Accepted Article

Potential of clumped isotopes in constraining the
global atmospheric methane budget

Edward Chunga,b, Tim Arnolda,b
a

National Physical Laboratory, Teddington, UK

b

School of GeoSciences, University of Edinburgh, Edinburgh, UK

Corresponding authors: edward.chung@npl.co.uk, tim.arnold@ed.ac.uk

Atmospheric methane (CH4) and its isotopic composition trends over the last decades are
explained by various flux scenarios, from tropical wetland emission increases through to
reductions in global hydroxyl (OH). In this work we develop a modelling framework to
assess the potential usefulness of clumped isotope measurements to distinguish between the
main drivers of change in the CH4 burden. We model interhemispheric differences of 0.12 ‰
and 0.38 ‰ and seasonal cycles of 0.02-0.04 ‰ and 0.21-0.32 ‰ for Δ13CH3D and
Δ12CH2D2, respectfully, which is insignificant relative to the uncertainty of measurements
that could eventually be made. We show, however, that measurements of Δ12CH2D2
specifically could provide constraints for understanding trends in the global total source and
sink magnitudes, which has not been possible with the current sets of observables. Changes in
OH concentration of 10 % developed across three decades results in a difference of up to 2 ‰
in Δ12CH2D2, which would be observable given current measurement uncertainty limits. For
this type of global scale analysis we show that measurements of Δ13CH3D would be unlikely
to provide additional useful information. We suggest an emphasis should now be on
developing the methods to make measurements from ambient air samples, followed by
measurements of Δ13CH3D and Δ12CH2D2 from sampling at clean Northern and Southern
Hemisphere sites, combined with more accurate and precise laboratory measurements of the
clumped kinetic isotope effects relevant for the atmospheric sinks.
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1

Methane (CH4) is the second most important anthropogenic greenhouse gas (GHG),
contributing a radiative forcing between 1750 and 2011 one third of that due to carbon dioxide
(CO2) (Etminan et al., 2016). Its high radiative efficiency but atmospheric lifetime of around a
decade (which is short for a strong GHG) means it has potential to make a large impact on
shorter time scales (Shindell et al., 2012). Global atmospheric composition monitoring
provides a source of information for understanding the balance between sources and sinks of
pollutants and reducing the uncertainties in globally integrated flux estimates. Our
understanding of CH4 fluxes, however, are still inadequate owing to the diversity and
complexity of sources (both anthropogenic and natural sources) and the spatial heterogeneity
and transience of reactants that are responsible for removing CH4 from the atmosphere.

Proposed emission based drivers of recent atmospheric growth include increase in releases
from tropical wetlands (Nisbet et al., 2016), agriculture (Schaefer et al., 2016), the two
combined (Schwietzke et al., 2016), and fossil fuel extraction and utilisation (Howarth, 2019;
Rice et al., 2016). There is also uncertainty regarding how changes in hydroxyl radical (OH,
CH4’s main reactant) might be affecting the CH4 budget. The hydroxyl radical has a short
lifetime (∼1 s) and large atmospheric variability, making it difficult to directly monitor global
changes that could be responsible the intra-decade changes in CH4 (Rigby et al., 2017; Turner
et al., 2017). Despite the thousands of measurements currently made every year across the
globe an unequivocal interpretation of the recent global CH4 trends remains elusive. Making
progress in further constraining the CH4 budget will require both maintaining and extending
strategically placed, long-term, sustainably funded measurements and delivering new
techniques that will ultimately add greater value than spatial and temporal extensions of the
currently applied methods (Ganesan et al., 2019; Turner et al., 2019).

Different formation, transport, and removal processes can impart distinctive isotopic
fractionation on molecules, providing a vital extra layer of information for studying
biogeochemical cycling. CH4 is made up of ten stable isotopologues, however, so far only the
bulk isotopic ratios (δ13C and δD) have been reported in atmospheric samples for understanding
the global CH4 cycle (Howarth, 2019; Nisbet et al., 2019; Nisbet et al., 2016; Rice et al., 2016;
Rigby et al., 2017; Schaefer et al., 2016; Schwietzke et al., 2016; Turner et al., 2019; Turner et
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al., 2017). Use of δD has been far less prominent than δ13C owing to fewer laboratories making
these measurements and termination of the long term global time series in 2009-2010. These
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ratios are typically measured by isotope ratio mass spectrometry (IRMS) by initial conversion
of CH4 to CO2 or H2 and therefore this type of analysis does not provide information about how
isotopes are partitioned amongst the ten isotopologues (in order of likely highest to lowest
natural abundance:
12

CD4,

13

12

CH4,

13

CH4,

12

CH3D,

13

CH3D,

12

CH2D2,

13

CH2D2,

12

CHD3,

13

CHD3,

CD4), and in particular, the measurement of isotopologues that are ‘multiply

substituted’ in the rare isotopes (in CH4’s case

13

C and D) i.e. for two or more of the rarer

isotopes to ‘clump’ (Eiler, 2007). Owing to their very low abundance it has not yet been
possible to measure even the most abundant clumped isotopologues in ambient air samples.
The sensitivity of current high resolution IRMS (HR-IRMS) methods would require extraction
of CH4 from up to 500 L air (assuming ~1.9 ppm CH4 mole fraction samples). Over the last
decade, however, numerous studies have demonstrated the diversity in clumped isotopic
signatures of sources and the potential for sink reactions in the atmosphere to impart a
significant clumped isotopic signal (Douglas et al., 2017; Whitehill et al., 2017). These
geochemical, laboratory and experimental studies have led to speculation that clumped isotope
measurements of CH4 in the atmosphere could be useful for constraining the contemporary
changes in the atmospheric burden and therefore raising the incentive for this measurement
effort (Ganesan et al., 2019; Haghnegahdar et al., 2017; Turner et al., 2019; Whitehill et al.,
2017). It is worth noting that the use of laser spectroscopy in measuring isotopologue ratios
(for both clumped CH4 and as a measure of the bulk isotope ratios) is now possible, however,
the attainable levels of precision for analysis of natural samples are only now beginning to
reach the levels of mass spectrometry techniques (Eyer et al., 2016; Gonzalez et al., 2019; Ono
et al., 2014; Rennick et al., 2021; Röckmann et al., 2016).

Of distinct importance for simplifying the interpretation of isotope ratios of CH4 in the
atmosphere is that CH4 isotopologues do not exchange carbon or hydrogen isotopes and thus
the atmospheric signatures can be explained by the unidirectional source and sink fluxes.
This contrasts with the interpretation of CO2 isotopologue ratios that require consideration
of strong and rapid exchange of oxygen isotopes with water, most notably the catalysed
exchange inside leaves (Welp et al., 2011). Source studies have shown that the clumped
isotopes of CH4 often reflect formation temperatures, with exceptions from freshwater
environments, cow rumens, laboratory culture experiments, or mixtures of gases with
different origins (Douglas et al., 2017; D T Wang et al., 2015; Young et al., 2016). Studies
This article is protected by copyright. All rights reserved.

of CH4 destruction have found that the kinetic isotope effect (KIE) for

13

CH3D is near-

multiplicative based on reactions rates of 12CH3D and 13CH, i.e. changes in Δ13CH3D in the
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atmosphere are driven by emissions magnitudes and associated source signatures. In contrast,
theoretical reaction kinetics calculations suggest that the reaction of

12

CH2D2 with

atmospheric OH and chlorine (Cl) are significantly slower than predicted based on
12

CH3D/12CH4 KIEs alone (Whitehill et al., 2017), likely creating a significant positive

clumped anomaly in the atmosphere that could be sensitive to changes in the balance of
sources and sinks.

In this work, we use a global chemical transport model, with input fluxes tuned using current
observations and an inverse method, to calculate the potential for clumped isotopes to interpret
observed variations in the recent global CH4 burden. To date calculations have not considered
the constraints already imposed by the CH4 mixing ratios and bulk isotope ratios on the
magnitudes of changes that could be expected in clumped isotopes. To do this we have used an
inverse method that enables us to fix the bulk isotope and mixing ratio trends across more than
three decades, thus allowing us to model what actual changes in clumped isotopes could be
expected. By applying realistic scenarios of changes in sources and sinks we provide a picture
of the true added value that clumped isotope measurements could bring for the coming decades,
were a monitoring effort made feasible.

2

Definitions and notation

Following previous descriptions of the definitions and terminology for quantifying deviations
in clumped isotopologues (Stolper et al., 2014; Z Wang et al., 2004), we define Δ13CH3D and
Δ12CH2D2 using the following equations:
Δ 13CH3 D =

𝑅 13CH D,measured
3
𝑅 13CH D,stochastic
3

−1

𝑅 12CH D ,measured
2 2

Δ 12CH2 D2 = 𝑅

12CH D ,stochastic
2 2

−1

(Eqn 1)
(Eqn 2)

where, the denominators can be adequately approximated from the measurements of 𝑅 13CH4
(= [13CH4]/[12CH4]) and 𝑅 12CH3 D (= [12CH3D]/[12CH4]):
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𝑅 13CH3 D,stochastic = 𝑅 13CH4 ,measured ∙ 𝑅 12CH3 D,measured

(Eqn 3)
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3

𝑅 12CH2 D2 ,stochastic = 𝑅 12CH3 D,measured ∙ 𝑅 12CH3 D,measured ∙ 8

(Eqn 4)

This approach neglects to consider non-stochastic partitioning of the singly substituted
isotopologues. However, as explained arithmetically by Stolper et al. (2014), and routinely
reported, there is no significant loss in accuracy in using this method within the likely natural
range of isotopologue distributions.
Δ13CH3D and Δ12CH2D2 are traced to the international scales, VPDB (Vienna Pee Dee
Belemnite) and VSMOW (Vienna Standard Mean Ocean Water), defined with absolute ratios
𝑅 13CH4 ,VPDB = 1.12 × 10−2 and 𝑅 12CH3 D,VSMOW = 6.23 × 10−4, respectfully:
𝑅 13CH4 = (δ 13C + 1) ∙ 𝑅 13CH4 ,VPDB

(Eqn 5)

𝑅 12CH3 D = (δD + 1) ∙ 𝑅 12CH3 D,VSMOW

(Eqn 6)

where, δ13C and δD are the reported values from atmospheric monitoring and emission source
measurements.

3

Inverse modelling of CH4 isotopologue ratios

3.1

Global inverse model

3.1.1 Atmospheric chemistry transport model (CTM)
We use a box modelling approach based on the AGAGE-12-Box model developed originally
in the 1990s and subsequently revised and updated (Cunnold et al., 1994; Rigby et al., 2013).
Our version of the box model is composed of four equally sized zonal regions (extratropics and
tropics in the NH and SH), and three vertical layers: lower and upper troposphere and
stratosphere. Model inputs include emissions and OH fields that can be altered monthly. The
model takes in monthly emission and sink capacities of a chemical species as well as its starting
mixing ratios, outputting monthly mixing ratios of those species. Further details of the model
and the Python code can be found here: https://gitlab.com/luftwache/chung_box_model.

This article is protected by copyright. All rights reserved.

3.1.2 Inverse method
Ensemble Affine Invariant Markov Chain Monte Carlo (MCMC) algorithm is used as the
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optimisation framework for the inversion (Goodman and Weare, 2010). The main advantage
of MCMC is that it can be applied to problems that cannot be easily solved analytically. It is
also suitable for solving non-linear problems without the assumption of Gaussian errors. Thus,
the solution can be obtained with any probability density functions applied to priors and
posteriors. The Affine Invariant method allows one to run an ensemble of MCMC processes in
parallel in order to reduce the time required for optimisation. For each new step of the chain,
proposed states of the ensemble members are determined by the accepted/original states in the
previous step. We use 1000 members in the ensemble with chain length of 2000, of which the
last 100 are analysed.

3.2

Inverse model inputs (state variables)

3.2.1 Emissions magnitudes and isotopic source signatures
For the emission field, we combine EDGAR v4.3.2 (Janssens-Maenhout et al., 2017),
WetCHARTs (Bloom et al., 2017), Global Fire Emissions Dataset (GFED) v4.1 (van der Werf
et al., 2017) and oceanic, termites and geological seepage from Saunois et al., (2016). The first
three datasets are gridded while the latter is a global total. For gridded data, we aggregate grid
cells to relevant surface boxes for our input into our model as annual means. As these datasets
do not cover the full model time period, we duplicate the nearest available data point for the
missing time periods apart from GFED v4.1 for the global fire emissions. For GFED v4.1 we
duplicate the mean emission between 1998 and 2011 instead as 1997 is marked with unusually
high emission due to Indonesian forest fires. The flat global values are annually-repeated and
are distributed evenly across the relevant landmass distribution obtained from ISLSCP II Land
and Water Masks with Ancillary Data where applicable (JPL, 2013).
For the purpose of consistency and comparison between separate studies our source δ13C, δD
and Δ12CH2D2 signatures are taken from Haghnegahdar et al. (2017). Note that we use a
different source Δ13CH3D to Haghnegahdar et al. (2017) for most sources which is explained
below. While better estimates could now be sought (e.g. see thorough work by Sherwood et al.
(2017)), our aim in this work is to demonstrate the potential use of clumped isotopes and not
to generate new conclusions about the current CH4 cycle. Total source δ13C and δD are set at
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−54.2 ‰ and −295.0 ‰, respectively, and are optimised in the initial inversion. Uncertainties
in these δ13C and δD sources signatures are 10 % of the given values. A fixed value of global
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source signature of 20.47 ‰ for Δ12CH2D2 is used, calculated from the δ12CH2D2 given in
Haghnegahdar et al. (2017). For sensitivity tests that look at the effect of a pure fossil fuel
emission source (Forward_Qff), we use −41.9 ‰, −177.3 ‰ and 8.37 ‰ as the fossil fuel δ13C,
δD and Δ12CH2D2 signatures, respectively.
Source Δ13CH3D is set to reflect more recent empirical measurements that have been made
(Douglas et al., 2020; Douglas et al., 2017; D T Wang et al., 2015). We first categorised source
sectors from Haghnegahdar et al. (2017) into fossil fuels, natural microbial, anthropogenic
microbial and biomass burning. We then prescribed 2.8 ‰ for fossil fuels (Douglas et al., 2017);
2.8 ‰ for natural microbial sources based on the new measurements of freshwater
environments (Douglas et al., 2020); 1.0 ‰ for anthropogenic microbial sources based on cow
rumen measurements from D T Wang et al. (2015); and theoretical values from Haghnegahdar
et al. (2017) for biomass burning. Combining these signatures gave an overall signature of
2.89 ‰. This can be compared to the earlier Δ13CH3D

source signatures estimates of

Haghnegahdar et al. (2017) of 4.22 ‰.

3.2.2 Tropospheric sink
The prior tropospheric OH concentrations are from Spivakovsky et al. (2000), which have a
seasonal cycle and are interannually invariant. For our box model we calculate values for the
main boxes. The default is considered as the “mean” condition, and the inverse model solved
for global annual anomalies from this mean with an associated uncertainty of 20 %. The
anomaly variable is set as global to reflect minimal disparity between OH concentrations in the
northern and southern hemispheres (Patra et al., 2014). The KIEs calculated by Whitehill et al.
(2017) were used and set as constants.

3.2.3

Other Sinks

In tropospheric boxes, CH4’s lifetime is adjusted so that Cl removes ~25 Tg CH4 year−1. The
surface boxes are given a soil sink which removes ~28 Tg CH4 year−1, based on information
from Saunois et al. (2016). For the stratospheric losses, including those incurred from OH, the
global CH4 lifetime of CH4 is set as 159.6 years based on Chipperfield and Liang (2013). In
the prior, all non-OH sinks are assumed equally distributed across the four semi-hemispheres,
apart from soil uptake, which is proportional to the total landmass distribution obtained from
This article is protected by copyright. All rights reserved.

ISLSCP II Land and Water Masks with Ancillary Data (JPL, 2013). The non-OH lifetimes are
given 20 % uncertainty for the initial inversion and set constant thereafter. We use a KIE for

Accepted Article

reaction with Cl reported by Whitehill et al (2017). The KIE for the singly-substituted
isotopologues lost to the soil and to the stratospheric processes is from Snover et al. (2000) and
Röckmann et al. (2011), respectfully. We do not assume any clumped isotope effect due to
stratospheric or soil loss as they have not been studied. Any clumped isotope effect eventually
measured will likely have a small impact on the atmospheric isotope composition owing to
their relatively small role in the atmospheric CH4 budget.

3.2.4

Methane mixing ratios and bulk isotope ratios (observables)

Ground-based in situ CH4 measurements have been made continuously throughout the globe
by two major networks: the Advanced Global Atmospheric Gases Experiment (AGAGE) since
1993 and NOAA since 1983 (Dlugokencky et al., 2020; Prinn et al., 2018). These
measurements have agreed very well over the entire timeseries of measurement. Owing to the
nature of our model setup (Section 3.1) we simplify our analysis to only incorporate the
AGAGE measurements that are made in each of the four semihemispheres and average the data
from more than one site where necessary. The gap between the model start date (1980) and
AGAGE record (1993~1996) is filled with the Coupled Model Intercomparison Project Phase
6 (CMIP6) input data (Meinshausen et al., 2017). To unify the calibration scales, the CMIP6
data are scaled from NOAA GMD scale to Tohoku University scale used by AGAGE network,
by dividing them by 1.0003 as done by Meinshausen et al. (2017). The observed ambient bulk
isotopic signatures are from the NOAA/INSTAAR network (White et al., 2016; 2017). Since
2010, measurements of δD have been halted, and there we have tried to use another dataset to
gain as realistic representation of the δD in the atmosphere as possible. In the northern extratropics, we use data from Fujita et al. (2018) and Morimoto et al. (2017) whose measurements
are from northern Canada and Svalbard. We also needed a measurement-model uncertainty
(for the inversion Section 3.1.2) that reflects an estimate of the analytical uncertainty on the
measurement and how well that measurement can reflect a modelled value. To this end, we
estimated the measurement-model uncertainty at 1 % of the observed values for the AGAGE
measurements, and 2 % for the CMIP6 data, and 0.2‰ and 4‰ for δ13C and δD datasets,
respectfully.

8 reserved.
This article is protected by copyright. All rights

3.2.5

Initial conditions

For mixing ratios in the lower tropospheric boxes, the initial conditions are taken directly from
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the starting values in the observation vector (see Section 3.2.4). All boxes in the upper
troposphere and the stratosphere are prescribed with the same value as the mean of the lower
tropospheric boxes. All values are assigned a uniform uncertainty distribution centred around
the mean, with the difference between the maximum and minimum bounds being 20 % of the
mean. For isotopically singly substituted CH4, the first available observation is provided as the
starting point for the surface boxes. Like the mixing ratios, the boxes in the upper atmosphere
start with the surface average. Singly substituted isotopic ratios have a uniform distribution
spanning 10 % of the surface average. For the purposes of our simulation between 1980 and
2015 the initial ambient clumped signatures (of which there are currently no observations) were
based on steady state estimates taken from running the model multiple times using the posterior
state variables from Inverse_base as input (as described in sections 3.2.1 to 3.2.3 above). Based
on these runs, we used initial conditions for Δ13CH3D and Δ12CH2D2 of 3.2 ‰ and 90.0 ‰,
respectively.

4

Results and Discussion

4.1

Initial inversion model run

We summarise the suite of inversion and forward model run experiments in the Table 1. We
ran an initial inversion, ‘Inversion_base’, by assimilating the observations into the inversion
model. Inversion_base created a posterior set of values for global emissions and deviation
from an assumed OH concentration in 1980 (from here termed OH anomaly) between 1980
and 2015 as shown in Figure 1, and source isotopic signatures (provided in the supporting
information). The modelled time series of the monthly CH4 mole fraction, δ13C, δD,
Δ13CH3D and Δ12CH2D2 produced from running a forward model using Inversion_base’s
posteriors are shown in Figure 2. For all the isotopic ratio plots, the spacing between
horizontal grey lines represents our estimate of the likely maximum difference that could be
observable between two measured trends. We estimate these to be 0.04 ‰, 2 ‰, 0.4 ‰, and
1.2 ‰ for δ13C, δD, Δ13CH3D and Δ12CH2D2, respectfully. These are derived by assuming a
measurement uncertainty (0.02 ‰, 1 ‰, 0.2 ‰ and 0.6 ‰ for δ13C, δD, Δ13CH3D and
Δ12CH2D2, respectfully) and including two error propagation steps for transferring an
international scale reference to the air measurement. The assumed measurement
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uncertainties for singly-substituted isotopologues are taken from the WMO/GAW network
compatibility goals (World Meteorological Organization, 2018), which are at a level
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representative of the best precisions currently attainable by lower resolution IRMS. Those
for clumped isotopologues are from the attainable measurement precision demonstrated by
HR-IRMS for measurements of higher concentration natural or synthetic samples (Young et
al., 2017). It should be noted that HR-IRMS instruments for clumped CH4 analysis make far
more precise measurements of δ13C and δD compared to the more common lower resolution
IRMS techniques. These further gains in precision of δ13C and δD by HR-IRMS, however,
would currently be unlikely to equate to improved CH4 budget constraints, especially at the
frequency at which measurements are currently feasible. Improving measurement coverage
(in time and space), improving the atmospheric chemistry transport modelling of isotope
ratios, and reducing uncertainties in the source signatures are all other avenues being
explored to bring greater constraints on the global methane budget from δ13C and δD
measurements.

Our aim here is not to produce another inverse result of global sources and sinks of CH4 but
firstly to demonstrate that our results are comparable to studies made thus far and to verify
our modelling and inversion approach. For the purpose of our study Inversion_base is
essentially a calibration of the model OH concentration, emissions and source isotopic
signatures for the following modelling studies that follow (Table 1). Although we estimate
a lower concentration of OH across the time series compared to our prior, we do not detect
a trend in this over time. Turner et al. (2017) used independent box modelling approaches
and also showed that the OH concentration could remain constant while explaining the
available observations (within very feasible uncertainty limits of observations and prior
information). Regarding emissions, we observe an increase in the global emissions from 516
(486-547) Tg yr−1 to 568 (537-598) Tg yr−1 between 2000 and 2015. These estimates are
generally slightly smaller than other studies (e.g. Rigby et al. (2017), Saunois et al. (2016)),
however, they are well within the likely uncertainty of global CH4 emissions, which provides
confidence that our inversion model setup is suitable for a study on projecting the likely
magnitudes of clumped isotope signatures and trends in the atmosphere.
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Table 1. Descriptions of the model studies conducted.

Model study
name
Inversion_base

Forward_OH_inc

Forward_OH_dec

Forward_Q_inc
Forward_Q_dec
Forward_Qff_inc
Forward_Qff_dec
Inversion_fixQ
Inversion_fixOH

Description
Initial inversion using measurements and prior information to
create a set of posterior estimates of emissions, OH anomaly, and
δ13C and δD source signatures. The median observation vector
from the inversion is used as the ‘pseudo-observation’ dataset for
following experiments.
Forward model run using median posterior state vector of
Inversion_base as model input except OH anomaly increasing
between the median (in 1980) and the 84th percentile (in 2015) of
Inversion_base’s posterior.
Same as Forward_OH_inc, but with OH anomaly decreasing
between the median (in 1980) and the 16th percentile (in 2015) of
Inversion_base’s posterior.
Same as Forward_OH_inc, but with equivalent changes in
emissions instead of OH.
Same as Forward_OH_dec, but with equivalent changes in
emissions instead of OH.
Same as Forward_Q_inc, but considering the emissions increase is
due to increased fossil fuel emissions only.
Same as Forward_Q_dec, but considering the emissions decrease
is due to decreased fossil fuel emissions only.
Same inversion setup as the Inversion_base but with emissions
fixed to prior.
Same inversion setup as the Inversion_base but with OH fixed to
prior.

This article is protected by copyright. All rights reserved.
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Figure 1. Prior (dashed) and posterior (solid) a) annual global OH anomaly and b) annual
global total emissions from Inversion_base. Source signature time series are given in the
supporting information. The uncertainty on the posterior, shown as a shaded area, represents
the 16th to 84th percentiles (~1 sigma). The dotted lines represent the changes in OH and
global emissions used in the further modelling scenarios described in Table 1.

Figure 2. Modelled mixing ratios and isotopologue ratios using prior (darker dotted line) and
median posterior (darker solid line) state vector from Inversion_base scenario.
Measurements are shown in the lighter solid line. Grey horizontal lines represent estimates
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of maximum observable differences across trends given current measurement capabilities:
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0.04 ‰, 2 ‰, 0.4 ‰, and 1.2 ‰ for δ13C, δD, Δ13CH3D and Δ12CH2D2, respectfully.

Our second aim for Inversion_base was to create a pseudo-observation data set (and state
data set) that filled in any measurement gaps in our time period of study (1980-2015), which
particularly concerns δD. To this end, the median posterior from Inversion_base is used as
the subsequent observation vector for two further inversion experiments (Inversion_fixQ
and Inversion_fixOH). The use of a derived pseudo-observation data set ensured that the
changes in the clumped CH4 cannot simply be explained by changes in estimates of δ13C and
δD where real measurement gaps exist.

For clarity we focus the analysis of our results on the extratropical Northern and Southern
Hemisphere boxes. Tropical boxes, displayed in the supporting material, show similar
behaviours as the extratropics, not only in the inversion, but also in the prior runs. Model
output shows a seasonal cycle in mixing ratio, δ13C and δD largest in the northern tropics,
which is in line with observations.

We can compare the general magnitude of our results of the clumped isotopes to that of
Haghnegahdar et al. (2017). Haghnegahdar et al. [2017] use a one box model to calculate a
steady state Δ13CH3D of 4.5 ‰, which is higher than our estimates of between 3.1 and 3.3 ‰
(depending on the hemisphere and the input flux parameters). This can be attributed to our
use of a lighter global source signature for Δ13CH3D compared to Haghnegahdar et al. [2017].
We verified this by through a separate inverse model run using the source signature of
Haghnegahdar et al. [2017], resulting in atmospheric values of 4.4-4.7 ‰ and around the
same as estimates by Haghnegahdar et al. [2017] of 4.5 ‰ (see supporting information,
Figures S11 and S12).

Haghnegahdar et al. [2017] estimated a steady state Δ12CH2D2 of 113.5 ‰, however, we
calculate a much lighter atmosphere (between 89 and 92 ‰). Haghnegahdar et al. [2017]
also estimate quite a heavy value for δD of more than −60 ‰, compared to our estimates
from the inversion that are close to the measured values ~ −90 ‰. Both Δ12CH2D2 and δD
are significantly influenced by fractionation during destruction in the atmosphere and
therefore the discrepancy between studies is likely due to the balance of source and sink
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magnitudes used, with our flux magnitudes being informed by the atmospheric
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measurements.

Looking at the difference between our prior and posterior trends, it appears that significant
differences can be seen between δ13C, δD and Δ12CH2D2, however, no difference for
Δ13CH3D would be measurable given the current precision of measurements. The seasonal
cycles for both Δ13CH3D and Δ12CH2D2 are surprisingly small and are probably not
detectable. The resulting Δ13CH3D shows a particularly small seasonal cycle relative to
measurement precision (average of 0.03 ‰) compared to around 0.2 ‰ predicted by
Whitehill et al. (2017). We have also used the closed system model using Rayleigh
distillation formula under the same settings as Whitehill et al. (2017), however, we calculate
a seasonal cycle amplitude of only 0.02 ‰ in line with our atmospheric model output (further
details of this calculation are given in the supporting information).

Our model is a simplification of atmospheric transport and ignores significant spatial and
temporal variability in sources and sinks, however, the seasonal cycles for δ13C and δD are
only slightly smaller than measured values. We therefore do not expect that the amplitude
of the seasonal cycles in the atmosphere for Δ13CH3D and Δ12CH2D2 to deviate significantly
from our model estimates. Like Δ13CH3D, the closed system model using the Rayleigh
distillation formula gave a seasonal cycle of Δ12CH2D2 of 0.19 ‰, which is similar to our
model results between mid-1990s and mid-2000s when modelled Δ12CH2D2 was stable.

The seasonal cycle for Δ12CH2D2 is particularly small compared to the relatively large
changes in the longer-term trends. This is an interesting result that could have implications
for measurement interpretation. In many global studies of CH4 concentrations and δ13C,
seasonal cycles are often ignored by annually averaging the measurements at latitudinal
bands in order to be easily interpret long term trends. This result suggests that fewer
measurements of Δ12CH2D2 would be needed compared to δ13C (and δD if the monthly
observations were to resume) in order to derive accurate estimates of annual averages, which
is important given the expected cost and difficulty in making these measurements.

4.2

Forward model sensitivity tests
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We ran our model using the posterior estimates from Inversion_base as the default values for
CH4 emission rates, source isotope signatures and OH anomaly. Deviations from these
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Inversion_base posterior default values were used to demonstrate how changes in sources or
sinks influenced the modelled CH4 burden and isotopologue ratios (these tests are listed in
Table 1 with a prefix “Forward_”).

Figure 3. Modelled mixing ratios and isotopologue ratios from scenarios Forward_OH_inc
(darker lines) and Forward_OH_dec (lighter lines). Grey horizontal lines as described in
Figure 2.

Experiments Forward_OH_inc and Forward_OH_dec (Figure 3) demonstrate the effect of
increasing or decreasing the main sink – reaction with OH. An increase in sink (issued by an
increase in the OH abundance) led to a generally heavier atmospheric CH4 burden since
kinetically controlled reactions preferentially rupture bonds of lighter isotopes. The trends in
the four different isotopologue ratios, however, showed significant deviations in behaviour.
δ13C showed changes that would be difficult to detect in the atmosphere despite the CH4 burden
changing by over 100 ppb between the two sink scenarios. δD showed larger differences

This article is protected by copyright. All rights reserved.

compared to δ13C considering the attainable measurement uncertainty, suggesting that
improving global long-term monitoring of δD could improve constraints in the atmosphere’s
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oxidative capacity. It should be noted, however, that the sign of the trend’s gradient was
consistent in the scenarios across the full time series indicating that improved knowledge of
source signatures would likely to be needed for full interpretation. Δ13CH3D showed minimal
difference between scenarios, in line with findings from the Inversion_base inversion that
Δ13CH3D would provide little further constraints on understanding atmospheric CH4.
Deviations in Δ12CH2D2 between scenarios were both significant and showed periods where
the sign of the trend deviated. Between 1998 and 2003 Δ12CH2D2 moved lighter with a smaller
sink but heavier with a larger sink. The contrast between simulated trends in Δ13CH3D and
Δ12CH2D2 is notable. Only minor, insignificant deviations in the ambient Δ13CH3D trend (even
with relatively large changes in sink regime) is commensurate with the fact that the reaction
rate of 13CH3D with OH does not significantly deviate from what would be extrapolated from
reaction rates of 13CH4 and 12CH3D with OH (Whitehill et al., 2017).

In a second set of sensitivity tests we looked at the impact of changing emissions and changing
emissions source on the evolving isotopic signatures. Experiments Forward_Q_inc and
Forward_Q_dec (Figure 4) are analogous to Forward_OH_inc and Forward_OH_dec, however,
in Forward_Q_inc and Forward_Q_dec the global emissions were perturbed instead of the OH
sink as explained in Table 1. In Forward_Qff_inc and Forward_Qff_dec the change in
emissions were assigned only to the fossil fuel sector.
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Figure 4. The difference between the median modelled time series from Inversion_base and
the forward models under increasing emission scenarios (darker lines for Forward_Q_inc and
lighter lines for Forward_Qff_inc). Four pairs of plots are for each of the four modelled
isotopologue ratios: a) δ13C, b) δD, c) Δ13CH3D and d) Δ12CH2D2. Grey horizontal lines as
described in Figure 2.

The results from sensitivity tests labelled under Forward_Q_inc/dec and Forward_Qff_inc/dec
(as equivalently presented in Figure 3 for Forward_OH_inc/dec) are provided in the supporting
information. In Figure 4 we illustrate the difference in the evolving isotope signature over 35
years between our best estimate (from Inversion_base) and each of two sensitivity tests:
increasing emissions from global mixed sources (Forward_Q_inc) or increasing emissions
from fossil sources only (Forward_Qff_inc) as described in Table 1. Decreasing emissions
from global mixed sources (Forward_Q_dec) and decreasing emissions from fossil sources
only (Forward_Qff_dec) showed the opposite trends to Forward_Q_inc and Forward_Qff_inc,
respectively (Figure S10).
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The already significant potential for the traditional bulk isotope ratios to understand changes
in sources is clear. δ13C and δD move towards distinctly heavier atmospheric compositions
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when fossil sources are increased but when a mixed source is increased (containing significant
lighter microbial emissions) the atmosphere moves lighter. Δ13CH3D, however, shows no trend
that would be detectable in the atmosphere, likely due to difference between overall source
signatures and the atmosphere being small. In contrast, atmospheric Δ12CH2D2, moves positive
with decreasing global emissions independent of the source. This means that, unlike the bulk
isotope ratios, interpretation of Δ12CH2D2 could be based largely on changes in the global
source or sink with less concern for the uncertainty in emissions sector mix or the isotopic
signature of specific sectors. It is noteworthy that Δ13CH3D still remains largely unperturbed
in relation to a measurable signature in the atmosphere – all modelled scenarios lie within the
analytical uncertainty of measurement.

4.3

Inversion experiments with altered OH and emissions pathways

We conducted a further inversion (based on the method used to generate results under section
4.1) to understand if the large changes in Δ12CH2D2 observed in the forward model runs under
section 4.2 can be translated into potentially useful observables for global inverse modelling
of the CH4 cycle.

These inversions use the pseudo-observations generated by Inversion_base as the observation
vector (Table 1). However, unlike the Inversion_base, test Inversion_fixQ only allows the OH
anomaly to vary (with emissions fixed to the prior) and Inversion_fixOH only allows emissions
to vary (with the OH anomaly fixed to the prior – an OH anomaly fixed to zero from 1980).

The results displayed in Figure 5 show that, as expected, the inversion gave lower emissions in
lower sink environment, and higher emissions in higher sink environment. Both inversions
were able to reproduce the pseudo-observation data sets (Figure 6 a,b,c). For the ambient
clumped isotopic signatures, Δ13CH3D shows negligible difference between the two different
sink scenarios (Figure 6d), which was expected since little change was observed in relevant
individual sensitivity tests (Forward_OH_inc, Forward_OH_dec, Forward_Q_inc and
Forward_Q_dec) performed in the simple forward model runs in the previous section.
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Δ12CH2D2, which showed meaningful deviations in the previous forward model tests, showed
smaller differences in the inversion results, but with detectable deviations developing once

Accepted Article

annual OH anomalies reached ~10 % (Figure 6e). The scenario with no interannual variation
of OH (Inversion_fixOH) resulted in heavier Δ12CH2D2, than when emission amount was fixed
(and leading to a reduction in the OH from 1980). As the OH anomaly rose back to zero towards
the end of the time series the deviation between Inversion_fixQ and Inversion_fixOH
decreased. This result shows that possible realistic changes in OH developed over years to
decades would result in measurable changes in Δ12CH2D2 in the atmosphere.

Figure 5. Median posteriors of a) annual global OH anomalies and b) total emissions from
scenarios Inversion_fixQ (dark), Inversion_fixOH (light).
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Figure 6. Modelled observations using median posterior state vectors from scenarios
Inversion_fixQ (dark) and Inversion_fixOH (light). Grey horizontal lines as described in
Figure 2.

5

Conclusion

In this study, we explored different source and sink scenarios, and using an inverse method we
estimate the changes in CH4’s clumped isotope ratios in ambient air that could be expected
given modest changes in the global source-sink balance. As in other global studies we show
that current observables (mixing ratio, δ13C, δD) alone cannot adequately constrain the CH4
budget or determine whether the current trends (recent decades) are driven by changes in
emissions or the oxidative capacity of the atmosphere. Modelling of Δ12CH2D2 demonstrated a
small but important trait, where a larger global source and sink scenario resulted in a move
towards a heavier ambient Δ12CH2D2 than a lower emission-lower sink scenario (with both
systems adequately explained using current observation data sets). We also estimate that the
seasonal variability for Δ12CH2D2 is smaller than the modelled deviations in longer term trends
(unlike as observed with the bulk isotope ratios). Thus, fewer measurements might be necessary
20 reserved.
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to define and be confident of a long-term trend, which will be important given the ultimate cost
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and effort that would be needed to make these measurements.

It is also worth noting that this study has only considered small and gradual changes in the
source-sink balance over decades. Possible abrupt perturbations in the Earth system that could
cause a step change to the CH4 cycle, need to be considered in future monitoring strategies. To
this end, measurements of Δ12CH2D2 could provide a highly valuable extra observable.
Atmospheric air archives have been used to construct the histories of gases and isotope ratios
going back several decades once new techniques have been developed. Measurements of these
clumped isotopes, however, would require hundreds of litres of samples and therefore future
measurement techniques will need to be fully demonstrated and tested before this is attempted.
Our results are dependent on very few measurements and calculations of the KIEs for Δ13CH3D
and Δ12CH2D2. Thus, alongside a concerted effort to make measurements of ambient air,
commensurate improvements in our understanding of the source and sink signatures are needed
before clumped isotopes become a part of the armoury for interpreting global CH4.
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