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Abstract The potent greenhouse gas sulfuryl fluoride (SO,F,) is increasingly used as a fumigant,
replacing methyl bromide, whose structural and soil fumigation uses have been phased out under the
Montreal Protocol. We use measurements on archived air samples and in situ observations from the
Advanced Global Atmospheric Gases Experiment (AGAGE) and a box model of the global atmosphere

to show a global increase of SO,F, mole fraction from 0.3 + 0.02 to 2.5 + 0.08 ppt along with a global
increase in emissions from 0.5 + 0.4 Gg yr™' to 2.9 + 0.4 Gg yr™' from 1978 to 2019. Based on a hybrid
model incorporating bottom-up industry data and a top-down downscaling approach, we estimate the
spatial distribution and trend in SO,F, regional emissions between 2000 and 2019 and propose that the
global emissions increase is driven by the growing use of SO,F, in structural fumigation in North America
and in postharvest treatment of grains and other agricultural products worldwide.

Plain Language Summary Sulfuryl fluoride (SO,F,) is a potent greenhouse gas that has
been used increasingly in fumigation since the global phase-down in the nonquarantine/preshipment

use of methyl bromide under the Montreal Protocol. Despite its potential to warm the climate, there is
great uncertainty surrounding the magnitude and location of SO,F, emissions, which limits our ability

to target emissions mitigation measures. We have used atmospheric observations from the Advanced
Global Atmospheric Gases Experiment to show that global emissions increased from close to zero in the
early 1980s to ~2.4 Gg yr~ " in 2019. We find that the primary source of these global emissions in 2019

was structural fumigation in North America, but that the increase over the last two decades has also been
driven by the growing use of SO,F, in postharvest treatment of crops in many countries around the world.

1. Introduction

The use of synthetic chemical pesticides methyl bromide (CH;Br) and sulfuryl fluoride (SO,F,) for the con-
trol of insects in stored agricultural products or for structural (building) fumigation is widespread in most
developed and some developing countries. These chemicals are very toxic, and both are greenhouse gases
(GHGs) influencing global climate. Methyl bromide, whose emissions have a substantial natural compo-
nent, is also an ozone depleting substance (ODS), responsible for depletion of global stratospheric ozone
(e.g., Engel & Rigby et al., 2018). As a consequence, fumigation (known as nonquarantine/preshipment
[nonQPS]) uses of CH;Br were phased out under the Montreal Protocol on substances that deplete the
ozone layer (1998, https://ozone.unep.org/treaties/montreal-protocol, Methyl Bromide Technical Options
Committee, MBTOC, 2014, 2018) resulting in a large decrease in its consumption (Carpenter & Reimann
et al., 2014; Engel & Rigby et al., 2018). In response, SO,F, has replaced CH;Br in non-QPS applications
and is now one of the main structural and postharvest fumigants of dried fruits, tree nuts, grains flours, and
timbers.
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Although it does not have a direct impact on stratospheric ozone like its predecessor CH;Br, SO,F, is a
potent greenhouse gas with a global warming potential (GWP) over a 100-year time horizon of ~4,780
(Papadimitriou et al., 2008). Its future emissions are expected to continue to increase significantly (MB-
TOC, 2018). As reported in previous studies, the atmospheric removal of SO,F, is mainly driven by hydrol-
ysis in the surface ocean with a partial lifetime of 40 + 13 years (Miihle et al., 2009) and by reaction with
the hydroxyl radical (OH) with a partial lifetime of 300 years (Dillon et al., 2008; Papadimitriou et al., 2008),
resulting in an overall atmospheric lifetime of 36 + 11 years (Miihle et al., 2009). Miihle et al. (2009) also
showed growth of SO,F, mole fraction in the global atmosphere with a mean growth rate of 5 + 1% yr ™'
from 1978 to 2007. They found that SO,F, global total emissions were 0.6 Gg yr™" in 1978, 1.1 Gg yr " in
1995, and 1.9 Gg yr™" in 2007.

Here, we present an update of the global SO,F, abundance and emissions for recent years and for the first
time, a regional and sectoral breakdown of these emissions. These distributions are critical for understand-
ing where and how this potent greenhouse gas is being used.

In Section 2, we present the top-down and bottom-up downscaling approaches that are used for global and
regional emissions estimations, respectively. We present spatially distributed SO,F, emissions for North
America (USA, Canada, Mexico, Cuba, Trinidad and Tobago, Jamaica), Europe (Italy, Switzerland, Ger-
many, France, UK, Belgium, Greece, Spain, Ireland, Portugal, The Netherlands, Sweden, Austria, Turkey),
Asia (China, Japan, Vietnam, Thailand), Australia, and individual countries (Egypt, Indonesia), where bot-
tom-up industrial data are available between 2000 and 2019. In Section 3, we discuss the Advanced Global
Atmospheric Gases Experiment (AGAGE) in situ observation data used in this study. Section 4 focuses on
the results and their interpretation. Finally, Section 5 summarizes and discusses the overall conclusions
with some perspectives for future work.

2. Materials and Methods
2.1. Global Top-Down Emissions Estimation

The AGAGE 12-box model has been used previously to calculate the global mean growth rate and emissions
of SO,F,. The model box boundaries are defined by horizontal divisions at 30°N, 0°, and 30°S, and vertical
divisions at 1,000, 500, 200, and 0 hPa (i.e., 12 boxes overall, 8 in the troposphere, 4 in the stratosphere, Cun-
nold et al., 1983; Miihle et al., 2009; Rigby et al., 2013). This formulation allows us to resolve background
mole fractions measured in each semi-hemisphere with the model providing some information on pro-
cesses such as (annually repeating) stratosphere-troposphere exchange and interhemispheric transport. As
above, the steady-state lifetime of SO,F, is estimated at 36 + 11 years in the 12-box model, based on the 40-
year partial lifetime with respect to ocean uptake (Miihle et al., 2009) and a more recent rate of reaction with
OH (Burkholder et al., 2015). The rate of loss to the oceans is scaled in each surface semi-hemispheric box
to provide the same relative loss rate as was estimated for carbon tetrachloride (Yvon-Lewis & Butler, 2002).
This results in 33% of the oceanic loss occurring in the Northern Hemisphere (NH), and 67% in the South-
ern Hemisphere (SH), largely reflecting differences in oceanic surface area. While there may be differences
in this scaling for SO,F,, any associated errors in the global emissions presented below are expected to be
small. The 12-box model OH concentration is based on 3D model fields from Spivakovsky et al. (2000), ad-
justed to match trends in AGAGE methyl chloroform (CH;CCl;) mole fractions (Rigby et al., 2013).

Monthly mean in situ AGAGE observations presented in Section 3 are used to constrain the model, after
above-baseline “pollution events” have been removed from the data using a statistical filtering algorithm
(following O'Doherty et al., 2001). The SO,F, observations before 2004 are from archived air samples (as de-
scribed in Miihle et al., 2009, their Section 2.3). Unlike Miihle et al. (2009), we have not used polynomial fits
to the data as inputs to the inversion, but have instead used the actual data. In addition, we have prefiltered
outliers from the archive tank record. For SO,F,, due to the sparse NH data before in situ measurements
started in the NH, the fits used for the iterative filtering are guided by the derived SH fit, shifted by 2 years
(c.f. Miihle et al., 2019). This means that we are now more confident that the early NH archive samples are
relatively free from contamination, and therefore several samples that were rejected in Miihle et al. (2009)
were included here. In the inversion, we applied an uncertainty to each monthly mean or archive sample,
which approximated the combined uncertainty due to both the measurement and model. For the in situ
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data, this term was assumed to be equal to the observed monthly baseline variability (e.g., following Rigby
et al., 2014). For the archive points, we used the measurement repeatability plus the mean monthly baseline
variability in the same hemisphere during the period where in situ data were available, scaled by the mean
mole fraction difference between the in situ and archive data.

To estimate emissions using the model and the data, we use a Bayesian method from Rigby et al. (2011, 2014).
Briefly, this method does not rely on a priori estimates of absolute emissions magnitudes, but instead con-
strains only the expected year-to-year emissions variability. Following Rigby et al. (2011) and Engel & Rigby
et al. (2018), we assume that, in the absence of observations, emissions change by 0 Gg yr‘l, +20% of the
maximum global emissions magnitude from the industrial estimate of Miihle et al. (2009). Essentially, this
method provides a weak smoothing to the derived emissions, which is required where there are large gaps
in the data, for example, during the period when data from archived air were used. The derived emissions
were not found to be sensitive to reasonable changes in the a priori constraints. The uncertainties in the a
posteriori emissions are determined by the measurement uncertainty and the magnitude of the prior con-
straint, and are augmented by a term related to the systematic lifetime and calibration scale uncertainties
(following Rigby et al., 2014). The model calculations have been performed for global annual emissions
from 1978 to 2019.

2.2. Regional Emissions Estimation

SO,F, emissions are estimated for the two main sectors of emissions, structural fumigation and postharvest
treatment (hereafter denoted SF and PT, respectively). Minor SO,F, uses/emissions from plasma cleaning
gas in semiconductor production (Hobbs & Hart, 2004), as a cover gas in magnesium production replacing
sulfur hexafluoride (SFs, Miihle et al., 2009), and minor production from electrical discharge decomposition
of SFg in transformers (Koréh et al., 1997) are not considered here due to their relatively small contributions.

Regional emissions estimation using traditional inverse methods of atmospheric data (e.g., Fang et al., 2019;
Rigby et al., 2019; Say et al., 2019) are challenging for SO,F, due to very sporadic (frequency of hours) emis-
sions from fumigation and the difficulty for models to capture this type of signal. We thus estimate emis-
sions for the SF and PT sectors using a downscaling approach of the global emissions to regional scales. We
estimate emissions for the years 2000-2019, inclusive, for the continental regions of North America (USA,
Canada, Mexico, Cuba, Trinidad and Tobago, Jamaica), Europe (Italy, Switzerland, Germany, France, UK,
Belgium, Greece, Spain, Ireland, Portugal, The Netherlands, Sweden, Austria, Turkey), Asia (China, Japan,
Vietnam, Thailand), Australia, and for individual countries (Egypt, Indonesia) where SO,F, use and emis-
sions reports are the most readily available (details in the Supporting Information S1). Since emissions or
consumption reports are not available for all countries that use SO,F,, we use our downscaling of the global
top-down emissions by region and sector that merges consumption reports and various proxy data.

The most important variables to consider are the year when the fumigant use began and the parti-
tioning of the country's total emissions between SF and PT (Table 1). These are taken from MBTOC
(2006, 2010, 2014, 2018), Buckley and Thoms (2012), Dow AgroSciences (2010, 2011), Prabhakaran
et al. (2006), Dunse et al. (2019, which provide the Australian SO,F, imports, consumption and emissions
data), Cao et al. (2014), Widayanti et al. (2016), and Schwarz et al. (2011, which provides a review of regu-
lation on certain fluorinated greenhouse gases). The first countries to use SO,F, were the USA and Japan
for structural fumigation. This occurred before the 2000s and their SF emission partitions are estimated as
95% and 100%, respectively. In Europe, Australia, China and the other countries where the gas has been
licensed (MBTOC, 2006, 2010, 2014, 2018) SO,F, is used predominantly for PT. In order to determine the
partitioning of the country’s total emissions between SF and PT, we assume that if the SO,F, registration is
only reported for SF then the partitioning is 100% for SF and 0% for PT (and vice versa). In the case where
SO,F, is registered for both SF and PT and we know from the literature that the main SO,F, source is SF, for
example, then we allocate a large fraction to the SF sector that is, 95%, and a small fraction to the PT sector
that is, 5% (and vice versa).

Emissions estimates on the regional scale rely on several proxies. First, the spatial distribution of the emis-
sions is defined yearly for the SF and PT sectors as detailed in Equations 1 and 2, respectively.
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Table 1

The Year in Which SO,F, Began to be Used and the Partitioning of the Country's Total Emissions Between SF and PT
Sectors, Based on Dunse et al. (2019) [D19], Buckley and Thoms (2012) [BT12], Dow AgroSciences (2010, 2011) [DA10
and DA11], MBTOC (2006, 2010, 2014, 2018) [MB6, MB10, MB14 and MB18], Prabhakaran et al. (2006) [P6], Cao

et al. (2014) [C14], Widayanti et al. (2016) [W16], and Schwarz et al. (2011) [S11]

Region Country First year of start use SF (%) PT (%)
North America A B2 BN EHIL, M T before 2000 95 5
Canada [DA10-11, MB6-10-14-18, P6] 2006 0 100
Mexico [BT12, DA11, MB14-18] 2007 0 100
Cuba MB14 2006 0 100
Trinidad and Tobago [PA!- MB18] 2007 0 100
Jamaica MB14+18] 2010 0 100
Europe [MB6-10-14-18] Italy [BT12, DA10-11, P6, S11] 2004 5 95
Switzerland [PA1-11. Pl 2003 5 95
Germany [BT12, DA10-11, P6, S11] 2004 5 95
France [BT12, DA10-11, P6, S11] 2006 5 95
UK [DA10-11, P6, S11] 2004 S 95
Belgium [BT12, DA10, P6, S11] 2005 S 95
Greece [BT12PAL] 2009 5 95
Spain [PA1O-11.511] 2007 5 95
Ireland PA! 2007 0 100
Portugal [A1°! 2010 5 95
The Netherlands [BT12 PA10.511] 2010 5 95
Sweden 51 2004 5 95
Austria [PA10-S11] 2004 5 95
Turkey [B712 DA10] 2009 5 95
Asia China [©*4 2014 0 100
Thailand MB418] 2009 0 100
Vietnam MB1418] 2009 0 100
Japan [MB6-10-14-181 before 2000 100 0
Australia Australia [P1% BT12 DA10.P6] 2007 5 95
Other Countries Egypt [MB1418] 2010 0 100
Indonesia MB1418- Wil 2010 0 100
d3p2r2 = POPyoou housing X MaSK jicensed countries X MASK countries with termites €Y)

With dgpyrs, the spatial distribution of SF emissions (in km™), POPyood housing the population density
(CIESIN, 2018) considered for countries for which the residential buildings are built out of wood (in km ™,
FAO, 1971), masKy;censed countiess @ grid of 0 or 1 (unitless) showing the countries where SO,F, has been ap-
proved for SF (MBTOC, 2006, 2010, 2014, 2018; Dow AgroSciences, 2013) depending on the first year of
start use (see Table 1), mask . unies with termites» @ £Lid of 0 or 1 (unitless) showing areas, where we find termites
(Ultimate Termite Control, http://www.ultimatetermitecontrol.com/termite-infestation-probability-map/)

because SF by using SO,F, is mainly associated with termite eradication.

PT _
dSOZFZ - fcropland X dgrain production x maSklicensed countries (2)

With d?gzm, the spatial distribution of PT emissions (in km™), Jeroplana> the cropland fraction (unitless,
global ESRI grid based on the year 2000, Ramankutty, 2010), dyin productions the global grain production (in
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km™2, FAO, 2020), masky;.nsed countries @ &rid of 0 or 1 (unitless) showing the countries where SO,F, has been
approved for PT (MBTOC, 2006, 2010, 2014, 2018; Dow AgroSciences, 2010, 2011), depending on the first
year of start use (see Table 1). Note that by using the cropland fraction as a proxy, there is no spatial distinc-
tion of the types of crops. In addition, Equation 2 assigns SO,F, emissions to all cropland regions but it may
be possible that some of them do not involve SO,F, fumigation.

. PO . li P . .o . .
To estimate the emissions magnitudes (Fegyry""%), we allocate emissions to individual countries based on

the spatial distribution of the SF and PT emissions, the AGAGE box model global emissions estimates, and
the SF and PT partitioning (Table 1) as described in Equation 3.

SF or PT top—down 6
, (dsozpz X Fgoapy X Pxle le”’
Fdawnsmlmg _ _— (3)
SO2F2 - 6
Moy * le 315

With Fyoyrs® the downscaling estimate of SF or PT emissions (in mol m™ s7%), Fiheo™, the global
emissions estimated by the AGAGE box model (in Gg yr™"), P, the global SF and PT partitioning (unitless),
Mgy pa, the SO,F, molar mass (in g mol™). The other numerical factors are for unit conversion. Where
available, the data on SO,F, consumption for each country are used to calculate the fumigant emissions. For
North America, primarily California, the SO,F, yearly total consumptions are provided by the Department
of Pesticide Regulation (https://www.cdpr.ca.gov/) from 1995 to 2017 and extrapolated from 2017 to 2019.
For Australia, the SO,F, usage data are based on the total imports (Dunse et al., 2019). European emissions
have been calculated by using the use estimate from the report on European F-gases (Schwarz et al., 2011)
from 2006 to 2010 and extrapolated from 2000 to 2006 and from 2011 to 2019. To the best of our knowledge,
there are no available data for SO,F, usage in Asian countries. It should be noted that emissions may have
occurred from regions of the world for which there is no authorized fumigation activity and such emissions
would not be accounted for using the methods outlined here. The consumption is multiplied by the emis-
sions factor F = 2/3 (Miihle et al., 2009) which is applied uniformly in space. The initial (proxy based as
described in Equation 3) estimate is then rescaled according to this calculation.

Finally, the seasonality of the SO,F, emissions is estimated. The emissions, which are determined on an
annual basis, are distributed monthly over the year depending on the allocated seasonality. Structural fumi-
gation releases are considered as continuous year-round emissions. Qualitative inspection of some AGAGE
SO,F, data suggests that SF might occur more often on long weekends (i.e., holidays), depending on the
country, but to our knowledge there is no industry reference to support this variability. Seasonality is ap-
plied to PT fumigation depending on the region: in North America PT is assumed to occur uniformly dur-
ing a 6-month season (from June to November inclusive), in Europe from June to December inclusive, in
Australia from November to March inclusive, and in Asia from June to November inclusive (United States
Department of Agriculture, International Production Assessment Division, https://ipad.fas.usda.gov/og-
amaps/cropcalendar.aspx).

Regional emissions are calculated at monthly resolution and their spatial distribution is provided with a
resolution of 0.352° X 0.234°, which corresponds to the horizontal resolution that has been used in several
recent regional inverse modelling studies using the NAME model (the UK Met Office Numerical Atmos-
pheric dispersion Modeling Environment, Jones et al., 2007 and Manning et al., 2011).

3. AGAGE SO,F, Mole Fraction Data

AGAGE and its precursor programs provide a continuous record of in situ measurements of a comprehen-
sive range of ODSs and GHGs since 1978 (Prinn et al., 2000, 2018). SO,F, measurements have been made
using the Medusa Gas Chromatography with Mass Spectrometry (GC-MS) system (Miller et al., 2008; Ar-
nold et al., 2012). The SO,F, measurement precision is 2%, calibrated relative to ambient air working stand-
ards, which have been prepared at the Scripps Institution of Oceanography (SIO). SO,F, data are reported
in the SIO-07 calibration scale (Prinn et al., 2000, 2018; Miller et al., 2008).
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Figure 1. SO,F, mole fractions (in ppt) observed at the Advanced Global Atmospheric Gases Experiment (AGAGE) sites (Zeppelin [ZEP], Mace Head [MHD],
Jungfraujoch [JFJ], Monte Cimone [CMN], Trinidad Head [THD], Shangdianzi [SDZ], Gosan [GSN], Ragged Point [RPB], Cape Matatula [SMO], and Cape
Grim [CGO]) from 2000 to 2019 inclusive.

SO,F, was first discovered in ambient air at La Jolla in 2003, but we do not use this highly polluted data set
due to close proximity to the San Diego urban area where SO,F, is regularly used to fumigate houses for ter-
mite eradication (Miihle et al., 2009). Here, we use SO,F, measurements starting in November 2004 at Cape
Grim (CGO, Tasmania) and Mace Head (MHD, Ireland), in March 2005 at Trinidad Head (THD, California),
in July 2005 at Ragged Point (RPB, Barbados), in May 2006 at Cape Matatula (SMO, Samoa), in November
2007 at Gosan (GSN, Korea), in April 2008 at Jungfraujoch (JFJ, Switzerland), in May 2010 at Shangdianzi
(SDZ, China), in September 2010 at Zeppelin (ZEP, Norway), and in July 2011 at Monte Cimone (CMN,
Italy). Only the measurement stations MHD, THD, RPB, SMO, and CGO were included in the box model
inversions as they are the longest-running baseline stations. The other stations are used to qualitatively
examine pollution events and other variability to inform the regional studies as discussed below, but are not
used directly in the regional emissions estimation.

As a consequence of the use of SO,F, to replace CH;Br in the non-QPS sector beginning in 2003, in situ
measurements (Figure 1) show a significant increase of SO,F, global average mole fraction from 1.4 ppt in
2005 to 2.7 ppt in 2019. SO,F, pollution events of upto 60 and 90 ppt are observed at THD and CMN, re-
spectively. High mixing ratios are also recorded at JFJ (upto 12 ppt), GSN (15 ppt), SDZ (17 ppt), and CGO
(18 ppt). Significant local sources or continental transport of high SO,F, emissions are expected for those
sites from their surrounding regions. Relatively low pollution events have been observed at MHD (upto
4 ppt), suggesting weaker and/or more distant sources compared to the sources driving pollution episodes at
THD for example. Also, in contrast to THD, the measurements at SMO, RPB, and ZEP show mole fractions
that are consistently close to the global background, with a few large pollution events, indicating generally
background air with occasional impact of pollution from local sources of SO,F,.
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SOZF2 (ppt)

4. Results

4.1. SO,F, Global Growth Rate and Global Emissions Derived
from Atmospheric Data

The AGAGE measurements show a significant increase in the global an-
nual mean SO,F, mole fraction between 1978 and 2019 from 0.3 + 0.02

to 2.5 = 0.08 ppt (for gap-filling purposes, global averages are taken

o
s
oo

o
i

from the box model, into which measurements have been assimilat-
ed). The associated annual mean growth rate changed on average from
0.02 + 0.02 ppt yr™' to 0.09 + 0.01 ppt yr~ ' between 1978 and 2019 (fol-

growth rate (ppt yr')
o
o
o o

lowing the method in Rigby et al., 2014). This growth rate can be seen to

have increased most strongly between 2008 and 2014 with a maximum of

SOZF2 emissions (Gg yr")
- & v b o

o
o

L

L

0.1 + 0.01 ppt yr™* in 2013. This can be explained by a rapid expansion
of the use of SO,F, during this period, especially as PT use began to be li-
censed in Asia (China, Thailand, Vietnam) and other countries (Jamaica,
Turkey, Egypt, Indonesia). This trend corresponds to the increasing global
SO,F, emissions estimated by the inversion from 0.5 + 0.4 Gg yr ™' in 1978
to 2.9 + 0.4 Gg yr™' in 2019 (Figure 2). There are two noteworthy reduc-
tions in emissions in the early 1990s (from 0.84 + 0.2 Gg yr™' in 1988 to
0.43 £ 0.2 Gg yr~" in 1990) and in the mid-2000s (from 1.87 0.3 Gg yr ™"

0
1978 1982 1987

L L L | ) . 1. . . .
2001 2005 2009 2014 2019 in 2005 to 1.46 + 0.3 Gg yr~ in 2007), which might be explained by the

economic crises that occurred during those periods. The numerical re-

Figure 2. The semi-hemisphere averaged SO,F, mole fractions (in ppt, sults for AGAGE measurements, the growth rate and the emissions are
upper plot), the global growth rate (in ppt yr™', middle plot, blue line) with  presented in the Supporting Information S2, S3, and S4, respectively.

the associated uncertainty (1-sigma, in shaded blue) and semi-hemispheric

growth rates (dashed colored lines) and the inferred global emissions

(in Gg yr™', bottom plot) with the associated uncertainty (1-sigma, in

shaded green), estimated from the Advanced Global Atmospheric Gases
Experiment (AGAGE) box model are presented for 1978-2019.

4.2. Regional SO,F, Emissions

Regional emissions estimates are shown in Figure 3. For all regions, the
expansion of the PT use of SO,F, is responsible for a significant part of
the emissions increase during the period of the study. However, in North
America, the region with the highest average emissions throughout, SF remains the most important source
of SO,F,. The overall increase in emissions in North America, from 1.4 Gg yr™' to 2.8 Gg yr~* from 2000 to
2019, is primarily explained by SF in California and PT that started in Canada in 2006. Europe and Australia
show small emissions related to SF with little year-to-year variation. Mainly because of the PT sector, SO,F,
emissions changed from 0 Gg yr™' to 0.25 Gg yr™" and from 0 Gg yr™" to 0.1 Gg yr~" between 2000 and 2019
in these regions, respectively. PT emissions in Asia became globally significant between 2008 and 2009 and
by 2014, exceeded the Asian SF emissions that largely occurred in Japan. In this region, the total emissions
increased from 0.09 Gg yr™' to 0.54 Gg yr~' between 2000 and 2019. In the other countries (Egypt and In-
donesia), emissions increased in total from 0 Gg yr™' to 0.12 Gg yr~' between 2000 and 2019 only due to PT.

The proxy-based emissions estimate (following Equation 3) is rescaled based on the emissions calculated
from consumption data when they are available. This could result in differences between global emissions
from the top-down estimation and the total of the regional estimation. As shown in Figure 3, the total of the
regional emissions is close to the upper uncertainty bound in the global top-down estimate until 2013. Sub-
sequently, the total regional emissions exceed the top-down estimate. This could be explained by a potential
overestimate of the SF emissions in the USA, where emissions are scaled from available SO,F, consumption
data in California. For the final 2 years, SO,F, consumption data are extrapolated (see Section 2.2) which
may lead to an overestimate of emissions. In addition, emissions from Asia are not rescaled since consump-
tion data are not available. In this region, an emissions increase is calculated since 2007 for both SF and PT
sectors. Without scaling with real data, the estimates in Asia could be biased and participate in the global
overestimate. Note that the numerical results for PT, SF and their sum are presented in S5, S6, and S7 as well
as the monthly emissions as S8 for the year 2019 in supporting information.

The spatial distribution of the SO,F, emissions as an average of the 20-year period is presented in Figure 4.
The SF emissions are primarily concentrated in California and Japan, with a maximum of 1.6 x 10™"! and
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Figure 3. Annual average (2000-2019) SO,F, emissions (Gg yr™") from structural fumigation (SF, blue), postharvest
treatment (PT, orange), and the total (SF + PT, dashed grey) for North America (USA, Canada, Cuba, Mexico, Trinidad
and Tobago, Jamaica), Europe (Italy, Switzerland, Germany, France, UK, Belgium, Greece, Spain, Ireland, Portugal, The
Netherlands, Sweden, Austria, Turkey), Asia (China, Japan, Vietnam, Thailand), Australia, and Other Countries (Egypt,
Indonesia). Global emissions for SF (in blue) and PT (in orange) and their sum (in black) are presented and compared
to the Advanced Global Atmospheric Gases Experiment (AGAGE) box model results (in green) with the related

uncertainty (1-sigma) in shaded green.

2.4 x 107 mol m™2s™, respectively, and to a lesser extent in the eastern part of the USA, south west Europe,
and Turkey with a maximum of 1.6 X 1072, 2.4 X 10", and 6.3 x 10™** mol m™2 s/, respectively.

The PT emissions are mainly distributed in Canada (upto 1.5 x 107 mol m™ s7'), California

(3.3 x 107 mol m™ s™"), Mexico (2.1 X 107 mol m™* s™"), Cuba (1.7 X 107 mol m™? s™"), western Eu-
rope (1.2 X 107 mol m™ s7%), Indonesia (2 x 10™** mol/m?/s), Thailand (2 x 10~** mol/m?/s), southern
mainland Australia (3.3 x 107" mol m™ s™), and to a lesser extent eastern USA, China, and Tasmania
with a maximum of 1 X 107, 1 x 107, and 5 x 07** mol m™* s, respectively. This is mainly dependent
on the crop fraction and the grain production volumes. Note that the averages for three different periods
(2000-2007, 2008-2014, 2015-2019) are presented in the Supporting Information (Supporting Informa-

tion S9, S10, S11, and S12).
This SO,F, emissions estimation in high spatial resolution could be used as inputs to future regional inver-

sions. However, such an approach would likely need to be able to account for the possibility that emissions
could be highly episodic, particularly for SF, where emissions may be focused on periods, such as holidays,

where buildings are expected to be vacant.
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Figure 4. Average SO,F, emissions (2000-2019, mol m™>s™") from the downscaling approach at 0.352° X 0.234° horizontal resolution for structural fumigation
(SF), postharvest treatment (PT), and their sum (SF + PT), in North America (USA, Canada, Cuba, Mexico, Trinidad and Tobago, Jamaica), Europe (Italy,
Switzerland, Germany, France, UK, Belgium, Greece, Spain, Ireland, Portugal, The Netherlands, Sweden, Austria, Turkey) + Egypt, Asia (China, Japan,
Vietnam, Thailand) + Indonesia, and Australia.

5. Summary

We present an update of the SO,F, global emissions based on the AGAGE box model inversions from 1978
to 2019. The calculations are based on AGAGE in situ observations that show a significant increase of
the SO,F, mole fraction in the global atmosphere in response to the Montreal Protocol mandated phase-
down of CH;Br use. Emissions are correspondingly estimated to increase from 0.5 + 0.4 Gg yr™' in 1978
to 2.9 + 0.4 Gg yr’1 in 2019. For the first time, the SO,F, emissions were estimated from 2000 to 2019
on regional scales for countries in North America (USA, Canada, Mexico, Cuba, Trinidad and Tobago, Ja-
maica), Europe (Italy, Switzerland, Germany, France, UK, Belgium, Greece, Spain, Ireland, Portugal, The
Netherlands, Sweden, Austria, Turkey), Asia (China, Japan, Vietnam, Thailand), Australia, and for indi-
vidual countries where use has been identified (Egypt, Indonesia). These regional estimates are based on
consumption reports and a downscaling of global emissions, based on proxies that define the spatial distri-
bution, the magnitude and the seasonality of the emissions which are specific to each sector. Results show
that the increase in emissions is partly due to the expansion of the use of SO,F, for PT, although SF remains
the main source of the gas emissions in North America, which is the major global emitter. An estimate of
the spatial distribution of total, SF and PT SO,F, emissions at high resolution is provided monthly over the
20-year period. This spatial distribution could be used as a prior estimate of emissions in future top-down
inversions of SO,F, data at regional scales. It will be important to constrain regional budgets in the future, as
SO,F, emissions are expected to continue to increase in the long term because of a growing global demand
for postharvest treatment and structural fumigation.
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