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Abstract: This study investigates the contribution of different CH4 sources to the seasonal cycle of
X13C during 2000–2012 by using the TM5 atmospheric transport model, including spatially varying
information on isotopic signatures. The TM5 model is able to produce the background seasonality
of X13C, but the discrepancies compared to the observations arise from incomplete representation
of the emissions and their source-specific signatures. Seasonal cycles of X13C are found to be an
inverse of CH4 cycles in general, but the anti-correlations between CH4 and X13C are imperfect and
experience a large variation (? = −0.35 to −0.91) north of 30° S. We found that wetland emissions
are an important driver in the X13C seasonal cycle in the Northern Hemisphere and Tropics, and
in the Southern Hemisphere Tropics, emissions from fires contribute to the enrichment of X13C in
July–October. The comparisons to the observations from 18 stations globally showed that the seasonal
cycle of EFMM emissions in the EDGAR v5.0 inventory is more realistic than in v4.3.2. At northern
stations (north of 55° N), modeled X13C amplitudes are generally smaller by 12–68%, mainly because
the model could not reproduce the strong depletion in autumn. This indicates that the CH4 emission
magnitude and seasonal cycle of wetlands may need to be revised. In addition, results from stations
in northern latitudes (19–40° N) indicate that the proportion of biogenic to fossil-based emissions
may need to be revised, such that a larger portion of fossil-based emissions is needed during summer.

Keywords: methane; isotope; seasonal cycle

1. Introduction

Methane (CH4) is a greenhouse gas of which the abundance is influenced by anthro-
pogenic activities. It causes 28 times more radiative forcing (global warming potential)
than equal mass emissions of CO2 when integrated over 100 years [1]. The abundance
of CH4 in the atmosphere has more than doubled since pre-industrial times [2]. CH4 is
emitted to the atmosphere from thermogenic, pyrogenic, and biogenic sources, which can
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be natural or anthropogenic in origin [3]. Most of the seasonal cycle of CH4 emissions
are driven by the pyrogenic and biogenic sources, such as biomass burning, wetlands,
and rice cultivation [4–8]. The processes are highly dependent on climatological and me-
teorological conditions, such as temperature and precipitation, and cultivation cycles. In
contrast, thermogenic sources, such as fossil fuel extraction and distribution, have little
month-to-month variation, although winter emissions may be greater in some regions due
to the consumption of natural gas for heating [4]. Likewise, instantaneous perturbations in
emissions may occur due to blowout events from natural gas wells [9,10].

Seasonal variations in wetland CH4 emissions have been studied intensively by site-
level measurements, e.g., [11,12], process-based land surface ecosystem models, e.g., [13],
and atmospheric inversions, e.g., [14,15], but there are still high uncertainties in the magni-
tude and timing of maximum emissions on continental to regional scales [5,16,17]. Anthro-
pogenic CH4-emission seasonal cycles also have uncertainties. Although some countries
report emission magnitudes to, e.g., the UNFCCC, often only annual values are reported.
However, emissions from rice paddies, for example, may not properly consider temper-
ature dependencies and soil properties [18]. In addition, emissions from livestock (e.g.,
enteric fermentation and manure management) may have seasonal cycles depending on
temperature [19]. However, again, such information is often not included in the reported
emissions, and only few global inventories take the seasonal changes from this sector into
account ([4] and references therein).

CH4 has two stable carbon isotopes, 12C and 13C, and hydrogen isotopes, 1H and 2H.
For the carbon isotopes, their process-specific isotopic signatures (13C/12C ratio compared
to a reference, denoted as X13C) depend on processes that produce CH4 [20]. Generally,
emissions with pyrogenic origin are most enriched in 13C, followed by thermogenic sources.
Sources from biogenic origin are most depleted in 13C, e.g., [20,21]. Such information has
been shown to be useful in quantifying CH4 source distributions [22–25], in addition to
CH4-only atmospheric inversions, which estimates total CH4 budgets, e.g., [3,26]. However,
the CH4 flux information derived using the information from isotopic measurements still
suffers from high uncertainty, as the isotopic measurements are still limited in both spatial
and temporal coverage, and partly overlapping signatures make source divisions uncer-
tain [22]. On top of that, the isotopic signature of emissions can vary significantly by location
due to differences in production processes, types of origin, or methanogenesis [27–30]. In
Ganesan et al. [27], the authors cautioned that emission quantification, including its sea-
sonality, without fully incorporating detailed spatial information of the isotopic signatures
may lead to erroneous results.

The seasonal cycle of X13C is determined by atmospheric sinks and emissions. Sinks
enrich the atmosphere in the 13CH4 due to their kinetic isotopic effect (KIE), and they have
a strong seasonality, mainly due to the seasonality of OH radicals in the troposphere and of
Cl and O(1D) in the stratosphere. The KIE is the difference in the reaction rate between the
isotopes. In addition, the fractionation factor by OH differs between studies [31,32]. The
fractionating factor describes the relative partitioning of the heavier (carbon-13) and lighter
(carbon-12) isotopes.

In general, the X13C cycle is mirroring, i.e., in an opposite phase of, the CH4 cycle in
high southern latitudes, where the effect of emissions is small [31,33]. However, the X13C
cycle is known to be affected by the seasonal variations in emissions, where most of the
emissions are depleted in 13CH4. Therefore, the X13C cycles do not correlate well with the
atmospheric CH4 cycles, especially in the Northern Hemisphere (NH) [34–36]. Studies
found that the X13C seasonal cycle reaches its maximum approximately two months earlier
than CH4 reaches its minimum in the NH. Studies using inverse transport modeling indicate
that the weak negative correlations and phase shifts are strongly influenced by wetlands in
the northern high latitudes and biomass burning in the tropics [16,34,35,37]. The role and
magnitude of the tropospheric Cl sink is also uncertain, ranging from 13–37 [38] to 12–13
Tg CH4 yr−1 [39] to even smaller estimates [40]. The estimated magnitude of the soil sink
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also varies; from bottom-up estimates, it is 11–49 Tg CH4 yr−1, and it is 27–45 Tg CH4 yr−1

from top-down estimates ([3] and references therein).
In this study, we revisit the topic of the seasonal cycle of the X13C and CH4 source and

sink contributions, earlier discussed in, e.g., Allan et al. [34] and Bergamaschi et al. [35].
Since previous studies, there have been updates on source-specific isotopic signatures,
including spatial variations, e.g., [21,22,27–29], and new X13C observations are available.
Additionally, the atmospheric transport model has improved significantly compared to
earlier versions used by Allan et al. [34] and Heimann [41], e.g., with finer resolutions
and improved chemistry schemes [42,43]. The previous studies of the seasonal cycle of
X13C [16,34,35] have mainly covered natural emissions, but the latest information on the
seasonal cycle of anthropogenic emissions is now available [4,44].

We examined the average X13C seasonal cycle for 2000–2012 as well as the CH4 source
and sink contributions at 30° latitudinal bands based on the TM5 global atmospheric
transport model. We estimated atmospheric CH4 and X13C cycles using the most recent
isotopic signatures published, including spatial variations. We also used emission fields
with different seasonality, including those from anthropogenic sources, and examined
the differences in the combined CH4 and X13C cycles. The examination of the seasonal
cycle of X13C provided information on the seasonality of different emission categories. In
addition, we evaluated the seasonal cycle of anthropogenic emissions and the possible
problems presented by the two recent versions of the EDGAR inventories, v4.3.2 and
v5.0, by comparing them with observations from the National Oceanic and Atmospheric
Administration Global Monitoring Laboratory (NOAA/GML) and the Institute of Arctic
and Alpine Research (INSTAAR). Comparison with the observations helped to identify
which EDGAR version is more realistic. The EDGAR v4.3.2 data availability is limited
to 2012, so our study period was chosen to be 2000–2012. The purpose of this study
was to attain a better understanding of X13C distributions and how different CH4 sources
contribute to the seasonal cycle of X13C. This also raises the need for future studies to be
conducted by inverse modeling.

2. Materials and Methods
2.1. The TM5 Atmospheric Chemistry Transport Model

TM5 [42] is a global Eulerian atmospheric chemistry transport model. It is driven
by ECMWF ERA-Interim meteorological fields, which for this study is run on a 1° × 1°
(latitude × longitude) zoom grid over Europe (up to 74° N, Figure S1) embedded in a 4° × 6°
global grid with an intermediate 2° × 3° zoom region , e.g., [45]. Vertically, 25 layers are
used, corresponding to a subset of the original 60 ERA-Interim layers. Convective vertical
mixing was calculated based on the Gregory et al. [46] convection scheme archived in the
ERA-Interim meteorological fields.

In this study, CH4 (including 12CH4 and 13CH4) and 13CH4 are transported as two
separate tracers, and X13C-CH4 (X13C) is calculated as follows:

X13C-CH4 =

(
(13C/12C)sample

'std
− 1

)
× 1000, (1)

where 'std = 0.0112372 is the isotopic (13C and 12C) ratio of the Vienna Pee-Dee Belemnite
(VPDB; [47]) standard.

The atmospheric sink in TM5 includes off-line chemistry; chemical reactions with OH,
Cl, and O(1D) are prescribed, but the model does not have full chemistry. The reaction with
OH, the largest sink of atmospheric CH4, is calculated based on the procedure presented
by Houweling et al. [26]. The monthly variations in OH concentrations are based on
Spivakovsky et al. [48], and the total OH concentration scaled by 0.92 based on an evaluation
using methyl chloroform [43]. The first-order loss rates for the reactions with Cl and O(1D)
are considered only in the stratosphere, where the reaction rates are prescribed based on the
atmospheric chemistry general circulation model ECHAM5/MESSy1 [49]. No interannual
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variation of the photochemical sink processes is included in this study, because we assumed
that the OH is well-buffered and thus unchanging [20,22,50–52]. Note also that the study
aims to analyze the seasonal cycle but not trends and interannual variations in the CH4
and X13C.

Kinetic isotopic effects (KIEs) k(12CH4)/k(13CH4) of 1.004 and 1.013 are used for 13CH4
OH and O(1D), respectively [31], and 1.066 [53] is used for Cl. In this study, the KIE of total
CH4 was assumed to be the same as for 12CH4, i.e., k(12CH4)/k(13CH4) ≈ k(CH4)/k(13CH4).

In addition to the photochemical sinks, we included the sink to dry soils (i.e., a
negative flux from atmosphere to soil) in the lowermost layer of TM5. CH4 is oxidized by
bacteria in aerobic mineral soils, so the sink depends on soil moisture, temperature, and
soil texture [54]. These dependencies lead to the smallest sink in winter and the largest
sink in the summer (Figure 1). The soil sink can be treated as a pseudo first-order reaction
! = : ′ · [CH4], where : ′ = :/ℎ, and ℎ is the thickness of the lowermost layer. The flux �
at the soil surface is � = : · [CH4]. The 12CH4 soil sink �soil,12 is taken from the LPX-Bern
v1.4 land ecosystem process model [55] and varies interannually (32.7–33.8 Tg CH4 yr−1)
and monthly. The removal rate of 12CH4 is then !soil,12 = 1/ℎ · �soil,12. The removal rate for
13CH4 due to the soil sink, !soil,13, is therefore calculated as

!soil,13 =
�soil,12

ℎ ·KIEsoil
× [

13CH4]
[12CH4]

(2)

where �soil,12 is the negative flux of 12CH4 at the surface, ℎ is the thickness of the lowermost
layer, [12CH4] and [13CH4] are the atmospheric concentrations of 12CH4 and 13CH4, and
KIEsoil is assumed to be 1.0177 [56].

TM5 has been applied to various CH4 studies, and initial three-dimensional (3D)
CH4 fields were readily available from, e.g., our previous study by Tsuruta et al. [45]. For
13CH4, spin-up was needed to create 3D mixing ratio fields that are in an approximate
steady state. We ran 40 years of spin-up (running TM5 using emissions and meteorolog-
ical fields of year 2000 for 40 times) starting from the converted fields and based on the
emissions and isotopic signatures described in Sections 2.2 and 2.3. During the spin-up,
the stratospheric X13C increased by ∼20‰, reaching approximately −10‰ at the end of
the spin-up, which is close to that of previous studies [31,57]. In this study, the focus is
on the troposphere. However, we acknowledge that the troposphere and the stratosphere
are linked through stratosphere–troposphere exchange [58], and we briefly return to the
simulated stratospheric concentrations and effects of the exchange in the discussion.

2.2. CH4 and 13CH4 Flux Fields

The global CH4 flux fields from anthropogenic and natural sources were taken from
inventory and process-based model data (Sections 2.2.1 and 2.2.2). All fields were pre-
processed to a global 1° × 1° grid to match the TM5 model resolution. 13CH4 fluxes
were calculated by converting CH4 flux fields using the isotopic signature (Table 1) and
Equation (1), such that 13CH4 is solved from Equation (1), and the isotopic signature (X13C)
was taken from Table 1.
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Figure 1. Monthly emission estimates for global (top) and latitudinal zonal totals. The left-hand-side
panel includes fossil-based emissions, and the right-hand-side panel includes emissions of biogenic
origin, both natural and anthropogenic. Global emissions (top) are split into 30° latitude bands.
Emissions from EDGAR v4.3.2 are for the year 2010 and from EDGAR v5.0 for 2015. Natural sources
are averages for 2000–2012. Shaded areas show the minimum and maximum of the monthly totals
over 2000–2012. Solid lines are EDGAR v4.3.2, dashed lines are EDGAR v5.0, and dotted lines are
other datasets.
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Table 1. Isotopic signatures used to convert CH4 flux fields to 13CH4 fields. For values spatially
varying globally, ranges of values are shown. Please see Supplementary Figure S3 for spatial
distributions. Isotopic signatures from Monteil et al. [24] are also presented for comparison.

Emission Source
Signature Value (‰) Signature Value (‰)
(Used in This Study) [24]

Enteric Fermentation and Manure Management (EFMM) [−67.9, −54.5] 1, −66.8 2 −62
Landfills and Wastewater Treatment (LWW) −55.6 2 −55
Rice (RICE) −62.1 2 −63
Coal [−64.1, −36.1] 1, −40 2 −35
Oil and Gas [−56.6, −29.1] 1, −40 2 −40
Residential −40 2 −38
Wetlands [−74.9, −50] 3, −61.3 2 −59
Fires [−25, −12] 1, −22.2 2 −21.8
Ocean −47 2 −59
Termites −65.2 2 −57
Geological [−68, −24.3] 4, −40 2 −40

1 Feinberg et al. [28], 2 Thompson et al. [23], 3 Ganesan et al. [27], 4 Etiope et al. [29].

2.2.1. Anthropogenic CH4 Flux Data

Monthly global anthropogenic emissions were taken from EDGAR inventories, ac-
cessed date 23 May 2022 (https://edgar.jrc.ec.europa.eu) v4.3.2 [44] and v5.0 [4]). The
original resolution is 0.1° × 0.1° (latitude × longitude), and the inventories are based on
the geographical distribution of different activities, e.g., energy, agricultural land use, and
traffic, utilizing GIS techniques.

The EDGAR database includes emissions from the Intergovernmental Panel on Climate
Change (IPCC) 1996 [59], Classes 1, 2, 4, 6, and 7, listed in Table S1. We categorized these
classes into six components: enteric fermentation and manure management (EFMM),
landfills and wastewater treatment (LWW), rice cultivation (RICE), coal, oil and gas, and
residential (Table S2). Among these, EFMM, LWW, and RICE are anthropogenic biogenic
sources, with depleted X13C isotopic signatures, while the others are fossil-based sources
that are enriched in 13CH4 [60]. The seasonal cycle of anthropogenic sources is dominated
by biogenic sources. No significant seasonality is present in the fossil-based sources
(Figure 1).

V4.3.2 is the first EDGAR inventory to include seasonality. It provides monthly values
for 2010. We calculated the seasonal cycle for each 1° × 1° grid by applying the 2010
seasonality to other years, keeping the annual totals as the original for each year. For v5.0,
monthly values for the year 2015 are available, and we applied its seasonality for each grid
similarly to the procedure for v4.3.2.

The two EDGAR versions differ significantly in their seasonal cycles of EFMM and
RICE (Figure 1). The EFMM emissions have a seasonal cycle in EDGAR v4.3.2, which is not
included in v5.0 (Figure 1, Table 2). Both versions have seasonality in RICE emissions, but
they differ significantly in the peak-to-peak amplitude and in the timing of the seasonal
minimum and maximum (Figure 1, Table 2). The average amplitude of v5.0 is more than
double that in v4.3.2 (Table 2). The differences in seasonality are mostly due to the following:
In v4.3.2, the seasonality varies over latitude bands; in v5.0, it varies by the country for
which information is available [4]. In addition, in v4.3.2, the same temporal profiles are
used for all agricultural sectors, which is revised in v5.0 to better correspond to each sector
separately [4,44].

Annual totals of the two versions also differ slightly. The largest difference is in the
LWW (Table 2). The global total average EFMM emissions are 1 Tg CH4 year−1 larger in
EDGAR v4.3.2 compared to v5.0. Both EDGAR versions have similar trends dominated by
increasing emissions in EFMM, LWW, coal, and oil and gas (Figure S2). Note, however, that
this study focuses on the seasonal cycle and that the analysis of trends will be presented
in follow-up studies. The 2000–2012 average annual total non-biogenic (coal, oil and gas,

https://edgar.jrc.ec.europa.eu
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and residential) emissions are similar in both versions, but the biogenic (EFMM, LWW, and
RICE) emissions are higher in v5.0 (Table 2). This results in mean biogenic-to-non-biogenic
ratios of 1.89 and 1.97 in v4.3.2 and v5.0, respectively.

In addition to the two versions of the EDGAR emissions, we created emission fields
based on v4.3.2 but removed the seasonal cycle of EFMM by taking annual means. This
was used to test the effect of seasonally varying EFMM emissions, which was largest in
v4.3.2, but absent in v5.0.

Table 2. Average global emission (Tg CH4 year−1) and emission amplitude (Tg CH4 month−1) over
years 2000–2012 with range, and the months when seasonal minimum and maximum occurs. For
EDGAR components, those for 2010 and 2015 for v4.3.2 and v5.0 are shown, respectively. For natural
sources, the variation shows those between different years. Those marked with “*” do not have
monthly variations. Note that geological emissions are kept constant during the simulations.

Data Source Component Emission Amplitude MIN MAX

EDGAR v4.3.2

Enteric Fermentation
and Manure
Management (EFMM)

109.5 [102.1, 115.8] 7.50 [7.19, 7.75] Nov Mar

Landfills and
Wastewater Treatment
(LWW)

63.8 [59.3, 68.5] * * *

Rice (RICE) 35.0 [32.4, 37.6] 2.61 [2.39, 2.74] Jan, Dec Mar.
Coal 29.8 [21.9, 38.2] 0.03 [0.001, 0.11] Jul Jan
Oil and Gas 68.2 [61.3, 77.1] 0.07 [0.01, 0.23] Jul Nov
Residential 12.9 [12.1, 13.5] 0.78 [0.75, 0.81] Jul Jan

Total 319.0 [291.3, 350.8] 10.05 [9.55, 10.41] Nov Mar

EDGAR v5.0

Enteric Fermentation
and Manure
Management (EFMM)

108.5 [102.0, 114.8] * * *

Landfills and
Wastewater Treatment
(LWW)

71.4 [66.6, 76.5] * * *

Rice 35.1 [32.6, 37.3] 5.51 [5.1, 5.83] Mar Aug
Coal 29.5 [21.4, 38.2] * * *
Oil and Gas 67.5 [61.1, 77.4] 0.10 [0.04, 0.25] Sept Jan
Residential 12.5 [12.1, 12.8] 1.65 [1.58, 1.72] Sept Jan

Total 324.5 [297.7, 356.8] 5.13 [4.72, 5.47] Mar Aug

LPX-Bern v1.4 Wetland 157.3 [150.6, 165.7] 8.1 [6.12, 10.0] Nov, Dec Jul, Aug
LPX-Bern v1.4 Soil sink 33.0 [32.6, 33.7] 0.98 [0.89, 1.03] Jul Jan, Feb
GFED v4.2 Fires 14.4 [11.3, 19.7] 2.49 [1.07, 3.95] Feb–Apr, Nov Jun–Aug

Tsuruta et al. (2017) Ocean 7.72 [7.52, 8.1] 0.08 [0.06, 0.1] Feb, Apr–Jun,
Nov

Jan, Mar,
Jul, Aug,
Oct, Nov

Etiope et al. (2019) Geological 5.0 * * *
Ito and Inatomi (2012) Termites 20.8 [20.8, 20.9] * * *

2.2.2. Natural CH4 Flux Data

Natural sources include those from wetlands, biomass burning, open ocean, termites,
and geological sources. Among these sectors, emissions from wetlands and termites are
biogenic sources with depleted X13C values, while others are considered non-biogenic
with more enriched X13C values (Table 1). Monthly wetland emissions are taken from the
process-based land ecosystem model LPX-Bern v1.4 [55], which is a dynamic vegetation
model that estimates fluxes for wetlands. Wetland emissions have the largest seasonal cycle
amplitude among all source categories (Figure 1, Table 2). The seasonal minimum occurs
in winter, and the maximum occurs in summer in the respective hemispheres (Figure 1,
Table 2).
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Monthly biomass burning emissions were taken from GFED v4.2 [8]. Biomass burning
emissions vary strongly from year to year, and the amplitude in the seasonal cycle varies
much by year and location (Figure 1, Table 2). Monthly emissions from the open ocean were
calculated assuming a supersaturation of CH4 in the seawater of 1.3 [61]. The sea–air flux of
methane was calculated using ECMWF ERA-Interim data [62] of sea surface temperature,
sea ice concentration, surface pressure, and wind speed [45]. The amplitude of its seasonal
cycle is relatively small (Table 2). For termites and geological sources, no seasonality
was considered, but termites have interannual variation (Table 2). The emissions from
termites were taken from the VISIT process-based terrestrial ecosystem model [63], and
gridded emission maps from Etiope et al. [29] were used for geological sources. Geological
emissions by Etiope et al. [29] were scaled down from 37.4 to 5 Tg CH4 year−1, based on
Hmiel et al. [64].

2.3. Isotopic Signature

The global 13CH4 flux fields were calculated from CH4 emission fields and Equation (1)
using the isotopic signatures for each source given in Table 1. For LWW, RICE, residential,
ocean, and termite emissions, the signatures are from Thompson et al. [23] (mean values),
and a single value is applied globally. Spatially varying isotopic signatures were used for
EFMM, coal, oil and gas, wetlands, biomass burning, and geological emissions. For EFMM,
oil and gas, coal and biomass burning, we used the signatures from Feinberg et al. [28].
EFMM isotopic signatures from Feinberg et al. [28] are based on the local ratio of C3 and
C4 vegetation [65] and the emitted isotopic signatures of livestock fed with Diet C3 or
C4 [66]. Oil and gas isotopic signatures [28] are based on country-level natural gas and oil
signatures [66]. For coal, we used the M-COAL version presented by Feinberg et al. [28]
and references therein, which is based on coal rank and depth. For geological emissions,
globally varying isotopic signatures are taken from Etiope et al. [29]. Wetland isotopic
signatures are taken from Ganesan et al. [27], and the values are based on observations
characterizing wetland ecosystems. The isotopic signatures from Feinberg et al. [28] were
originally given at a T42 resolution, and emissions from wetlands were originally at
0.5° × 0.5°. We converted these to a 1° × 1° resolution by choosing the closest coordinate
value and by taking simple grid averages, respectively. For all sources, the grid cells, where
isotopic signature data are not available from the data described above, are filled with
mean values from Thompson et al. [23] (see Table 1). The applied isotopic signatures do not
have seasonal or interannual variations. This is appropriate if we assume that the spatial
distribution of the sources does not change, but only the magnitude.

We acknowledge that there are some differences between the spatial distributions of
emissions used in, e.g., Feinberg et al. [28] and the EDGAR versions and between those
in Ganesan et al. [27] and LPX-Bern v1.4, i.e., the signatures are not custom-made for our
emission fields. Therefore, the corresponding signature values may not be appropriate
in all grid cells. However, considering the broad range in source signatures [20–22], we
assume that our values are a good approximation for examining the X13C seasonal cycle.

Isotopic Signatures in Spin-Up Simulations

There are large uncertainties in the magnitude and spatial distribution of the isotopic
signature, so we performed several spin-up simulations with slightly different isotopic
signatures to examine the effect on the X13C seasonal cycle. We first examined the filled
values (grids (1° × 1°) with no initial value assigned in the original data) by applying the
values from Monteil et al. [24] and Thompson et al. [23] (Table 1). We also used a weighted
mean value, which leads to less negative values of X13C, i.e., more enriched with 13CH4,
for most of the sources. Contrary to expectations, the different values did not affect the
seasonality of X13C, probably due to the small emission magnitude in the regions where the
values were applied. In contrast, we found that the simulated seasonal cycles in 13CH4 are
extremely sensitive to the applied spatial distribution and the absolute values of source
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signatures up to a decimal-level precision, meaning that integer values of source signatures
are not accurate enough, especially in regions with large emission magnitude (Figure S4).

2.4. Atmospheric CH4 and X13C Observations

We used CH4 observations from the National Oceanic and Atmospheric Adminis-
tration/Global Monitoring Laboratory (NOAA/GML) and X13C observations from the
Institute of Arctic and Alpine Research (INSTAAR), University of Colorado Boulder, to
evaluate the simulation results. The uncertainty target for CH4 is 3 ppb [67], and for X13C,
the reproducibility of the measurements is 0.08 ± 0.02‰ [68]. In particular, we compared
and evaluated model estimates against observations using data from Alert, Niwot Ridge,
and the South Pole (Table 3).

Table 3. List of stations.

Station Station Code Country Latitude Longitude Elevation
(m a.s.l.)

Inatke Height
(m a. g.)

Alert ALT Nunavut, Canada 82.4508° N 62.5072° W 195 5
Niwot Ridge NWR Colorado, USA 40.0531° N 105.5864° W 3526 3
South Pole SPO Antarctica 89.98° S 24.8° W 2821.3 3–11.3

Results from other stations are available in the supplementary information (Figures S5–S9,
Tables S3 and S4). SPO is an optimal place to evaluate the seasonal cycle of background
levels of CH4, as there are no major CH4 sources nearby. NWR is located in the front range
of the Colorado Rocky Mountains and mainly measures well-mixed background air. NWR
measurements influenced by strong anthropogenic sources are filtered out. Finally, ALT is
located far away from anthropogenic sources and samples air that is more influenced by
distant wetland fluxes, whereas SPO is located far away from all sources, both natural and
biogenic. Note that none of the stations are located in the TM5 1° × 1° zoom region, and the
model values are sampled from a 4° × 6° grid using 3D linear interpolation.

For comparison, observations from 2002 to 2012 were used. The first two years
(2000–2001) were omitted from the analysis to be comparable to the modeled seasonality
(see Section 3.1.1). To obtain de-trended data, we used curve fitting methods from Thon-
ing et al. [69]. These methods calculate the trend and short-term smoothed curves; the
trend curve represents the long-term trend, where the seasonal cycle is removed, and the
short-term smoothed curve represents the seasonal to monthly variations where fluctua-
tions of several days to weeks are removed. The de-trended seasonal cycle was obtained by
subtracting the trend curve from the short-term smoothed curve. The X13C observations
from 2007 onward have different trends than those in 2002–2006 [70]. However, using the
method described in Thoning et al. [69], we can compare years with different trends.

2.5. Simulation Setups

We performed five TM5 simulations using different input emission fields for
2000–2012 (Table 4). The end year 2012 is the last year for which the EDGAR 4.3.2 data are
available. To examine the effect of the seasonal cycle in emissions, we used two versions
of the EDGAR inventory, v5.0 (SIM_E5) and v4.3.2 (SIM_E432), and those without EFMM
seasonal cycle in v4.3.2 (SIM_E432_EFMMNS). In addition, we examined the impact of the
seasonal cycle in wetland emissions by using annual mean emissions (SIM_E5_WETNS)
instead of a seasonal cycle. We further examined the X13C seasonal cycle exclusively caused
by the CH4 sinks by removing the seasonal cycle of all emission sources (SIM_NS).
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Table 4. Set of simulations, anthropogenic emission fields used, and emission categories from which
seasonal cycle is removed. The sources for natural emissions are shown in Table 2.

Simulation Anthropogenic Emission Fields Removed Seasonal Cycle

SIM_E5 EDGAR v5.0 -
SIM_E5_WETNS EDGAR v5.0 Wetlands
SIM_NS EDGAR v5.0 All emissions
SIM_E432 EDGAR v4.3.2 -
SIM_E432_EFMMNS EDGAR v4.3.2 EFMM

3. Results
3.1. Zonal Means near the Surface

The de-trended zonal mean atmospheric CH4 (ΔCH4) and X13C (ΔX13C) values from
the simulations were compared at 30° latitudinal bands. The trend and smoothed fit were
calculated for 2000–2012 from the lowest five layers of the TM5 (up to approximately
850 hPa) based on Thoning et al. [69], and the de-trended smoothed fit was averaged over
2002–2012 to examine the seasonal cycle. We found that it takes approximately two years
for the seasonal cycle of the lower atmosphere to stabilize following a change in emission
fields from the spin-up (Figure S10). Therefore, to remove the effect of the initial state, the
first two years of the forward simulations were omitted from the analysis. In this section,
we focus on the seasonal cycle in ΔX13C and its relation to the ΔCH4 cycle in Section 3.1.2,
as the CH4 cycle has been discussed extensively in previous studies, e.g., [71–74].

We acknowledge that the X13C cycles are affected by local sources and can vary
spatially at a smaller resolution than 30° latitudinal bands [16,34,35,37,75]. In addition,
tropical meteorological dynamics such as the positions of the Intertropical Convergence
Zone and the South Pacific Convergence Zone affect the seasonality of CH4 and X13C, and
these variations cannot be distinguished by using 30° latitudinal means [76].

3.1.1. Peak-to-Peak Amplitude and Shape of X13C Seasonal Cycle

Generally, the seasonal cycle of ΔX13C is the reverse of the seasonal cycle of ΔCH4, such
that X13C has a seasonal minimum in winter and a maximum in summer in the NH, and vice
versa for the SH (Figure 2) as shown in, e.g., Allan et al. [34] and Bergamaschi et al. [35].
Seasonal variations in both CH4 and X13C are larger in the NH than in the SH, mostly
because the major emission sources are in the NH. The estimated seasonal cycle amplitudes
for ΔCH4 and ΔX13C were the largest in the NH Tropics, and at 60° N–90° N, respectively,
and the smallest amplitude was found in the SH Tropics (SIM_E5). Those results are
consistent with previous studies, e.g., [33,35,36,38]. The seasonality of the emission sources
caused the ΔX13C minima to lag approximately 1–3 months from the ΔCH4 maxima. This
was not seen in the simulation, where the seasonality of emissions was removed (SIM_NS).
Despite the differences in the emission seasonality, the ΔCH4 seasonal cycle amplitude did
not differ significantly between the simulations.

At latitudes north of 30° N, modifying emissions had a pronounced influence on the
seasonal cycle of both ΔCH4 and ΔX13C (Figure 2). The simulation with constant wetland
emissions (SIM_E5_WETNS) had higher wetland emissions from winter to spring, and
lower from summer to autumn, compared to the reference simulation (SIM_E5). This led
to a higher ΔCH4 in spring at latitudes north of 30° N, and a lower one from summer
to autumn, compared to the reference simulation (SIM_E5). Wetland CH4 emissions
were strongly depleted (Table 1), which resulted in strong ΔX13C depletion in spring and
enrichment in autumn. The minima of ΔX13C in SIM_E5_WETNS were then shifted to
the beginning of the year by 69–93 days, and the maxima in autumn were delayed by
29–32 days at the NH, except for the band 30° N–60° N, which was shifted toward autumn
by 67 days compared to SIM_E5.
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Figure 2. De-trended zonal mean averages for CH4 (left) and X13C (right) from model simulations
averaged over 2002–2012 and the lowest five layers. Note the differences in the y-axis for the Northern
and Southern Hemispheres.

In the NH, the simulation using EDGAR v4.3.2 (SIM_E432) had a clear double peak
structure in the ΔX13C, which was not visible in the other simulations. In spring, the
ΔX13C was quickly decreased due to high EFMM emissions. When removing the seasonal
variations of the EFMM emissions (SIM_E432_EFMMNS), the shape of the seasonal cycle
in ΔX13C became closer to SIM_E5. The lower winter EFMM emissions contributed to an
increase in ΔX13C at the beginning of the year, i.e., there was a small lag-effect on how
emissions affect ΔX13C the cycle.

At low southern latitudes (30° S–EQ), there was a double peak structure in the ΔCH4
due to the high wetland emissions in January–March and the high biomass burning emis-
sions in August–October (Figure 1). A double peak structure was also visible in the ΔX13C
with the simulation of constant emissions and the simulation of constant wetland emis-
sions (SIM_NS and SIM_E5_WETNS). However, the double peak in the ΔX13C disappeared
when seasonal variations of CH4 were considered (SIM_E5). This is because the X13C was
decreased by high wetland emissions in the SH summer and autumn and increased by
strong biomass burning emissions in the SH spring. The similar behavior of SIM_NS and
SIM_E5_WETNS indicates that wetlands are the largest individual source driving the X13C
seasonal cycle, apart from sinks. Biomass burning also affected the seasonality in this region
such that when the seasonality of biomass burning was excluded (SIM_NS), the emissions
were lower during the peak in August–October and higher during other months, lead-
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ing to enriched ΔX13C during February–June and depleted ΔX13C during July–November,
compared to SIM_E5_WETNS.

At latitudes south of 60° S, the CH4 emissions are small (Figure 1), so the seasonal
cycles of both CH4 and X13C are primarily determined by the atmospheric sinks. Therefore,
at these latitudes, the differences in the simulations were very small.

3.1.2. Phase Ellipses

The seasonal cycle of ΔX13C with respect to the ΔCH4 cycle can be examined with a
so-called phase ellipse [34,35]. The phase ellipses, where ΔX13C is plotted against ΔCH4,
contain the same information as the time series (Figure 2), but they provide better visu-
alization of the phase difference between the two. Figure 3 shows phase ellipses from
the simulations using different emission fields at 30° latitudinal bands. The length of the
major axis of the ellipse represents the amplitude of the seasonal cycle, and eccentricity
represents phase differences. In addition, we examined the timing 3 (DOY) when the
shifted correlations (?B) between ΔCH4 at a time C and ΔX13C at time C + 3 are at minimum
and maximum. This quantified the differences in the timing of minimum (maximum)
in ΔCH4 and maximum (minimum) in ΔX13C (Figure S11). If the ΔX13C cycle is a perfect
inverse of the ΔCH4 cycle, the ellipse becomes a straight line with a negative slope, because
when ΔCH4 is increasing, ΔX13C is decreasing. Such a case would be when the CH4 fluxes
have no seasonal cycle and only the atmospheric sinks derive the seasonality of the mixing
ratios. In that case, the ΔCH4 maximum (minimum) occurs simultaneously with the ΔX13C
minimum (maximum), and we expect 3min = 0 and 3max = 366/2 = 183.

Note that the rotation with respect to the DOY in the NH is anticlockwise, and that
in the SH, it is clockwise (Figure 3). In addition to the phase ellipses, Figure 3 illustrates
the theoretical KIE line when only the OH sink is considered [34]. The KIE line slope was
calculated according to Allan et al. [34] as n (1 + X0), where n is (k13/k12)OH – 1, and X0 is the
mean of the smoothed fit X13C divided by the mean of the smoothed fit CH4 in SIM_NS.
Using the KIE of OH resulted in a slope of −0.0023‰ ppb −1 corresponding to −3.79‰. The
corresponding value was obtained by multiplying the slope with the mean of the smoothed
fit CH4.

When the emission seasonality was included (SIM_E5), the ellipses’ eccentricity de-
creased, and the shape became more like a circle (Figure 3). The anti-correlation became
weaker, R² became smaller, and 3 shifted by −97 days, which was the maximum (Figure S11).
The length of the ellipse major axis in SIM_E5 was longer in the NH compared to the SH,
because most of the CH4 sources were located in the NH, and the seasonality of CH4
emissions are stronger in the NH.

At latitudes north of 30° N, 3 in SIM_E5 is shifted by approximately−60 days compared
to SIM_NS (Figure S11), indicating that the minimum of ΔX13C was 60 days earlier than the
maximum of ΔCH4. In addition, the phase ellipses in SIM_E5_WETNS were closer to that
of SIM_NS than to SIM_E5, indicating again the strong influence of wetland emissions.

The phase ellipses in SIM_E432 at latitudes north of 30° N had a unique shape of a
tilted number eight due to the seasonality of EFMM emissions, resulting in the weakest
anti-correlation and the smallest R² (Figure 3). The shapes of the SIM_E432_EFMMNS
ellipses north of 30° N were closer to those of SIM_E5 compared to SIM_E432. This was
expected, as the ΔX13C seasonal cycle is close to that of SIM_E5 (Section 3.1.1).

The irregular shape found in the low SH latitudes (30° S–EQ) was due to high wetland
emissions with depleted isotopic signatures in January–March and high biomass burning
emissions with an enriched isotopic signature in August–October (Figure 1). As illustrated
in Figure 2, the ΔX13C decreased in the beginning of the year until the DOY ≈ 200, while
ΔCH4 had both increasing and decreasing phases during that time. This creates a zigzag line
for DOY ≤ 200. When the emission seasonality was removed (SIM_NS), the phase ellipse
was close to a straight line, but the shifted correlations had two maxima at DOY = 117 and
270, with ?B ≈ 0.5 on these days (Figure S11).
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Figure 3. De-trended daily average CH4 against X13C from the lowest five levels over 2002–2012 at
30° latitudinal bands. Color schemes indicate different simulations, and the color darkness illustrates
day of year (DOY). The lightest colors are DOY = 1 and the darkest DOY = 366. The solid black line is
the theoretical KIE line of SIM_NS when only the OH sink is considered.

At latitudes south of 30° S, the SIM_E5 phase ellipses’ eccentricities were very high,
with a strong anti-correlation compared to those in the NH (Figure 3). This indicates
that ΔCH4 and ΔX13C were close to perfect inverse phases, i.e., the seasonal cycles were
preliminarily driven by the atmospheric sinks and hardly affected by the seasonal cycle of
emissions. However, the phase ellipse from SIM_NS does not exactly follow the KIE line,
indicating the effect of sinks other than OH, i.e., stratospheric Cl, O(1D) and soil sinks, and
horizontal long-range and vertical transport.

3.2. Comparison to Surface Observations

In this analysis, we focus on the evaluation of SIM_E5, SIM_NS, SIM_E432, and
SIM_E432_EFMM to examine which emission cycle best matches the observed seasonal
cycle in X13C. The peaks and amplitude of the observations were calculated from 30-day
moving averages of the de-trended data because the variations in the observations are
high even after the smooth fitting (Figure 4). This section focuses on the results from
ALT, NWR, and SPO. The results from other stations are presented in Figures S5–S9 and
Tables S3 and S4.
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Figure 4. De-trended modeled and observed average seasonal cycles during 2002–2012 at Alert,
Niwot Ridge, and South Pole. Gray dots are individual de-trended observations. Note the different
ranges in the y-axis scales.

At the SPO station, the modeled ΔX13C followed the shape of the seasonal cycle
well (Figure 4), but the modeled seasonal cycle amplitudes were smaller compared to the
observations (Table 5). For the ΔCH4, the modeled amplitudes were 10.8–12.9% larger
than the observations (Table 5). As expected, there were no major differences between the
simulations at the SPO, as the site is far from emission sources, except for the SIM_NS
simulation where the amplitude of ΔX13C was 27.4% smaller than in the observations
(Table 5). A similar feature was seen at the SH sites (Figures S8–S9 and Tables S3–S4).

Table 5. Observed and modeled amplitudes of ΔX13C and ΔCH4 at Alert (ALT), Niwot Ridge (NWR),
and South Pole (SPO) stations.

Species Station Code Observation SIM_E5 SIM_NS SIM_E432 SIM_E432_EFMMNS

ΔX13C (‰) ALT 0.45 0.29 0.26 0.22 0.26
NWR 0.26 0.15 0.15 0.16 0.14
SPO 0.15 0.13 0.11 0.13 0.14

ΔCH4 (ppb) ALT 50.1 45.2 62.4 43.2 42.3
NWR 33.7 39.1 50.5 50.9 45.9
SPO 31.3 34.7 35.2 34.7 35.3

At ALT (Figure 4), the seasonal amplitude was underestimated in the model by 36–53%
(Table 5). This is mainly because the model is not capturing the strong ΔX13C depletion in
summer and autumn (see Section 4 for discussions on reasons). This is true also for other
northern latitudes sites (north of 55° N, Figures S5–S6 and Tables S3 and S4). At most of
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those sites, the simulations SIM_E5 and SIM_E432_EFMMNS showed enrichment in ΔX13C
from the beginning of the year until the DOY ≈ 200, similar to the observations. However,
SIM_E432 showed depletion from the DOY ∼50 to 120 and SIM_NS during the DOY 0 to
∼75. This suggests that the EFMM emission cycle in EDGAR v4.3.2 caused a depletion in
spring, as was shown in the zonal mean estimates (see Section 3.1.1). The effect of the CH4
source seasonality to the X13C was apparent by comparing SIM_NS to other simulations. In
addition, the model reached the ΔX13C maximum and minimum ∼20 days later than the
observations, and in SIM_NS, the shift is much larger for the minima.

The modeled ΔCH4 at ALT had smaller amplitudes than the observations (Table 5), ex-
cept in SIM_NS where the amplitude was 24% larger due to larger emissions during winter
and smaller in summer. The modeled ΔCH4 followed the observations well in SIM_E5 and
SIM_E432_EFMMNS, while it was smaller than the observations at approximately DOYs
<75 in SIM_E432. The observed ΔCH4 reached its maximum DOY ≈ 50 in spring, but the
model estimated that, in SIM_NS and SIM_E432_EFMMNS, this happened 50–75 days later.
The observed ΔCH4 reached its minimum at the DOY ≈ 200, but all model estimates were
approximately 50 days later. The shape and amplitude of the ΔCH4 cycle was closest to the
observations in SIM_E5. In general, when the modeled ΔX13C was lower than the observa-
tions, the modeled ΔCH4 was higher than the observations, except during the DOY ≈ 0–100
in SIM_E5 and SIM_E432_EFMMNS, when ΔX13C was smaller and ΔCH4 was lower or
close to the observations. The differences between the model estimates and observations
may be due to a smaller magnitude of wetland CH4 emissions (higher values of X13C and
a lower magnitude of CH4) or a smaller magnitude of OH sinks (higher values of X13C).
However, increasing wetland CH4 emissions in summer would cause larger discrepancies
in CH4 abundance in summer–autumn [16], so the magnitude of wetland CH4 emissions
is probably not the only cause. In addition, higher OH concentrations during spring and
early summer and lower OH concentrations in autumn could lead to a better match with
the observations. Note that changes in the emissions affected the modeled CH4 and X13C
with some lag (see Section 3.1.2), but changes in OH could affect it with a shorter lag time.

At NWR, the modeled amplitude of the ΔX13C was approximately half of the observa-
tions (Table 5). All four simulations showed a depletion in summer, ∼50 days later than the
observations suggest (Figure 4). This is a general feature at other northern latitude sites
(north of 38° N). The depletion in autumn was not as strong as at ALT, and the models fol-
lowed the depletion better, except in SIM_NS, although the minima were slightly shallower
compared to the observations. The observations showed strong summer enrichment of
ΔX13C at NWR at the DOY ≈ 200, but none of the simulations could reproduce the peak.
Similarly, the summer maxima were underestimated by the simulations at ZEP, SUM, CBA,
AZR, WLG, KUM, and MEX (Figures S5–S8). At northern latitude sites (north of 55° N),
the discrepancies were high, especially in the simulations using EDGAR v4.3.2 and in
simulations without emission seasonality.

The amplitude of the modeled ΔCH4 at NWR was 16–51% larger compared with the
observations (Table 5). The modeled CH4 in SIM_E5 reached the maximum approximately
at the same time as the observations, but the modeled maximum in SIM_NS, SIM_E432, and
SIM_E432_EFMMNS was ∼75 days later than the observed. The timing of the minimum,
however, did not differ much: all simulations reached a minimum value ∼25 days later
than the observations. All the simulations showed a slight underestimation of ΔCH4 in
winter. The differences between the modeled and observed ΔX13C in SIM_E5 therefore
could be due to the incorrect proportion of biogenic (heavily depleted) to fossil-based (less
depleted) emissions sources, especially during the summer. The differences in SIM_E432 in
spring suggest that the biogenic EFMM emissions are probably overestimated. However,
although the seasonal cycle of EFMM emissions was removed, the spring discrepancies
remained (SIM_E432_EFMMNS). In addition, the differences in both ΔCH4 and ΔX13C in
winter suggest an underestimation of biogenic emissions from all simulations.
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4. Discussion
4.1. Isotope Signatures

The seasonality of X13C depends on the isotopic signature of the emissions. It is one of
the largest uncertainties in the estimation of modeled X13C. Changing the isotopic signature
for a few per mill can reduce or increase the X13C seasonal cycle amplitude by 1.5–7 times,
and the timing of minima/maxima by 7–130 days at 30° latitudinal bands (Figure S12),
which is in line with the study by Ganesan et al. [27]. Although we have used recently
published spatial distributions of source signatures where available, there are still large
uncertainties. The isotopic source signatures are especially important for emission sources
that have large seasonality, such as wetlands, EFMM, rice, and biomass burning. Therefore,
the seasonality in the emission is not the only reason for the discrepancies between modeled
and observed X13C values.

The isotopic signatures in northern wetlands during autumn could be more nega-
tive [77], which could be a reason why our modeled X13C values in high northern latitude
sites, e.g., Alert, were overestimated. The isotopic source signatures for manure manage-
ment and enteric fermentation depend on different factors (e.g., manure type vs. livestock
diet) [28,30,78,79], but we applied the same isotopic signature for manure management and
enteric fermentation, and CH4 emissions are summed up as one category. Although such
information is not yet available globally, properly distinguishing those sectors could also
improve modeled X13C seasonality at NH sites, e.g., at ALT and NWR, even when using
EDGAR v4.3.2 emissions. The isotopic source signatures for rice emissions may be less
negative depending on cultivation methods [80,81]. This would enrich the modeled X13C
value, i.e., less depletion of X13C in spring in the NH from SIM_E432, and higher X13C in
summer from SIM_E5.

In addition, we acknowledge that the isotopic source signatures may have seasonal
variations. These variations have been reported for biogenic sources, such as wetlands [60,82]
and rice cultivation [80,83–85]. These sources typically show depletion in X13C when CH4
emission is high because more 12C is consumed (oxidized) by the microbes. This would lead
to more depleted modeled X13C in summer due to wetlands and rice (in the case of EDGAR
v5.0), and a stronger depletion of X13C in spring in the NH using EDGAR v4.3.2. However,
the seasonality may be opposite for ruminants, landfills, and forested wetlands such that
X13C is more depleted during cold seasons, e.g., NH winter, than warmer seasons [86,87].
Furthermore, it is known that the X13C signature of biomass burning varies during different
phases, e.g., smoldering vs. flaming phases [88]. Therefore, the combined effect on regional
levels is uncertain and needs further examination.

Other source signatures, also those from fossil fuels, have temporal changes that could
be important to take into account. For example, the coal source signatures vary depending
on coal types, depths, coalification processes, the type of mining, and coal rank [89], but
only limited measurements and country-level data for coal mining types are available and
may be misreported [28], as the coal source signature can also vary within a country [89].
Those would be especially important in analyzing, e.g., long-term trends.

In addition, we acknowledge that the KIE of soil sinks varies among soil types. In this
study, we used a value of 1.0177 according to Snover and Quay [56], but the KIE values
reported have a range from 1.0173 to 1.025 [56,90,91] depending on soil type. KIE soil sink
variations due to temperature and CH4 concentration due to the variation of a biological
KIE [90] are not taken into account in this study. We found that the phase ellipse from the
simulation without emission seasonality (SIM_NS) did not follow the theoretical KIE line,
and part of that is likely to be driven by the soil sink.

Nevertheless, considering that our results agree well with the observations at the
South Pole, we could assume that the currently used isotopic signatures and KIE are
correct in a broad sense. A more detailed and a better spatial and temporal distribution
of signature values are becoming available, e.g., [92], and using the updated information
would improve the agreement with observations and enable us to examine the emission
seasonality more accurately.
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4.2. Seasonal Cycle of CH4 Emissions

X13C measurements could be used to evaluate CH4 emission magnitude and sea-
sonal cycle, as the changes in 13CH4 emissions of 0.1% could result in ∼1‰ differences
in X13C. The wetland CH4 emissions at high latitudes (north of 50° N) used in this study
(LPX-Bern v1.4) had a maximum in September, which agrees with the inversion models,
such as Thompson et al. [93] and Bousquet et al. [94]. However, September was later
than found in other studies, such as those using process-based models [6,95] or measure-
ments [16,37]. In Aalto et al. [96], it was shown that the main reasons for the late maximum
in LPX-Bern v1.4 is the strong precipitation dependence of wetland emissions. In addi-
tion, the maximum CH4 emission at high latitudes in LPX-Bern v1.4 was approximately
3–6 Tg CH4 month−1 lower than other model estimates, such as Saunois et al. [3], War-
wick et al. [16], Fung et al. [97], and Tenkanen et al. [98]. Other natural emissions, such as
those from inland water systems [99], and the effects of the upland soil sink on 13C [100]
could be reasons for the underestimation of the X13C amplitude at high latitudes in this
study. Our comparison to the observations also supports these findings that higher sum-
mer emissions and earlier maximum, e.g., in August, would derive a better match to the
observations at NHL sites.

The seasonal cycle of CH4 emissions from the EFMM sector varies considerably
between the EDGAR versions. In the NH, the seasonality of enteric fermentation in v5.0
is likely to be more in line with measurements, e.g., [101], but warmer air temperature is
likely to enhance manure CH4 emissions [101–105], contradicting both EDGAR versions.
Our results showed better agreement with the observations when using EDGAR v5.0
in the NH, but higher manure emissions in the NH during summer would worsen the
agreement unless solid manure, enriched in 13C (see Section 4.1), is increased. In the SH,
some studies [106,107] show a seasonality of livestock emissions that is more in line with
EDGAR v4.3.2. However, our comparison to observations at Baring Head in New Zealand
show better agreement using v5.0. Nevertheless, despite the small number of observations,
none of the simulations could reproduce a X13C cycle well for the beginning of the year
(Figure S9), suggesting that further evaluation and improvements are needed.

CH4 emissions from rice follow the rice growing calendar [108]. Cao et al. [108]
modeled the CH4 emission from rice with a maximum in July–September north of 20° N,
and in December–February in the south of 10° S, while near the equatorial regions, the
emissions were high throughout the year, peaking in August. In Zhang et al. [109], global
rice CH4 emissions were also estimated to peak in July–August. Measurements performed
during the growing season [83,84] agree with these estimates. CH4 emissions from rice
cultivation provided by EDGAR v5.0 correspond better to these estimates than those from
EDGAR v4.3.2.

Other important emissions in the tropics are from fires. The comparison to the obser-
vations in the tropics (Ascension Island and Samoa) showed an underestimation of the
modeled CH4 and an overestimation of X13C during September–December. This indicates
that higher biogenic emissions are possibly needed, and only changing the magnitude of
regional fire emissions would not resolve such discrepancies. Although the seasonality of
the GFED is in line with other studies, e.g., [7], the tropical fires are highly heterogeneous
both spatially and temporally. Higher temporal-resolution emission estimates could be
used (available from the GFED), and detailed spatial distribution could be examined further
for a better understanding of the discrepancies found in this study.

4.3. Atmospheric Sinks

OH is the largest CH4 sink in the atmosphere, and it removes 12CH4 faster than 13CH4.
The seasonal cycle of OH is affected by humidity, clouds, temperature, forest fires, and
ultraviolet (UV) flux, especially outside the tropics Rohrer and Berresheim [110]. The
authors in Lowe et al. [76] speculated that their underestimation of the X13C seasonal
cycle amplitude in the tropics may be associated with the OH sink, while the authors in
Allan et al. [34] suggested that the overestimation of the CH4 seasonal cycle in the model
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is associated with an overestimation of the OH sink by more than 28%. We examined the
X13C seasonal cycle by changing the seasonal cycle amplitude of the OH concentrations
by ±10%, but the effect on the tropospheric X13C seasonal cycle with respect to CH4 was
insignificant even in the tropics (figure not shown).

Marine boundary-layer (BL) Cl is thought to play a non-negligible role in CH4 sinks
(5–25 Tg yr−1) [34,38]. An underestimation of tropospheric Cl will likely lead to an un-
derestimation of the X13C seasonal cycle amplitude in the troposphere due to stronger
fractionation and assuming that Cl concentration has a similar seasonality to OH [38,111].
In this study, we did not include the tropospheric Cl sink but could nevertheless reproduce
the CH4 and X13C seasonal cycle measured at the South Pole reasonably well. The seasonal-
ity at the SPO is mostly driven by atmospheric sinks. A recent study by Gromov et al. [40]
suggested that the contribution of the tropospheric Cl sink to atmospheric CH4 budgets is
small. However, it has been shown that marine BL Cl concentration is the highest in the
tropics, e.g., [39]. Our model results show that the modeled seasonal cycle did not agree
well with the observations in the tropics, and the CH4 to X13C ratio does not follow the
theoretical KIE line even at the southern high latitude, similar to the observation-based
study by Allan et al. [34]. They argued that the kinetic isotope fractionation at a site in the
SH extratropic requires an CH4 oxidation pathway by Cl.

Other than the tropospheric sinks, the stratosphere–troposphere exchange also has an
effect to some extent [58], so the stratospheric sinks of Cl and O(1D) could contribute to the
tropospheric seasonality. In the stratosphere, the effect of emissions is negligible, and the
seasonality is largely driven by the atmospheric sinks. This was true in our simulations
as well. The chemical sinks strongly enrich the X13C in the stratosphere. Therefore, the
stratospheric air that returns to the troposphere can affect the tropospheric seasonality of
ΔX13C in mid and high latitudes.

5. Conclusions

We performed a global analysis of how different CH4 emission sources influence the
X13C seasonal cycle during 2000–2012, using the TM5 atmospheric chemistry transport
model. Wetland emissions were found to be the largest individual CH4 source driving the
X13C seasonal cycle, apart from atmospheric sinks. In the Southern Hemisphere Tropics,
biomass burning emissions in addition to wetland emissions are an important factor
determining the seasonality of ΔX13C. We also found that the effect of sinks other than OH
contributes to the ΔX13C cycle in relation to the ΔCH4 cycle.

The comparison to global observations indicated that the seasonality of the sinks
and emissions in the model are at the right level. However, the modeled ΔX13C seasonal
cycle amplitude was underestimated in stations north of 55° N. This may be due to an
underestimation of wetland CH4 emissions in the northern high latitudes in summer,
although other factors, e.g., the timing of wetland emission peaks, the seasonal cycle of
OH, and isotopic signatures, could also affect the simulated seasonal cycles. The results
also suggested that the seasonal cycle of enteric fermentation and manure management
(EFMM) emissions in EDGAR v4.3.2 needs to be revised, and the model estimates using
EDGAR v5.0 are in better agreement with the observations.

Here, we have focused on the effects of emissions and their source signatures on the
simulated seasonal cycle of X13C. The seasonality of anthropogenic emissions in a regional
context, especially for the biogenic components, requires further research. Wetland and fire
emissions have been intensively studied previously, but uncertainty in regional seasonality
still exists. There is an increasing number of studies examining the spatial and temporal
distributions of emission signatures, but further research at regional to global scales is
needed to examine changes of X13C. In addition, the tropospheric cycles are affected by a
stratosphere–troposphere exchange, and this calls for further studies.

In this study, we did not examine the interannual variability of the modeled X13

seasonal cycle. However, changes and exceptional years could be detected and examined
further in relation to emission patterns in future studies. Furthermore, a step forward to
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better understand the different source contributions would be to build an atmospheric
inversion and will be the scope of our next study.
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