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Overexplaining or underexplainingmethane’s role
in climate change
Michael J. Prathera,1 and Christopher D. Holmesb

Methane lies at the nexus of climate and air quality, being
both a major anthropogenic greenhouse gas—causing
about one-half of the warming of carbon dioxide—and a
precursor of tropospheric ozone pollution.Over the indus-
trial era, atmospheric methane abundances rose from
about 720 parts per billion (ppb) (10−9 mole fraction)
to over 1,850 ppb today. Humans have driven this
change largely through agriculture, waste, and fossil
fuel emissions. The community’s regular review of the
science of atmospheric methane via the Intergovernmen-
tal Panel on Climate Change (IPCC) Assessment Reports
[First Assessment Report (FAR), 1990 (1); Second Assess-
ment Report (SAR), 1995 (2); Third Assessment Report
(TAR), 2001 (3); Fourth Assessment Report (AR4), 2007
(4); and Fifth Assessment Report (AR5), 2013 (5)] has main-
tained both a scientific interest and political urgency as
nations seek to mitigate near-term climate change and
keep the overall warming to less than 2 °C (6–9). The re-
cent history (Fig. 1), based on ref. 10, shows a complex
overall growth with different rates and even a pause from
2000 to 2006. The many conflicting reports of this recent
variability (11–23) suggest that it remains unexplained, or
perhaps overexplained. Past work has separately used
measurements ofmethane, its isotopes, and related gases
to interpret the methane history. Two new publications
(24, 25) combine these complementary data into a consis-
tent Bayesianmodeling framework and use advanced sta-
tistical methods to match all observations simultaneously
subject to the prior constraints. Notably, they advance our
understanding of what could have caused the variability.
The similarities and differences of optimal solutions that
emerge from both studies teach us about the information
contained in present observations, as well as their limits.

Both Rigby et al. and Turner et al. suggest that
oxidation of methane by tropospheric OH increased
from the 1990s through the 2000s and that this loss
process was mainly responsible for the brief plateau in
global mean methane. In contrast, most past work
pointed to stable emissions as the cause of the plateau.
The new papers differ, however, on what explains the
steady rise since 2007: Rigby et al. (24) find a high likeli-
hood that methane emissions rose whileOH fell; Turner
et al. (25) suggest, counterintuitively, that methane

emissions decreased but OH decreased even more.
Nevertheless, both papers agree that the observational
constraints can be accommodated with differing, nearly
optimal solutions, including constant OH levels, so
there is no contradiction between their conclusions.

Although there are many emission and climate
processes that can change the amount of tropospheric
OH and hence the rate of methane loss, neither model
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Fig. 1. (A) Timeline of the international assessments of methane (CH4) as a
greenhouse gas, denoting the period of data evaluated (fat arrows) and the
publication date of each Intergovernmental Panel on Climate Change (IPCC)
Assessment Report [FAR (1), SAR (2), TAR (3), AR4 (4), AR5 (5), and projected AR6].
(B) Observed global mean CH4 [mole fraction in parts per billion (ppb), 10−9] for
1983–2017, showing both monthly (red diamonds) and annual (thick black line)
averages (https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/; downloaded on April
1, 2017). Thin vertical lines denote the end of the data record for each IPCC
assessment. (C) The observed decay rate (1/y) of methylchloroform (CH3CCl3)
calculated following ref. 22 for 2000–2016, showing monthly (blue dots with
uncertainty) and 12-mo running average (thick black line). The anomaly about the
average decay rate (dashed gray line) is labeled in percentage on the right axis.
Note that a 5% anomaly sustained for 1 y would cause a 10 ppb change in CH4.
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identifies a likely causal explanation for the OH trends. In these
inverse models, the OH levels are determined from an optimization
that uses the observed decay of methylchloroform (CH3CCl3) (MCF)
and prior estimates of MCF emissions. When integrating atmo-
spheric chemistry over this period with 3D models that spatially
and chemically resolve the atmosphere and incorporate our best
knowledge of weather, climate, and human activity (e.g., refs. 13,
23, 26, and 27), these models predict much less decadal-scale OH
variability and no clear peak in the mid-2000s. So we might con-
clude that an important process, some chemistry–climate feedback,
is missing from the 3D models.

The Bayesian models used in these new papers reduce the
available observations into hemispheric averages (24, 25), which
makes their complex statistical methods computationally tracta-
ble. However, the spatial distributions of methane, its isotopes,
and MCF may contain additional information that can distinguish
between the alternative scenarios and provide causal explana-
tions for the inferred OH trends. For example, 3D global atmo-
spheric models show that MCF decay responds to the observed
changes in tropical temperatures and water vapor, increasing in a
warmer, wetter world. Also, the feedback of the primary isotope of
methane on OH is well established (3, 28–30), and it increases the
impact of emissions by 40% compared with the lifetime derived
from MCF decay. The difficulty lies in deciding which of the many
3D model results provides the most useful priors.

In terms of deriving the change in methane loss frequency, one
can prefer the most straightforward result, that is, that the decay
rate of MCF (Fig. 1C) is simply a measure of the change in OH loss
frequency. This Occam’s razor principle (lex parsimoniae) has the
fewest assumptions andmakes it more readily tested and falsified.
What assumptions are needed for this MCF decay to include
larger changes in the OH loss frequency than those observed
(e.g., ±4% maximum range)? Basically, the MCF decay rate can
be perturbed by (i ) a change in the globally integrated concen-
tration of OH times the reaction rate (a sensitive function of tem-
perature), (ii) continuing emissions of MCF, and (iii) large-scale
redistribution of mass of MCF by atmospheric transport.

For i, a shift in the mean tropical temperatures (where most
MCF and methane is destroyed) or a shift in the 4D correlation of
OH and temperature could alter the MCF decay rate. For iii, one
must recognize that our measurements of MCF are made at the
surface and do not discern vertical gradients or the relative
amounts in the stratosphere. Fluctuations in such mixing rates
are not documented, but they could alter the apparent decay
rate. The new models here use option ii to alter the decay rate
and thus predict trends in OH. The problem with ii is that, to be
effective, the continuing MCF emissions must follow the same
decay rate as atmospheric MCF over 15 y. If emissions decayed
more slowly, then they would produce a very large negative

signal at the end of the record (and this may explain the 2012–
2015 record); if more quickly, then they would have little influ-
ence on the decay rate after 2000. The proposal that the residual
emissions from the phased-out industrial production of MCF
would follow the chemically driven decay rate over 3 e-folds
to an accuracy of ±4% may be correct, but it is certainly in
contrast to the principle of Occam’s razor. Indeed, the paper
by Turner et al. (25) considers the parsimonious case that meth-
ane loss frequency is constant over the period and they find a
nearly optimal solution.

Both Rigby et al. and Turner et al. suggest that
oxidation of methane by tropospheric OH
increased from the 1990s through the 2000s and
that this loss process was mainly responsible for
the brief plateau in global mean methane.

On the other hand, why should the solution to the MCF–meth-
ane system be simple? In contrast to Occam’s razor, textual scholars
generally recognize that, when two transcriptions of a manuscript
differ, the more difficult version (lectio difficilior) is often the more
accurate rendering of the original because there is a human ten-
dency to want to simplify the complex. Perhaps a preference for the
simple reading of the MCF decay is simply a bias for the simplest
explanation to a complex problem. Indeed, Turner et al. (25) show
that counterintuitive solutions can still be statistically optimal, with
large emissions occurring during the pause in methane growth
being offset by even larger increases in OH, clearly lectio difficilior
instead of lex parsimoniae.

It would be helpful for the next climate assessment [Sixth
Assessment Report (AR6), 2021] if the community could convinc-
ingly establish the role of OH changes in methane trends and then
identify causes so that future OH levels can be projected along
climate scenarios. We posit that the methodology used here—
that of Bayesian inverse box-modeling of an underdetermined
system driven by prior assumptions—needs to be pushed closer
to the real world and to the climate changes or human actions that
alter methane emissions and OH levels. For instance, a specific
year’s variation, such as lightning production of nitric oxides or
biomass burning, could be included as part of the prior data, with
uncertainties based on the 3D models as to how that impacts OH.
It is time to move on from the “could be” optimal solutions to the
“how” and “why” solutions.

Acknowledgments
M.J.P. acknowledges his wife Charlotte, a New Testament scholar, for explain-
ing to him the textual criticism principle of lectio difficilior potior.

1 Watson RT, Rodhe H, Oeschger H, Siegenthaler U (1990) Greenhouse gases and aerosols. Climate Change: The IPCC Scientific Report, eds Houghton JT,
Jenkins GT, Ephraums JJ (Cambridge Univ Press, Cambridge, UK), Chap 1, pp 1–40.

2 Prather M, et al. (1995) Other trace gases and atmospheric chemistry.Climate Change 1994, Intergovernmental Panel on Climate Change, eds Houghton JT, et al.
(Cambridge Univ. Press, Cambridge, UK), pp 73–126.

3 Prather M, et al. (2001) Atmospheric chemistry and greenhouse gases. Climate Change 2001: The Scientific Basis. Third Assessment Report of the
Intergovernmental Panel on Climate Change, eds Houghton JT, et al. (Cambridge Univ Press, Cambridge, UK), Chap 4, pp 239–287.

4 Forster P, et al. (2007) Changes in atmospheric constituents and in radiative forcing. Climate Change 2007: The Physical Science Basis. Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, eds Solomon S, Qin D, Manning M (Cambridge Univ Press, Cambridge, UK), pp 129–234.

5 Ciais P, et al. (2013) Carbon and other biogeochemical cycles. Climate Change 2013: The Physical Science Basis, IPCC WGI Contribution to the Fifth Assessment
Report, eds Stocker TF, et al. (Cambridge Univ Press, Cambridge, UK), pp 465–570.

6 Shindell D, et al. (2012) Simultaneously mitigating near-term climate change and improving human health and food security. Science 335:183–189.
7 Penner JE, et al. (2010) Short-lived uncertainty? Nat Geosci 3:587–588.

2 of 3 | www.pnas.org/cgi/doi/10.1073/pnas.1704884114 Prather and Holmes

www.pnas.org/cgi/doi/10.1073/pnas.1704884114


8 Rogelj J, et al. (2015) Mitigation choices impact carbon budget size compatible with low temperature goals. Environ Res Lett 10:075003.
9 Montzka SA, Dlugokencky EJ, Butler JH (2011) Non-CO2 greenhouse gases and climate change. Nature 476:43–50.

10 Dlugokencky EJ, Steele LP, Lang PM, Masarie KA (1994) The growth-rate and distribution of atmospheric methane. J Geophys Res Atmos 99:17021–17043.
11 Dlugokencky EJ, et al. (1994) A dramatic decrease in the growth-rate of atmospheric methane in the Northern Hemisphere during 1992. Geophys Res Lett

21:45–48.
12 Dlugokencky EJ, Masarie KA, Lang PM, Tans PP (1998) Continuing decline in the growth rate of the atmospheric methane burden. Nature 393:447–450.
13 Holmes CD, Prather MJ, SovdeOA,Myhre G (2013) Future methane, hydroxyl, and their uncertainties: Key climate and emission parameters for future predictions.

Atmos Chem Phys 13:285–302.
14 Kirschke S, et al. (2013) Three decades of global methane sources and sinks. Nat Geosci 6:813–823.
15 Bousquet P, et al. (2006) Contribution of anthropogenic and natural sources to atmospheric methane variability. Nature 443:439–443.
16 Bousquet P, et al. (2011) Source attribution of the changes in atmospheric methane for 2006–2008. Atmos Chem Phys 11:3689–3700.
17 Prinn RG, et al. (2005) Evidence for variability of atmospheric hydroxyl radicals over the past quarter century. Geophys Res Lett 32:L07809.
18 Rigby M, et al. (2008) Renewed growth of atmospheric methane. Geophys Res Lett 35:L22805.
19 Dlugokencky EJ, Nisbet EG, Fisher R, Lowry D (2011) Global atmospheric methane: Budget, changes and dangers. Philos T R Soc A 369:2058–2072.
20 Nisbet EG, et al. (2016) Rising atmospheric methane: 2007–2014 growth and isotopic shift. Global Biogeochem Cycles 30:1356–1370.
21 Schaefer H, et al. (2016) A 21st-century shift from fossil-fuel to biogenic methane emissions indicated by 13CH4. Science 352:80–84.
22 Montzka SA, et al. (2011) Small interannual variability of global atmospheric hydroxyl. Science 331:67–69.
23 Dentener F, et al. (2003) Interannual variability and trend of CH4 lifetime as a measure for OH changes in the 1979–1993 time period. J Geophys Res Atmos

108:4442.
24 Rigby M, et al. (2017) Role of atmospheric oxidation in recent methane growth. Proc Natl Acad Sci USA, 10.1073/pnas.1616426114.
25 Turner AJ, Frankenberg C, Wennberg PO, Jacob DJ (2017) Ambiguity in the causes for decadal trends in atmospheric methane and hydroxyl. Proc Natl Acad Sci

USA, 10.1073/pnas.1616020114.
26 Murray LT, Logan JA, Jacob DJ (2013) Interannual variability in tropical tropospheric ozone and OH: The role of lightning. J Geophys Res Atmos

118:11468–11480.
27 Naik V, et al. (2013) Preindustrial to present-day changes in tropospheric hydroxyl radical and methane lifetime from the Atmospheric Chemistry and Climate

Model Intercomparison Project (ACCMIP). Atmos Chem Phys 13:5277–5298.
28 Prather MJ (1994) Lifetimes and eigenstates in atmospheric chemistry. Geophys Res Lett 21:801–804.
29 Prather MJ (2007) Lifetimes and time scales in atmospheric chemistry. Philos Trans A Math Phys Eng Sci 365:1705–1726.
30 Voulgarakis A, et al. (2013) Analysis of present day and future OH and methane lifetime in the ACCMIP simulations. Atmos Chem Phys 13:2563–2587.

Prather and Holmes PNAS Early Edition | 3 of 3


