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1. Introduction

Carbon dioxide (CO2) and methane (CHa) are the two most
important greenhouse gases (GHGs), significantly driving
anthropogenic climate change[l]. Achieving the climate
goals outlines in the Paris Agreement requires a robust
quantification of global and regional GHG sources, sinks, as
well as a clear understanding of the factors controlling their
atmospheric variability. In view of this, we estimate the
global and regional CO. and CH. budgets using advanced
inverse modeling techniques for CO: and simulations of
subtle variations in the stable carbon isotope ratios of CHs
(6"3C-CHa). These simulations (CO2, CHa, and 8"C-CHa)
were performed using JAMSTEC’s MIROC4-based
atmospheric chemistry-transport model (MIROC4-ACTM)
on the Earth Simulator (ESS) [2-5].

2. Results and Discussions

The CHs isotope simulations and CO: inverse modelling
reveal key processes governing atmospheric CHa variability
as well as the improved estimates of net CO2 exchange
fluxes between the atmosphere and terrestrial/oceanic
reservoirs. The findings are summarized below.

2.1. Tracing Footprints of Atmospheric CH4 Using
Stable Isotope (6"*C-CH4) Modeling.

The current understanding of the global CH. budget
primarily relies on inversion studies that estimate the
spatiotemporal distributions of total CHs fluxes using
atmospheric observations?. However, these methods have
limited capability to disentangle individual CHa4 source
contributions to temporal variations in atmospheric CHa.
This challenge remains a key research focus of the past
several decades. The isotopic composition of CHa provides
valuable insights into its atmospheric origins, as different
sources emit CHa with distinct stable carbon isotopic ratios
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(6"3C-CHa4) [6]. Globally, the mean atmospheric 6'*C-CHa
source value ranges between —54%o0 and —52%o, and after
accounting for the effects of chemical sinks, the isotopic
composition converges to approximately —47%o. Microbial
sources such as wetlands, landfills, and enteric fermentation
emit CHa with isotopically lighter §'*C-CHa4 values (lower
than —47%o), while thermogenic sources, including fugitive
emissions from the oil, natural gas, and coal sectors, are
characterized by isotopically heavier §"*C-CHa signatures
(Fig. 1).

Isotopic footprints of different methane (CH,) emissions

392 Tg-CH, yr'

125 Tg-CHy yr!

E Fossil Fuel

-35%o to -50%0

Microbial
-55%o ~ ~70%.

34 Tg-CHyyr!

Biomass
Buming
-30%o ~ -20 %o

Low 8'3C-CH,  Global average High 3'3C-CH,
of sources
54%0 ~ 52%o

Isotope fractionation

through chemical reaction
and sail oxidation

1 Teragram (Tg)=1x 1072 gram

Global average of atmospheric 3'3C-CH,
%s = Per mil (per thousand) %

Figure 1. Conceptual framework of CH. isotope
modeling. The stable carbon isotope ratio (8'*C) represents
the relative difference in the abundance of carbon isotopes in
a molecule compared to a standard reference. Each methane
source is characterized by a distinct 6'*C signature, enabling
the estimation of total methane emissions and source

contributions.

We develop the isotope module in MIROC4-ACTM for
simulating the history of atmospheric 3'*C-CH4 and CH4
from 1970 to 2020 [4]. Our analysis highlights key
discrepancies between observed atmospheric CHa4 and 8*C-
CHa trends and estimates based on various inventories. For
the EDGARv6 inventory, which
consistent increases in microbial and fossil fuel emissions
from 1985-2020, fails to reproduce the observed trends.
Conversely, the GAINSv4 inventory, which accounts for

instance, indicates
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declining fossil fuel emissions between 1990 and 2004 and
stabilization thereafter (after excluding unconventional
emissions post-2006) (Fig. 2), successfully captures both the
observed trends and the latitudinal/vertical distributions of
atmospheric CH4 and 8'*C-CHs (Fig. 2).
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Figure 2. Attribution of global CHs and 6"*C-CHs trends
to emission sources. Emissions are categorized into three
subcategories: microbial, fossil fuel, and biomass burning.
Monthly mean CH4 concentrations (circles for observations
and solid lines for model simulations) represent the Southern
Hemisphere. Observed 6'*C-CHa values from the Northern
Hemisphere (A Ny-Alesund, Svalbard) and Southern
Hemisphere (e Syowa, Antarctica), measured by Tohoku
University (TU) and the National Institute of Polar Research
(NIPR), are compared with model simulations (purple line).

A closer examination reveals nuanced changes within the
fossil fuel sector. Declining emissions from the oil and
natural gas (ONG) sector during 20002010, combined with
a rise and subsequent fall in coal-related emissions between
2000 and 2012, contributed to the stable trend in fugitive
fossil fuel emissions during this period (Fig. 2). In contrast,
microbial emissions increased by approximately 27 TgCHa
yr ! between 1990 and 2020, driven primarily by expanded
cattle rearing in Latin America and increased waste-related
emissions in rapidly developing regions such as China, India,
Southeast Asia, Latin America, and Africa (Fig. 2).

In conclusion, our findings underscore that the rise in
microbial emissions—dominated by agricultural activities
and landfill sources—has been the primary driver of
atmospheric CHa trends over the past three decades. These
results are recently published in Communications Earth &
Environment journal [4].

2.2 Impact of Fossil CO: Emission Uncertainty on
Inversion-Estimated Fluxes
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Realistic estimates of trends and variability in the global
carbon source-sink balance are essential for determining the
remaining carbon budget required to limit global warming to
1.5°C or 2°C, as outlined by the UN Paris Agreement [1,7,8].
Atmospheric inversion is a powerful tool for inferring CO-
flux distributions between land, ocean, and atmosphere by
integrating atmospheric observations with transport models
[3.9,10]. Inversion typically assume fossil CO: (FCO-)
emissions are accurately known, attributing observation-
model mismatches exclusively to uncertainties in natural
fluxes. However, this assumption neglects uncertainties in
FCO: emissions, particularly in major emitting regions like
China, where reported emissions can vary by 14—-18% due to
inconsistencies in energy-use statistics [8,11,12]. This
oversight introduces biases in inversion-derived posterior
flux estimates.

Although previous studies have addressed FCO: emission
uncertainties to some extent [9,13], spatially and temporally
explicit analyses remain limited. These gaps are especially
significant for periods of rapid FCO: growth in the 2000s and
subsequent slowdowns in the 2010s (Fig. 3a). This limitation
stems largely from the absence of formal uncertainty
estimates in traditional FCO: emission inventories. The
(GridFED)
addresses this gap, providing spatially explicit uncertainty

recent Gridded Fossil Emissions Dataset

estimates across major sectors—coal, oil, gas, and cement
[14], enabling a more comprehensive assessment of the
impact of FCO: uncertainties on posterior flux estimates.

Using GridFEDv2023.1, we constructed two FCO- emission
scenarios: (1) a central estimate (gmFCO.), aggregating
emissions across all sectors, consistent with Friedlingstein et
al. [8], and (2) a lower-bound scenario incorporating sector-
specific uncertainty adjustments (gIFCO. = 2 i (gmFCOz;i -

Unci); 1 = coal, oil, gas, cement) at the original grid
resolution (Fig. 4a). These prior FCO2 cases are used to
prepare two sets of atmospheric inversions (Post_gmFCO-
and Post_glFCQO:>), driven by in-situ measurements from 50
global observation sites and the MIROC4-ACTM-based
inversion system.
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Figure 3. Impact of global fossil-fuel CO: (FCO:)
emissions on inversion-estimated land biospheric CO:
fluxes. (a) Temporal evolution of global FCO: emissions
under two emission scenarios. (b) Corresponding effects on
inversion-estimated land biospheric CO: fluxes, where
negative values represent a net carbon sink and positive
values represent a net source. Background shading in panel
(b) depicts the Multivariate ENSO Index (MEI), with orange
indicating El Nifio phases and blue indicating La Nifia
phases.

To align with observed near-surface CO: concentrations, the
inversions estimated a larger land-biospheric CO- sink under
the central FCO: case (gmFCO:) than the lower-bound case
(glFCO,) (Fig. 3a, b). Globally, potential uncertainty in
FCO: emissions (2001-2022) resulted in a difference of 1.65
PgC yr! in inversion-derived land-biospheric fluxes, while
oceanic CO: fluxes were largely unaffected. These biases
arise because FCO- emissions are concentrated over land,
causing compensatory errors in land-biospheric sink
estimates.

a. FFC emission uncertainty (gmFFG - gIFFC) b. Postarior flux uncertainty (Inv_gmFFC - Inv_gIFFC)
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Figure 4. Global and sub-hemispheric impacts of FCO:
emission differences on land biospheric CO: flux
estimates. (a) Differences in fossil CO: emissions (gmFCO-
— glFCO:) at global and sub-hemispheric scales. (b)
Resulting uncertainty in land biospheric CO: fluxes
(posterior flux) estimated through inverse modeling. A
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pronounced dipole relationship is observed during 2001—
2011, where increasing FCO- biases amplify the divergence
between central and lower-bound flux estimates.

The uncertainty in FCO: emissions increased over time,
particularly due to the rising share of emissions from
developing countries, notably China (Fig. 4a). Between 2001
and 2011, FCO: uncertainties grew rapidly (~0.5 PgC),
driven by China’s emissions. This trend stabilized post-2011
due to slower global economic growth (from 4% yr* in the
2000s to 3% yr' in the 2010s) and the adoption of green
energy technologies in emerging economies like India and
China [8]. The distinct divergence in FCO: growth rates
between 2001-2011 and 2011-2022 (Fig. 4a) translated into
significant differences in inversion-derived land biospheric
flux trends. During 2001-2011, rapid increases in FCO:
uncertainties caused a faster increase in the estimated global
land-biospheric sink under the central FCO: case compared
to the lower-bound case (Fig. 4b). After 2012, stabilization
in FCO: differences led to a systematic bias of -1.73 PgC yr!
in land-biospheric flux estimates, in contrast to the rapid
increase in bias during 2001-2011 (Fig. 4b). This highlights
the critical impact of FCO: uncertainty on both the growth
rate and magnitude of inversion-derived land-biospheric
fluxes. Given the widespread use of inversion fluxes for
DGVM and ESM evaluation [15-17], correcting these
emission biases is essential for advancing carbon cycle
research.

The central CO: inversion case (Post_ gmFCOz) has also
contributed to several international research activities,
including assessments of global and regional carbon budgets
under the Global Carbon Project [8,18-20], improved
understanding of sub-hemispheric carbon budgets[15,16],
and explanations for latitudinal [21] as well as observed CO2
variability at select sites in South Asia [22,23].
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