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Abstract. Methyl bromide (CH3Br) is a potent ozone-depleting substance (ODS) that has both natural and an-
thropogenic sources. CH3Br has been used mainly for preplant soil fumigation, post-harvest grain and timber
fumigation, and structural fumigation. Most non-quarantine and pre-shipment (non-QPS) uses were phased out
by 2005 for non-Article 5 (developed) countries and by 2015 for Article 5 (developing) countries under the
Montreal Protocol on Substances that Deplete the Ozone Layer; some uses have continued under critical-use ex-
emptions (CUEs). Under the protocol, individual nations are required to report annual data on CH3Br production
and consumption for quarantine—pre-shipment (QPS) uses, non-QPS uses, and CUEs to the United Nations En-
vironment Programme (UNEP). In this study, we analyzed high-precision, in situ measurements of atmospheric
mole fractions of CH3Br obtained at the Gosan station on Jeju Island, South Korea, from 2008 to 2019. The
background mole fractions of CH3Br in the atmosphere at Gosan declined from 8.5 £ 0.8 ppt (parts per trillion)
in 2008 to 7.4+ 0.6 ppt in 2019 at a rate of —0.1340.02 ppt yr—!. At Gosan, we also observed periods of persis-
tent mole fractions (pollution events) elevated above the decreasing background in continental air masses from
China. Statistical back-trajectory analyses showed that these pollution events are predominantly traced back to
CH3Br emissions from eastern China. Using an interspecies correlation (ISC) method with the reference trace
species CFC-11 (CCI3F), we estimate anthropogenic CH3Br emissions from eastern China at an average of
4.1+1.3Ggyr~! in 2008-2019, approximately 2.9 + 1.3 Gg yr—! higher than the bottom-up emission estimates
reported to UNEP. Possible non-fumigation CH3Br sources — rapeseed production and biomass burning — were
assessed, and it was found that the discrepancy is most likely due to unreported or incorrectly reported QPS and
non-QPS fumigation uses. These unreported anthropogenic emissions of CH3Br are confined to eastern China
and account for 30 %—40 % of anthropogenic global CH3Br emissions. They are likely due to delays in the in-
troduction of CH3Br alternatives, such as sulfuryl fluoride (SO, F>), heat, and irradiation, and a possible lack of
industry awareness of the need for regulation of CH3Br production and use.
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1 Introduction

Methyl bromide (CH3Br) is a colorless, odorless, non-
flammable chemical that is a powerful ozone-depleting sub-
stance (ODS). Since CH3Br has a relatively short lifetime
(0.8 years) compared to the other major ODSs (Yvon and
Butler, 1996; Hu et al., 2012; Engel et al., 2019), changes in
surface emissions tend to be reflected quickly in changes to
atmospheric mole fractions. Unlike most other ODSs, CH3Br
has both natural and anthropogenic sources. The principal
natural emission sources are the ocean (Hu et al., 2012), salt
marshes (Montzka et al., 2011), wetlands (Lee-Taylor and
Holland, 2000), fungi (Lee-Taylor and Holland, 2000; Lee-
Taylor et al., 2001), and plants such as mangroves or shrubs
(Rhew et al., 2001; Manley et al., 2007). Anthropogenic
emission sources include fumigation (Carpenter et al., 2014),
agricultural and biofuel biomass burning (Andreae and Mer-
let, 2001), and the rapeseed industry (Gan et al., 1998; Mead
et al., 2008). CH3Br has been particularly widely used for
fumigation to eradicate various pests present in soils or in
the storage, import, and export of grains and timbers. CH3Br
is removed from the atmosphere by soil and ocean deposi-
tion, reactions with hydroxyl (OH), and photolysis mainly
occurring in the lower stratosphere. The sources and sinks of
CHj3Br in the atmosphere are not in balance, with total sinks
larger than total sources by about 40 Ggyr~! (Carpenter et
al., 2014). This is most likely due to insufficient understand-
ing of existing sources (Yokouchi et al., 2002; Montzka et al.,
2003). Recently, possible new sources have been identified.
For example, emissions of CH3Br occur in the bread-baking
process (Thornton et al., 2016) and from seaweed meadows
(Weinberg et al., 2015), but their contributions were found
not to have a significant impact on the global budget. The
reasons for the imbalance between CH3Br sources and sinks
remain unresolved.

CH3Br was listed in 1992 as an ODS under the Mon-
treal Protocol on Substances that Deplete the Ozone Layer
(MP), an international agreement for the protection of the
stratospheric ozone layer. The parties to the protocol agreed
to a schedule for the total phaseout of CH3Br use, begin-
ning with a freeze on production and consumption in 1995
at the 1991 baseline level followed by step-down reductions
in 1999, 2001, and 2003 and total phaseout by 2005 for
non-Article 5 (developed) countries and a freeze at 1995—
1998 average baseline levels and total phaseout in 2015 for
Article 5 (developing) countries. Typically, 91 % of CH3Br
consumption for non-quarantine and pre-shipment (non-
QPS) uses was for soil fumigation and 9 % for storage prod-
ucts and structures in both non-Article 5 and Article 5 coun-
tries (methyl bromide technical options committee; MBTOC,
2018). Presently quarantine and pre-shipment (QPS) uses
are exempt from the phaseout; however individual parties to
the MP are required to annually report data on the CH3Br
production and consumption for QPS uses, non-QPS uses,
and critical-use exemptions (CUEs) to the United Nations
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Environment Programme (UNEP). Except for a small use
of CH3Br for CUEs, the consumption of CH3Br for pre-
plant soil fumigation and non-QPS commodities or structures
has been mostly reduced, contributing to an overall reduc-
tion of nearly 60000t in the global consumption of CH3Br
from 1998 to 2017 (MBTOC, 2018). The reported amounts
of consumption of CH3Br for QPS that are not controlled
(exempted from phaseout) under the MP have remained rel-
atively constant over the past 20 years and now account for
more than 98 % of the estimated consumption of CH3Br cur-
rently reported due to the phaseout of other regulated uses
(TEAP, 2020). Despite no formal regulation, most parties to
the MP are making efforts to minimize the use of CH3Br for
QPS use and replace it with suitable alternatives such as heat
treatment, phosphine (PH3), ethyl formate (Co,H;OCHO),
sulfuryl fluoride (SO, F,), and ethanedinitrile (NCCN). As a
consequence of this CH3Br phaseout, the global atmospheric
mole fraction of CH3Br decreased from 9.2 ppt (parts per tril-
lion) at the peak in 1996-1998 to 6.6 ppt in 2015, but then it
showed a slight positive growth of 0.14 ppt yr=!' (2.1 % yr—!)
from 2015 to 2016 (Engel et al., 2019).

Global anthropogenic emissions of CH3Br can be esti-
mated using “bottom-up” methods from consumption and
production data across various activities reported to UNEP
annually by individual nations using activity-dependent
emission factors (e.g., 65 % for reported non-QPS consump-
tion and 84 % for the reported QPS consumption; MBTOC,
2006). Significant uncertainties result from the emission fac-
tors and the speciation of CH3zBr consumption across various
activities (Vaughn et al., 2018). As QPS uses of CH3Br are
generally highly emissive, consumption for these activities
can be more accurately converted into emissions from the
categories of QPS usage (MBTOC, 2018).

“Top-down” estimates of global CH3Br emissions are de-
rived from modeling of measured atmospheric mole fractions
and atmospheric transport processes, for example using the
Advanced Global Atmospheric Gases Experiment (AGAGE)
12-box model of the atmosphere, assuming an atmospheric
lifetime for CH3Br (Cunnold et al., 1994; Prinn et al., 2005;
Rigby et al., 2013). Regional characteristics of CH3Br emis-
sions however cannot be obtained with the AGAGE 12-box
model or a similar model because they do not have the res-
olution to account for the synoptic scale of the atmospheric
flow. Since the MP control of CH3Br consumption applies at
a national level, rather than globally, it is important to esti-
mate the top-down emissions at a regional to national scale
(Weiss and Prinn, 2011). China is the largest producer and
consumer of agricultural products in the world and therefore
has potentially large anthropogenic sources of CH3Br and is
an important region for understanding CH3Br emissions in
East Asia. Several studies have estimated the regional or na-
tional emissions from China based on top-down approaches
using atmospheric observations. Blake et al. (2003) estimated
the CH3Br emissions of 2.6 Ggyr~! in China (South China
2.0Ggyr~! and North China 0.6 Ggyr~!) from aircraft ob-
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servations in 2001. An inverse modeling study (Vollmer et
al., 2009) using high-frequency ground measurements sug-
gested emissions from China had decreased to 0.24 Ggyr~!
in 2006-2008. However, those results were based on a lim-
ited period of observations (e.g., a few months to years)
and could not analyze the long-term variations and trends
in CH3Br emissions. Since then, there have been no further
studies tracking the CH3Br emission trends in East Asia.

In this study, we present the 12-year high-precision, high-
frequency record of atmospheric CH3Br mole fractions ob-
served at Gosan station on Jeju Island, South Korea, and
analyze the observed variations in atmospheric CH3Br. We
estimate annual emissions of CH3Br mainly from anthro-
pogenic sources in eastern China, based on the empirical in-
terspecies correlations between CH3Br and CFC-11 during
pollution episodes from eastern China and the well-defined
eastern China CFC-11 emissions. This is the first study to
present the long-term changes in CH3Br emissions from east-
ern China, after the phaseout period. In the following sec-
tions, in Sect. 2, we first introduce the Gosan station and the
in situ, ground-based instrumentation for CH3zBr measure-
ments, and long-term seasonal and annual variations in at-
mospheric CH3Br mole fractions are discussed. Moreover,
we suggest potential source regions that show high sensitivi-
ties to the enhanced CH3Br mole fractions based on air mass
back-trajectory statistics and describe the interspecies corre-
lation method to estimate emissions of CH3Br. In Sects. 3
and 4, the observation-based emission estimates of CH3Br
in eastern China are further discussed considering the exist-
ing discrepancy between the global bottom-up and top-down
emissions of CH3Br.

2 Data and analysis

2.1 Instrumentation and measurement data

The coastal atmospheric observation station Gosan (GSN;
33.3°N, 126.2° E; 72 ma.s.l.) at the southwestern tip of Jeju
Island, South Korea (see Fig. 1), is ideally located to moni-
tor regional background mole fractions of atmospheric trace
gases due to minimal influence of local anthropogenic pol-
lution sources and the strong pollution outflows from China,
Korea, and Japan in East Asia (Kim et al., 2012; Li et al.,
2011, 2014; Park et al., 2018).

The in situ measurement system at Gosan, a “Medusa” gas
chromatography mass spectrometer (GC-MS) equipped with
a cryogenic pre-concentration system (Miller et al., 2008;
Prinn et al., 2018), monitors more than 40 halogenated com-
pounds including CFC-11 and CH3Br. As a part of AGAGE
(Prinn et al., 2018), Gosan station has been conducting con-
tinuous high-precision and high-frequency observations ap-
proximately every 2h (12 times per day) from 2008 to the
present. The precision values (1o0) of all species, determined
from repeated analysis (n = 12) of an ambient standard, are
better than 1 % (e.g., the precision of CH3Bris < 0.1 %). The
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atmospheric abundances of most of the Medusa compounds
are calibrated on scales maintained by the Scripps Institution
of Oceanography (SIO) (e.g., SIO-05 scale for CH3Br in this
study).

Long-term, high-frequency CH3Br data observed dur-
ing 2008-2019 at Gosan and background mole fraction data
from Mace Head, Ireland (53.3° N, 9.9° W), and Cape Grim,
Australia (40.7° S, 144.7° E), are shown in Fig. 2. Mace Head
and Cape Grim, the primary sites of AGAGE, have been mea-
suring various well-established trace gases including halogen
compounds in the atmosphere for a long time and are histor-
ically representative remote background monitoring stations
for the Northern Hemisphere and Southern Hemisphere, re-
spectively (Prinn et al., 2018). Therefore, they are suitable
sites for evaluating the measurement performance and sea-
sonal variation in CH3;Br at Gosan.

Regional background mole fractions of CH3Br were deter-
mined by removing pollution events after applying a polyno-
mial fit to the lower 99.7 % (within 30) of the Gaussian dis-
tribution derived from the 121 d observations for 60 d before
and after each observed data point (O’Doherty et al., 2001).
The baseline mole fractions at Gosan and Mace Head (North-
ern Hemisphere) are higher than those of Cape Grim (South-
ern Hemisphere), while the annual cycles at Gosan and Mace
Head are similar.

The annual average CH3Br baseline mole fraction at
Gosan decreased steadily from 8.5+ 0.8 ppt in 2008 to 7.4 £
0.6 ppt in 2019 (Table 1), declining at a rate of —0.13 &
0.02 pptyr~! (—1.5% yr—1). This rate of decline for CH3Br
is consistent with the global trend of atmospheric CH3Br de-
termined from AGAGE in situ and NOAA (National Oceanic
and Atmospheric Administration) flask data in 2011-2012
that were reported in Carpenter et al. (2014), which has been
attributed to the influence of the CH3Br restrictions on non-
QPS use imposed by the Montreal Protocol.

The monthly mean CH3Br baseline mole fractions
for 2008-2019 are shown in Fig. 3. The seasonal variations
show a steady increase in spring, reaching a maximum in
May, then dropping in June—July, and followed by a constant
level for the last 5 months of the year. The various sources
and sinks of CH3Br likely show seasonal variability, and
the summertime minima in CH3Br can be largely explained
by the atmospheric mole fractions of OH reaching a maxi-
mum during the boreal summer (Cox, 2002; Simmonds et al.,
2004) and long-range transport of southern hemispheric air
parcels that cross over the tropical regions (Li et al., 2018).

Despite the continuous decrease in background mole frac-
tions, we observed clear pollution signals (shown in red in
Fig. 2) through the entire study period, representing persis-
tent inflow to Gosan of air masses influenced by regional
CH3Br emission sources and thus containing elevated mole
fractions of CH3Br. The annual means of the enhancement
mole fraction (pollution — baseline; hereafter, enhancement)
are consistently in a range of 3.6 to 4.6 ppt as given in Fig. 4.
Note that there are data-missing periods for several months
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Figure 1. Gosan station (33.3°N, 126.9°E; 72ma.s.l.) on Jeju Island, South Korea (red asterisk). Air samples are taken at 17 m
(~ 100ma.s.l.) from a tower next to the coastal cliff. The geographic locations of Ireland’s Mace Head (53.3° N, 9.9° W) and Australia’s
Cape Grim (40.7° S, 144.7° E), representing the remote background monitoring stations in the Northern Hemisphere and Southern Hemi-
sphere, are indicated by green and blue asterisks, respectively. (Map data: © Google Earth.)

due to the impact of Typhoon Chaba on Gosan (5 Octo-
ber 201614 April 2017), failure and repair of the base-plate
temperature controller (29 September—-8 December 2017),
and replacements of mass spectrometer filaments (5 March—
9 June 2018).

Atmos. Chem. Phys., 22, 5157-5173, 2022

2.2 Statistical method to identify the potential CHzBr
source regions

The regional distribution of potential CH3Br sources in East

Asia was derived by applying statistical analysis of back
trajectories corresponding to the observed CH3Br enhance-
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Figure 2. Mole fractions of CH3Br in the atmosphere at Gosan for the period 2008-2019. The baseline data (black) are selected using a
statistical method (O’Doherty et al., 2001); the polluted data (red) are elevated above the baseline data. The baseline data from Mace Head,
Ireland (green), and Cape Grim, Australia (blue), over the same period are shown as mid-latitude references for the Northern Hemisphere

and Southern Hemisphere, respectively.

Table 1. Annual means, standard deviations, and the number of
data of each CH3Br baseline and actual polluted signals at Gosan
from 2008 to 2019 that are represented in Fig. 2.

12

2008-2010
' 2011-2013

Year Baseline Pollution
CH3Br  Number CH3Br Number
(ppt) of data (pp) of data
2008 8.5+0.8 933 13.1£5.1 1402
2009 8.7+£0.5 955 13.0+4.6 1187
2010 8.6+0.8 1215 13.2+4.9 1485
2011  8.4+0.7 938 13.4+6.2 1395
2012 8.440.6 1069 12.5+4.3 1360
2013 7.94+0.9 1065 12.7+£4.4 1831
2014  7.9+0.6 967 12.5+4.7 1715
2015 7.84+0.7 497 12.6+£4.6 1263
2016 8.0+0.7 445 13.4+44 688
2017  7.8+0.9 425 11.7+£4.0 582
2018 7.0+0.4 691 10.9+£3.9 899
2019 7.440.6 1105 12.1£5.0 1655

ments at Gosan from 2008 to 2019. Air mass back tra-
jectories were generated using the HYSPLIT (Stein et al.,
2015) model from the NOAA Air Resources Laboratory with
meteorological data output from the Global Data Assimila-
tion System (1° x 1° horizontal resolution, 23 vertical lay-
ers, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdasl, last ac-
cess: 11 March 2022). The HYSPLIT 6 d air mass backward
trajectories were initialized 500 m above the Gosan observa-
tion station, at a height where topographical influences can
be minimized (Li et al., 2014). To minimize the error that
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Figure 3. Monthly mean CH3Br baseline mole fractions at Gosan
for 2008-2019. Each color represents the average of the 3-year in-
terval for the period. Note that there are data missing for several
months in 2016, 2017, and 2018, mainly due to typhoon damage to
Gosan station and repair of Medusa.

arises from a small number of outlier trajectories, only grids
with more than 12 over-passing trajectories were used to de-
fine a potential source region (Reimann et al., 2004; method
described in Supplement).

Figure 5 shows the distribution of potential CH3Br source
regions in East Asia for 2008-2019, widely distributed
over eastern China and southern Korea. In particular,
high-potential source regions for CH3Br emissions are seen
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Figure 4. Box—whisker plot of annual enhancements of CH3Br
at Gosan for 2008-2019. The box encloses the interquartile
range (IQR) defined as the 25th—75th percentiles, and whiskers rep-
resent maximum (top) and minimum (bottom) enhancements. The
solid and dotted lines in the boxes represent the mean and median
value of the data, respectively.

along the Yangtze River that connects Shanghai, Nanjing,
Hefei, and Wuhan. The port of Shanghai has been one of the
busiest container ports in the world since 2010, with high
volumes of port traffic and a large population (Robert et al.,
2020). For example, Shanghai handled 43.3 million 20 ft
equivalent units (TEUs) in 2019 (https://safety4sea.com/
port-of-shanghai-worlds-busiest-container-port-for-2019/,
last access: 11 March 2021). In several cases, high CH3Br
mole fractions were observed in narrow-width air mass back
trajectories that showed long residence times over the port
of Shanghai (see Fig. S1 in the Supplement; additionally
simulated by the FLEXible PARTicle dispersion model
(FLEXPART) to confirm the dispersion effect instead of
single trajectories of HYSPLIT), which would be consistent
with Shanghai being a likely major port for QPS usage of
CH;Br.

The high-potential source regions include not only mod-
ern industrial urban areas but also the vast alluvial plains
along the Yangtze River and its main tributaries. Note that
this statistical analysis has little sensitivity to emissions
from southwestern—western China and tends to overestimate
source strengths near the modeling boundary due to the lim-
its of the 5-6d backward trajectory domain of the HYS-
PLIT model. Therefore, those parts of China have been ex-
cluded from further discussion (Park et al., 2018). Also note
that this statistical trajectory analysis tends to underestimate
emissions at sub-grid-scale hotspots because the measured
concentration is distributed evenly over the grid cell (Stohl,
1996). Also, the dilution effects on distant source emissions
are not considered in this statistical approach (Vollmer et al.,
2006). Therefore, the emissions from nearby sources might
be overestimated due to the higher CH3Br concentration. For
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this reason, the emission potential of South Korea, shown in
Fig. 5, may be lower. We do not attempt to identify more
exact locations of CH3Br emission sources based on this ap-
proach because of its potential uncertainties; nevertheless it
is clear that significant emissions of CH3Br originate pre-
dominantly from eastern China and South Korea.

2.3 Interspecies correlation method to estimate
emissions of CH3Br

In the previous section, it was noted that most of the air
masses exhibiting enhanced CH3Br mole fractions flow into
Gosan from China and Korea. We classify the air mass ori-
gins into 17 regions (see Fig. S2a for the regional domains)
based on the 6d kinematic back trajectories of the HYS-
PLIT model. If a trajectory arriving at Gosan had entered
the boundary layer (as defined by HYSPLIT) only within
the regional domains for eastern China-1 (region 15), eastern
China-2 (region 16), and Shandong provinces (region 17), it
was defined as an air mass originating from eastern China.
The air mass classification applied to the CH3Br time series
is illustrated in Fig. S2b. The proportions of CH3Br pollution
events from 2008 to 2019 classified into China, North Korea
and South Korea, and other regions were 37 %, 44 %, and
19 %, respectively. Among them, 98 % of air masses clas-
sified as China correspond to eastern China (~ 35 % of the
total).

2.3.1 Interspecies correlation method

To estimate emissions of CH3Br from eastern China, we ap-
plied an interspecies correlation (ISC) method (Palmer et al.,
2003; Dunse et al., 2005; Yokouchi et al., 2006; Millet et al.,
2009; Li et al., 2011; Shao et al., 2011; Wang et al., 2014;
Park et al., 2018). Described as a “ratio method”, this ap-
proach can derive the emissions of a trace gas of interest
from the correlation of its enhancement above the baseline
with that of a reference compound. This empirical ratio ap-
proach can estimate regional emissions of various substances
in a simple and robust manner compared to inverse methods
that require complex computational processes in combina-
tion with chemical transport models. For a reference tracer
in the ISC method, the following conditions are required:
(1) a long lifetime and thus low chemical reactivity during
transport from source to observation site, (ii) well-quantified
emission sources, and (iii) approximate co-location of the
source regions for the reference and target species resulting
in significant correlations with the target species. Several pre-
vious studies have used carbon monoxide (CO) as a reference
species for ISC (Palmer et al., 2003; Dunse et al., 2005; Guo
etal., 2009; Wang et al., 2014). CO can be observed readily at
the target species observation sites and has often documented
emissions from anthropogenic sources, usually as a compo-
nent of regional air quality emission inventories. One of the
issues of using CO as a reference species in ISC is that the
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Potential Source Strength [ppt]

Figure 5. Potential source regions for CH3Br emissions derived by back-trajectory analyses of enhanced CH3Br mole fractions measured at
Gosan station from 2008 to 2019. The location of Gosan station is represented as a black triangle.

emission inventories usually document anthropogenic CO
sources only, whereas the observations see CO emissions
from anthropogenic and natural sources, biomass burning for
example. Therefore, in the CO observational data record, CO
pollution episodes have to be identified as predominantly an-
thropogenic before inclusion in the ISC emission calcula-
tions, which complicates matters.

Instead, we selected CFC-11 as the reference compound
because CFC-11 has a long lifetime (50-60 years) with low
chemical reactivity, it has been measured simultaneously
with CH3Br at Gosan showing strong correlations (Li et
al., 2011), and the CFC-11 emissions from eastern China
for 2008-2019 have been very well quantified by four dif-
ferent inverse models (Rigby et al., 2019; Park et al., 2021).

Atmospheric observations of CH3Br, CFC-11, benzene,
toluene, and ethane (Fig. 6) show significant correlations
between CH3Br and CFC-11, for example on 19 and
21 May 2010. The volatile organic compounds (VOCs), like
benzene, toluene, and ethane, are emitted from biomass burn-
ing, showing a noteworthy simultaneous increment and sug-
gesting that biomass burning in eastern China could be a po-
tential CH3Br source. This point is discussed in detail in the
next section.

The emissions of CFC-11 are from anthropogenic sources
only — there are no natural sources of CFC-11. Although the
emission sources of CFC-11 and CHj3Br are not necessar-
ily co-located on an emission activity basis, we can still ap-
ply the ISC method to estimate the magnitude of country-
/regional-scale emissions of CH3Br when they occur within
the same country/region where CFC-11 is emitted. When the

https://doi.org/10.5194/acp-22-5157-2022

likely CFC-11 and CH3Br sources are not co-located on a
fine scale but are co-located on a regional scale, then it is
important to make the CFC-11 and CH3Br observations suf-
ficiently distant (hundreds of kilometers) from the source
region so that the initial individual plumes of CFC-11 and
CH3Br emissions from separate sources become well mixed.

In this study, the emissions of CH3Br in eastern China are
derived using the following equation:

Mwvis
Mcrc-11

Emp = Ecrc-11 X o X (1)
where Eyp and Ecpc-11 are the emissions of CH3Br and
CFC-11, respectively; « is a slope of the linear regression
between enhancements of CH3Br and CFC-11 (ACH3Br and
ACFC-11); and My and Mcrgc-11 are the molecular weights
of CH3Br and CFC-11, respectively. The intercept term of
the linear regression can be ignored because it is generally
not significantly different than zero, confirmed by the similar
slope terms from linear and linear through-the-origin regres-
sions (Dunse et al., 2005).

The uncertainty in CH3Br emissions is associated with un-
certainties in & and Ecpc-11 and determined by an error prop-
agation method as follows:

Mwvs
Mcrc-11

2

— 2 2 2 2
OMB = \/GECFC-II X a*+ EGpeqy X 05 X

where oy is the uncertainty in estimated CH3Br emissions
and 0gqp-,, and oy are the uncertainties in Ecgc.11 and o,
respectively.
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Figure 6. Observed mole fractions of CH3Br, CFC-11, benzene, toluene, and ethane at Gosan during May 2010; note the highly correlated
pollution events between CH3Br and CFC-11 and also the mole fractions of VOCs (benzene, toluene, and ethane), which are likely related
to the biomass burning and general anthropogenic combustion processes increasing simultaneously.

2.3.2 Emissions of reference tracer

We use known emission estimates of CFC-11 from eastern
China, which were derived by inverse modeling of Gosan
CFC-11 observation data (Rigby et al., 2019; Park et al.,
2021). Atmospheric mole fractions for CFC-11 observed
over the same period as CH3Br are shown in Fig. S3. CFC-
11 emissions were estimated from four different Bayesian
inverse methods based on two different Lagrangian at-

Atmos. Chem. Phys., 22, 5157-5173, 2022

mospheric chemical transport models: the UK Met Office
Numerical Atmospheric-dispersion Modelling Environment
(NAME; Jones et al., 2007) and FLEXPART (Stohl et al.,
2005; Pisso et al., 2019). The details for the modeling frame-
works are described in Rigby et al. (2019) and Park et
al. (2021). For Ecpc-11 and ocgc-11 in Egs. (1) and (2), the
emissions of CFC-11 and their uncertainties are derived from
the four inversion models used (Park et al., 2021). The av-
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erage value of estimated emissions of CFC-11 for eastern
China ranged from 5.7 to 20.4 Gg yr—! over the period 2008—
2019 (Park et al., 2021).

2.3.3 Linear regression

Several studies have used ordinary least squares (OLS) as
a linear regression method due to its simplicity. With OLS,
the errors in both independent variables are not considered.
However, if both variables have uncertainties like the obser-
vation data used in this study, both errors must be consid-
ered when performing a linear regression between the two
variables. Some other linear regression methods considering
the XY errors have been suggested to overcome the limita-
tion of OLS. Dunse et al. (2005) used the FITEXY method
(Press et al., 2007), Wang et al. (2014) used the orthogonal
distance regression (ODR; Wallace et al., 2012), and Park
et al. (2018) used the Williamson—York regression (WYR;
Cantrell, 2008) to estimate the emissions of the trace gases
by the ISC method. A recent study (Wu and Yu, 2018) sug-
gested that the weighted Deming regression (WDR; here-
after, DR) method estimates a more accurate slope and in-
tercept by minimizing the residual errors for both X and
Y among the various linear regression methods, particularly
for atmospheric data with measurement error. As mentioned
earlier, the calculated slopes can be different depending on
which linear regression fit is used. Therefore, we applied
not only the DR approach but also the FITEXY and WYR
methods to determine annual slopes between the observed
enhancements of CH3Br and CFC-11 during 2008 to 2019.
The results for the FITEXY and WYR methods are similar.
Even though the co-matched observation points were slightly
scattered in the range of large enhancements, DR generated
best fits representing the overall correlations trends. Millet
et al. (2009) required a Pearson correlation coefficient (r)
over 0.3. In order to distinguish the contamination due to
natural sources of CH3Br and consider the origin of anthro-
pogenic sources, we used only the data in which CH3Br
and CFC-11 enhancement occurred at the same time for lin-
ear regression. Figure 7 shows the resulting annual slopes.
For most of the observations, CH3Br enhancements show
a correlation with those for CFC-11 with r larger than 0.4
(e.g., typically, r = 0.48 in 2011). They do not maintain a
high correlation ( > 0.4) for every single year since most of
the enhancements of CH3Br and CFC-11 were less than 5 ppt
and high-pollution events occurred only occasionally within
a year. Note that r in 2019 was very low (r < 0.1) because of
a tendency for the data in 2019 to bifurcate due to the occur-
rence of some high-concentration cases from different source
regions to the source regions for the majority of the low en-
hancement concentrations. For 2019, we adopted the slope
of and uncertainty in the regression line in 2010, which were
used to estimate the emissions of CH3Br for 2019 by using
the ISC method. Nevertheless, CFC-11 seems suitable as a
reference compound to trace anthropogenic emissions from
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eastern China. Further, in general, if outliers are included in
the analysis within the regression process, r may not be ro-
bust and the regression slope may be heavily biased by the
outliers (Devlin et al., 1975). Therefore, we applied robust
WDR, which can cover the overall scatter trend well, and
it demonstrated that there was no significant difference be-
tween the regression results using all observation data and the
outliers removed (see Fig. S4). In addition, the WDR slopes
are well consistent with the annual medians of the individual
ratios between ACH3Br and ACFC-11 data (see Table S1
in the Supplement), which are known to be less sensitive to
outliers compared to the means (Miller et al., 2012), imply-
ing that the resulting slopes are robust to outlier data points
and represent well the individual ratios between CH3Br and
CFC-11 enhancements as well.

3 Estimated CH3Br emissions from eastern China

Figure 8 shows the annual CH3Br emission estimates de-
rived for eastern China by the ISC method from atmospheric
measurements at Gosan from 2008 to 2019. The bar plots
represent annual CH3Br emissions with 1o uncertainties,
which were determined based on CFC-11 emissions derived
from four different inversion frameworks. The results de-
rived from different inversion methods agree to within the
stated uncertainties for most years. Note that the emission
estimate in 2013 calculated from the NAME-HB CFC-11 in-
version was 2.6 Ggyr~!, while those from other inversions
were larger than 5Ggyr~!. Despite the uncertainty ranges
for the CFC-11 inversion results and for the least-squares fits
in the ISC method, the resulting CH3Br emissions from east-
ern China have remained relatively constant in a range of
2.44+13t07.14£1.3Ggyr! (onaverage 4.14+1.3Ggyr 1)
for the period 2008-2019. This represents 40 %—50 % of the
summed global emissions of CH3Br for QPS (on average
8.0Ggyr~!) and non-QPS (on average 2.2Ggyr~!) fumi-
gation usage in 2008-2019 (see Table S2; Carpenter et al.,
2014; TEAP, 2020).

The emissions of CH3Br peaked in 2010 at 7.1+
1.3Ggyr~! and then decreased to 2.4 = 1.3 ppt in 2012, fol-
lowed by a slight increasing trend in later years. The abrupt
increase in CH3Br emissions in 2010 is difficult to explain
in terms of the consumption and production data reported
to the Ozone Secretariat for both controlled uses and QPS
uses of CH3Br. The consumption in 2010 and 2012 was less
than 1.5 Ggyr~!, and possible emissions were between 1.0—
1.4 Ggyr~!. The cause or causes of the relatively large emis-
sions in 2010 and 2013 are unknown. The years of 2010
and 2013 were unusual in that much more wildfire occurred
modulated by the El Nifio—Southern Oscillation (ENSO) in
China compared to other years. Southwestern China showed
an ENSO-related maximum in fire occurrences in 2010 and
southeastern China in 2013 (Fang et al., 2021). These rare
wildfires can impact on that. The increase in CH3Br emis-
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Figure 7. The annual correlation between the enhancement of CH3Br and CFC-11 above the baseline measured at Gosan from 2008 to 2019.
The linear trend line was derived by the weighted Deming regression method.

sions for 2014-2018 possibly reflects the impact of increased
QPS CHj3Br use in traded commodities as reported to UNEP
(MBTOC, 2018).

Figure 9 shows the comparison between bottom-up emis-
sions of CH3Br for China reported to UNEP and top-down
emissions of CH3Br derived by ISC for eastern China us-
ing CFC-11 as the reference emissions. The detailed values
of each category are described in Table 2. The bottom-up
emissions of CH3Br used in fumigation are determined by
applying an emission factor of 65 % to the reported non-
QPS consumption and 84 % to the reported QPS consump-
tion (MBTOC, 2006).

As mentioned earlier, the increase in bottom-up emis-
sions of CH3Br over the period 2014-2018 is consistent
with an increase in consumption for QPS fumigation. How-
ever, in 2019, the reported non-QPS and QPS consumptions
were reduced to zero and 0.87 Gg yr~!, respectively. The av-
erage of the bottom-up emissions of CH3Br from China is
1.1£0.2Ggyr~! in the period of 2008-2019.

Atmos. Chem. Phys., 22, 5157-5173, 2022

4 Potential of anthropogenic sources that
contribute to CH3Br emissions

Overall, the variations in both bottom-up and top-down emis-
sions exhibit qualitative agreement, with peak emissions
in 2010, a decrease in 2011 and 2012, a slight increase un-
til 2017 and 2018 (except for the large top-down emissions
in 2010 and 2013 discussed above), and then a decrease again
in 2019. However, there is an obvious, significant discrep-
ancy between the absolute values of both data sets. Consid-
ering the bottom-up emissions were based on reported data
for all of China and the top-down emissions were derived
for eastern China, the actual difference in derived emissions
of CH3Br is likely to be larger. Assuming that the emissions
from eastern China represent all Chinese emissions, the mean
difference between the bottom-up and top-down estimates
over the entire period 2008-2019 is 2.94 1.3 Ggyr~!. The
largest difference was in 2010 (5.8 Ggyr~!), with top-down
emissions (7.1 Gg) nearly a factor of 6 times greater than the
bottom-up emissions (1.2 Gg). The causes of these large dis-
crepancies in estimated emissions of CH3Br are not obvious.
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Figure 8. CH3Br emission estimates derived for eastern China by
ISC from the observation data of CH3Br and CFC-11 at Gosan
during 2008-2019. CFC-11 emissions were taken from Park et
al. (2021) and are estimated using four independent inverse model
frameworks (NAME-HB, NAME-InTEM, FLEXPART-MIT, and
FLEXPART-Empa). The bar plot of each color denotes the emis-
sions of CH3Br with 1o uncertainty derived from each inversion of
CFC-11, and the average of the four different inversions is shown
in red.
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Figure 9. Top-down emissions of CH3Br for eastern China esti-
mated by ISC using CFC-11 as the reference tracer (Fig. 7). The
bottom-up emissions of CH3Br for China are based on the reported
consumption data to UNEP for quarantine—pre-shipment (QPS),
non-QPS, and critical-use exemption (CUE) categories. The solid
black line and gray-shaded region denote the mean and standard
deviation of estimated CH3Br emissions from four independent in-
version frameworks.

We have examined some possibilities.

i. Rapeseed industry. In the life cycle of rapeseed, CH3Br
is largely emitted during the flowering period in the
2 months after sowing (Jiao et al., 2020). Rapeseed in
the Northern Hemisphere generally blooms in the warm
weather from March to May. So seasonal emissions
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Table 2. Bottom-up and top-down emissions of CH3Br from 2008
to 2019 as presented in Fig. 9. The bottom-up emissions are the
sum of QPS, non-QPS, and CUE emissions that are converted by
emission factors (65 % for non-QPS and for the QPS) from con-
sumption as reported to UNEP for all of China (data available at
the Ozone Secretariat website, http://ozone.unep.org, last access:
15 April 2022). The top-down emissions were derived for eastern
China by the ISC method with CFC-11 as the reference tracer.

Year Reported to UNEP (Gg yr_l) ISC (CFC-11 ref.)

QPS Non-QPS CUE Total (Ggyr ™
2008 1.04 040 - 144 3.0+0.8
2009 0.90 026 - 116 3.54+0.6
2010  1.06 022 - 128 71+13
2011 0.99 019 - 118 2.840.6
2012 0.92 016 - 108 24413
2013 0.93 011 -  1.04 50+£1.9
2014 0.94 005 - 099 3.1+0.6
2015 0.78 0.07 0.11 0.96 3.5+1.4
2016 0.96 0.06 010 1.12 42412
2017  1.14 0.06 009 1.9 50+1.1
2018 1.03 0.06 009 1.18 49+1.1
2019 073 0 - 073 4241.1

QPS: quarantine—pre-shipment; CUE: critical-use exemptions; UNEP: United Nations
Environment Programme.

from the arable land of rapeseed may be related to the
observed springtime increase in CH3Br polluted mole
fractions at Gosan (see Fig. S5).

China is the third-largest producer of rapeseed in the
world after the European Union and Canada, account-
ing for 12 % of the total rapeseed production in 2015—
2016, and the arable land lies mainly along the Yangtze
River, which is suitable for growing rapeseed (Khir et
al., 2017). Previous studies have reported that the global
emissions of CH3Br by the rapeseed industry range
from 2.8 0.7 Ggyr~! (Jiao et al., 2020) to 5Ggyr~!
(Gan et al., 1998; Mead et al., 2008). Considering the
proportion of eastern China in the global rapeseed in-
dustry, the emissions of CH3Br by rapeseed in eastern
China could be about 0.3-0.6 Ggyr~.

ii. Biomass burning of agricultural residues. Owing to the
almost total phaseout of CH3Br for non-QPS uses to
date, the largest contributor to global anthropogenic
emissions of CH3Br is biomass burning, such as agri-
cultural open-field burning and use of biofuels (about
23 Ggyr~!; Carpenter et al., 2014). As shown in Fig. 6,
the elevated mole fractions of VOCs (toluene, benzene,
ethane), which are associated with biomass burning, are
correlated with elevated mole fractions of CH3Br, sug-
gesting that there may be some contribution of biomass
burning to the observed CH3Br enhancements. Note the
sources of VOC pollution are generally not entirely due
to biomass burning, as VOCs are emitted by combustion
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iii.

processes in general (e.g., fossil fuel use and combus-
tion).

Approximately 140 Tg of agricultural residues is burned
in fields across all of China every year (Zhao et al.,
2017). Biomass burning in eastern China is predomi-
nantly due to the burning of agricultural crop residues
(~60Tgyr~!), mainly wheat residues (in May—June)
and rice and corn residues (in September—October)
(Zhang et al., 2020). This eastern China biomass burn-
ing seasonality may contribute slightly partly due to the
seasonality in elevated levels of CH3Br seen at Gosan
(May—June and September—October; see Fig. S5).

The global annual emissions of CH3Br from the burn-
ing of agricultural waste are uncertain. Recently, An-
dreae (2019) revised the emission factor (EF) of CH3Br
by agricultural residues based on a field experiment to
1.1gt™! of dry matter burned, and based on this, the
global biomass burning emissions of CH3Br by agricul-
tural residue estimates were 0.3 Gg yr~!. Using this EF,
the emissions of CH3Br from biomass burning of agri-
cultural residues in eastern China would be approxi-

mately 0.07 Ggyr~.

Post-harvest treatment. Historically, CH3Br consump-
tion resulted from soil fumigation (non-QPS), struc-
tural fumigation (non-QPS), and post-harvest fumiga-
tion (mainly QPS). Currently, the phaseout of CH3Br
has been successfully implemented under the Mon-
treal Protocol for non-QPS applications, in particular
the decrease in consumption of CH3Br for soil fumiga-
tion. Chemicals (e.g., chloropicrin, metam sodium, da-
zomet) and non-chemical methods (steam, soilless cul-
ture, resistant varieties) have been successfully intro-
duced as alternatives to CH3Br use as soil fumigants
(Mao et al., 2016; MBTOC, 2018). For QPS applica-
tions, phosphine has been widely used as a substitute
for CH3Br in post-treatment of commodities, but it is
known that some pests have developed resistance to
phosphine (Jagadeesan and Nayak, 2017; Xinyi et al.,
2017). SO,F, is used in China as an alternative to non-
QPS use of CH;3Br for the preplant soil fumigation as
well as the QPS disinfestation of some durable prod-
ucts and post-harvest commodities (Cao et al., 2014;
Gressent et al., 2021). Interestingly, the spatial distribu-
tion of the potential emission source regions estimated
from the SO,F, pollution observed at Gosan is very
similar to that for CH3Br (Fig. S6). In addition, the
mole fractions of SO,F, and CH3Br increase contem-
poraneously, and the correlations between the enhance-
ments of both substances and CFC-11 are significant
(Figs. S7 and S8). This implies temporal and spatial co-
emissions of SO>F, with anthropogenic CH3Br into the
atmosphere. Gressent et al. (2021) showed that SO, F>
emissions in China were predominantly generated by
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post-harvest treatment rather than structural fumiga-
tion among its main uses and were distributed within
a large portion in eastern China. It seems that CH3Br
and SO;F, use sources were spatially co-located; thus
they are not completely replaced and co-emitted with
their jumbled usage. Using these Gressent et al. (2021)
SO,F, emissions, the CH3Br emissions from eastern
China for post-harvest treatment derived by the ISC
method from the observations of SO,F, and CH3Br at
Gosan were 0.9+0.2 Gg yr~! for the period 2014-2019
(Table S3). Thus, the post-harvest use of CH3Br in east-
ern China results in approximately 1 Ggyr—! of anthro-
pogenic CH3Br emissions.

iv. Unreported or inaccurately reported emissions from fu-

migation usage. The CH3Br emissions proposed above
in (i)—(iii) can account for about half of the discrep-
ancy (2.9Ggyr~!) between top-down and bottom-up
estimates for eastern China. The sources of the remain-
ing discrepancies (~ 1.4 Ggyr~!) in CH3Br emissions
remain unknown.
Errors in the reported inventory for regulated uses can-
not be ruled out because it is unsure whether the lim-
its on new QPS use have been adhered to (MBTOC,
2018). Besides, despite the successful reduction in an-
thropogenic CH3Br emissions globally, the possibility
of unidentified sources of emissions has been raised
in multi-year MBTOC assessment reports (Porter and
Fraser, 2020). As a similar example, we note that, al-
though CFC-11 was a very important target chemi-
cal for phaseout under the Montreal Protocol, unex-
pected CFC-11 emission increases were found due to
unreported production and use in eastern China dur-
ing 2013-2018 (Rigby et al., 2019; Park et al., 2021). In
addition, it may be premature to conclude that CH3Br
non-QPS use in China has been completely replaced
by the alternatives discussed above. Since CH3Br rep-
resents the least cost-effective fumigation method, the
transition to the use of alternatives may be delayed with-
out strong regulations and/or financial incentives and/or
social awareness. The fact that CH3;Br emissions de-
rived from atmospheric observations in this study are
significantly larger than reported emissions suggests
that unreported fumigation use of CH3Br may have oc-
curred during the transition to alternative fumigation
methods or that other sources, such as emissions from
industrial wastes, have been overlooked.

5 Summary and conclusion

Atmospheric CH3Br has both natural and anthropogenic
sources and plays a significant role in stratospheric ozone
destruction. For this reason, CH3Br non-QPS uses as a
soil, commodity treatment, and structural fumigant are be-
ing phased out globally under the Montreal Protocol on Sub-
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stances that Deplete the Ozone Layer, and its QPS use as a
commodity fumigant is regulated.

To understand the temporal trend in atmospheric CH3zBr
abundances and its emission sources in East Asia, we ana-
lyzed the mole fractions of CH3Br observed at Gosan (Jeju
Island, South Korea) for 12 years from 2008 to 2019. The
baseline mole fractions indicating the regional state of the
background atmosphere decreased by —0.13 = 0.02 ppt yr—!
(—1.5% yr~!) during the period, with seasonal variations in-
creasing in spring and decreasing in summer. Despite the
decreasing trend of the CH3Br baseline, relatively constant-
strength pollution events occurred in every year.

A statistical backward trajectory analysis showed that
emissions of CH3Br in the region were highest from eastern
China compared to other surrounding countries. Top-down
emission estimates of CH3;Br from eastern China were deter-
mined by using an ISC method with CFC-11 as the reference
tracer defining anthropogenic CH3Br emissions. The ISC-
based CH3Br emission rates were 4.1 4 1.3 Gg yr~! on aver-
age during 2008-2019 and, despite the CH3Br phaseout for
non-QPS applications in Article 5 countries, which includes
China, in 2015, significant CH3Br emissions have contin-
ued. These CH3Br emissions determined from atmospheric
observations are significantly different from the bottom-
up emission estimates predicted from consumption data re-
ported to UNEP (1.140.2Ggyr™!). The possible contribu-
tions of the rapeseed industry and biomass burning to this
discrepancy were assessed to be approximately 0.3-0.6 and
0.07 Ggyr~!, respectively. However, this is insufficient to
explain the approximate 3 Ggyr~! difference between top-
down (4.1 Ggyr~!) and bottom-up (1.1 Ggyr~!) estimates.

The remaining discrepancy (3.5 Ggyr~!) that ruled out
the non-fumigation sources (rapeseed industry and biomass
burning of agricultural residues) from total top-down CH3Br
emissions is most likely due to fumigation use that was not
reported and/or was inaccurately reported or emissions from
unknown sources, such as industrial waste or other sources.
Correlations between CH3Br and SO,F; pollution levels at
Gosan suggest that the post-harvest use of CH3Br in eastern
China contributes 0.9 40.2Ggyr~! to this 3.5Ggyr~! dis-
crepancy. These data may suggest that the transition from
CH3Br to SO,F; or other alternatives for post-harvest fu-
migation in eastern China is only partially complete. Unre-
ported use for fumigation may be related to the delay in in-
troducing alternative technologies into CH3Br fumigation in
eastern China and/or the lack of social awareness of the reg-
ulation, during the transitional period to alternative technolo-
gies.

Most of our estimated emissions of CH3Br are from east-
ern China, and these CH3Br emissions, likely from unre-
ported or inaccurately reported fumigation usage, are sig-
nificant enough to account for 30-40% of global emissions
for fumigation usage. Further analysis of CH3Br emissions
from all of China would enhance understanding of these po-
tentially unreported/underestimated emissions. Our method
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has limitations in considering all sources of CH3Br and
thus has inherent uncertainties. Nevertheless, it is impor-
tant to investigate the accuracy of bottom-up emission in-
ventories for anthropogenic sources of CH3Br using compar-
isons with observation-derived top-down emission estimates
as presented here.

The total tropospheric bromine (in units of ppt) from long-
lived brominated substances (CH3Br and halons) controlled
by the MP has been decreasing since reaching a peak in 1998,
mainly due to the decline in CH3Br. However, the contribu-
tions of halons to declining tropospheric bromine have be-
come predominant since 2012 (Carpenter et al., 2014). In
recent years, CH3Br has accounted for a significant propor-
tion of the total amount of bromine in the troposphere from
long-lived compounds. Consequently, if any potentially un-
reported non-QPS and QPS emissions from fumigation us-
age could be reduced and eventually stopped in developing
countries, a further reduction in atmospheric CH3Br mole
fractions would occur very quickly due to the short half-
life of CH3Br. For this reason, continued monitoring of at-
mospheric CH3Br mole fractions in East Asia and improve-
ments in inverse modeling approaches are presently seen as a
key priority in order to locate and identify specific emission
sources.
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