting the effect of methane source perturbation on [OH] can lead to a 25% bias in estimating
abrupt changes in methane sources after only 10 years. Further, large CO emissions, such as from biomass
burning, can increase methane concentrations by extending the methane lifetime through impacts on
[OH]. Finally, we quantify the biases of including (or excluding) coupled chemistry in the context of recent
methane and CO trends. Decreasing CO concentrations, beginning in the 2000's, have notable impacts on
methane flux inversions. Given these nonnegligible errors, decadal methane emissions inversions should
incorporate chemical feedbacks for more robust methane trend analyses and source attributions.

Plain Language Summary Methane inversion studies commonly assume that atmospheric
methane has a 9-year lifetime, but the decay rate of methane perturbations can be extended by 40%.

This effect is from interactions of other atmospheric compounds with methane's main sink, the hydroxyl
radical. This is important for estimating global emissions over recent decades. We show that one of these
compounds, carbon monoxide (CO), emitted from wildfires during El Nifio, can lead to large increases

in methane concentrations by extending the methane lifetime. Moreover, ignoring these effects can lead up
to a 25% error in estimating methane emissions changes after a decade. Finally, we show that the effect of
decreasing CO on methane has reduced the methane lifetime and has led to potential biases in calculating
methane emissions. Thus, attributing causes of recent methane emissions trends are dependent on the
consideration of compounds indirectly affecting the methane lifetime, which may have implications for
future mitigation plans.

1. Introduction

Methane is the second most important anthropogenic greenhouse gas. Globally averaged concentrations
have risen from ~750 ppb during the preindustrial to 1,850 ppb in 2018, contributing to ~25% of overall radia-
tive forcing (IPCC, 2013), with even higher contributions when considering all indirect impacts (Shindell
etal., 2005). This increase includes a brief pause from 2000 to 2007 with a subsequent resumption in growth.
The cause of the onset and termination of this stabilization remains debated (see Turner et al., 2019, and
references therein for a review of recent trends). Due to nonlinear feedbacks affecting the main methane
sink, which is oxidation by the hydroxyl radical (OH), perturbations of methane and other species con-
trolling OH loss may affect the methane lifetime (Prather, 1994, 1996), especially in the context of recent
methane and CO trends. This is often overlooked in methane inversion studies, as static OH fields are
often employed, which may impact flux inversions at longer time scales (Prather & Holmes, 2017). Our
main objective here is to investigate how assumptions on the oxidant chemistry affect methane emissions
estimates.

Variations in methane fluxes have been inferred with constraints from methane concentrations and §'*C
growth rates to study the 2000-2007 stabilization. However, by ignoring coupled chemistry, there are no
changes in methane loss; thus, any changes in methane abundances can only be attributed to methane
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source changes (e.g., Nisbet et al., 2016; Schaefer et al., 2016; Schwietzke et al., 2016; Thompson et al., 2018;
Worden et al., 2017).

Other studies have focused on a possible change in the main methane sink (e.g., Gaubert et al., 2017;
McNorton et al., 2016; Rigby et al., 2017; Turner et al., 2017). Gaubert et al. (2017) focused on the impact
of CO on the methane lifetime. They found that a decline in CO concentrations, resulting from decreases
in CO emissions in the 2000s (Worden et al., 2013), would result in increased OH concentrations during
the stabilization period and, consequently, a decline in the methane lifetime. This change in the methane
lifetime would require an even stronger increase in methane emissions to explain recent trends.

Rigby et al. (2017) and Turner et al. (2017) concluded it was likely that OH concentrations declined dur-
ing the stabilization period. However, both studies ignored interactive chemistry but used observations
of methyl chloroform (MCF) to constrain globally averaged OH concentrations. Yet, Prather and Holmes
(2017) pointed out two main problems: (1) using MCF to constrain OH is highly uncertain due to uncer-
tainties in MCF emissions and loss, and (2) both studies did not explicitly account for chemical feedbacks
(terms beyond the first order terms in equation (1)). Given these uncertainties, alongside the contradict-
ing hypotheses discussed here, the question remains the following: “How do simplifying assumptions on
coupled chemistry affect methane emissions estimates?”

Studies employ simplifying assumptions in order to decrease computational cost, and the biases inherent
in those assumptions are not well characterized, possibly contributing to contradicting hypotheses around
the stabilization period. For instance, box model results have been criticized for not realistically model-
ing the impacts of atmospheric transport (Naus et al., 2019). On the other hand, sophisticated atmospheric
transport models with 3-D chemistry are used to invert methane fluxes, but they typically use static OH
fields to model methane oxidation. In that context, we believe that the simplicity of a box model is an ideal
way to isolate the impact of neglecting coupled chemistry on methane flux inversions from other error
sources. To do this, we can conceptualize the complexity of the coupled drivers affecting the decay of a
methane perturbation 6[CH,] into a linear expansion of chemical mechanisms, similar to Taylor series
expansions following Prather (1994, 1996) :

ds[CH,] _ ¥ <a(d[CH4] /dt)) 51X

dr JIX,] M

L
In equation (1), each X; represents the concentration of species i (e.g., methane, CO, OH, NO,), which
might interact with the methane lifetime. Conceptually, a perturbation in i will either directly affect the
methane lifetime (as is the case for [OH]) or indirectly affect methane loss by changing oxidant levels
(e.g., higher CO will lead to a decrease in OH, whereas NO, emissions will typically lead to increased OH
abundance and methane loss). The coupled chemistry comes into play as methane oxidation impacts the
steady state concentration of OH itself directly and indirectly, as the oxidation leads to CO, which interacts
with OH at shorter time scales. Here, we focus on the coupled chemistry of methane, CO, and OH by using a
two-hemisphere box model19941996. We will quantify the impacts of critical assumptions in methane flux
inversions (Table 1).

2. Forward Model and Variable Lifetimes

2.1. Constructing the Forward Model

OH oxidizes methane to form CO, which is also oxidized by OH, resulting in a coupled chemical system
(Table Al). The equations in Table Al are solved for each hemispheric box. The exchange between the
hemispheric boxes are a function of the interhemispheric exchange time (1 year) and interhemispheric
concentration gradients.

We also employ simplifying assumptions to our model to abstract the complexity of OH production, recy-
cling, and loss. OH is also the primary oxidant for a number of other compounds in the atmosphere
(e.g., ethane and other nonmethane hydrocarbons) (Lelieveld et al., 2016), so we follow Prather, (1994, 1996)
and abstract this complexity with an arbitrary molecule, X, acting as an additional OH sink. In Tables 1
and Al, Sy represents the production rate of OH, which is primarily driven by UV radiation in the pres-
ence of ozone and water vapor, in addition to chemical recycling by other species, especially NO,, (Lelieveld
et al., 2002; 2016; Nicely et al., 2018). We do not explicitly account for these effects here and instead abstract
this complexity with a term, Sqy, in our model, which then yields the OH concentration given the sources
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Table 1
Varying Complexity of Simulations for Flux Inversions Corresponding to Experiments in Figure 4
Case Interactive Optimizing Optimizing Optimizing Constrained
label OH [OH] Sco Sou by
-I no no n/a n/a [CH4]
-1+ [OH] no yes n/a n/a [CH41[MCF]
+I yes n/a no no [CH4]
+I + Sco yes n/a yes no [CH4][CO]
+I + Son yes n/a no yes [CH4][MCF]
+I +Sco + Son yes n/a yes yes [CH4][MCF][CO]

and sinks of OH. It should also be noted that here, noninteractive chemistry means that the methane oxi-
dation rate is static, so that the globally averaged methane lifetime is fixed to ~9 years. On the other hand,
interactive chemistry allows for [OH] to respond to changes in CO and CH,, even if Sy is constant.

Direct measurements of OH are neither spatially dense enough, nor sufficiently precise to estimate global
mean OH concentrations. This is because OH has a short lifetime (~1 s), exists in low concentrations
(~ 10° molecules/cm?), and have large variations in space and time, so variations in MCF are often used as
a proxy for globally integrated OH concentrations (e.g., Bousquet et al., 2005; Montzka et al., 2011).

2.2. Chemical Feedbacks Result in Extended Methane Lifetime

Perturbations to methane do not decay with the methane budget lifetime, which is obtained by dividing the
total atmospheric methane burden with the methane loss rate assuming steady state. Instead, in order to
account for the nonlinearities in the methane-CO-OH system, perturbation decay rates are calculated from
eigenvalues of the Jacobian of the chemical system (Holmes, 2018; Prather, 1994; 1996).

o(d[x;]/dt

y= 20D (E[X]g ) @
Each element of the Jacobian, M, consists of the derivative of the rate equations in Table A1, (d[x;]/df),
with respect to each species, [x;]. The complexity of the system is caused by the off-diagonal elements in the
matrix, resulting in different perturbation modes with respective decay rates. This perturbation decay rate
is also a function of the concentrations of the species in M, because the eigenvalues depend on the values
in M. Substituting methane, CO, and OH concentrations of the modern atmosphere into equation (2) and
inverting the minimum eigenvalue of M results in the methane perturbation lifetime that is ~40% longer
than the budget lifetime.

We demonstrate this extended perturbation lifetime in Figure 1a, running the model with prescribed emis-
sions, adding a 10 Tg perturbation to methane emissions with interactive and noninteractive chemistry
(Figure 1a). The perturbation lifetime of the noninteractive chemistry model decays with a ~9.4 year
e-folding lifetime, while the interactive chemistry decays with a ~13.2 year lifetime. This is expected (Prather,
1994, 1996) and indicates that our forward box model is a realistic approximation of the chemical sys-
tem. It should be noted that this perturbation lifetime also holds for infinitesimally small perturbations to
methane or CO, which drive correspondingly small perturbations to OH, a fact that is sometimes overlooked.
The question is what impact these differences have on decadal-scale flux inversions, because most studies
assume a fixed ~9 years lifetime. As can be seen in Figure 1a, a methane perturbation decays much slower,
so we expect an overestimation of methane flux inversions if this effect is ignored.

Chemical simulations of interactive chemistry, when compared to noninteractive chemistry, result in dif-
ferent equilibrium methane concentrations. We demonstrate this in Figure 1b, where methane emissions
are fixed to 275, 550, 1,100, and 2,200 Tg/year with both interactive (solid lines) and noninteractive (dashed
lines) chemistry. For emissions larger than the contemporary 550 Tg/year case (Saunois et al., 2016), the
interactive chemistry cases have much higher steady state methane concentrations than their noninterac-
tive counterparts, because methane concentrations affect OH. However, for the preindustrial 275 Tg/year
case, the interactive steady state concentrations are substantially lower as OH would be about 25% higher.
As our prescribed emissions become larger, the difference between methane steady state concentrations in
the interactive and noninteractive cases further differ. In the 2,200 Tg/year case, the lifetime and steady state
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Figure 1. A 10 Tg perturbation of methane (panel a) decays with a 13.2 year lifetime for the interactive case (solid
line), while the perturbation decays with a 9.4 year lifetime for the noninteractive case (dotted line). Methane
concentrations (panel b) and OH concentrations (c) are shown for our steady state test, where emissions are fixed to
275, 550, 1,100, and 2,200 Tg/year for both interactive (solid lines) and noninteractive (dashed lines) chemistry.

NGUYEN ET AL. 40f13



Arru

AUV .
100 Geophysical Research Letters 10.1029/2019GL085706
1840.0 -
1837.5 -
)
g;- 1835.0 -
T
S 1832.5 -
1830.0 -
1827.5 - | i ! | | | !
. 1.00
S
> 0.98 -
@
S 0.96-
2
< 0.94 - —— CH, Perturbation
c 0.97 - CO Perturbation
g ' —— Simultaneous CH,4 and CO Perturbation
120 -
2
g 110 -
(@]
O
100 -
90+ | | : . | ! .
-1 0 1 2 3 4 5 6
years after emission
Figure 2. A 20 Tg pulse of methane (green) increases methane by 6.8 ppb. A 250 Tg perturbation of CO (orange)
depletes OH by ~ —8%, extending the methane lifetime, resulting in a 5 ppb increase in methane. The methane and CO
joint response (blue) results in a 11.5 ppb increase.
lifetime differ by more than a factor of 3, caused by OH depletion (Figure 1c). Even after more than 150 years,
the 2,200 Tg/year interactive chemistry case reaches concentrations of ~30 ppm, while OH decreases to 10%
of contemporary concentrations, and both have not yet reached a steady state. It should be noted that this
simulation ignores other methane sinks, for example, stratospheric loss or soil uptake, both of which will
dampen this effect in the actual atmosphere and avoid a runaway effect.
2.3. Effects of El Nifio Biomass Burning on Methane Concentrations
Here we use the coupled methane-CO-OH chemistry to examine the impact of strong biomass burning
during El Nifio events on both methane and CO, and consequently OH. Previous works have highlighted
the importance of El Nifio on methane (e.g., Saunois et al., 2016; Worden et al., 2013; Zhang et al., 2018),
CO (e.g., Yin et al., 2016), emissions through wetlands and fires. El Nifio can further impact OH recycling
via changing emissions of lightning NO,(e.g., Murray et al., 2014; Turner et al., 2018) and through direct
NO, emissions from fires (e.g., Castellanos et al., 2014; Miyazaki et al., 2017), although NO, effects are not
explicitly represented here. However, NO, emissions will have a more local to regional effect on OH, due to
its much shorter lifetime when compared with CO and methane.
Figure 2 shows the results of three simulations with 1-month-long perturbations: (1) a methane release of
20 Tg, (2) a CO release of 250 Tg, and (3) a simultaneous release of 20 Tg methane and 250 Tg CO, which
is similar in magnitude to the 1997-1998 El Nifio (Randerson et al., 2017). From this, we can observe the
response of the system to individual perturbations as well as the joint response, testing our model with other
El Nifio results (e.g., Butler et al., 2005; Duncan et al., 2003; Rowlinson et al., 2019).
NGUYEN ET AL. 50f13
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In Figure 2, methane increases by ~6.8 ppb to a 20 Tg methane perturbation (the green line) and by ~5 ppb
to the 250 Tg CO perturbation (the orange line). The latter is due to impact of CO on OH concentrations by
~ —8%, not due to direct methane emissions. The decrease in the methane oxidation rate due to the decline
in OH increases the methane lifetime in the atmosphere, acting as a pseudosource of methane that acts
over several months even after the fires stopped. This OH response is within the range calculated by other
studies using 3-D chemical transport models for example, Butler et al. (2005) find a ~ —2.2% decline in [OH]
between July 1997 and December 1998; Duncan et al. (2003) find —2.2% to —6.8% between September and
December 1997 from the Indonesian fires; and most recently, Rowlinson et al. (2019) find ~ —9% between
1997 and 1998. This indicates that the magnitude of the OH response to CO perturbations in our model is
realistic.

The indirect impact through CO emissions is comparable in magnitude to the direct methane emissions,
resulting in a much stronger and delayed joint response of methane to perturbations typical for large-scale
biomass burning events. The case of the combined methane and CO perturbation results in an 11.5 ppb
increase in methane with almost half a year delay in its peak enhancement, demonstrating the coupling of
the CH,-CO-OH system. Hence, it is possible that increases in methane concentrations can be incorrectly
attributed to increases in methane emissions, rather than CO emissions (or another species that can impact
OH abundances). An El Nifio scenario is thus an excellent test case for underlining the importance of inter-
active chemistry on not only the magnitude of response of methane and [OH] to perturbations, but also the
timing of the response. In fact, the impact of biomass burning is highly complex. Locally, direct emissions of
methane as well as strong perturbations in NO,, radiation, CO and other trace gases can play a role, which
we cannot quantify in our simplified model. The impact on hemispherically averaged CO concentrations,
however, is well captured by our model and has a significant impact on methane concentrations (hence the
term pseudosource) but not in the area of biomass burning directly. Flux inversions using concentration
gradients would thus not attribute these background changes in methane concentrations to the actual fires.

3. Inverting for Methane Emissions

3.1. Data and Inverse Model

Our box model maps emissions to concentrations and thus, inverting our model maps concentrations to
emissions. This enables us to quantify the effects of simplifying assumptions on methane flux inversions.
Emissions are estimated using a nonlinear Bayesian inversion method (Rodgers, 2000). We use observations
of methane (NOAA), CO (NOAA), and MCF (NOAA, GAGE/AGAGE) concentrations, where hemispher-
ically averaged observations were computed following the methods in Turner et al. (2017). Please refer to
supporting information for more details on averaging methods and stations selected.

3.2. Inversion Bias Without Interactive OH Chemistry

Here we estimate the impact of neglecting interactive OH chemistry in an idealized inversion test case.
Methane emissions are prescribed in our forward model, assuming interactive chemistry with a constant
6,300 Tg/year OH source, resulting in a synthetic methane concentrations time series, shown in Figure 3a.
We use a scenario in which methane emissions abruptly and permanently increase from 550 to 570 Tg/year,
an increase similar to the one needed to explain the renewed growth rate after 2007. The resulting synthetic
concentrations in Figure 3a constitute synthetic observations used in two inversions, where we assume (A)
noninteractive chemistry, and (B) interactive chemistry. This test serves two purposes: (1) to test the perfor-
mance of our inversion, and (2) to calculate the error associated with neglecting interactive OH chemistry
in an inversion, as was alluded to in Prather and Holmes (2017). This is equivalent to computing the for-
ward model error of assuming fixed OH concentrations in atmospheric methane inversions (while the true
atmosphere is interactive).

From our synthetic emissions test results (Figure 3b), we find that the inversion is accurate with interactive
chemistry. However, inverted methane emissions, in our noninteractive inversion, are consistently higher
after our prescribed emissions increase (Figure 3b), reaching an overestimation of about 5 Tg/year after
only 10 years after the emissions change, which is 25% of the perturbation. This error increase to well over
8 Tg/year after more than 20 years. This is because the increased methane emissions decrease OH concen-
trations, whereas the noninteractive concentrations inversion does not account for this OH response. This
is nonnegligible, because we only need a 20 Tg/year source-sink imbalance to explain the 2007 renewed
growth. Relative errors in these derived emission trends can thus be considerable if we assume fixed OH
concentrations.
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Figure 3. Inversion with prescribed emissions: Methane emissions were prescribed with an abrupt +20 Tg/year step
change in emissions, resulting in a time series of methane concentrations ( shown in red in panel a). These synthetic
observations were used in two inversions shown in panel b: interactive OH inversion (blue line) and noninteractive OH
inversion (green line). Note that the prescribed emissions are shown as red diamonds in panel b but are difficult to see,
as they overlap with the interactive OH inversion.

3.3. Emissions Estimates With Observed Concentrations

We performed inversions with increasing levels of complexity to obtain the biases associated with including
(or neglecting) interactive OH chemistry and CO in emissions estimates constrained by methane, CO, and
MCF observations. Table 1 describes the assumptions in each experiment. In the noninteractive case (—I),
OH concentrations are fixed, and thus, inversions of methane emissions only respond to changes in methane
concentrations, whereas in the interactive case (+I), methane emissions adjust to changes in both methane
and OH concentrations. In particular, the ~210 ppb increase of methane between 1984 and 2015 would,
assuming a constant OH source, decrease OH abundances by ~3.5%, extending the methane lifetime and
result in an overestimation of methane emissions when compared to a scenario where [OH] is held constant
(=I). The blue line in Figure 4a shows the difference between our methane inversion, which accounts for
interactive chemistry (+I) and noninteractive chemistry (—I). Discounting interactive OH chemistry would
lead to biased trends in the methane fluxes compared to the 1980 baseline, as increasing methane abun-
dances will cause [OH] to decrease. When keeping CO constant, this could induce a 20 Tg bias in methane
emissions changes between 1980 and 2015, as indicated by the green line's overall declining trend between
1980 and 2015.

Accounting for the decrease in CO emissions (Figure 4d) would increase the availability of OH radicals to
oxidize methane. We quantify this impact (+I/+S) by allowing our inversion to adjust to the declining CO
concentrations (Figure 4d), fitting for CO sources, and comparing this to our noninteractive OH inversion
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Figure 4. Methane inversions constrained by methane, CO, and MCF observations: The green line in panel a shows
the difference between our interactive chemistry case (+I) and noninteractive chemistry case (—I), while the orange
line shows the difference between our interactive chemistry case with fitted CO sources (+I + Sco) and noninteractive
chemistry case (—I). Methane emissions calculations (panel b) differ when the inversion is allowed to respond to
variations in OH concentrations (shown in panel c). Panel d shows observed CO concentrations (black crosses) and our
CO fits. The assumptions and constraints for each experiment are listed in Table 1.

(=I). CO sources exclude CO from methane oxidation and only considers direct emissions, which include
biomass burning and combustion. The orange line's rising slope in Figure 4a underlines that (1) decreasing
CO abundances overcompensate the effect of increasing methane on OH, consistent with Gaubert et al.
(2017), and (2) neglecting indirect effects of CO can result in an error of the interannual methane source
variability of up to 10 Tg/year. It should be noted here that our interactive chemistry results may differ
from more sophisticated chemistry models, because our model only includes methane and CO effects. In
reality, the OH source may have regionally increased due to rising NO, emissions, which would buffer [OH]
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Table Al
The Coupled Chemical Reactions in This Table Models Our Simplified Chemistry for Each Hemisphere, Denoted by the Superscripts
Chemical Equation Reaction Constant A priori emissions Prior error
dICH” _ oN ke [cH, N [OHN + [l —[CILIT ky = 3.395 x 10715 <2 412.5 Tg/year 200 T

dt o ~ “CH, 1 4 N o 1= molec s -2 181y &
diCH,® _ os _ s s, [CH41Y—[CH,] _ -15__cm?

g = Stu, ~ ki [CHyS[OH)® + —+——2= ky =3395x 1071 —— 137.5 Tg/year 200 Tg
dicolN _ oN N N N N, [cor-[colY _ -12_cm®

i = SNo + ki [CHyIN[OHIY — k,[COIN[OHIN + N ky = 1.0133 x 10 g 901.5 Tg/year 800 Tg
dICOL — 5, + ki [CH,IS[OHIS — k,[COIS[OH]S + [£OLICOL ky =1.0133 x 10712 S0 67.5 Tg/year 56 Tg
d[(;‘f]N = SN =k [CHV[OH]Y — ky[CON[OHIN — k3 [XIN[OHY ks [ X1V = 09957 3,150 Tg/year 3,150 Tg

S

C”OTH]N: S8 — k1 [CHy1S[OH]S — kz[CO]S[OHS]S = k31[3(]5 [OH]S ksy[X]S = 1.23s‘31 3,150 Tg/year 3,150 Tg
d[M% =SNep  — k[MCFIN[OH]V 4 IMCEL-IMCTT 6.05x 10715 S0 238.4 + 280 Gg/year ~ max(1.5, 0.2x (a priori)) Gg
d[MCF]S _ oS s s . IMCFN-[MCFJ® _15 cm?

T = SyvicE & k4[MCFJ°[OH]° + O — 6.05 X 10 T 0 Gg/year 0.5 Gg

(Holmes et al., 2013; Naik et al., 2013; Nicely et al., 2018). We do not explicitly include this effect in our
model.

Variations in stratospheric ozone and NO, can result in OH recycling and production variability, and these
OH sources have been thought to have increased in recent decades (e.g., Holmes et al., 2013; Naik et al.,
2013; Nicely et al., 2018). To quantify this OH source variability, (+I +Sgy;) incorporates OH source variabil-
ity, while (+I +S.q +Soy) also accounts for CO source variability. When we assume a variable OH source
(+I +Spp), the variability in methane emissions is dampened, because OH production and recycling are able
to compensate for the variability in OH concentrations. As a result, methane emissions stabilize and decline
between 2000 and 2010. This result also exhibits similar variability to the case corresponding to Turner et al.
(2017) and Rigby et al. (2017), (—I + [OH]), where concentrations are fitted directly, without interactive
chemistry. Also fitting for CO emissions (+I +Syy +S¢o) further dampens the variability of methane emis-
sions, because CO emissions are also allowed to compensate for variability in methane emissions. These
cases are also similar to each other until about 2010, when MCF observation uncertainties reach instrument
limitations (Naus et al., 2019).

The 1998 peak in methane emissions, due to El Nifio, demonstrates the coupling of the methane-CO-OH sys-
tem. We observe a local maximum in the CO concentrations in 1998 (Figure 4d). All cases infer an increase
in methane emissions with the 1998 El Nifio, but the magnitude and duration is markedly different. Specifi-
cally, the (—I) case only accounts for methane emissions and infers ~48 Tg/year “spike” in 1998 compared to
1997. This methane emissions spike is not observed in the cases with interactive chemistry. This is because
they are able to accommodate the 1998 minimum in OH concentrations. As such, the interactive cases find a
smaller magnitude emission increase and a different temporal signal. Specifically, 31 Tg/year for (+I +Sqy)
and 26 Tg/year for (+I +Sgy +Sco). When CO sources are also fitted in the latter case, the inversion is
allowed to respond to higher CO concentrations (Figure 4d), and we see even less methane emissions, due
to a release of CO from increased biomass burning (section 2.3).

4. Summary and Recommendations

Studies calculating global methane emissions have conclusions that are dependent on the assumptions on
chemical reaction rates within their inversions. This is because the methane lifetime depends on the con-
centration of the OH radical which, in turn, depends on the concentration of CO and methane as well as
sources of OH. There are no perfect methods to constrain global OH concentrations, and more work should
be done to constrain trends in the concentration and production of hydroxyl radicals (e.g., Fortems-Cheiney
et al., 2019; Li et al., 2018; Miyazaki et al., 2017; Wolfe et al., 2019). In decadal methane emissions estimates
with fixed OH concentrations, we find a systematic and nonnegligible negative bias in inversions that do not
consider this chemical feedback. When accounting for CO concentration variations, we find decreased CO
emissions beginning in the 2000s increased the availability of OH, increasing methane emissions estimates.
However, accounting for OH source variability results in methane emissions estimates with similar trend
and variability to Rigby et al. (2017) and Turner et al. (2017), where OH concentrations are fitted directly
without interactive chemistry. This is due to compensating OH production accounting for variabilities in
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Table D1
Monitoring Stations Used for Methane Observations
Station Code Latitude Laboratory
Methane measurements
Alert, Canada ALT 82° N NOAA/ESRL/INSTAAR
Ascension Island, UK ASC 8°S NOAA/ESRL/INSTAAR
Terceira Island, Azores AZR 39° N NOAA/ESRL/INSTAAR
Baring Head, NZ BHD 41° NOAA/ESRL/INSTAAR
Barrow, USA BRW 71° NOAA/ESRL/INSTAAR
Cold Bay, USA CBA 55° NOAA/ESRL/INSTAAR
Cape Grim, Australia CGO 41° S NOAA/ESRL/INSTAAR
Cape Kumukahi, USA KUM 20° N NOAA/ESRL/INSTAAR
Lac La Biche, Canada LLB 55° NOAA/ESRL/INSTAAR
High Altitude Global Climate Observation Center, Mexico MEX 19° NOAA/ESRL/INSTAAR
Mace Head, Ireland MHD 53° NOAA/ESRL/INSTAAR
Mauna Loa, USA MLO 20° NOAA/ESRL/INSTAAR
Niwot Ridge, USA NWR 40° N NOAA/ESRL/INSTAAR
Cape Matatula, Samoa SMO 14° S NOAA/ESRL/INSTAAR
South Pole, Antarctica SPO 90° S NOAA/ESRL/INSTAAR
Summit, Greenland SUM 73° N NOAA/ESRL/INSTAAR
Tae-ahn Peninsula, Korea TAP 37° N NOAA/ESRL/INSTAAR
Mt. Waliguan, China WLG 36° N NOAA/ESRL/INSTAAR
Ny-Alesund, Norway ZEP 80° N NOAA/ESRL/INSTAAR
Alert, Canada ALT 82° N U. Heidelberg
Izana, Portugal 1ZA 28° N U. Heidelberg
Neumayer, Antarctica NEU 71° S U. Heidelberg
Niwot Ridge, USA NWR 41° N U.C. Irvine
Montana de Oro, USA MDO 35° N U.C. Irvine
Cape Grim, Australia CGO 41° S U. Washington
Olympic Peninsula, USA OPW 48° N U. Washington
Fraserdale, Canada FSD 50° N U. Washington
Majuro, Marshall Islands MMI 7° N U. Washington
Mauna Loa, USA MLO 19° N U. Washington
Baring Head, NZ BHD 41° S U. Washington
Barrow, USA BRW 71° N U. Washington
Tutuila, Samoa SMO 14° S U. Washington
OH concentrations. It should be noted that other chemical effects that may have a large impact on OH abun-
dances, such as NO,, ozone, and water vapor effects (Holmes et al., 2013; Naik et al., 2013; Nicely et al.,
2018) are not explicitly represented in our model, so the question “How does OH production and recycling
vary over time?” remains and should be a priority research objective.
Moving toward a more robust methane trend analysis, global methane emissions inversions at decadal
time scales should account for the chemistry affecting methane lifetime in the atmosphere. Inversions with
chemical transport models may provide transport effects; however, they neglect the nonnegligible impacts
of OH chemistry on methane lifetime, as their OH fields are usually assumed to be static. This may also
have implications for paleoclimate studies (e.g., Dickens et al., 1995; Frieling et al., 2016). Future inversions
should include this methane chemical feedback, informed by climate variables relevant for OH production
and concentrations. For example, ~90% of variations in OH production can be parameterized by tempera-
ture, water vapor, column ozone, biomass burning emissions, and lightning NO, emissions (Holmes et al.,
2013), so OH production and recycling (Spy) can have real-world constraints (Castellanos et al., 2014;
Fortems-Cheiney et al., 2019; Holmes et al., 2013; Miyazaki et al., 2017). Simplified parameterizations can
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Table D2

Methyl Chloroform and Carbon Monoxide Observation Stations

Station Code Latitude Laboratory

Methyl chloroform measurements

Alert, Canada ALT 82° N NOAA/ESRL

Barrow, USA BRW 71° N NOAA/ESRL

Cape Grim, Australia CGO 41° S NOAA/ESRL

Cape Kumukahi, USA KUM 20° N NOAA/ESRL

Mace Head, Ireland MHD 53° N NOAA/ESRL

Mauna Loa, USA MLO 20° N NOAA/ESRL

Palmer Station, Antarctica PSA 65° S NOAA/ESRL

Niwot Ridge, USA NWR 40° N NOAA/ESRL

Cape Matatula, Samoa SMO 14° S NOAA/ESRL

South Pole, Antarctica SPO 90° S NOAA/ESRL

Summit, Greenland SUM 73° N NOAA/ESRL

Trinidad Head, USA THD 41° N NOAA/ESRL

Cape Grim, Australia CGO 41° S GAGE

Mace Head, Ireland MHD 53° N GAGE

Cape Meares, USA ORG 45° N GAGE

Ragged Point Barbados RPB 13° N GAGE

Cape Matatula, Samoa SMO 14° S GAGE

Cape Grim, Australia CGO 41° S AGAGE

Mace Head, Ireland MHD 53° N AGAGE

Ragged Point Barbados RPB 13° N AGAGE

Cape Matatula, Samoa SMO 14° S AGAGE

Trinidad Head, USA THD 41° N AGAGE

Carbon Monoxide measurements

Mauna Loa, USA MLO 20° N INSTAAR

Ragged Point Barbados RPB 13° N INSTAAR

Cape Matatula, Samoa SMO 14° S INSTAAR
capture primary drivers of OH production and recycling, while joint inversions of species that modulate
OH concentrations, informed by bottom-up inventories, will more accurately represent methane lifetimes,
bringing decadal-scale methane inversions closer to the real world.
Appendix A: Two-Hemisphere Box Model
The equations in Table Al are solved in our two-hemisphere box model with temperature at ~ 270 °K.
Interhemispheric transport is dependent on the difference in species concentrations and interhemispheric
exchange time (1 year). We use variations of MCF observations as proxy for global OH variability, which
have declined since implementation of the Montreal Protocol Ban (Montzka et al., 2011; Naus et al., 2019).
Also note that our box model excludes non-OH sinks, such as loss to the stratosphere, chlorine oxidation,
and soil oxidation, and therefore only includes methane and CO loss via OH oxidation. Neglecting these
minor processes could alias errors onto our OH concentrations.
Appendix B: Hemispherically Averaged Concentrations
We use observations of methane (NOAA), CO (NOAA), and MCF (NOAA, GAGE/AGAGE) concentrations,
where hemispheric averaging was done following Turner et al. (2017). In short, hemispheric averaging was
done by bootstrapping from deseasonalized surface observations. We sampled from the observational record
in each hemisphere with replacement, where number of times sampled is equal to the number of observa-
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tional records available in that hemisphere for that species. We also rejected sites that had less than 5 years
of data and required that older observations had higher uncertainties than more recent observations, with a
minimum uncertainty of 2 ppb. The randomly drawn observations were blocked-averaged into 1 year win-
dows. This process was repeated 50 times, so the mean and varience can be computed from these 50 time
series.

CO is not well-mixed in the atmosphere, exhibiting large spatial gradients. In addition, each species experi-
ences its own oxidative capacities (Lawrence & Jockel, 2001; Naus et al., 2019). Therefore, in order to model
CO oxidation by OH, we selected stations in the tropics (23.5°S to 23.5°N). This is because most oxidation of
CO occurs in the tropics, where OH concentrations are highest. We refer the reader to Tables D1 and A2 for
station locations and details. The hemispherically averaged concentrations were calculated with the same
bootstrapping procedure outlined above.

Appendix C: OH Feedback

In order to obtain the correct perturbation lifetime seen in Figure 1a, we adjusted the OH source (Syy;) and
additional loss term (k5 [x]). The values we obtained are in Table Al. Thisresults in the 13.2 year perturbation
lifetime.

Appendix D: Bayesian Inversion

We used a nonlinear bayesian inversion to obtain the methane fluxes seen in Figures 3 and 4 (Rodgers,
2000). The elements of the state vector being fitted for are in Table 1 alongside the observations being used to
constrain the inversion. The a priori assumptions and prior error for our inversion are shown in Table A1. For
the MCF prior in the Northern Hemisphere, we set the error to 20% of the a priori with a minimum of 1.5 Gg.
It should also be noted that the temporal correlation we employed was different for the case corresponding
to Rigby et al. (2017) and Turner et al. (2017) (+I +[OH]) as compared to the other cases, which is the reason
why the methane time series looks much smoother. We employed much shorter temporal correlations to
the other cases in order to make the interannual variability more clear.
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