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Sulfur hexafluoride (SF) is a potent greenhouse gas. Here we use long-term
atmospheric observations to determine SF¢ emissions from China between
2011 and 2021, which are used to evaluate the Chinese national SF4 emission
inventory and to better understand the global SF¢ budget. SF¢ emissions in
China substantially increased from 2.6 (2.3-2.7, 68% uncertainty) Gg yr in 2011
t0 5.1 (4.8-5.4) Gg yr'in 2021. The increase from China is larger than the global
total emissions rise, implying that it has offset falling emissions from other
countries. Emissions in the less-populated western regions of China, which
have potentially not been well quantified in previous measurement-based
estimates, contribute significantly to the national SF¢ emissions, likely due to
substantial power generation and transmission in that area. The CO,-eq
emissions of SF¢ in China in 2021 were 125 (117-132) million tonnes (Mt),
comparable to the national total CO, emissions of several countries such as
the Netherlands or Nigeria. The increasing SF¢ emissions offset some of the
CO; reductions achieved through transitioning to renewable energy in the
power industry, and might hinder progress towards achieving China’s goal of
carbon neutrality by 2060 if no concrete control measures are implemented.

Sulfur hexafluoride (SF¢) is an extremely potent greenhouse gas with a
global warming potential (GWP) of -25,000 over a 100-year time
horizon'*. The lifetime of SF¢ (<1000-3200 years'™) is so long that SF¢
released to the atmosphere today can be considered to cause a near-
permanent change to the global radiative forcing compared to the
timescales of current global climate mitigation policies. Due to its
substantial impact on the global climate, SF¢ had been incorporated

into the Kyoto Protocol® and now into the Paris Agreement® under the
United Nations Framework Convention of Climate Change (UNFCCC).

Emissions of SF¢ to the atmosphere are thought to be primarily
from its use in high-voltage electrical switchgear, and, to a lesser
extent, magnesium smelting and other industrial uses’°. Emissions of
SF¢ from natural sources are negligible relative to anthropogenic
emissions'% Global SF¢ mole fractions and emissions have been
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increasing rapidly since the 2000s'°", even though the SF¢ emissions

reported by UNFCCC Annex-I countries have been reduced since the
1990s as a result of efforts to reduce SF¢ emissions in electrical
equipment”®*5_These reductions from Annex-l countries appear to
be offset by the increase of SF4 emissions from non-Annex-I countries
(including China) due to their rapid expansion of power demand and
fast adoption of renewable energy technologies'®. The global mean
annual mole fraction derived from measurements made by the
Advanced Global Atmospheric Gases Experiment (AGAGE) in 2020 was
more than double that in 2000%, and the radiative forcing from SFg
would increase by another factor of ~10 by 2100 if the observed growth
rate of global SF4 emissions over 2000-2018 continues, inferred by a
previous study’.

China is thought to be the major contributor to SF¢ emissions
among all non-Annex-l countries due to its high electrical power
demand™. “Bottom-up” emissions inventories, compiled based on
energy and industrial activity data and emissions factors, have been
reported for SF¢ in China previously”®''. There are officially
reported SF¢ emissions by China (national inventories) in their national
communications or biennial updates to the UNFCCC for six discrete
years this century (2005%, 2010%, 2012%°, 2014%, 2017%, and 2018%).
However, large discrepancies exist between some different
bottom-up estimates. For example, the SF¢ emission in 2018 from the
US EPA estimate” (1.6 Ggyr™) was much lower than the quantities
reported by recent studies or EDGAR*'*'® (-4-5Ggyr™), while the
magnitude of the latest SF¢ emission submitted to the UNFCCC by
China for 2018% (3 Gg yr™) falls between the estimates made by the US
EPA and other studies. “Top-down” estimates, which are derived from
atmospheric observations, can aid in the validation and improvement
of national inventories as recommended by IPCC 2019 guidelines™.
However, the two existing long-term time series of top—-down emis-
sions from China were both derived from atmospheric measurements
made outside of China (in South Korea or Japan)'°*, which have lim-
ited sensitivities to emissions from regions such as western China. A
thorough atmospheric observation-based understanding of SF¢ emis-
sions in China is currently lacking.

In this study, emissions of SF¢ in China over 2011-2021 were
derived from atmospheric observations collected from nine sites
within a Chinese measurement network and a top-down inverse
modeling framework. The derived top-down emissions were com-
pared to previous studies to evaluate national bottom-up estimates,
and potential explanations for discrepancies are discussed. Substantial
SF¢ emissions from the less-populated western regions of China were
identified in our study and their potential sources are examined.
Finally, the increasingly important role of China’s SF¢ emissions in
the global total emissions is discussed.

Results

SF¢ emissions in China derived from atmospheric observations
The emissions of SF¢ from China (defined here to be the Chinese
mainland, excluding Hong Kong, Macau, and the ocean areas) over
2011-2021 are shown in Fig. 1. The atmospheric observations used to
derive emissions can be found in Supplementary Fig. 1 and Supple-
mentary Data 1. Substantial improvements in the fitness to the atmo-
spheric observations between using the a priori and a posteriori
emissions (Supplementary Tables 1, 2), and substantial uncertainty
reductions (Supplementary Data 2) have been achieved during the
inversion. There is a substantial growth in the derived SF¢ emissions in
China over the period, which increased from 2.6 (2.3-2.7, 68% uncer-
tainty, the same hereinafter) Ggyr™ in 2011 to 5.1 (4.8-5.4) Ggyr™ in
2021; i.e., by 2.6 (2.2-2.9) Ggyr or by ~100%. The magnitudes of the
emissions and their increase are relatively consistent when different
prior information for the emissions is used (Supplementary
Discussion 1).

While the various top-down and bottom-up estimates (Fig. 1)
generally show increasing SF¢ emissions in China, large discrepancies
in magnitudes exist, especially over the study period (2011-2021).
Within the uncertainties, the top—down estimates in this study are
reasonably consistent in magnitude with the bottom-up EDGAR v7.0
inventory' (which is the a priori emissions used in the top-down
inversion) and the most recently published national bottom-up esti-
mate by Guo et al.. The top-down emissions are also similar in mag-
nitude to the bottom-up SF4 emissions which were derived using data
solely from the electric power industry in China, by Simmonds et al."’
(Fig. 1a) and Zhou et al.** (3.5Ggyr™ in 2015, which is not shown in
Fig. 1). The top-down estimates in this work and these bottom-up
emissions agree when different a priori emissions were used (Supple-
mentary Discussion 1).

The top—down estimates in this study are substantially larger than
the US EPA bottom-up estimate”. Officially reported bottom-up
national emissions to the UNFCCC from China are available in six years
this century, 2005%, 2010%, 2012%°, 2014, 2017%, and 2018, The first
three officially reported values'®? are very close to the US EPA
estimate", and substantially lower than the top-down estimates in this
study. The US EPA estimate” and the first three officially reported
values™?, are lower than all other top-down and bottom-up esti-
mates in China (Fig. 1), including those that exclusively consider SF¢
emissions from the electric power industry®*. The reason for the
lower emissions in these estimates could be due to a combination of
incomplete inclusion of emission source sectors, inaccuracy in activ-
ities data, and underestimation of emission factors (mainly in the
electric power sector). For example, the US EPA estimate"” does not
include the SF¢ emissions during the manufacture of electrical equip-
ment, which are important contributors to total SF¢ emissions. It is
worth noting that the latest three officially reported values from China
after 2014*"% are much closer to (although still lower than) our
top—down estimate, EDGAR' and Guo et al.®. This finding may indicate
that the estimation method for the Chinese national inventory has
been improved between 2012 and 2014. This could be due to more
accurate reporting of the quantities of SF¢ used in various source
sectors (activity data), a more realistic representation of the process by
which SF¢ is emitted (i.e., emissions factors), or a combination thereof.
Unfortunately, no additional information is available to allow us to
delve further into the reasons behind the evolutions of the compilation
of individual national inventories and the differences between differ-
ent bottom-up estimates.

The top-down SF¢ emissions for China in this study agree well
with the two previous top-down estimates'>” during 2011-2012
(Fig. 1b), which were derived by observations made outside of China (in
South Korea or Japan). However, emissions in this study are sub-
stantially larger than the only top-down estimates for the years since
2013 by Simmonds et al.'°. Because of the limited measurements
available to them, the top—down estimates in Simmonds et al."° only
focused on eastern China, emissions from which were scaled by
population to estimate the national total. A comparison of SF4 emis-
sions from eastern China between this study and Simmonds et al.”’ is
illustrated in Supplementary Fig. 2, which shows that emissions in
eastern China were similar between the two studies during 2011-2012,
but large discrepancies emerged thereafter. The differences between
the emissions for China in Simmonds et al.'° and this study are likely to
be dominated by the different sensitivities of measurements to emis-
sions, different inverse modeling frameworks, and different prior
information, combined with the influence of the assumption made to
scale subregional SF¢ emissions to the whole of China. In addition, the
top—-down SF¢ emissions (both in this study and previous studies'**)
commonly exhibit some inter-annual variations during the periods,
which could be informed by any changes in observations or model
meteorological drivers, or could be an artifact of the model-
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Fig. 1| Emissions of SF¢ in China. Emissions of SF4 in China derived in this study
(black line) are compared to several previous bottom-up (plot a)”*'*'** and
top—-down (plot b)!°%73¢5%% emission estimates. The gray shading represents the
68% uncertainty intervals of the top-down emissions in this study. Error bars for
the cited emissions denote the 68% uncertainty intervals (or the 1-sigma uncer-
tainties), with exceptions for bottom-up emissions in Fang et al.” where the 95%
uncertainty intervals were quoted; uncertainties in the bottom-up emissions in
Simmonds et al.' were estimated based on the range of activity data; uncertainties
in the top-down emissions in Fang et al.”* were determined through sensitivity
inversion tests; and Vollmer et al.” defined uncertainties based on different a priori
emissions. Please refer to the respective references for detailed definitions. The

SFg emissions (Gg yr')

%

T T T T T T T T T T
2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Year

@ Lietal, 2011, top-down, ISC (2008)
Simmonds et al., 2020, top-down (2007-2018)
Vollmer et al., 2009, top-down (2007)

—— This study, top-down (2011-2021)

numbers in the parentheses after each of the legends represent the years covered
by that study. All known SF¢ emissions in China since 2005 reported by previous
studies are displayed in the plot for a complete comparison, while emissions in
early years that do not overlap with the time period covered by this study are not
discussed in the main text. Previous top-down estimates from Simmonds et al."”
(yellow line in plot b) have focused on eastern China. They used population density
as a proxy to extrapolate to a national total. The “ISC” in the legends of top-down
estimates indicates the use of an interspecies correlation method in that particular
study, and all other top—down studies without “ISC” in the legend used an inversion
method.

measurement error, and the specific reasons to account for these
variations are challenging to trace.

Regional SF¢ emissions in China

Estimated emissions of SF¢ in seven subregions of China, and the
contributions of each subregion to the national total increase of mean
SF¢ emissions between 2011-2013 and 2019-2021, are shown in Fig. 2.
Averaged emissions were used to calculate the emission increase, to
avoid the influence from the systematic inter-annual variations in
top—down results (such as due to the weaker constraint on regional
emissions from the limited number of available observations in the
subregion). The east of China contributes the most to total SF¢ emis-
sions in China (Fig. 2a), and their increase (Fig. 2b) over the study
period. This is plausible since the east of China has the most populated
and industrialized areas, which are important sources of anthro-
pogenic halogenated greenhouse gas emissions®'%%,

Emissions of halogenated substances outside of the east of China,
including in the less-populated and developed western regions, were
scarcely discussed in previous studies”’ %’ due to the unavailability of
measurement data within these regions. Emissions of SF¢ from the
western regions of China were either assumed to be small® or were not
directly quantified” in the two previous long-term top—down estima-
tions. In this study, the measurements used to derive SF¢ emissions in
China were made inside China, including from four sites within the
western regions. These measurements allow us to effectively constrain
the emissions in the western regions (considering the uncertainty
reductions, improvements in the fitness to observations, differences
between a posteriori and a priori emission spatial distributions, and

uncertainties from prior emissions, see Supplementary Discussion 2
for details). We find that the SF¢ emissions in Chinese regions outside
of the east of China are also substantial. Emissions of SFg in the north,
northwest, central, south and southwest of China contribute an aver-
age of ~18%, ~14%, ~11%, ~9%, and ~8%, respectively to the national total
emissions over 2011-2021 (Supplementary Fig. 6a), and contribute
substantially (10%, 7%, 12%, 14%, and 11%, respectively) to the emissions
increase between 2011-2013 and 2019-2021 (Fig. 2b).

A previous bottom-up estimate of SF, emissions in China®
showed that the power industry is the dominant source sector (which
is consistent with conclusions obtained by top-down global
emissions'® and emissions in the USA®), followed by medical use,
magnesium production, semiconductor manufacture, gas-air tracer
experiments, and other minor sectors. We find that, in addition to the
east of China, other regions of China, including the northwest, where
the power industry’**' and magnesium industry®> have intense activ-
ities (Supplementary Fig. 7), also have high emissions. These SF¢
emissions may be attributed to the leakage of SF¢ from power gen-
eration and transmission and magnesium production in these regions.
The annual SF¢ emissions in each province in China are highly corre-
lated with their corresponding power generation and consumption
(representing the size of power industry) (Supplementary Discus-
sion 3, Pearson correlation coefficient “r” = 0.83 for all years, p <0.01),
and are not correlated with magnesium production (“r"=0.11,
p>0.05), indicating that the power industry may be a prominent
source for SF¢ emissions in China, including in the western regions.
The spatial patterns of power generation and consumption in China
(Supplementary Fig. 7a, b) are similar to those of SFs emissions
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Fig. 2 | SF, emissions in different subregions in China. a Annual emissions of SF¢
in each subregion during 2011-2021. The definition of the subregions can be found
in Supplementary Fig. 3. The numeric emission values can be found in Supple-
mentary Data 3. The error bars represent the 68% uncertainty intervals. b Con-
tribution of each subregion to the national SF¢ emissions increase from 2011-2013
to 2019-2021. The increase was calculated as the mean 2019-2021 emissions minus
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Northwest .
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the mean 2011-2013 emissions. The sum of the percentages in plot b is larger than
100%, as the emissions from northeast of China decreased over the period. The
plots for spatial distributions of SF4 emissions are shown in Supplementary Fig. 4.
The plots for spatial distributions of incremental emissions during the inversion (a
posteriori emissions minus a priori emissions) are presented in Supplemen-

tary Fig. 5.

(Fig. 2a). In addition, the electricity supply-demand imbalance, defined
as the power generation minus power consumption (Supplementary
Fig. 8), underscores the inter-regional power transmission from the
western regions to the eastern regions, where substantial use of SF4
could lead to large emissions. These reinforce the important role of the
power industry for SF¢ emissions in China.

Population or gross domestic product (GDP) has been used pre-
viously as a proxy for SF¢ emissions®'***, However, we find that the
correlation between SF¢ emissions with either population (r=0.66) or
GDP (r=0.73) is lower than that with power industry (r=0.83) or
nightlights (r=0.86) (Supplementary Discussion 3), indicating that
nightlights or the power industry perform as a better proxy for SF¢
emissions in China. The derived SF¢ emissions in each subregion can
be different from the corresponding population or GDP as a percen-
tage of the whole of China, especially in the northwest of China
(Supplementary Fig. 6). Nevertheless, population and GDP may be
more representative proxies for the other emissions source sectors of
SF¢ in the east of China, such as the semiconductor industry and
medical use, which tend to be densely located in populated and
developed areas (see ref. 30,34 and Supplementary Fig. 4).

China’s contribution to global SF¢ emissions
Emissions of SF4 in China account for an average of ~46% of global total
emissions over 2011-2021, derived from trends in AGAGE global
background observations (updated from Laube and Tegtmeier et al.”®
and Simmonds et al.'’, see Methods). The fraction of global emissions
originating from China increased from 34% in 2011 to 57% in 2021
(Fig. 3). The increase of SFs emissions between 2011-2013 and
2019-2021 in China, 1.91 (1.69-2.16) Gg yr™, is nearly twice the global
increase in the same period, 1.04 (0.76-1.33) Ggyr™. That means the
increase in SF¢ emissions in China over the decade can not only explain
all the global emission increase, but also offset 0.9 Gg yr™ of emission
reductions elsewhere in the world.

A previous bottom-up study estimated a total decrease of
~0.8 Ggyr in SF¢ emissions from electrical equipment in countries
other than China over 2011-2018', which is comparable to China’s

offset to the rest-of-world reduction (-0.9, or ~0.1Gg yr™ using a con-
stant prior, see Fig. 3b) derived in this study. This total decrease could
be largely from Annex-l countries as a result of their regional regula-
tions and voluntary measures to reduce SF4 emissions in the power
industry®'°. However, the total reduction in SF¢ emissions reported by
all Annex-1 countries to the UNFCCC over 2011-2021 was only
~0.1Gg yr™*, which cannot explain the rest of world decline. It may
otherwise imply that SF4 emissions from Annex-I countries are under-
reported, as suggested by previous studies’'®*, The overall trend in
total emissions from other non-Annex-I countries apart from China
remains difficult to discern due to the limited information about SF¢
emissions in these countries. For example, the SFs emissions from
South Korea (a non-Annex-I country) have experienced a decline over
2014-2017, followed by an increase during 2017-2018, as reported in
their latest national communications and biennial updates to UNFCCC,
while emissions from Mexico and Brazil are increasing®’%. A more
comprehensive understanding of SF¢ emissions in other non-Annex-I
countries is needed, given the suggestion from a previous study that
the expanding power industry and increasing emission factors in non-
Annex-1 countries could contribute substantially to global SF¢
emissions'.

The global emissions increase was attributed to the expansion of
the power demand worldwide and especially in the developing world™.
The substantial increases in electricity generation and consumption in
China over 2011-2021 contributed ~60% of the global total increase in
electricity (Supplementary Fig. 9). The percentage of electricity gen-
eration and consumption in China relative to the global total has
increased substantially over 2011-2021, reaching 29% and 33% of glo-
bal electricity generation and consumption in 2021, respectively
(Supplementary Fig. 9). The significant role of China in the expansion
of global power demand is consistent with its large contribution to the
global SF¢ emissions increase. However, because China accounts for a
larger fraction of global SF emissions (-46%) than global power gen-
eration/consumption (~20-30%), our findings suggest a potentially
higher average emission factor in China compared to the rest of
the world.

Nature Communications | (2024)15:1997
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Fig. 3 | Comparison of SF4 emissions in China with global emissions. a The
top-down SF¢ emissions in China derived by nine sites in China in this study were
compared to the top-down global SF¢ emissions derived by recent global AGAGE
background observations and an atmospheric box model®” (updated from Laube
and Tegtmeier et al.” and Simmonds et al.'°). b The increase in SF¢ emissions from
China between 2011-2013 and 2019-2021 was compared to the corresponding
global total increase. The dashed area of the SF¢ emission increase from China in
plot b corresponds to the increase derived using a constant a priori emissions

[ [ 2019-2021 minus 2011-2013
B2 Emission increase using constant prior

Changes in emissions (Gg yr)

T
China Global

(4 Gg yr') throughout the period in the inversion (see Supplementary Discussion 1),
which could exclude the potentially artificial emission increase in the a posteriori
emissions resulting from the a priori emission increase itself. The dashed area
represents an SF, emissions increase in China of 1.15 (0.91-1.42) Gg yr™, which
could also be larger than the global total increase and lead to an offset of
~0.1Ggyr. The shaded areas in a and the error bars in b represent the 68%
uncertainty intervals or the 1-sigma uncertainties.

Discussion

SF¢ is one of the most potent halogenated greenhouse gases, whose
atmospheric burden is increasing rapidly"”. The increase in global SF
emissions has been attributed to the rapid increase in the global power
demand, especially in UNFCCC non-Annex-I (mostly developing)
countries™. In this study, we find that China, which has dominated the
expansion of the global power industry over the last decade, con-
tributes substantially to global SF¢ emissions (-57% by 2021), and may
have higher SF¢ emission factors from electricity equipment than the
global average. The emissions increase from China over 2011-2021
could explain the entire global increase, and offset some decreasing
emissions elsewhere. Considering that Annex-I countries are mitigat-
ing SF¢ emissions from the electricity industry®'*"* and the total SF
emissions from Annex-l countries may have been declining®’, the
increasing SF¢ emissions in China become more important on the
global scale. Thus, it is crucial to focus on SF¢ emissions from non-
Annex-I countries, particularly China.

Top-down estimates of SF¢ emissions based on atmospheric
observations could benefit the quality assurance of bottom-up
national inventories, as recommended by the IPCC guidelines®. In this
study, the derived top-down SF¢ emissions in China using nine
observing sites over 2011-2021 are close to the EDGAR inventory'® and
a later bottom-up estimate by Guo et al.%, and are substantially larger
than the Chinese emissions estimated by the US EPAY and those
reported in the Chinese national communications or biennial updates
to the UNFCCC™® %, The discrepancy between the top—down emissions
and officially reported emissions became substantially smaller in the
latest reported values after 2014*"*, suggesting an improvement in
the official national inventory methodology or activity data. It is likely
that more reliable industry data were used in the national inventories
after 2014, and/or the actual SF¢ emission factor has become much
closer to the emission factor used to compile the post-2014 national
inventories.

Significant emissions of SF¢ were inferred from the sparsely
populated western regions of China, probably due to the expanding
power generation in those areas and the electricity transmissions from

the west to the east. We find that the size of the power industry defined
by electricity consumption and/or production serves as a better indi-
cator of provincial SF¢ emissions than population or GDP. Considering
the expanding power industry in China, especially in the western
regions, where both traditional power plants and renewable power
generation facilities are growing®, it is important to focus on SFe
emissions across the country, not just in the most highly populated
areas. Enhancing atmospheric measurements in the western regions
could benefit the accurate quantification of SF¢ emissions in the
regions, by conducting more densely located and higher-frequency
atmospheric samplings (Supplementary Discussion 2).

The derived SF¢ emissions in China reached 125 (117-132) million
tonnes (Mt) CO,-eq yr™ (using GWP of 24,300 over 100 years') in 2021,
which is equivalent to ~1% of the national total CO, emission of China®
and comparable to or larger than the national total CO, emissions in
2021 of the Netherlands (141Mtyr™), Nigeria (137 Mtyr™), Belgium
(96 Mtyr™), Qatar (96 Mt yr™) and Bangladesh (93 Mtyr?)*°. There has
been no sign of a reduction in SF¢ emissions derived in this study,
emphasizing the enduring but uncertain importance of SF¢ in the
future, especially in light of the ongoing and underlying reduction of
other major greenhouse gases">*°,

China aims to achieve carbon neutrality by 2060. Applying
extensive renewable energy power generation, including photovoltaic
and wind power as replacements for coal fire power plants, could be
strongly beneficial to achieving this goal**. However, the annual
mean increase in SF¢ emissions from China between 2011 and 2021, 6.5
(5.7-7.2) CO,-eq Mt yr derived by linear regression, is equivalent to
~11% of the annual mean reduction in CO, emissions originating from
applying renewable energy (photovoltaic and wind power) in elec-
tricity generation (see Supplementary Discussion 4 for details), and ~1%
of the anticipated national CO, emissions under China’s net-zero goal
in 2060*°. Photovoltaic and wind power generation is mostly located in
the northwest and north of China, whose enhanced capacity in the
future may exacerbate the existing inter-regional electricity supply-
demand imbalance (the power generation minus power consumption)
(Supplementary Fig. 8) and require new power transmission
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infrastructure between the western (generation) and eastern (con-
sumption) regions**, and drive an increase in the demand for high-
voltage power transmission equipment. That means continuous use of
SF in electrical equipment, if not controlled, will offset some of the
benefits of applying renewable energy in power generation and might
lead to uncertainties and difficulties in achieving China’s carbon neu-
trality goal. Furthermore, considering the long lifetime of SF¢ (more
than ~1000 years), any additional SF¢ emissions in this century will
result in a near-permanent alteration to the global radiative budget
that will persist well beyond the timeframe of the current climate
policies, including China’s carbon neutrality goal by 2060.

Adopting maintenance practices that minimize SF¢ leakage rates
or using SF¢-free equipment or SF¢ substitutes, as has occurred, or
been proposed, in the USA” and Europe, could help to minimize
these offsets. Although there have been no specific measures to con-
trol SF¢ emissions in China, several proposals on SF¢ recycling,
development of SF¢ substitutes, and development of better-sealed
equipment have been introduced by the government since 2012, and
several breakthroughs in environmentally friendly switchgear tech-
nologies have been achieved®. Violation of greenhouse gas emission
controls has also been incorporated into criminal law according to the
updated announcement from the Supreme People’s Court and
Supreme People’s Procuratorate of China in August 2023*. Such
controls, if widely implemented in the future, could contribute to a
substantial reduction in SF emissions and benefit mitigation of global
warming and achievement of China’s carbon neutrality goal by 2060. It
is of vital importance to conduct continuous measurements of SF¢ in
key source regions, including the resource-intensive western regions
of China, in order to monitor SF4 emissions and evaluate the efficacy of
emission control regulations.

Methods

Atmospheric observations

The emissions of SF¢ in China were inferred from atmospheric obser-
vations conducted at nine sites, which are part of the China Meteor-
ological Administration (CMA) network. The sites include the
following sites: Akedala (AKD, Northwest China), Mt. Waliguan (WLG,
Qinghai-Tibet Plateau, Northwest China), Longfengshan (LFS, North-
east China), Shangdianzi (SDZ, North China Plain), Jinsha (JSA, Central
China), Lin'an (LAN, Yangtze River Delta region, East China), Jiangjin
(JGJ, Sichuan Basin, Southwest China), Shangri-La (XGL, Southwest
China) and Xinfeng (XFG, Pearl River Delta region, South China). The
sites provide flask samplings (weekly, daily) or in situ (-hourly) back-
ground atmospheric measurements taken at least 10 km away from the
nearest industrialized regions. Detailed information about site location
and sampling frequency can be found in Supplementary Table 3.
Compared to previous studies (e.g., ref. 10,25), the measurements
from these sites are sensitive to emission sources across most regions
of China (including the western regions), and the sensitivities to
emissions do not exhibit significant inter-annual changes despite the
varying measurement period of the sites (Supplementary Figs. 10
and 11).

All the flask samples were analyzed by an AGAGE ‘Medusa’ gas
chromatographic system with a mass spectrometric detector (GC/
MS)**% in the CMA Beijing lab. In addition to the flask samples, there
were two series of in situ measurements conducted at the SDZ site, one
by an AGAGE ‘Medusa’ GC/MS system*”** every 2 hours over 2011-2012
and 2016-2021 and the other by a 2-channel gas chromatographic
system with electron-capture detector (GC-ECD)* every 80 minutes
over 2011-2020. Both the Medusa-GC/MS and GC-ECD measurements
were calibrated on the SIO-05 scale*, with the measurement of each
sample bracketed by an analysis of the working standard gas. The
measurement precisions were estimated at 0.98%, 0.4%, and 1% for the
in situ GC-ECD, in situ Medusa-GC/MS and Medusa-GC/MS analysis of
flask samples, respectively. The recovery rate of SF¢ from the flask

samples over 112 days was tested to be between 99.5 and 100.5%, and
there were no drifts detected either in test samples or calibration
standards. More detailed information about the sampling sites and
sampling processes can be found in previous studies®®™?.

Estimation of regional SF¢ emissions

The emissions of SF¢ in China were derived by a top-down inverse
modeling framework, which consists of three components: atmo-
spheric observations from the nine sites (described above), sensitiv-
ities of the atmospheric observations to emissions and boundary
conditions (baselines), and a hierarchical Bayesian inference algorithm
which utilizes prior information to constrain posterior results’>**. This
framework has been described in detail by several previous
studies®*>*°, In this subsection, we provide a brief explanation of how
the sensitivities were calculated and of the hierarchical Bayesian
inference algorithm.

The sensitivities of the atmospheric observations to emissions
(so-called “footprints”) and boundary conditions, were simulated by
the UK Met Office NAME model (Numerical Atmospheric-dispersion
Modeling Environment)*, a Lagrangian particle dispersion model. The
computational regional domain in this study was bounded at 5° S, 74°
N and 55° E, 192° E. In the NAME model, particles were released from
the sampling location within a +10 m vertical window, at a rate of
20,000 per hour, and the model was run backwards in time for 30 days
(or until the particles left the domain) prior to each measurement. The
meteorological fields generated by the UK Met Office Unified Model
analyses®® were used to drive the NAME model, which have an
increasing spatial resolution over the 2011-2021 period from 0.352° to
0.141° longitude and from 0.234° to 0.094° latitude, and a fixed tem-
poral resolution of 3 h. No chemical loss was considered during the
model runs for SF¢ since the simulation times (<30 days) are much
shorter than the SF4 lifetime (-1000-3200 years'™). Particle back-
trajectories interacting with the surface (defined as the lowest 40
meters of the atmosphere above ground level®) were integrated over
the 30-day period to calculate the sensitivities of the observations to
the surface emissions. The NAME sensitivities to surface emissions
were output in a fixed spatial resolution of 0.352° in longitude and
0.234° in latitude (grid cells). The locations of the back-trajectory
particles leaving the domain were also recorded to calculate the sen-
sitivities of the observations to the boundary conditions.

Daily flask and ~hourly in situ observations, where the sum of the
sensitivities to emissions from the surrounding 25 grids is more than
10% of the total sensitivity, are excluded in the calculation, to avoid
potential poor performance of the transport model under stagnant
conditions (e.g., Lunt et al.*°). For the in situ data from SDZ, the
Medusa-GC/MS data, considering its better precision, is preferrable to
the GC-ECD data in each year, except for the years in which the
Medusa-GC/MS data was not available or had poor temporal coverage
(e.g. during 2013-2015 when there was a malfunction with Medusa-GC/
MS system) where the GC-ECD data is used instead. All the in situ data
were averaged over 24-hour time periods prior to being input into the
inversion process, to reduce the influence of correlated model
uncertainties over short timescales and to reduce the computational
cost. The 24-hour averaging interval was chosen to be approximately
consistent with the maximum sampling frequencies (~daily) from the
flask samplings in this study. Either 12-hour (as has been done in a
previous study®) or 24-hour averaging does not cause significant dif-
ferences to the derived a posteriori emissions (Supplementary Fig. 12).
A total of 4885 measurements were used after filtering and 24-hour
averaging.

To solve for the emissions using the atmospheric observations
and sensitivity (footprint) data, a hierarchical Bayesian inference
algorithm, as described in detail in previous studies®***, was used,
which utilizes prior information to constrain the posterior values. The
hierarchical framework also allows the estimation of model-
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observation uncertainties simultaneously during the inversion as a
hyper-parameter. Three targeted parameters were primarily solved in
the Bayesian inversion: emissions, boundary conditions, and
uncertainties.

For emissions, the scaling factors based on their initial estimates
were estimated during the inversion. The initial estimates for a priori
emissions magnitudes over 2011-2021 were adopted from the annual
bottom-up emissions of the EDGAR database v7.0', which were dis-
tributed in space by the nightlights data from NOAA Defense
Meteorological Satellite Program-Operational Line-Scan System®°. All
the grid cells (described above in the computational domain) were
aggregated into 150 regions based on their a priori contributions to the
measurements (multiplying the a priori emission by the sensitivity
value in each grid), by a quadtree algorithm®. As a result, regions with
larger a priori contribution to the measurements (adjacent to the
measurement sites or having high potential emissions) are divided into
a higher spatial resolution. These 150 regions served as the funda-
mental units in the inversion, referred to as “basis functions” in this
study, in which scaling factors for the emissions were solved. The
probability distributions for the scaling factors of the a priori emis-
sions in each basis function were assumed to be log-normal with shape
parameters u=0.2 and 0=0.8. This prior probability distribution
avoids negative emissions and constrains the posterior emissions to a
reasonable magnitude during the inversion.

For the boundary conditions, the sensitivities of the observations
to the boundary conditions were combined with the background mole
fractions from AGAGE 12-box model inversions™®* (using the back-
ground mole fractions at the nearest grid in the box model output), to
estimate a priori baseline mole fractions for each observation. The
scaling factors for the prior background mole fractions on the four
horizontal boundaries during the inversion follow a log-normal prob-
ability distribution, with shape parameters u=1and o=1.

The uncertainties in the inverse modeling consist of two parts:
measurement error and model error. The measurement errors of all
observations were estimated by the measurement precisions. During
the averaging of the SDZ in situ data, the measurement error for the
final data consists of two components: the root mean square of
the measurement errors from all the data that were averaged, and the
standard deviation of all the data that were averaged, which represents
the variability of the measurement/atmospheric conditions during the
averaging period. The model errors were estimated in the hierarchical
Bayesian framework as a hyper-parameter (i.e., an uncertainty para-
meter explored in the inversion), which follows a uniform prior
probability distribution bounded between 0 and 20 ppt. In addition to
the uncertainties incorporated in the inverse modeling, different prior
emission information used in the inversion could also cause differ-
ences in the posterior emission estimates, which were discussed in
Supplementary Discussion 1.

To solve the hierarchical Bayesian inference framework in this
study, a Markov chain Monte-Carlo (MCMC) method was used to
sample the scaling factors for the emissions and boundary conditions,
and the model uncertainties. The MCMC method enables one to solve
the hierarchical Bayesian inference with hyper-parameter estimated,
and with non-Gaussian prior probability distributions used** (log-nor-
mal and uniform distributions in this study). Two samplers were used
to construct a 2.5x10° steps Markov chain: a No-U-Turn sampler
(NUTS)®® to sample the scaling factors for emissions and boundary
conditions; and a slice sampler®* to sample the hyper-parameter of
model uncertainties, with the initial 5% 10* samples from the Markov
chain discarded to avoid potential biases in the early phase, or burn-in
period. Prior to the formal Markov chain sampling, another 1.25 x 10°
steps were sampled to tune the algorithm. The means and 68%
uncertainty intervals (defined by the highest posterior density interval)
of the 2 x 10° samples from the Markov chain process (after removing
the “burn-in”) were treated as the estimated emissions and their

uncertainties. The annual SF¢ emissions in China over 2011-2021 were
solved separately for each year.

Diagnosis of the regional inversion performance
To examine the performance of the inversion in estimating regional
SF¢ emissions, several metrics were defined in this study, including the
uncertainty reduction, and improvement in root mean-square-error
(RMSE) and correlation between simulated and observed mole
fractions.

We quantify the uncertainty reduction of the hierarchical Baye-
sian inversion with non-Gaussian prior probability distributions fol-
lowing a previous approach®, by Eq. (1):

uncertainty pogeerior

UR=1 -
uncertainty o,

@

where UR represents the uncertainty reduction in a specific region,
which s calculated based on posterior uncertainty (uncertainty pogerior)
and prior uncertainty (uncertaintyp,). As introduced in the above
section, an MCMC method was used to solve the non-Gaussian hier-
archical Bayesian inference where the analytical solution for emissions
and their uncertainties is not possible. The uncertaintyposerior iS
obtained from the 68% highest posterior density interval from the
Markov chain, while the uncertainty,,, is the corresponding interval
for prior emissions (not informed by any observations). The uncer-
tainty reductions for emissions in China and all subregions are shown
in Supplementary Data 2. It is evident from the uncertainty reductions
that the measurements used in this study from the Chinese network
constrain the Bayesian inversion and improve the estimates of SF¢
emissions in China (68% uncertainty reductions >45% in all years), as
well as each subregion.

The RMSE and correlation, between the simulated and observed
mole fractions, can serve as statistical metrics to evaluate the fit to the
real observations by the prescribed emissions. The improvements in
RMSEs obtained by a posteriori emissions compared to those by the a
priori emissions are calculated by Eq. (2):

. " 1 RMSE, s 2
improvemen =1-——

RMSE RMSEprior
where RMSE,, . and RMSE,;,, are the RMSEs between the modeled
and observed mole fractions calculated using a posteriori emissions
and a priori emissions, respectively. The RMSE was calculated by
Eq. 3):

Z Vmod — ymeas)2 3)

RMSE = N

where the y,,q and Ye.s are the simulated mole fractions by the a
posteriori or a priori emissions, and real observations, respectively. N
is the number of observations.

The improvements in correlations during the inversion (a pos-
teriori compared to a priori) are calculated by Eq. (4):

COIT oy

improvement,,, = ————
COTprior

-1 “

where the corr,, and corr,, are the correlations between the
modeled and observed mole fractions obtained using the a posteriori
emissions and a priori emissions, respectively. The correlations in this
study are calculated based on the Pearson Correlation.

The improvements in RMSE and correlation are calculated for all
sites in all years, which are shown in Supplementary Tables 1, 2. In most
cases, the a posteriori emissions provide a better fit to the observations
compared to the a priori emissions, even though the a priori emissions
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that we used (EDGAR inventory distributed by nightlights) are rea-
sonably accurate proxies for the “real emissions” (as discussed in the
Results).

Global SF¢ emissions estimation

Global SF¢ emissions over 2011-2021 used in this study were estimated
using the AGAGE 12-box model®**® and AGAGE global background
observations, which are an update to global SF¢ emissions previously
published by Laube and Tegtmeier et al.”” and Simmonds et al.”°. The
AGAGE background observations of SF¢ were made at five AGAGE
global background sites, Cape Matatula, American Samoa (SMO; 14.2°S
170.6°W), Kennaook/Cape Grim, Tasmania, Australia (CGO; 40.7°S,
144.7°E), Mace Head, Ireland (MHD; 53.3°N, 9.9°W), Ragged Point,
Barbados (RPB; 13.2°N, 59.4°W), and Trinidad Head, California, USA
(THD; 41.1°N, 124.2°W). Detailed information about the AGAGE mea-
surements can be found in Simmonds et al."°. Background mole frac-
tion values from the five sites were assimilated in the AGAGE 12-box
model to estimate the global emissions of SF¢. The model divides the
globe into 12 boxes, bounded at 30°N, the equator, and 30°S latitud-
inally, and 500 hPa and 200 hPa vertically. A Bayesian framework was
used, as described previously®. In the inversion, systematic uncer-
tainties were considered related to transport (1%), lifetime (20%), and
measurement calibration uncertainty (3%). AGAGE SF¢ measurements
are reported on the Scripps Institution of Oceanography (SIO-05)
calibration scale as parts-per-trillion (ppt) dry-air mole fractions®.

Data availability

Measurement data of SF¢ used to derive the regional emissions in
China are provided in Supplementary Data 1. Measurement data of SF¢
from AGAGE background sites can be accessed at http://agage.mit.edu
and ESS-DIVE: https://doi.org/10.15485/1909711.

Code availability

The code and documentation for the regional inverse modeling tech-
nique “NAME-HBMCMC” used in this study are available at https://doi.
org/10.5281/zenodo0.10460276, which is a fork of the ACRG-Bristol
v0.2.0 (https://doi.org/10.5281/zenodo.6834888). The latest version of
the ACRG-Bristol repository can be found at https://github.com/ACRG-
Bristol/acrg.
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