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Unexplained high and persistent methyl
bromide emissions in China

Xiaoyi Hu1, Bo Yao 2,3,10 , Jens Mühle 4, Robert C. Rhew 5,6, Paul J. Fraser7,
Simon O’Doherty 8, Ronald G. Prinn 9 & Xuekun Fang 1,9,10

Methyl bromide (CH3Br) is an important ozone-depleting substance whose use
is regulated under theMontreal Protocol. Quantifying emissions on the national
scale is required to assess compliance with the Montreal Protocol and thereby
ensure the timely recovery of the ozone layer. However, the spatial-temporal
patterns of China’s national CH3Br emissions remain unclear. Here we estimate
the national emissions of CH3Br in China during 2011−2020 using atmospheric
observations at 10 sites across China combined with an inversion technique
(top-down) and compare those with an updated inventory of identified emis-
sion sources (bottom-up). Measured CH3Br mole fractions are enhanced well
above the background mole fractions, especially at sites in eastern China. Top-
down emission estimates exceed bottom-up estimates by 5.5 ± 1.4 gigagrams
per year, with the largest fraction (60%) of observationally derived CH3Br
emissions arising from underestimated or unidentified emissions sources. This
study shows the potential impacts of the unaccounted emissions on strato-
spheric ozone depletion, with implications for the Montreal Protocol.

Global production, consumption (i.e., usage), and emissions of long-
lived ozone-depleting substances (ODSs) such as chlorofluorocarbons
(CFCs), halons, and carbon tetrachloride (CCl4) have led to the
depletion of the stratospheric ozone layer and contributed to global
and Arctic warming1,2. To slow down and eventually reverse further
depletionof theozone layer, theproduction and consumptionof these
ODSs have been regulated since 1987 under the Montreal Protocol on
Substances thatDeplete theOzone Layer and its Amendments3.Methyl
bromide (CH3Br) is an important ODS, with a lifetime of 0.8 years4, an
ozone depletion potential (ODP) of 0.63, and a 20-yr global warming
potential (GWP) of 94. CH3Br is the single largest contributor to stra-
tospheric bromine load, and bromine is around 60 times more effi-
cient than chlorine in depleting ozone under current stratospheric
conditions5. CH3Br from natural and anthropogenic sources

contributed 20% of CFC-11-equivalent emissions of all ODSs in 2020
and is projected to increase to 39% by 2100 as other ODS emissions
decline5.

Being a highly effective broad-spectrum fumigant, CH3Br was
widely used as a pest-control treatment in fumigation applications
including quarantine and pre-shipment (QPS), and non-QPS uses
(mainly soil, post-harvest, and structure fumigation)5. CH3Br is also
used as laboratory and analytical solvents and feedstocks for the
manufacture of other chemicals6. Other sources, both natural and
anthropogenic, also contribute to the atmospheric CH3Br budget,
including the oceans7,8, biomass burning9,10, biofuel burning4, natural
ecosystems, and certain crops11–15. In 1992, CH3Brwas added toAnnex E
of the Montreal Protocol3. For non-Article 5 countries (mainly devel-
oped countries), the anthropogenic production and consumption of
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CH3Br were required to be frozen in 1995 and reduced by 25% in 1999,
50% in 2001, 70% in 2003, and 100% in 2005. For Article 5 countries
(mainly developing countries), production and consumption were to
be frozen in 2002, reduced by 20% by 2005, and eliminated by 2015,
with exemptions made for QPS use3.

China is anArticle 5 country under theMontreal Protocol3. China’s
non-QPS and QPS CH3Br consumption peaked at 3.5 gigagrams per
year (Gg yr−1) in 2000 and 2.1 Gg yr−1 in 2005, respectively (Supple-
mentary Table 1). Although non-QPS CH3Br consumption was sched-
uled to be phased out by 20156,16, China obtained critical use
exemptions (CUEs) of approximately 0.1 Gg yr−1 during 2015−2018 for
ginger cultivation (Supplementary Table 1), thus delaying the phase-
out of non-QPS consumption to 2019.

However, China’s actual national CH3Br emissions over the last
decade remainunclear. Insufficient spatial coverage of the observation
site (only the Gosan (GSN) site in South Korea)17–19 and the short-
comings of the interspecies correlationmethod (ISC)17–20 have resulted
in highly uncertain emission estimates and a lack of knowledge about
the spatial distribution of CH3Br emissions in China. In addition, mul-
tiyear atmospheric observation-inferred estimates of China’s CH3Br
emissions are lacking. An updated and comprehensive bottom-up
inventory is also necessary for comparison with the top-down esti-
mates in China, as previous bottom-up estimates17,21 have omitted
several emission sectors, such as feedstock use6, rice paddies22, salt
marshes12,15, and mangrove11.

In this work, we quantify total China’s CH3Br emissions during
2011–2020 using observations of atmosphericmole fractions of CH3Br
at ten sites across China and an atmospheric inversion method. We
also develop an improved bottom-up emission inventory for known
sources of CH3Br. This study reveals that half of China’s CH3Br emis-
sions are concentrated in the eastern provinces of China, and over half
of the national emissions remain unexplained. The potential causes for
these unexplained emissions and implications for stratospheric ozone
depletion and the Montreal Protocol are also discussed.

Results
Higher CH3Br mole fractions in China compared to
the background atmosphere
Atmospheric mole fractions of CH3Br were measured at 10 sites across
China from 2011 to 2020 (Fig. 1, Supplementary Table 2, and Supple-
mentary Fig. 1). We estimated the baseline (i.e., background) mole
fractions at our measurement sites by selecting the lowest observed
concentrations in a 90-day moving time window (see Methods). The
average annual mean baselines observed during 2011–2020 ranged
from 7.0 parts per trillion (ppt) at Longfengshan (LFS) to 8.2 ppt at
Lin’an (LAN) (Supplementary Table 3 and Supplementary Fig. 2). These
concentrations are comparable to the 7.0 to 7.8 ppt CH3Br background
mole fraction range observed at four Northern Hemisphere back-
ground sites within the Advanced Global Atmospheric Gases Experi-
ment (AGAGE) network (https://agage.mit.edu/data/agage-data) that
are at comparable latitudes to our sites in China (24.0° N–47.1° N):Mace
Head site in Ireland (MHDhereafter, 53.3° N, 9.9°W), TrinidadHead site
in California, USA (THD hereafter, 41.1° N, 124.2° W), Gosan site on Jeju
Island, South Korea (GSN hereafter, 33.3° N, 126.9° E), and Ragged Point
site in Barbados (RPB hereafter, 13.2° N, 59.4°W). The backgroundmole
fractions at those four AGAGE sites were determined by using AGAGE’s
statistical algorithm which extracted the background observations by
applying a second-order polynomial to the daily minima over a 120-day
moving time window23. To ensure comparability, we verified that the
background mole fractions estimated using AGAGE’s method and this
study’s method were consistent (Supplementary Fig. 3).

Enhanced mole fractions above baseline values at each of the ten
Chinese sites reflect emissions in China and other Asian countries
surrounding China. These pollution events showed spatial hetero-
geneity among the ten Chinese sites, with the highest average annual

mean enhanced mole fraction of 9.9 ± 1.4 ppt observed at the LAN site
in eastern China and the lowest of 0.6 ± 0.8 ppt observed at theMount
Waliguan (WLG) site in northwest China (Supplementary Table 3 and
Supplementary Fig. 2). The higher enhancements in the eastern pro-
vinces of China indicate potentially stronger CH3Br emissions from
this region (see discussion in the next section).

Persistent CH3Br emissions in China after the 2015 phase-out
The measurements at these sites were sensitive to emissions in most of
China (Fig. 1 and Supplementary Fig. 1), such that national CH3Br
emissions can be quantified using an inversion of the atmospheric
measurements (see Methods). This study improves on previous studies
by using more sites within China’s borders, allowing a better quantifi-
cation of national emissions. CH3Br emissions in China averaged
9.2 ± 1.4Gg yr−1 during 2011−2020 (Fig. 2a). Emissions showed inter-
annual variations but no significant trend (slope =0.16 ±0.15Gg yr−1,
p=0.33), with amaximumof 10.5 ± 1.4Gg yr−1 in 2014 and aminimumof
6.2 ± 1.1 Gg yr−1 in 2012 (Fig. 2a). These results are generally consistent
with national emissions estimated by the interspecies ratio method
(Supplementary Fig. 4), although prior results were single year esti-
mates from the beginning of this study or earlier: ~5.5 ± 2.0Gg yr−1 in
200818,19. Based on the recently established long-term observation
network in China, this study addresses the magnitude and 2011−2020
trend of national CH3Br emissions in China.

We identified eastern China (enclosed by red lines in Fig. 2b,
including the 11 provinces of Anhui, Beijing, Hebei, Jiangsu, Liaoning,
Shandong, Shanghai, Tianjin, Zhejiang, Fujian, and Guangdong) as the
hotspot for emissions (Fig. 2b and Supplementary Fig. 5). The CH3Br
flux (emission rate per unit area) in eastern China was eight times that
of the rest of China (4.0 and 0.53 kg km−2 yr−1, respectively) from 2011
to 2020 (Fig. 2b). Even though the area of eastern China accounts for
only 12.5% of China’s total area, their emissions contributed about 52%
(4.8Gg yr−1) of total emissions. As shown inSupplementaryTable 4, the
top five CH3Br emitting provinces were Jiangsu (0.76 ±0.16 Gg yr−1),
Shandong (0.74 ± 0.12Gg yr−1), Zhejiang (0.72 ± 0.23 Gg yr−1), Anhui
(0.66 ± 0.19Gg yr−1), and Guangdong (0.50± 0.17 Gg yr−1), contributing
approximately 40% of China’s national CH3Br emissions. For compar-
ison, these five provinces represent 7.3% and 32% of China’s total area
and population, respectively. As shown in Supplementary Fig. 4, the
emission estimates for eastern China in this study are consistent with
those derived fromobservations at theGSN site in SouthKorea and the
interspecies ratio method by Choi et al.17.

Accounting of CH3Br emissions from known sources in China
National bottom-up CH3Br emissions in China estimated in this study
were 3.7 ± 0.2 Gg yr−1 on average during 2011−2020 (Fig. 3 and Sup-
plementary Table 5). These were, on average, 2.8 ± 0.2 Gg yr−1 sig-
nificantly higher than the fumigation sector estimates alone (the sum
of QPS and non-QPS emissions based on CH3Br consumption data
reported to the United Nations Environment Programme (UNEP)) and
1.2 ± 0.2 Gg yr−1 significantly higher than the total estimate (fumigation
plus three non-fumigation sectors) by Choi et al.17. CH3Br emissions
from fumigation (QPS + non-QPS) sectors were about 2.0Gg yr−1 (54%
of the total bottom-up emissions) on average during 2011−2020. Non-
QPS fumigation emissions in this study (0.07Gg yr−1) were consistent
with amounts reported toUNEP (0.06Ggyr−1), while theQPSemissions
(1.96 Gg yr−1) were higher than reported (0.91 Gg yr−1). QPS emissions
that are primarily associated with the import/export shipping industry
contributedover 90%of the total fumigation emissions (Fig. 3). China’s
port cargo throughput is concentrated in eastern China provinces
(Supplementary Table 6 and Supplementary Fig. 6); thus, QPS emis-
sions associated with shipping may account for some of the emission
hotspots of eastern China.

Compared with Choi et al.17, seven additional sectors were con-
sidered in this study, including non-fumigation anthropogenic sectors

Article https://doi.org/10.1038/s41467-024-53188-3

Nature Communications |         (2024) 15:8901 2

https://agage.mit.edu/data/agage-data
www.nature.com/naturecommunications


(feedstock6,24, solvents24–26, CH3Br industrial production
24) and terres-

trial ecosystem sectors (rice paddies13,22, salt marshes12,15, mangroves11,
and fungi27,28). CH3Br emissions from these seven sectors reached
1.0 ±0.1 Gg yr−1 on average during 2011−2020, which accounted for
26% of the total bottom-up emissions and were equal to the sum of
fumigation use (QPS and non-QPS sectors) emissions based on CH3Br
consumption data reported by China to UNEP (Fig. 3c). Thus, the
addition of these seven sectors substantially improves the bottom-up
estimates of CH3Br emissions in China.

Unexplained high emissions of CH3Br from China and their
potential causes
In total, our bottom-up emission estimates of 3.7 ± 0.2 Gg yr−1 remain
5.5 ± 1.4Gg yr−1 lower thanour top-down estimates (9.2 ± 1.4 Gg yr−1) on
averageduring 2011−2020 (Fig. 4 and SupplementaryTable 7). The gap

between our top-down and bottom-up emissions estimates is large,
amounting to approximately 60% of the top-down estimates. The
unexplained CH3Br emissions in China may be attributed to three
possible causes.

First, multiple instances of illegal production and sales were
reported between 2010 and 2014 in multiple provinces29–34 (magenta
triangles shown in Fig. 2b). Although the above-mentioned activities
were punished and reported, multiple instances of illegal production
still occurred in 2020 in the Shandong Province35,36 (yellow dots shown
in Fig. 2b). The proportion of emissions from this source to the total
unexplained emissions is unclear.

Second, known terrestrial sources of CH3Br may be under-
estimated. The emission fluxes of CH3Br from terrestrial sources (such
as saltmarshes, ricepaddies, and rapeseed) varywith temperature37, Br
content of the soil22, and plant types38. However, measurements of
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Fig. 1 | The sum of annual averaged footprints from each site in 2020 and
atmospheric mole fractions of CH3Br observed at ten sites in China during
2011−2020. a The locations (white cross) and the sum of annual averaged foot-
prints from each site in 2020. Darker colors indicate higher emission sensitivity.
Emissions throughout most of China can be constrained by measurements at the
ten sites. b–l Box-and-whisker plots of CH3Br atmospheric mole fractions at each

site during 2011−2020. The box and whisker plots depict the 10th, 25th, 50th, 75th,
and 90th percentiles of the CH3Br mole fractions. The green, orange, purple, and
blue lines represent the annual mean backgroundmole fractions of CH3Br at Mace
Head (MHD), Trinidad Head (THD), Gosan (GSN), and Ragged Point (RPB) sites,
respectively (for comparison only).
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CH3Br emission fluxes from these sources are sparse27, limiting the
accuracy of estimates for emissions from these sources. Representa-
tive CH3Br flux measurements in China need to be conducted in the
future to better quantify the emissions from these terrestrial sources.
Although coastal ocean waters are also a source of CH3Br (the open
ocean is a net sink of CH3Br)

39, China’s CH3Br emissions from coastal
ocean waters are estimated at 0.05 (0.01−0.15) Gg yr−1 based on the
area of China’s coastal ocean waters40 and measured emission flux
rates39, so coastal oceanwaters are unlikely to bemajor contributors to
the large unexplained sources observed here.

Third, it is likely that additional sources remain to be identified.
New emission sources of CH3Br are still being discovered in recent
years, such as baking discovered in 201641 and copper-based pesticides
discovered in 202242, reflecting our incomplete understanding of
CH3Br sources. However, the emission contribution from baking is

negligible (about 0.2Gg yr−1 globally41). Using China’s CuSO4 con-
sumption (Supplementary Table 8) and the relationship between
copper (II) amendments and CH3Br emissions reported by Jiao et al.42,
China’s emission from this sector is likely also negligible
(0.01 ±0.004Gg yr−1). Note that due to the lack of China’s CuSO4

consumption for pesticide use, we use total CuSO4 consumption to
estimate emissions from this sector (data and calculation shown in
Supplementary Table 8). Therefore, themissing source inChina cannot
be well explained by these newly-identified sources but may be
explained by sources yet to be identified. The emission hotspots
identified via our inverse modeling may provide some implications for
future work on identifying new sources. In summary, unreported pro-
duction, emissions from known natural sources (if underestimated),
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and unidentified new sources may contribute to China’s large missing
source of CH3Br.

Discussion
The importance of emissions of CH3Br relative to other ODSs in China
for stratospheric ozone depletion is increasing. The ODP-weighted
emissions (CFC-11-eq emissions) of CH3Br in China estimated in this
study amounts to 5.5 ± 0.78 CFC-11-eq Gg yr−1, nearly 80% of the
unexpected emissions of CFC-11 (one of the major first generation
ODSs; 7.0 ± 4.0Gg yr−1) in eastern China during the 2014–2017
period43,44. Since the CFC-11 emissions reduced rapidly between 2017
and 201944, China’s national CH3Br emissions surpassed eastern Chi-
na’s CFC-11 emissions (5.0 ± 1.0Gg yr−1) in 2019, and the gap is expec-
ted to have grown larger beyond 2019. Moreover, CH3Br emissions in
all of China in 2020 were several times higher than the emissions of
other major ODSs; e.g., they were 13 times the emissions of dichlor-
odifluoromethane (CFC-12, 0.43 CFC-11-eq Gg yr−1), 0.9 times the
emissions of chlorodifluoromethane (HCFC-22, 6.2 CFC-11-eq Gg yr−1),
1.7 times the emissions of 1,1-dichloro-1-fluoroethane (HCFC-141b, 3.2
CFC-11-eq Gg yr−1), and 37 times the emissions of 1-chloro-1,1-difluor-
oethane (HCFC-142b, 0.15 CFC-11-eq Gg yr−1)45.

If the unaccounted emissions of CH3Br in China continue to 2050,
they will amount to an integrated ozone depletion (IOD) of approxi-
mately 20 DU years (see calculations in Methods). Note that this cal-
culated IOD depends on the future evolution of CH3Br emissions. It is
important to figure out how much of the unaccounted emissions of
CH3Br are anthropogenic and to determine their future evolution in
order to assess compliance with the Montreal Protocol. Unpermitted
usage and sales of CH3Br occurred both in China as well as other
countries, such as from 2013 to 2015 in the United States46. Illegal
production, trade, and even smuggling47 are transboundary issues that

affect the efficacy of the Montreal Protocol and may contribute to
global discrepancies in source data. The impacts on stratospheric
ozone depletion are expected to be larger than 20 DU years if uni-
dentified sources in other countries are also significant.

In summary, the largest fraction of the total CH3Br emissions in
China remains unexplained, which poses challenges to the scientific
understanding of the CH3Br budget. In future studies, acquiring
accurate production and consumption data and identifying new
sources will be critical to minimize the gap between top-down and
bottom-up emission estimates, and to safeguard the ozone layer
recovery.

Methods
Sampling and analysis
Atmospheric mole fractions of CH3Br were measured at ten sites
acrossChina from2011 to 2020: Akedala (AKD), Heyuan (HYN), Jiangjin
(JGJ), Jinsha (JSA), Lin’an (LAN), Longfengshan (LFS), Mount Waliguan
(WLG), Xinfeng (XFG), Shangri-La (XGL), and Shangdianzi (SDZ). The
detailed information on these ten sites is summarized in Supplemen-
tary Table 2. These sites were located more than 20km from the
nearest industrial and densely populated areas in order to sample air
masses carrying regional emission signals48–51.

Weekly or daily sampling was conducted at all ten sites (Supple-
mentary Table 2). The same sampling and analysis methods were used
at the ten sites, as described in detail in previous studies48,50. Air sam-
ples were pumped by a membrane pump (KNF-86, KNF Neuberger,
Germany) from the tops of the sampling towers through a sampling
tube (10mm OD Synflex tubing, Eaton, USA) into 3 L stainless steel
canisters (X23-2N, LabCommerce, Inc., USA)50. All the flask air samples
were sent to the central laboratory at the Meteorological Observation
Centre in Beijing for analysis within one month49,50. At each site, pairs
of parallel samples were collected concurrently for quality
assurance49,50. Additionally, at the SDZ site, an in situ sampling and
analysis system was operated during 2011−2020. All the flask and
in situ samples were analyzed by a “Medusa” gas chromatographic
system with a mass spectrometric detector (Agilent 6890/5975B,
USA)50. To detect and correct for drift in detector sensitivity, each air
sample measurement from canisters was bracketed by a reference gas
(real-air working standard) measurement50. Atmospheric measure-
ments of CH3Br are linked to AGAGE standard scales50,52, and the dry
mole fractions of CH3Br were reported using the Scripps Institution of
Oceanography 2005 (SIO-2005) calibration scale50. We performed a
stability test for CH3Br as long as 112 days, and the recoveries were
101%, 101%, 102%, 101%, 102%, and98% forDays 9, 18, 41, 65, 90, and 112,
respectively. For each tested day, we analyzed four SS flasks and took
the average. There was no significant drift for CH3Br measurements,
with a standard deviationof the four flasks being 1−2% (Supplementary
Table 9). The measurement precision of CH3Br was 1% for measure-
ments on flask samples and 0.6% for SDZ in situ measurements50. All
observation data used in the emission inversion are shown in Supple-
mentary Fig. 7.

As shown in Fig. 1 and Supplementary Fig. 1, the total annual
average emission sensitivity data (derived from FLEXPART backward
simulations, see next section) of these sites (sum of averaged foot-
prints every three hours for all sites with measurements in that year)
exhibit a high spatial coverage for all of China, which ensures that the
national total emissions in China can be constrained by observations at
these sites. Nonetheless, adding more observational sites in regions
that currently do not have sites, should help to better constrain
regional emissions in the future.

FLEXPART-based Bayesian Inversion of emissions
In this study, the Bayesian inversion algorithm and FLEXPART
(“FLEXible PARTicle dispersion model”) atmospheric transport model
were used to estimate national CH3Br emissions in China. This

Fig. 4 | The large gap between China’s top-down and bottom-up emission
estimates. The bottom-up inventory depicts our best attempt at estimating all
known CH3Br emissions in China and is compared with our top-down estimates to
depict the gap in emissions estimates. The dark purple arrows represent anthro-
pogenic production and consumption sources (industry sources include CH3Br
production, feedstock use, and solvent/cleaning agent use); the light purple arrows
represent the combustion sources (open biomass burning and indoor biofuel
burning), and the purple arrows represent terrestrial ecosystem sources (salt
marshes,mangroves, fungi, rapeseed, and rice paddies). The thickness of the arrow
represents the relative contribution of each emission sector to the total bottom-up
inventory.
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framework was well-established and described in detail in previous
studies48,49,53. FLEXPART is a Lagrangian transport and dispersion
model (http://www.flexpart.eu/) that has been widely used in simu-
lating the transport of various atmospheric species54,55. The three-hour
temporal resolution and 1o × 1o global meteorological data from the
European Centre for Medium-Range Weather Forecasts (ECMWF) was
used to drive the FLEXPART model. To obtain the source-receptor
relationship matrix (SRRs, also called “emission sensitivity” or “foot-
print”, in units ofm2 s g−1), in the FLEXPARTmodel, 40k virtual particles
were released from the location of each observation site in a three-
hour interval, and the model was run backward for 20 days for each
atmospheric observation48,49. This matrix relates emission fluxes at the
source to atmospheric mole fractions measured at the receptor
(measurement site)48,49. During the 20-day backward simulation, the
fraction of chemical loss to emission resulting fromCH3Br lifetime (0.8
years) is approximately only 1.7% (1-exp(−5/(0.8 × 365))) considering
that the enhancements measured at observation sites are typically
influenced by emissions within a five-day transport of an air mass54. A
previous study demonstrated that the inversion results of CHCl3
(lifetime =0.4 years) changed by only 1% when chemical losses were
included in the simulation53. Thus, the chemical losses of CH3Br were
not considered in our backward simulation. Under the Bayesian
inversion framework, we obtained the optimal posterior emission by
minimizing the following cost function as Eq. (1):

J xð Þ= 1
2

x� xa

� �TS�1
a x� xa

� �
+
1
2

yobs �Hx
� �T

S�1
o yobs �Hx
� �

ð1Þ

The optimal x is solved at ∇xJ xð Þ=0 as shown in Eqs. (2) and (3):

x=xa +SaH
T HSaH

T +So

� ��1
ðyobs �HxaÞ ð2Þ

Sb = HTS�1
o H+S�1

a

� ��1 ð3Þ

where x is the state vector of the posterior emission strengths in each
grid box,yobs is the observed enhanced mole fraction (observations
minus baselines), xa is the prior emission vector, H is the emission
sensitivitymatrix derived from the FLEXPART backward simulation, Sa

is the prior emission error covariance matrix, Sb is the posterior
emission error covariance matrix, and So is the observational error
covariance matrix.

Choi et al.17 estimated CH3Br emissions from eastern China at
4.1 ± 1.3Gg yr−1. Therefore, we used a constant prior for China’s CH3Br
emissions of 5 Gg yr−1 during the study period and disaggregated the
total emissions by population spatial distribution (Gridded Population
of the World: Future Estimates, 2020). To ensure that our inversion
estimates were not sensitive to the choice of the prior emission esti-
mate, we scaled the prior emissions by factors of 0.5 and 1.5 and then
repeated the inversion (Supplementary Fig. 8a). Because of the lack of
uncertainty in the gridded prior emissions, we set the prior emission
uncertainty in each grid to 100%, 150%, and 200%of the corresponding
emissions48,49. The final posterior emission was the ensemble result of
nine inversions (three prior emission fields × three prior emission
uncertainties)48,49. For the flask sampling sites, background mole
fractions were estimated as the lower value of (1) the lowest mea-
surement in the 90-day moving window and (2) the latitude-direction
linearly interpolated value between the monthly mean background
value at the Ragged Point site (RPB, 13.17° N, 59.43°W) andMaceHead
site (MHD, 53.33° N, 9.9° W)48,49. In most cases, the lowest measure-
ment in the 90-day moving time window was chosen as the baseline.
Additionally, we tested our inversion using the same baseline calcu-
lation method mentioned above but incorporated the monthly mean
background value at the Trinidad Head site (THD; 124.2° W, 41.1° N)

instead of the MHD site (Supplementary Fig. 8b). For the SDZ in situ
site, backgroundmole fractions were estimated using the approach of
Stohl et al.54, which selects the lowest 25% of the observations in a 30-
day moving time window and then subtracts prior simulated
enhancements. Observational errors are represented by one-sigma
standard deviations of all observation data in a year at a site48,49. To
eliminate the temporal correlation of high-frequencymeasurements at
the SDZ in situ site, the daily averages of measurements were used in
our inversion48,49. The observational error covariance matrix So is a
diagonalmatrix, with diagonal elements representing the squareof the
observation error.

Bottom-up emission inventory of China’s CH3Br
We estimated China’s CH3Br emissions from four sectors: (1) fumiga-
tion, (2) CH3Br production and non-fumigation, (3) combustion, and
(4) terrestrial ecosystems. The emissions from each sector were cal-
culated as follows:

In terms of the fumigation use sector, CH3Br has been used
extensively worldwide as a pest-control fumigant since the 1950s6.
Fumigation uses include quarantine pre-shipment (QPS) and non-QPS
applications. The emissions calculation equation is as Eq. (4):

Efumigation, t =Cnon�QPS, t × EFnon�QPS +CQPS, t × EFQPS ð4Þ

where Efumigation, t is the emissions (Gg yr−1) of the fumigation sector in
year t, Cnon�QPS, t and CQPS, t are the consumption (Gg yr−1) of the non-
QPS and QPS uses in year t, respectively, and EFnon�QPS and EFQPS are
the emission factors of the non-QPS and QPS uses, at 65% and 84%,
respectively3. The consumption data for non-QPS andQPS are listed in
Supplementary Table 10.

In terms of CH3Br production and non-fumigation use sector,
considering the possibility of CH3Br leakage from industrial produc-
tion, similar to the leakage calculations during CCl4

56 and CH2Cl2
51,57

production, we calculated the emissions from the CH3Br production
subsector. In addition to fumigation uses, some CH3Br has been used
for non-fumigation uses, including two subsectors: feedstock uses6 in
the organic synthesis industry and solvents/cleaning agents26. The
emissions from these three subsectors were calculated as Eq. (5):

Eproduction and non�fumigation, t =
X3

i= 1
Ci, t × EFi ð5Þ

where Eproduction and non�fumigation, t are the emissions (Gg yr−1) from the
CH3Br production and non-fumigation use sectors in year t, i
represents the number of sectors, Ci is the consumption (Gg yr−1) of
feedstock use, solvent/cleaning agents, or production of CH3Br in year
t. The consumption and production data are listed in Supplementary
Table 10. EFi is the emission factor for the three subsectors. The
emission factorwas 4% for the feedstockuse and industrial production
subsectors24. For the solvent/cleaning agent subsector, CH3Br was
assumed to be completely emitted within two years (50% in each
year)58 (see Supplementary Table 11).

In terms of combustion sector, we estimated the CH3Br emissions
from two combustion subsectors: open biomass burning and indoor
biofuel burning59. For the open biomass burning subsector, we used
drymatter burnedmass data from the Global Fire Assimilation System
(GFAS) database60 and emission factors of six biomass types from
Andreae59. The emission factor of each grid was determined by the
corresponding gridded land-use and biomass types. Global land-use
data were obtained from the MODIS satellite-derived product,
MCD12C1. The global gridded CH3Br emissions from open biomass
burning were calculated by multiplying the dry matter burned mass
matrix and the emission factor matrix (Eq. 6). Detailed information
regarding this method is available in our previous study61. The emis-
sion factors for each biomass type are listed in Supplementary
Table 12. For the indoor biofuel burning subsector, CH3Br emissions
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were calculated by multiplying the burned indoor agricultural residue
mass by the emission factor. The burned indoor agricultural residue
masses were equal to the product of the collected agricultural residue
masses, grass-to-grain ratio of each crop, drymatter ratio of each crop
residue, and burning ratio of the indoor biofuel62. We calculated the
CH3Br emissions from the indoor burning of the 15main crops in China
(Supplementary Table 13). Detailed information regarding the afore-
mentioned parameters is provided in Supplementary Tables 13 and 14.
The emission factor of burning for each crop was set at 0.0011 g kg−1

during the study period59. The detailed calculation formulas are as Eqs.
(6−8):

Ebiomass burning, i, j, t =DMi, j, t ×Areai, j × EFi, j ð6Þ

Eindoor biofuel, t =Mt × EFindoor biofuel ð7Þ

Mt =
X
m

Pm, t ×Rm × r × σdry�matter ×φ ð8Þ

Ebiomass burning, i, j, t is the emissions (kg s−1) from biomass burning
(open) of the grid ði, jÞ in year t, DMi, j, t is the dry matter burned mass
(kg m−2 s−1) of the grid ði, jÞ in year t, Areai, j is the area (m2) of the grid
ði, jÞ, and EFi, j is the emission factor (g kg−1) of the grid ði, jÞ.
Eindoor biofuel, t denotes the emissions (Gg yr−1) from indoor biofuel
burning in year t, Mt is the total mass (kg yr−1) of agricultural residue
burned indoors in year t, and Pm, t is the annual production (kg yr−1) of
crop m in year t, as taken from the China Rural Statistical Yearbook63.
Rm is the grass-to-grain ratio (%) of the cropm, r is the burning ratio (%)
of indoor burning, σdry�matter is the dry matter ratio (%) of each crop
residue, and φ is the combustion efficiency (%) of the indoor burning.
The parameters of Rm, r, and σdry�matter can be found in our previous
study62. EFindoor biofuel is the emission factor (g kg−1) of indoor biofuel
burning.

In terms of terrestrial ecosystem sector, we included five terres-
trial ecosystem emission subsectors (rice paddies4,13,22, rapeseed38,64,
salt marshes12,15, mangroves4,11, and fungi (decomposition of dead
litter))4,27 in our bottom-up inventory. We extrapolated China’s CH3Br
emissions from estimates of the planting areas for these sources12,15,17.
For the rice paddy subsector, the emissions equal to China’s rice
planting area multiplied by the unit area emission flux (1.1mgm−2)
obtained fromRedeker et al.22. Data onChina’s rice-planting areaswere
obtained from the China Rural Statistical Yearbook63 (Supplementary
Table 15). For the rapeseed subsector, emissionswere calculated as the
global total emissions from rapeseed (2.8 Gg yr−1 in 201864) multiplied
by the ratio of China’s rapeseed planting area to the global total
planting area. The rapeseed planting areas in China and global totals
were obtained from the China Rural Statistical Yearbook63 (Supple-
mentary Table 15) and the Food and Agriculture Organization (FAO,
https://www.fao.org/faostat/en/#data/QCL/visualize), respectively.
We scaled the corresponding global total sectoral emissions reported
by WMO for salt marshes (7 (0.6−14) Gg yr−1)4 and for mangroves (1.3
(1.2−1.3) Gg yr−1)4 to China using the ratio of China’s salt marsh
(3.8 × 1011m2)15 and mangrove (2.0 × 1011m2)11 areas to global total
areas. The salt marsh andmangrove area data for China were obtained
from Chen et al.65 and Wang et al.66, respectively, and are presented in
Supplementary Table 16. For the fungi subsector, we roughly assumed
that the decomposition mass was proportional to the vegetation area;
thus, we calculated China’s CH3Br emissions from fungi decomposi-
tion activities by multiplying global fungi emissions (2.2 (1−5.7)
Gg yr−1)4 and the ratio of China’s vegetation area to global vegetation
area calculated by the MODIS MCD12C1 product (https://ladsweb.
modaps.eosdis.nasa.gov/archive/allData/6/MCD12C1/). The equations

used for the calculations are as Eqs. (9−13):

Erice paddies, t =Arice, t × Fmethyl bromide ð9Þ

Erapeseed, t = Eglobal rapeseed, t ×AChina rapeseed, t=Aglobal rapessed, t ð10Þ

Esalt marsh, t = Eglobal salt marsh ×AChina salt marsh, t=Aglobal salt marsh ð11Þ

Emangrove, t = Eglobal mangrove ×AChina mangrove, t=Aglobal mangrove ð12Þ

Efungi, t = Eglobal fungi ×AChina vegetation, t=Aglobal vegetation, t ð13Þ

Erice paddies, t is the emission (Gg yr−1) from the rice paddies sub-
sector in the year t, Arice, t is China’s rice planting area (m2) in the year t,
Fmethyl bromide is the emission flux (mg m−2) of CH3Br from the rice
paddies, Erapeseed, t the emission (Gg yr−1) from the rapeseed subsector
in the year t. Eglobal rapeseed, t is the global emission (Gg yr−1) from the
rapeseed subsector in the year t, AChina rapeseed, t and Aglobal rapeseed, t are
rapeseedplanting areas (ha; 1 ha = 0.01 km2)) of China andglobal totals
in the year t. Esalt marsh, t is the emission (Gg yr−1) from the salt marsh
subsector in the year t, and AChina salt marsh, t and Aglobal salt marsh, t are
salt marsh areas (m2) of China and global totals in the year t, respec-
tively. Emangrove, t is the emission (Gg yr−1) from themangrove subsector
in the year t, and AChina mangrove, t and Aglobal mangrove, t are mangrove
areas (m2) of China and global totals in the year t, respectively. Ef ungi, t

is the emission from the fungi subsector in the year t, and
AChina vegetation, t and Aglobal vegetation, t are vegetation areas (m2) of China
and global totals in the year t, respectively.

In this study’s bottom-up inventory estimation, a normal dis-
tributionwith 10%uncertainty for CH3Br production and consumption
data derived from our survey report25; a 5% uncertainty was adopted
for all national statistical activity data (i.e., agricultural residue mass
and rapeseed and rice cultivation areas) used in this study58. A Monte
Carlo method with 100,000 samples was employed to calculate
bottom-up emissions and uncertainties58.

Metric for ozone depletion
A key metric to assess the ability of a compound to deplete strato-
spheric ozone is ODP, which is calculated relative to a reference
compound (CFC-11 with anODP of 1).We calculated the ODP-weighted
emissions (CFC-11-equivalent emission) of CH3Br by multiplying the
mass emissions of CH3Br by its ODP value. Additionally, we calculated
integrated ozone depletion (IOD) to quantify the extra ozone deple-
tion resulting from China’s missing source during 2011–2050, assum-
ing that the missing source (5.5 Gg yr−1 on average from 2011 to 2020)
remains constant during 2021–2050. The time-integrated column
ozone depletion can be calculated using halocarbon emissions
and their total atmospheric and stratospheric lifetimes67, as shown in
Eq. (14):

IOD=K EEq
τatmos

τstrat

� �
ð14Þ

Here, K = 100± 16DU years per Tg Cl. EEq is the emissions in Tg Cl,
andwemultiplied a bromine efficiency factor of 60 to calculate EEq for
CH3Br

67. τatmos and τstrat are total atmospheric lifetime and strato-
spheric lifetime of CH3Br.

Data availability
The emission sensitivity data sets generated in this study have been
deposited in Figshare (https://figshare.com/s/2528c02b80e0f117ff2b).
The CH3Br measurement data for the AGAGE sites used in this study
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are available at http://agage.mit.edu/data/agage-data. TheChinese and
global CH3Br QPS and non-QPS consumption data reported to the
UNEP are available at https://ozone.unep.org/countries/. Global land-
cover data for MCD12C1 are available at https://ladsweb.modaps.
eosdis.nasa.gov/archive/allData/6/MCD12C1/. The global gridded dry
matter burnt data of the GFASv1.2 database are available at https://
apps.ecmwf.int/datasets/data/cams-gfas/. The agricultural residue
mass data and Chinese national rice and rapeseed planting area data
are available at http://www.stats.gov.cn/tjsj./ndsj/. Global cultivation
area data for rice and rapeseed are available at https://www.fao.org/
faostat/en/#data/QCL/visualize. Source data are provided with
this paper.

Code availability
The code for the dispersion model FLEXPART is available at https://
www.flexpart.eu.
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