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A B S T R A C T

The atmospheric methane growth rate has fluctuated over the past three decades, signifying variations in me-
thane sources and sinks. Methane isotopic ratios (δ CH13

4) differ between emission categories, and can therefore
be used to distinguish which methane sources have changed. However, isotopic modelling studies have mainly
focused on uncertainties in methane emissions rather than uncertainties in isotopic source signatures. We si-
mulated atmospheric δ CH13

4 for the period 1990–2010 using the global chemistry-climate model SOCOL.
Empirically-derived regional variability in the isotopic signatures was introduced in a suite of sensitivity si-
mulations. These simulations were compared to a baseline simulation with commonly used global mean isotopic
signatures. We investigated coal, natural gas/oil, wetland, livestock, and biomass burning source signatures to
determine whether regional variations impact the observed isotopic trend and spatial distribution. Based on
recently published source signature datasets, our calculated global mean isotopic signatures are in general
lighter than the commonly used values. Trends in several isotopic signatures were also apparent during the
period 1990–2010. Tropical livestock emissions grew during the 2000s, introducing isotopically heavier live-
stock emissions since tropical livestock consume more C4 vegetation than midlatitude livestock. Chinese coal
emissions, which are isotopically heavy compared to other coals, increase during the 2000s leading to higher
global values of δ CH13

4 for coal emissions. EDGAR v4.2 emissions disagree with the observed atmospheric
isotopic trend for almost all simulations, confirming past doubts about this emissions inventory. The agreement
between the modelled and observed δ CH13

4 interhemispheric differences improves when regional source sig-
natures are used. Even though the simulated results are highly dependent on the choice of methane emission
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inventories, they emphasize that the commonly used global mean signatures are inadequate. Regional isotopic
signatures should be employed in modelling studies that try to constrain methane emission inventories.

1. Introduction

Due to its significance in climate studies and atmospheric chemistry,
methane (CH4) warrants extensive scientific attention. CH4 is the
second most important anthropogenic greenhouse gas after carbon di-
oxide (CO2), with a Global Warming Potential (GWP) of 32 over a 100
year period (Etminan et al., 2016). CH4 also alters the oxidative ca-
pacity of the atmosphere by reacting with hydroxyl (OH) radicals, im-
pacting the lifetime of other airborne compounds (Hartmann et al.,
2013). CH4 emission reductions could help mitigate climate change in
the near-term, as the relatively short lifetime of CH4 will lead to more
immediate decreases in radiative forcing compared to CO2 (Kirschke
et al., 2013). For reliable future predictions of climate, the past beha-
vior of atmospheric CH4 must be better understood.

The growth rate of CH4 was highly variable in the recent past: de-
celerating during the 1980s and 1990s, stabilizing at zero growth be-
tween 1999 and 2006, and increasing again after 2007 (Kirschke et al.,
2013; Nisbet et al., 2016; Saunois et al., 2016). Much of the recent CH4

research has focused on the changes in CH4 sources and sinks that led to
this growth rate pattern (e.g. Rigby et al., 2017; Turner et al., 2017).

Multiple studies have used stable isotopes to decipher the me-
chanisms behind the inter-annual variability of CH4 emissions and sinks
(Monteil et al., 2011; Kai et al., 2011; Levin et al., 2012; Nisbet et al.,
2014; Ghosh et al., 2015; Schaefer et al., 2016; Schwietzke et al., 2016;
Nisbet et al., 2016). The isotopic ratio (13C/12C) of CH4 emitted to the
atmosphere varies for different sources. The variation in the emitted
CH4 isotopic ratio depends on three factors: the isotopic ratio of the
initial source material (e.g. dissolved CO2 in a wetland), fractionation
during the production process (e.g. methanogenesis by bacteria in the
wetland), and whether/how much oxidation occurs before the CH4 is
emitted to the atmosphere (e.g. CH4 is partly oxidized in the topsoil of
the wetland before emission) (Gros et al., 2004; Fisher et al., 2017). The
CH4 source categories have different (yet overlapping) ranges of isotope
ratios, with pyrogenic CH4 (e.g. biomass burning) being the heaviest
source for carbon isotopes, then thermogenic sources (e.g. extraction of
certain fossil fuels), and lastly biogenic CH4 (e.g. microbes in wetlands,
livestock, etc.) (Kirschke et al., 2013). The chemical sinks of CH4 also
alter the atmospheric CH4 isotope ratio due to distinct isotopologue
reactivities. Heavier isotopologues react slower than their lighter
counterparts; sinks thus lead to an enrichment of the heavier

isotopologues in the atmosphere. Measurements of the CH4 isotopic
ratios can provide insight into changes in the CH4 sources and sinks.

The intensified CH4 growth after 2007 coincided with a global de-
crease in δ CH13

4 (White et al., 2017). Several studies therefore attribute
the CH4 increase to biogenic sources: augmented wetlands emissions
(Dlugokencky et al., 2009, 2011; Bousquet et al., 2011; Bloom et al.,
2010; Kirschke et al., 2013; Nisbet et al., 2014, 2016) or agricultural
emissions in the tropics (Patra et al., 2016; Schaefer et al., 2016; Nisbet
et al., 2016). Nevertheless, others suggest that fossil fuels contributed to
the post-2007 CH4 growth, through increased Asian coal mining
emissions or expanded shale gas exploitation by the United States
(Kirschke et al., 2013; Bergamaschi et al., 2013; Hausmann et al., 2016;
Rice et al., 2016). The interpretation of the CH4 isotopic record is
central in the attempts to explain the recent CH4 increase.

Past modelling studies have mostly used global mean isotopic sig-
natures, with little consideration of regional variability in the sig-
natures. As well, the published global mean isotopic signatures are
based on limited data and may not be accurate (Zazzeri et al., 2016;
Schwietzke et al., 2016). Empirical data has underlined the variability
of isotopic signatures. For example, the commonly used coal CH4 sig-
nature of− 35‰ is valid only for anthracite coal; lower rank coal can be
lighter by up to 30‰. Additionally, coal mined at the surface emits
lighter CH4 than deeper coal, due to biogenic CH4 that is produced after
water incursions (Zazzeri et al., 2015, 2016). Natural gas/oil CH4

emissions can also vary in their isotopic signatures (Sherwood et al.,
2016). Biomass burning and livestock CH4 isotopic ratios depend on
whether C3 or C4 vegetation is being burned or consumed (Rust, 1981;
Lassey et al., 2007). The C3 and C4 photosynthetic pathways dis-
criminate against 13C differently, leading to distinct carbon isotopic
compositions in C3 and C4 vegetation (Still et al., 2003). Wetland-
emitted CH4 becomes lighter at high latitudes (Gros et al., 2004; Tyler
et al., 2007). This could be due to less CH4 oxidation in high latitude
wetlands, distinct methanogenic communities, changes in temperature,
and the parent plant material in boreal wetlands being isotopically
lighter (C3) than in tropical wetlands, where C4 vegetation is also
present (Brownlow et al., 2017). Regional changes in emissions could
be responsible for the post-2007 CH4 increase, such as Asian coal
mining or tropical wetlands (Nisbet et al., 2014, 2016). Therefore, an
effort should be made to accurately represent the source signatures in
these regions.

Table 1
Databases used for methane emission fluxes. Global average emissions are shown after scaling (see text).

Source
category

Database Time
period

2000–2009
global average
(Tg yr−1)

Reference

Anthropogenic EDGAR v4.2 1990–2010 349 EDGAR (2011)
Biomass burning RETROa 1990–1997 23 Schultz and Rast (2007)

GFEDb v3 1997–2010 Randerson et al. (2012)
Wetlands LPJ-WSLc 1990–2010 213 Hodson et al. (2011),

Zhang et al. (2016)
Rice LPJ-WSL 1990–2010 39 Hodson et al. (2011)
Oceans TransCom-CH4 climatology 9 Lambert and Schmidt (1993),

Patra et al. (2011)
Termites TransCom-CH4 climatology 25 Fung et al. (1991),

Patra et al. (2011)
Wild animals TransCom-CH4 climatology 6 Houweling et al. (1999)
Mud volcanoes TransCom-CH4 climatology 7 Etiope and Milkov (2004),

Patra et al. (2011)

a REanalysis of the TROpospheric chemical composition over the past 40 years.
b Global Fire Emissions Database.
c Lund-Potsdam-Jena – Swiss Federal Institute for Forest, Snow and Landscape Research.
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We will address the sensitivity of atmospheric δ CH13
4 to source

signatures through a forward-modelling study. We use the state-of-the-
art chemistry-climate model (CCM) SOCOL (modelling tools for studies
of SOlar Climate Ozone Links) (Stenke et al., 2013). As the model in-
cludes CH4 emission fluxes from different source categories, we can
implement regionally varying representations of CH4 source signatures.
Source signatures are investigated for their impact on the spatial dis-
tribution and temporal trend during the years 2000–2009.

2. Data and methods

2.1. Model description

SOCOLv3 (Stenke et al., 2013) is a global CCM based on the middle
atmosphere version of ECHAM5 (Roeckner et al., 2003), the fifth gen-
eration of the European Centre/HAMburg general circulation model
(GCM), and the chemical transport model (CTM) MEZON (Egorova
et al., 2003). ECHAM5 is coupled to MEZON through the distribution of
temperature and radiation-active chemical species. The model is run in
T42 horizontal resolution (2.8° × 2.8°∼) and 39 vertical levels up to
around 80 km. Tracer advection is based on a flux-form semi-La-
grangian scheme (Lin and Rood, 1996). The model time-step is 15 min
for dynamics and 2 h for chemistry and radiation. For the years
1990–2010 the model was run with specified dynamics (“nudging”), a
relaxation technique that forces the model dynamics towards ERA-In-
terim reanalysis data (Dee et al., 2011). This reduces the influence of
model dynamics on the comparison between observed and simulated
isotope ratios. SOCOL includes detailed stratospheric and tropospheric
background chemistry, including the oxidation of CH4 by OH, O(1D),
and Cl. The chemistry scheme also contains the Mainz isoprene me-
chanism (MIM-1) (Pöschl et al., 2000). More information about the
SOCOL version used in this study can be found in Revell et al. (2015).

2.2. CH4 emission fluxes

The model simulations presented here use a flux boundary condition
for CH4 (i.e. emission fluxes). Estimates of CH4 emissions from different
source categories were employed (Table 1). As well, the CH4 soil sink
was calculated online using uptake maps from Spahni et al. (2011),
scaled by simulated atmospheric CH4 concentrations.

The tropospheric OH concentrations in SOCOL are likely too high

(Revell et al., 2015; Coulon, 2016), leading to a shorter atmospheric
CH4 lifetime than in reality. Coulon (2016) evaluated the simulated
methyl chloroform (MCF) trend against observations, as MCF can be
used as a tracer of OH variability (Montzka et al., 2011). The evaluation
demonstrated that simulated tropospheric OH is high biased by 27% for
1997–2008; however the offset from observations is constant. There-
fore, in our simulations OH should not distort the CH4 and δ CH413

trends. However, since the OH sink varies spatially, the spatial dis-
tribution of the isotopic ratio may be impacted by this error. As well,
SOCOL simulates 40% higher OH in the NH troposphere than the SH.
Estimates constrained by MCF measurements suggest that the ratio is
closer to unity (Patra et al., 2014). Since the OH interhemispheric ratio
is similar in all simulations, this bias would be consistent throughout
the study.

In order to compensate for the high OH bias, CH4 emissions in
Table 1 were scaled by 1.23 to yield the observed global mean CH4

concentration in 1980. The combination of bottom-up estimates of
different source categories may lead to an unrealistic value for total
CH4 emissions, so applying scaling factors to emissions is common in
other modelling studies (Monteil et al., 2011; Patra et al., 2011; Ghosh
et al., 2015). The total scaled CH4 emissions from 2000 to 2009 in the
simulation (671 Tg CH4yr−1) agree with the Kirschke et al. (2013)
estimate for total bottom-up emissions (678 Tg CH4yr−1). The emis-
sion weighted average isotopic signature of CH4 for each simulation is
not affected by scaling the emissions.

2.3. Isotopic implementation

Since deviations of isotopic ratios from the standard ratio are
usually small, they are often reported in δ CH413 notation:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×δ
R

CH [ CH ][[ CH ]] 1 1000‰13
4

13
4

12
4

13
VPDB (1)

where RVPDB is the isotope ratio of the Vienna Pee Dee Belemnite
(VPDB) standard (13C/12C = 0.0112372). For chemical reactions, dif-
ferences in the rate constants (k) between 12CH4 and 13CH4 can be
described by the fractionation factor, α13C (Allègre and Sutcliffe, 2008):

=α k
k

13C

13

12 (2)

Isotopic fractionation is sometimes represented by ε13C notation, also
called the kinetic isotope effect:

= − ×ε α( 1) 100013C 13C (3)

For a baseline simulation (BASE), we selected the global mean
source signatures in Table 2, which are commonly used in modelling
studies (e.g. Monteil et al., 2011; Ghosh et al., 2015; Coulon, 2016).
Global mean CH4 emissions have an isotopic signature of around
− 53‰. The chemical sinks of CH4, by preferentially removing the
lighter isotope of CH4, shift the isotopic ratio by + 6‰ to yield the
observed atmospheric δ CH13

4 (∼ −47‰). It is important to note, how-
ever, that the equilibration timescale of atmospheric δ CH13

4 is long and
the observed atmospheric δ CH13

4 may lag changes in CH4 emissions
and sinks (Tans, 1997).

The fractionation factors for the OH, O( D)1 , and Cl reactions were
compiled from the literature (Table 2). In addition to acting as a stra-
tospheric oxidant of CH4, atomic Cl has been suggested to act as a sink
for CH4 in the marine boundary layer (Allan et al., 2007). This could
influence the variability of δ CH13

4 due to the strong isotopic fractio-
nation effect of Cl. However, the SOCOL model does not include a
parametrization for atomic Cl production in marine environments. We
decided that inclusion of this sink is out of the scope of this study since
the spatial distribution and inter-annual variability of marine Cl are
highly uncertain. The soil sink was implemented as a negative source
that removes CH4 at the surface. The isotopic fractionation from soil is

Table 2
Isotopic ratios (δ CH13 4) and fractionation factors (α13C) used in the BASE simulation.

Source δ CH13 4
(‰)

Reference

Wetlands −59 Monteil et al. (2011)
Oceans −59 Monteil et al. (2011)
Mud volcanoes −40 Monteil et al. (2011)
Termites −57 Monteil et al. (2011)
Animals/Livestock −62 Monteil et al. (2011)
Biomass burning −21.8 Monteil et al. (2011)
Landfills/waste −55 Monteil et al. (2011)
Rice −63 Monteil et al. (2011)
Coal −35 Monteil et al. (2011)
Oil and gas −40 Monteil et al. (2011)

Sink δ CH13 4 Reference
(‰)

Soil −69 See text

Sink α13C Reference

OH 0.9961 Saueressig et al. (2001)

O( D)1 0.9872 Saueressig et al. (2001)

Cl 0.9381 Crowley et al. (1999)
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expressed in δ CH13
4 notation, similar to sources (Allan et al., 2001). The

ε13C due to soil fractionation was measured to be − 22 ‰ (Snover and
Quay, 2000). The effective soil δ CH13

4 was assigned by depleting the
atmospheric δ CH13

4 (∼ −47 ‰) by the soil ε13C (− − = −47 22 69 ‰).

2.4. Simulations setup

Initial conditions were produced by spinning up the model for 15
years under 1990 conditions. As shown by Tans (1997), CH4 isotopic
ratios take longer to equilibrate after perturbations than total CH4. The
15 year spin-up time was sufficient for the isotopic ratio to be equili-
brated in the troposphere. A spin-up was performed for each simula-
tion, to ensure that the isotopes were equilibrated with the isotopic
source signatures of that particular simulation.

Variability in five source signatures was investigated: coal, natural
gas/oil, wetlands, livestock, and biomass burning (Table 3). The im-
plemented spatial distribution of these source signatures will be de-
scribed below. The use of regional source signatures leads to a more
flexible global average source signature that changes over the course of
the simulation, as the emissions from different regions change (Fig. 4).
Assuming that the source signature distributions that we applied are
correct, this should lead to a more accurate trend in atmospheric
δ CH13

4.

2.4.1. Coal δ CH13
4

In addition to BASE, another simulation was run with a globally
constant coal source signature: L-COAL with a recently suggested global
mean of −50‰ (Zazzeri et al., 2016). As a first method to introduce
regional differences in coal δ CH13

4, in M-COAL country-level coal
production statistics were used. Zazzeri et al. (2016) assigned different
source signatures to anthracite coal mined underground
( = −δ C 30‰13

a
u ), anthracite mined at the surface ( = −δ C 40‰13

a
s ), bi-

tuminous to sub-bituminous coal mined underground ( = −δ C 55‰13
sb
u ),

and bituminous to sub-bituminous coal mined at the surface
( = −δ C 65‰13

sb
s ). We also assumed that lignite coal would correspond

to these bituminous to sub-bituminous values, as Kanduč et al. (2015)
measured a similar mean value for δ CH13

4 (− 54.5 ‰) from lignite coal
mined underground. The coal isotopic signature for a country (δ13Ccoal)
can then be calculated using the following equation:

= + + +δ x δ x δ x δ x δC C C C C13
coal a

u 13
a
u

a
s 13

a
s

sb
u 13

sb
u

sb
s 13

sb
s (4)

where xa
u is the fraction of the country's coal production that is un-

derground anthracite, xa
s is the fraction of surface anthracite, xsb

u is the
fraction of underground sub-bituminous coal, and xsb

s is the fraction of
surface sub-bituminous coal. For the 21 highest coal producing coun-
tries, we obtained data for the fraction of coal mined underground
versus at the surface (Schwietzke et al., 2014; Euracoal, 2011). These
countries account for around 90% of coal emissions in EDGAR v4.2 for
2000–2010. As well, the World Energy Council (2007) provides
country-level data for the fraction of total coal production in 2005 that
is bituminous (including anthracite), sub-bituminous, or lignite coal.
We assume that the reported fraction of bituminous coal is completely
anthracite, and add the lignite coal fraction to the sub-bituminous ca-
tegory, as they have similar CH4 isotopic signatures. We also assume
that the fractions of mined coal ranks and depths do not change
throughout the simulation period. Inputting this data into Equation (4),
we can calculate the coal signatures of these 21 countries. The country-
level coal mining data that we used is listed in Table S1.

The resultant spatial distribution for coal δ CH13
4 (used in M-COAL)

is shown in Fig. 1a. Wherever coal statistics were unavailable, we as-
sumed that the global coal signature is −50‰, as suggested by Zazzeri
et al. (2016). We acknowledge that the assignment of coal ranks to
specific signatures is based on limited measurements. As well, the
country-level data for the fraction of coal mined at the surface vs. un-
derground and the fraction of bituminous vs. sub-bituminous coal may
be misreported from some countries. However, this approach does

provide an idea of which countries could have heavier or lighter coal
emissions, based on the reported rank and depth of mined coal.

Due to the uncertainties in developing a coal δ CH13
4 map, we ran an

additional simulation (M-COAL_S) using country-level coal signatures
from Schwietzke et al. (2016), based on Sherwood et al. (2016). We can
thus test the impact of using different methods to derive the regional
coal signature variability. Sherwood et al. (2016) provide 13 countries’
coal isotopic signatures based on 1402 empirical samples, by averaging
available measurements from coal mines in those countries. These
countries account for around 80% of emissions during 2000–2010 in
our simulations. Wherever data was unavailable we applied the mean
coal signature calculated by Schwietzke et al. (2016), − ±43.4 0.8‰
(error is 1 standard deviation). The M-COAL_S coal source signature
map is shown in Fig. 1b.

Differences between the coal signature distributions of M-COAL and
M-COAL_S are shown in Fig. 1c. For USA and China, the two major coal
mining countries, the two methods agree within 5‰. However, other
countries show larger deviations. The Turkish coal signature in M-COAL
is 21‰ lighter than in M-COAL_S, and the South African coal signature
is 17‰ heavier. This could be caused by inaccurate end-members used
in the M-COAL calculation of country-level source signatures, or an
unrepresentative average in Sherwood et al. (2016) due to a lack of coal
signature data. For example, in Turkey the Sherwood et al. (2016) data
is based only on one study from the Zonguldak Basin, a hard coal basin
(Hosgörmez, 2007). However, Turkey overwhelmingly mines lignite
coal (94.5% of total 2005 production), which emits lighter CH4,
meaning that the measurements from this basin are not representative
of Turkey (World Energy Council, 2007). We bring up the example of
Turkey, even though it was only the 12th top coal producer in the world
in 2005 (World Energy Council, 2007), because it illustrates the lim-
itations of extrapolating from single-basin measurements to country-
level averages. The M-COAL distribution may be flawed because it is
not based on in-situ δ CH13

4 data, whereas the M-COAL_S distribution is
limited depending on the number of coal mines in each country that
have been sampled. It is therefore interesting to see how these two coal
signature maps impact the isotopic trends and spatial distribution.

2.4.2. Wetlands δ CH13
4

We analyzed the available wetland isotopic measurements, in-
cluding those compiled by Sherwood et al. (2016), to determine whe-
ther there is a latitudinal trend in the emitted isotopic CH4 signature
from wetlands (Fig. 2). South of 40° N, there is no significant trend in
the wetland-emitted δ CH13

4 (Student's t-test, =p 0.32). However, north
of 40° N, the wetland δ CH13

4 decreases by around 0.46‰ per degree of
latitude. The latitudinal trend in the measured wetland signature north
of 40° N is significant ( =p 0.001). The available data therefore indicates

Table 3
Simulations testing sensitivity to source signatures.

Name Description

BASE Source signatures taken from Table 2
L-COAL A light isotopic coal signature is used globally (− 50‰)
M-COAL Mapped coal signatures; based on coal rank/depth
M-COAL_S Mapped coal signatures; based on Sherwood et al. (2016)
M-WET Latitudinal wetland signature; lighter in northern high

latitudes
M-BB Mapped biomass burning signatures; based on C3 and C4

distribution
M-COW Mapped livestock signatures; based on C3 and C4 distribution
M-GAS Country-level natural gas and oil signatures, based on

Sherwood et al. (2016)
M-ALL All mapped signatures (M-COAL, M-WET, M-BB, M-COW, M-

GAS)
M-WET_OFFSET M-WET, offset to the global mean wetland signature in BASE

(− 59‰)
M-COW_OFFSET M-COW, offset to the global mean wetland signature in BASE

(− 62‰)

A.I. Feinberg et al. Atmospheric Environment 174 (2018) 99–111

102



that lighter CH4 is emitted from boreal wetlands.
We introduced a latitudinally varying wetland isotopic signature in

our M-WET simulation. South of 40° N, we used a δ CH13
4 value of

− 59.4‰ for wetland emissions, the mean from the data in Fig. 2. Be-
tween 40° N and 71° N, we applied the decreasing trend of 0.46‰ per

degree of latitude. To avoid discontinuities in the wetland signature, the
fitted trend in wetland δ CH13

4 between 40° N and 71° N is offset at 40°
N to − 59.4‰ (Fig. 2). North of 71° N, the isotopic signature was held
constant at − 73.6 ‰, as there are very few measurements of wetland
isotopic signatures at these latitudes. The red line is not the only
function that could fit the available measurements. However, it is one
option for capturing the observation that isotopically lighter emissions
occur from boreal wetlands.

2.4.3. Biomass burning δ CH13
4

In the simulation M-BB, we assigned C3 and C4 biomass burning
source signatures of −25‰ and −12‰ according to Lassey et al.
(2007) (Dlugokencky et al. (2011), however, suggested values of
−26‰ and −17‰ for C3 and C4 burning). Still et al. (2003) de-
termined the spatial distribution of the C4 vegetation fraction using
satellite measurements, climatic data, and crop harvest data. The C4

fraction distribution, after regridding to T42 resolution, was used to
calculate a mean biomass burning signature for each grid box. The re-
gional distribution of biomass burning δ CH13

4 is shown in Fig. 3a.

2.4.4. Livestock δ CH13
4

We again use the Still et al. (2003) C4 fraction to calculate regional
livestock signatures. We assume that livestock graze or are fed vege-
tation that corresponds to the local C3/C4 ratio. From the studies
compiled by Sherwood et al. (2016), the mean emitted isotopic sig-
nature of C3- and C4- fed livestock is − 67.9‰ and − 54.5‰, respec-
tively. Using these two signatures and the C4 fraction, we determined
the spatial distribution of livestock δ CH13

4 (Fig. 3b). This regional

Fig. 1. Different methods of calculating the distribution of coal δ CH13 4 . (a) Coal δ CH13 4
in M-COAL, calculated using coal mining statistics (b) Coal δ CH13 4 in M-COAL_S, calcu-
lated using empirical data (c) Difference between the two coal signature distributions.

Fig. 2. Latitudinal variation of wetland δ CH13 4 inputted in the M-WET simulation com-
pared to observational studies. The inputted wetland δ CH13 4 is shown as a red line and
observational studies are shown as black circles. Observations are taken from numerous
studies that measured wetland δ CH13 4. We use the isotopic signature database from
Sherwood et al. (2016) and references therein, along with several additional studies
(Tyler, 1986; Tyler et al., 1988; Martens et al., 1992; Walter et al., 2006, 2008; Umezawa
et al., 2012; McCalley et al., 2014; O'Shea et al., 2014). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. Maps of CH4 source signatures (a) Biomass burning δ CH13 4 in M-BB (b) Livestock
δ CH13 4 in M-COW (c) Natural gas/oil δ CH13 4 in M-GAS.
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variation in the livestock source signature is inputted into the M-COW
simulation.

2.4.5. Natural gas/oil δ CH13
4

We use the country-level natural gas/oil δ CH13
4 values from the

Sherwood et al. (2016) database, also used in Schwietzke et al. (2016).
Data is available for 43 countries, accounting for around 70% of natural
gas/oil emissions in EDGAR v4.2 during 2000–2010. We applied the
global mean calculated by Schwietzke et al. (2016) (− 44.5 %) wherever
data were unavailable. The isotopic signature map used for the M-GAS
simulation is shown in Fig. 3c.

2.4.6. Offset regional source signatures
In every simulation with regionally varying isotopic source sig-

natures, the global mean isotopic signature is also changed for that
source. For example, M-WET shifts the global mean wetland signature
from − 59‰ in BASE to around − 60.4‰. Changes in the isotopic spatial
distribution and trends can arise from this shift in the mean source
signature. In order to investigate the sole effect of regional variability,
we removed this global mean shift from the BASE isotopic signature for
two additional simulations of wetland and livestock sources. In M-
WET_OFFSET the distribution in Fig. 2 was shifted by a constant offset

of 1.4‰. The regional variability of the wetland isotopic signature is
retained but the global mean is − 59 ‰, the same value as in BASE.
Similarly, in M-COW_OFFSET the isotopic source signatures are in-
creased everywhere from M-COW by 2.8‰. This leads to a 2000–2010
global mean livestock signature of − 62 ‰, the BASE value.

2.5. Observations

CH4 observations were provided by NOAA-ESRL (Dlugokencky et al.,
2015). δ CH13

4 observations were measured by INSTAAR at the University
of Colorado for 19 of the NOAA-ESRL stations (shown in Fig. 1c), the
earliest of which began measuring in 1998 (White et al., 2017). The iso-
topic measurements will be referred to as NOAA-INSTAAR in this pub-
lication. The observations at surface sites were compared with the model
grid boxes in which the sites were located. While model tracers are out-
putted continuously, observations ofCH4 and its isotopologues suffer from
irregular sampling periods and prolonged data gaps. We employed a
harmonic regression approach on the observations to reduce the influence
of these irregularities on the model evaluation (see Section S1). Harmonic
regression has often been applied to measurements of atmospheric trace
gases (Nakazawa et al., 1997; Levin et al., 2012). Smoothing of simulated
quantities was performed using a 12 month running average.

Fig. 4. Trend in global mean source signatures, weighted by CH4
emissions, throughout the simulations (solid line). Values are
smoothed with a 12 month running average. The dotted lines show
the commonly used isotopic signatures from the BASE simulation.

A.I. Feinberg et al. Atmospheric Environment 174 (2018) 99–111

104



3. Results and discussion

3.1. Transient source signatures

When regional isotopic variations are considered for the CH4
sources, the global mean source signatures differ from the commonly
cited global means (Fig. 4). For all of the sources except biomass
burning, the isotopic signatures are globally lighter than the BASE
isotopic signature. This confirms the analysis in Schwietzke et al.
(2016), who also found that modelling studies use too heavy global
isotopic signatures for CH4 emissions. The previously used isotopic
signatures were based on less empirical data than this study and
Schwietzke et al. (2016). The lighter δ CH13

4 values calculated by this
paper are likely more representative of the actual global mean sig-
natures.

In our simulations the global mean isotopic signatures of source
categories vary over time. The contributions of different regions to
emissions have changed in previous decades, which is evidenced by
several of the source signatures in Fig. 4. The δ CH13

4 of global livestock
emissions increases from 1990 to 2010. This is due to the expanding
influence of agriculture from tropical regions (India, South America,
and Tropical Asia), where heavier C4 vegetation is more prevalent. The
global mean coal source signature becomes heavier over time using
both of the coal maps, M-COAL and M-COAL_S. δ CH13

4 of coal emis-
sions increases due to growing Chinese coal emissions, which are re-
latively heavy (− 36 ‰ in M-COAL_S) compared to the global average
(− 42.5 ‰ in 1990). The coal signature trend in M-COAL_S is smaller
than in M-COAL, because Chinese coal is 5 ‰ lighter in M-COAL_S. The
global mean of biomass burning δ CH13

4 shows a strong decrease during
the 1997–1998 El Niño, due to extremely high C3 burning (Randerson
et al., 2005). After 2002 the biomass burning signature is fairly stable
(Fig. 4). The global mean source signatures of natural gas/oil and
wetland emissions are relatively constant throughout the simulation
(Fig. 4). The variation of CH4 source signatures over time due to
changing regional emissions has not been considered in previous
modelling studies.

3.2. Simulation of CH4

We will briefly discuss how simulated CH4 compares with NOAA-
ESRL observations (Dlugokencky et al., 2015). The CH4 spatial dis-
tribution of our simulations agrees quite well with NOAA-ESRL ob-
servation stations (Fig. 5). The interhemispheric difference (IHD)
will be defined here as the 2001–2010 mean CH4 concentration at
South Pole Observatory (SPO) minus that of Alert, Canada (ALT, 82°
N, 62° W). The CH4 IHD of observations is − 130 ppb, whereas in the
simulations it is − 107 ppb. Errors in simulated interhemispheric

transport are minimized by nudging the model dynamics to ERA-
Interim meteorology. Thus the small difference in IHD between si-
mulations and observations is due to incorrect distributions of CH4

emissions and/or sinks.
At American Samoa (SMO, 14° S, 171° W), our simulations illustrate

a constant CH4 trend from 1998 to 2004, similar to observations
(Fig. 6). However, after 2004 the trend in CH4 concentrations is too
high compared to observations. Although only SMO is shown, similar
discrepancies between model and observations were observed at other
sites. Through source-tracking and isotopic methods, the excessive
trend in this period was attributed to the overestimated increase in
Chinese coal emissions by EDGAR v4.2 (Coulon, 2016). However, in
that study the commonly used global mean signatures (Table 2) were
used, which are likely not accurate (Zazzeri et al., 2016; Schwietzke
et al., 2016). The EDGAR v4.2 emissions will be evaluated in this study
using more accurate isotopic signatures, to assess whether they are
compatible with isotopic observations.

3.3. δ CH13
4 trends

NOAA-INSTAAR isotopic measurements show a stable isotopic trend
from 2000 to 2008, followed by a decrease after 2008 (White et al.,
2017). Fig. 7 compares the observed δ CH13

4 trend with simulated

Fig. 5. Spatial distribution of surface CH4 compared to NOAA-ESRL stations in 2010
(filled circles) (Dlugokencky et al., 2015). Simulated values are offset to Alert, Canada
(82° N, 62° W). High altitude stations that do not correspond to the surface model
pressure level are not shown. The displayed range of CH4 does not cover the full range of
simulated CH4, as model boxes with large emissions can have extreme CH4 values.

Fig. 6. Deseasonalized simulated CH4 trend at American Samoa, compared to observa-
tions (Dlugokencky et al., 2015). The grey shading shows the 2σ uncertainty range due to
fitting error. The simulation is offset to agree with the observations in 1998.

Fig. 7. Comparison of simulated δ CH13 4 concentrations with NOAA-INSTAAR observa-
tions at American Samoa (White et al., 2017). Black line shows smoothed deseasonalized
observations (harmonic regression) and grey shading shows 2σ uncertainty range due to
fitting error. Colored lines represent the deseasonalized simulated CH4 (12 month run-
ning average). A constant offset is applied to each simulation so that they agree with
observations in 1998. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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trends at SMO, a site which should be representative of the background
troposphere. The largest difference between the observations and the
BASE simulation occurs after 2002. BASE shows a positive δ CH13

4 trend
in this period. Fig. 8 shows that the isotopic trend in BASE disagrees
with observations at all measurement sites. The Chinese coal emissions
increase in EDGAR v4.2 has been suggested to be overestimated (Patra
et al., 2011; Bergamaschi et al., 2013; Bruhwiler et al., 2014; Peng
et al., 2016). These excessive coal emissions lead to increasingly heavy
δ CH13

4 in BASE. Coulon (2016) illustrated with the same CCM that
using fossil fuel emissions from Schwietzke et al. (2014) can lead to
better agreement with the observed isotopic trend. The impact of
changing emission inventories has already been explored by Coulon
(2016). Therefore this section will focus on evaluating the simulated
isotopic trends under different source signature assumptions, using the
same emissions.

Fig. 8 compares the 2003–2010 BASE trend with the trends in the
other sensitivity simulations. L-COAL shows a stable isotopic trend,
bringing it into agreement with the observations. Coal mining was the
cause of the increasingly heavy δ CH13

4 in BASE. In L-COAL the coal
emissions are 15 ‰ lighter than in BASE (− 50‰), close to the value of
the weighted mean atmospheric CH4 source signature (∼ −53 ‰).
Under these conditions, coal emissions no longer exert the same heavy
influence on atmospheric δ CH13

4. However, the L-COAL global mean
signature of − 50‰ seems unrepresentative of the mean Chinese coal
signature based on 195 available measurements, − 36 ‰ (Sherwood

et al., 2016), and Chinese coal production increased the most out of any
country during the 2000s.

Since global mean coal signatures are unrepresentative in specific
regions, we ran two simulations with regionally varying coal isotopic
signatures. These two simulations, M-COAL and M-COAL_S, showed
very different trends. In M-COAL the median 2003–2010 trend is 17%
higher than in BASE at NOAA-INSTAAR sites, whereas in M-COAL_S it is
11% lower (Fig. 8). In M-COAL_S, the global mean coal source signature
is lighter than in BASE (− 42‰ in 2000). Similarly to L-COAL, coal
emissions have a weaker influence on atmospheric δ CH13

4 when they
are lighter. M-COAL also has a lighter global mean coal signature than
in BASE (− 40‰ in 2000). However, M-COAL displays a stronger in-
crease in coal δ CH13

4 throughout the simulation (Fig. 4). This is due to
Chinese coal being heavier in M-COAL than in M-COAL_S (− 31.8‰ vs.
− 36.1‰). The strong trend in coal δ CH13

4 overcomes the overall lighter
coal signature in M-COAL, leading to a steeper δ CH13

4 trend than BASE.
On the other hand, M-COAL_S is dominated by having a lighter mean
coal signature than BASE, leading to a shallower δ CH13

4 trend. The
choice of coal map can influence the simulated δ CH13

4 through its
global mean value and trend.

The difference in M-COAL and M-COAL_S reveals the inherent un-
certainty in constructing source signature maps. The gaps between
these approaches could be reduced with further isotopic measurements
of coal signatures in countries which have been undersampled. The
δ CH13

4 of Chinese coal emissions is clearly an important parameter in
understanding past CH4 changes. However, special attention should
also be paid to countries that are projected to increase coal emissions in
the future. Due to its rapid economic development and booming po-
pulation, Southeast Asia is expected to nearly double its energy con-
sumption by 2035. This energy will mainly be provided through in-
creased coal combustion (Zhu, 2013; IEA, 2015; Koplitz et al., 2017).
There have been no reported measurements of coal δ CH13

4 in Indonesia
or Vietnam, the two top coal producers in the region (Sherwood et al.,
2016). Therefore measurements of coal δ CH13

4 in this region will be
invaluable for diagnosing future CH4 changes.

In M-WET the isotopic trend is 11% higher than BASE. However,
with the M-WET_OFFSET simulation we can test whether this trend is
increased solely due to the shift in the global mean wetland signature.

Fig. 8. Summary of simulated and observed
δ CH13 4 trends at NOAA-INSTAAR sites between
2003 and 2010 for the sensitivity simulations.
BASE trends are compared with observed trends,
while the other sensitivity simulations are com-
pared to BASE. Trends were calculated non-
parametrically using the Theil-Sen estimator on
deseasonalized simulated and observed δ CH13 4 .
Red lines show the 2σ error interval in the ob-
served trend due to uncertainties in the harmonic
regression fitting. The 13 sites shown are the
NOAA-INSTAAR sites that began measuring be-
fore 2003. Site names corresponding to the site
numbers are shown in Table S2. Median simu-
lated trends are listed on the plots. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

Table 4
Comparing the 2003–2010 isotopic trends of M-WET and M-COW (referred to as ‘Original
simulation’ in the table) with M-WET_OFFSET and M-COW_OFFSET (referred to as ‘Offset
simulation’ in the table). The median trend is calculated from 13 NOAA-INSTAAR sites, as
in Fig. 8. The BASE trend is also listed for comparison.

CH4 source Original simulation trend
(% yr−1)

Offset simulation trend
(% yr−1)

Wetlands +0.040 +0.037
Livestock +0.041 +0.041

BASE +0.036
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In Table 4, we can see that M-WET_OFFSET shows a similar trend to
BASE. Therefore M-WET only has a steeper trend because the global
mean wetland isotopic signature is lighter than in BASE (Fig. 4). Wet-
lands become a less important CH4 source between 2001 and 2010, as
coal emissions rapidly increase in our simulations. When the wetlands
fraction of total CH4 emissions decreases in M-WET, the isotopic trend
is higher than BASE because a slightly lighter emission source is lost.

In M-COW the isotopic trend is increased by 14% from BASE. This is
caused by the increasing trend in the livestock isotopic signature
(Fig. 4), driven by larger livestock emissions from tropical regions with
higher C4 vegetation fractions. As opposed to M-WET, the shift in the
global mean livestock signature from BASE does not influence results.
Both M-COW and M-COW_OFFSET show similar isotopic trends
(Table 4). Thus the increasing δ CH13

4 trend of livestock emissions
drives a stronger simulated atmospheric δ CH13

4 trend. Other studies
have suggested that the observed post-2008 decrease in δ CH13

4 is at
least partly due to increasing livestock emissions in tropical South
America, Africa, and Asia (Patra et al., 2016; Schaefer et al., 2016;
Nisbet et al., 2016). It is important to consider that these tropical li-
vestock emissions are isotopically heavier, meaning that a larger in-
crease in livestock emissions is necessary to explain the observed
δ CH13

4 decrease (ignoring changes in other source categories). In future
evaluations of CH4 isotopic trends, the regional differences in livestock
source signatures should be considered.

M-GAS decreased the δ CH13
4 median trend by around 20% from

BASE (Fig. 8). The mean natural gas/oil isotopic signature in M-GAS is
− 44.5‰, lighter than in BASE (− 40‰). As the emissions of natural
gas/oil increased during this period, having a lighter overall natural
gas/oil signature leads to a shallower δ CH13

4 trend. M-WET and M-BB
both have minimal impacts on the isotopic trend during this decade,
likely because the changes in their global mean isotopic signatures from
BASE are small.

In the M-ALL simulation regional isotopic signature variability for
all five sources was implemented, showing the combined effect of ‘M-’
simulations. The median M-ALL trend is 30% higher than the BASE
trend. Thus the composite impact of the different regional source sig-
natures leads to further disagreement with the NOAA-INSTAAR ob-
servations. However, the impact on the trend could be different for
other sets of emission inventories. Future studies investigating the CH4
isotopic trends should consider regional variations in source signatures,
which better reflect our knowledge of isotopic signatures than the
commonly used global averages.

In every simulation except L-COAL, the simulated isotopic trend is
outside the uncertainty range of the observed trend at all sites. This
underscores the disagreement of EDGAR v4.2 emissions with observed
isotopic trends; under several different isotopic assumptions, the
EDGAR coal emissions cannot be reconciled with observations. The
isotopic modelling in this paper agrees with atmospheric inversion
studies that have doubted the strong increasing trend in the EDGAR
coal mining emissions from China (Bergamaschi et al., 2013; Bruhwiler
et al., 2014; Peng et al., 2016). However, the assumptions made in this
paper should be further tested with more data; for example whether the
increase in Chinese coal mining originates from a lower rank of coal,
and hence the Chinese coal signature would have become lighter in
recent years.

3.4. δ CH13
4 spatial Distribution

The spatial distribution of δ CH13
4 in several simulations is shown in

Fig. 9. Source regions can be identified as areas of extreme δ CH13
4,

which can differ between the different simulations. For example, a
heavy CH4 signal appears over northeastern China in all of the simu-
lations except for L-COAL. This is an area of high coal emissions, which
is a heavy source of methane according to the commonly used sig-
natures (− 35‰). L-COAL assigns coal emissions a lighter isotopic sig-
nature (− 50‰), changing the simulated δ CH13

4 in this region.
The interhemispheric difference (IHD) in the simulations is high-

lighted in Fig. 9 by applying a constant offset to each simulation so that
the model agrees with NOAA-INSTAAR observations at Alert, Canada
(ALT) (White et al., 2017). The NOAA-INSTAAR observation stations
show that Southern Hemisphere (SH) δ CH13

4 is heavier than Northern
Hemisphere (NH) δ CH13

4. However, in the BASE simulation NH CH4 is
heavier than SH CH4. Although this could be due to incorrect dis-
tribution of CH4 emissions in the two hemispheres, incorrect source
signature representations could be partly responsible. The δ CH13

4 IHD
in BASE has a much larger relative difference from the observed δ CH13

4
IHD than the simulated CH4 IHD (Section 3.2).

Fig. 10 shows the δ CH13
4 IHD for the simulations and observations,

averaged over 2001–2010. Here we defined the IHD as the value at
South Pole Observatory (SPO) minus ALT, to simplify comparison with
the NOAA-INSTAAR observations. All of the sensitivity simulations
display a higher IHD than in BASE, meaning relatively lighter NH CH4.
For each simulation, this could arise in several ways, highlighted in
Table 5:

Fig. 9. Simulated annual mean surface δ CH13 4 in
2010, compared to NOAA-INSTAAR stations
(filled circles) (White et al., 2017). Only 4 simu-
lations are shown, the remaining simulations are
displayed in Fig. S2. Simulated values are offset to
agree with the Alert, Canada (ALT) annual mean.
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1. The new source signature is lighter in both hemispheres than in
BASE, and the source plays a more important role in the NH than the
SH. This is the case for L-COAL, M-COAL, and M-COAL_S. For all of
these simulations both hemispheric mean coal signatures were
shifted to lighter values from BASE. Since coal mining emissions
play a larger role in the NH compared to the SH, lightening the coal
signature leads to a relatively lighter NH.

2. The source signature is lighter in the NH than the SH. The M-WET
simulation illustrates this effect. NH wetland emissions are lighter
than the SH emissions, driving lighter NH CH4 than in BASE.

3. Reasons 1. and 2. act in concert, leading to increases in the IHD. This
occurs for M-COW and M-GAS. In M-COW and M-GAS the livestock
and the natural gas/oil signatures in both hemispheres is lighter
than in BASE, and the source is more important in the NH, leading to
relatively lighter NH CH4. As well, both of these simulations have a
lighter source signature in the NH compared to the SH. M-COW
shows a smaller IHD than M-GAS, perhaps because the heavier SH
emissions would be concentrated in the tropics, where C4 vegetation
is present (Fig. 3b). Faster tropical interhemispheric transport thus
leads to a minimal IHD change for M-COW.

4. The change in IHD from BASE to M-BB is negligible, likely because
biomass burning is a relatively minor source in both hemispheres.

As listed above, both the regional distribution of source signatures
and the shift in global mean signature can lead to changes in the iso-
topic IHD. We compare M-WET and M-COW with M-WET_OFFSET and
M-COW_OFFSET in Table 6. In the wetlands case, the lighter shift in the
wetland isotopic signatures in M-WET only slightly reduces the IHD
from M-WET_OFFSET. This is because in M-WET the isotopes are lighter
in both hemispheres from BASE, and wetlands are more important re-
latively in the SH than the NH. The increase in the IHD in the wetlands

simulation can therefore be largely attributed to the introduction of
lighter boreal wetlands, and not an overall shift in the global mean
wetland signature. On the other hand, both M-COW and M-COW_-
OFFSET show very small IHDs, similar to the BASE IHD. The influence
of the livestock signature's regional variability on the IHD is limited
because heavier signatures are in the tropics where they are more easily
mixed between hemispheres.

None of the sensitivity simulations capture the IHD observed by
NOAA-INSTAAR (Fig. 10). However, the combined impacts of the re-
gional source signatures, displayed in the M-ALL simulation, account
for 45% of the difference between BASE and observations. This illus-
trates the importance of source signature representations for the δ CH13

4
spatial distribution. With the emission inventories used here, the spatial
variations in the wetland and natural gas/oil signatures play the largest
role. Until recently (e.g. Nisbet et al., 2016), regional source signatures
had largely been neglected in past research on the δ CH13

4 IHD trends,
which only considered changes in emissions (Kai et al., 2011; Levin
et al., 2012). The impact of regional source signatures on the IHD is
modulated by the choice of emission inventory. For example,

Table 5
Drivers of IHD increases in the sensitivity simulations. The source fractions of total hemispheric CH4 emissions (e.g. contribution of SH coal to total SH CH4 emissions) and source
signatures are listed for each tested source. The source signatures used in BASE (Table 2) are also listed to highlight global shifts in isotopic signatures. Drivers are either attributed to
hemispheric differences in emission fractions, source signatures, or both (see text). Values correspond to the means for the period 2001–2010.

Simulation Emission
Fraction
NH*
(%)

Emission
Fraction
SH*
(%)

Source
Signature
NH
(%)

Source
Signature
SH
(%)

BASE
Source
Signature
(%)

Driver

L-COAL 10 2 −50 −50 −35 Emission fraction
M-COAL 10 2 −37.9 −42.0 −35 Emission fraction
M-COAL_S 10 2 −39.7 −51.4 −35 Emission fraction
M-WET 21 55 −61.8 −59.4 −59 Source signature
M-BB 2 6 −20.0 −21.8 −21.8 Emission fraction
M-COW 21 16 −65.0 −64.2 −62 Both
M-GAS 20 4 −44.8 −42.9 −40 Both

∗ = ×Emission fraction 100%Emissions from a specific source in a hemisphere
Total emissions in a hemisphere

Table 6
Comparing the 2001–2010 IHD of M-WET and M-COW (referred to as ‘Original simula-
tion’ in the table) with M-WET_OFFSET and M-COW_OFFSET (referred to as ‘Offset si-
mulation’ in the table). The BASE IHD is also listed for comparison.

CH4 source Original simulation IHD
(%)

Offset simulation IHD
(%)

Wetlands 0.08 0.10
Livestock 0.01 0.01

BASE −0.02

Fig. 10. Interhemispheric difference (SH minus NH) of
δ CH13 4 calculated in the isotopic signature sensitivity si-
mulations and NOAA-INSTAAR using values at South Pole
Observatory (SPO) and ALT for 2001–2010.
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employing the same assumptions as M-WET for a wetland model with
higher boreal CH4 emissions would further increase the IHD, because
NH wetlands would be even lighter. Uncertainties in emissions likely
account for the remaining gap between observed and simulated IHD.
Transport errors are expected to play a more minor role, as the model
under specified dynamics can accurately represent theCH4 IHD (Fig. 5).

Sensitivity studies were not performed on the influence of sink
fractionation on the isotopic trends and spatial distributions.
Fractionation factors for CH4 sinks have been measured by several
groups with relatively good agreement (Feilberg et al., 2005; Saueressig
et al., 2001; Tyler et al., 2000; Crowley et al., 1999; Roberto-Neto et al.,
1998; Saueressig et al., 1995; Cantrell et al., 1990). However, the
spatial distribution and temporal trend of the OH sink remain a source
of uncertainty. Sinks can alter the spatial distribution of CH4 isotopes,
as part of the observed isotopic enrichment of the SH is due to sink
fractionation during transport of CH4 from the NH to the SH (Quay
et al., 1999). The isotopic effect of changing OH distributions and
trends could be a subject of further research.

4. Conclusions

Whereas other studies have focused on the impacts of emissions on
CH4 isotopic trends and spatial distribution, we have investigated the
influences of source signature representation on CH4 isotopes. Regional
source signatures for coal, natural gas/oil, wetlands, livestock, and
biomass burning were developed and implemented based on the
available literature. The newly calculated global mean isotopic sig-
natures are in general lighter than previous estimations. Two methods
for representing the regional coal signatures lead to different isotopic
trends, revealing that more measurements of coal isotopic signatures
are necessary. Introducing regionally distinct signatures for C3 and C4

fed-livestock leads to an 14% higher δ CH13
4 trend during 2003–2010

compared to using a global average livestock signature. This means that
larger increases in tropical livestock emissions would be needed to
explain the δ CH13

4 decrease after 2008, compared to what would be
expected from a global average livestock source signature. The com-
bination of all of the regional source signatures leads to a stronger in-
creasing δ CH13

4 trend as with the commonly used isotopic signatures.
We show that the Chinese coal emission increase in EDGAR v4.2 is
difficult to reconcile with observed NOAA-INSTAAR δ CH13

4 trends,
unless China has increased production of lower grade coal with a lighter
source signature. Including regional source signatures also has a large
impact on the δ CH13

4 spatial distribution, accounting for 45% of the
δ CH13

4 IHD gap between simulations and observations. As CH4 emis-
sions have changed distinctly in different regions, we think that it is
important to capture the regional character of source signatures in fu-
ture modelling studies. Further field and laboratory measurements of
the δ CH13

4 of emissions are essential to refine our estimates of regional
source signatures.
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