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Chapter 1

SCIENTIFIC SUMMARY

This chapter concerns atmospheric changes in ozone-de-
pleting substances (ODSs), such as chlorofluorocarbons (CFCs),
halons, chlorinated solvents (e.g., carbon tetrachloride [CCl,]
and methyl chloroform [CH;CCls]) and hydrochlorofluorocar-
bons (HCFCs), which are controlled under the Montreal Protocol.
Furthermore, the chapter updates information about ODSs not
controlled under the Protocol, such as methyl chloride (CH,Cl)
and very short-lived substances (VSLSs). In addition to depleting
stratospheric ozone, many ODSs are potent greenhouse gases.

Mole fractions of ODSs and other species are primarily
measured close to the surface by global or regional monitoring
networks. The surface data can be used to approximate a mole
fraction representative of the global or hemispheric tropospheric
abundance. Changes in the tropospheric abundance of an ODS
result from a difference between the rate of emissions into the
atmosphere and the rate of removal from it.

¢ The total amount of chlorine and bromine from ODSs
that were controlled under the original Montreal
Protocol is continuing to decline, as the overall emis-
sions are smaller than the rate at which these ODSs are
destroyed. Abundances of many of the first-stage re-
placement compounds, HCFCs, are now increasing very
slowly or not at all.

Tropospheric Chlorine (Cl)

Total tropospheric chlorine is a metric used to quantify the
combined globally averaged abundance of chlorine in the tro-
posphere due to the major chlorine-containing ODSs. The contri-
bution of each ODS to total tropospheric chlorine is the product
of its global mean tropospheric mole fraction and the number of
chlorine atoms it contains.

¢ Total tropospheric chlorine from ODSs continued to de-
crease between 2016 and 2020. Total tropospheric chlo-
rine in 2020 was 3220 ppt (where ppt refers to parts per tril-
lion as a dry air mole fraction), about 1.8% lower than in 2016
and 12% lower than its peak value in 1993. Of the 2020 total,
CFCs accounted for about 60%, CH,CI for about 17%, and
CCl, and HCFCs each for about 10%. The contribution from
CH;CCl; has now decreased to 0.1%. Very short-lived source
gases (VSL SGs), as measured in the lower troposphere, con-
tributed approximately 3.5%.

o During the period 2016-2020, the observed rate of
decline in tropospheric chlorine due to controlled sub-
stances was 15.1 = 2.4" ppt Cl yr™!, which is larger than
during the 2012-2016 period (12.8 = 0.8 ppt Cl yr™).
This rate of decrease was close to the projections in the
previous Assessment. The net rate of change was the re-
sult of a slightly slower than projected decrease in CFCs

and a slower HCFC increase than in the 2018 Al projec-
tion scenario.

o When substances not controlled under the Montreal
Protocol are also included, the overall decrease in tro-
pospheric chlorine was 15.1 = 3.6 ppt Cl yr™' during
2016-2020. This is larger than the rate of decline during
the 2012-2016 period (3.6 = 4.7 ppt Cl yr™') and com-
parable to the rate of decline in controlled substances.
Changes in the predominantly anthropogenic dichloro-
methane (CH,Cl,) and the largely natural CH,Cl largely
canceled each other out, resulting in almost no net
change in Cl from uncontrolled substances during this
period.

e Starting around 2018, the rate at which the CFC-11 mole
fraction was declining in the atmosphere accelerated
again, following a slowdown since 2013. These recent
changes are largely due to a decrease in emissions orig-
inating mostly from northeastern China. Assuming no
impact from changes in atmospheric circulation, global emis-
sions increased from about 57 Gg yr™' (= kt yr™') in 2012 to
around 78 Gg yr~'in 2017; after 2018, they then decreased to
approximately 47 Gg yr™'in 2020. Emissions from northeast-
ern China explain 60 £ 40% of the 2012-2018 increase and
60 * 30% of the subsequent decrease. There is evidence that
other recent significant emission regions include the Arabian
and Indian subcontinents. If these renewed global emissions
are associated with uses that substantially increase the size of
the CFC-11 bank, further emissions resulting from this produc-
tion would be expected in the future.

¢ During 2016-2020, mole fractions of CFC-12 decreased
by about 2.8%, which is comparable to the decrease
during 2012-2016 (~2.3%). Estimates of global CFC-12
emissions in 2016 and 2020 were similar within uncertainties,
at 33 = 21 Gg yr' and 25 + 20 Gg yr™, respectively. CFC-11
and CFC-12 are often co-produced, and atmospheric obser-
vations have confirmed a decrease in CFC-12 emissions from
northeastern Chinafrom 3.3 +1.4Ggyr'in 2016t0 0.5+ 0.5
Ggyr'in 2019.

¢ The CFC-113 global mole fraction has continued to de-
crease, but emissions remained constant within uncertainties
ataround 6 = 6 Gg yr~' between 2016 and 2020.

¢ Mole fractions of CFC-114 remained stable during 2016-
2020, whereas those of CFC-13, CFC-113a, and CFC-115
continued to rise, and mole fractions of CFC-112a and
CFC-114a exhibited positive growth after previously
showing near-zero change. Total Cl from the latter five
CFCs increased from 16.0 = 0.3 ppt in 2016 to a total of 17.2
+ 0.3 pptClin 2020. These findings likely indicate an increase

' Uncertainties in absolute changes of atmospheric abundances were derived using the 1 standard deviation measurement uncertainties (where appropriate combined as the
square root of the sum of their squares) and the bootstrap algorithm described in Barreto and Howland (2006). Similar to the procedure described in Leedham Elvidge et al.
(2018), and to represent atmospheric variability, data was converted to a dataset comprised of 1) original data, 2) original data minus measurement uncertainty and 3) original
data plus measurement uncertainty. This dataset was then resampled (with replacement) 1000 times to derive a standard deviation that is a realistic representation of the uncer-

tainty of the entirety of the original data.
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Chapter 1

or stabilization of the emissions of these relatively low abun-
dance compounds. While some of these emissions are known
to originate from eastern China, the primary processes re-
sponsible are unknown.

¢ The rate at which CCl, has declined in the atmosphere
remains slower than expected from its reported use as
a feedstock and its removal rate from the atmosphere,
which indicates ongoing emissions of around 44 * 15
Gg yr'. This is likely, at least in part, due to feedstock emis-
sions from the production of chloromethanes and perchloro-
ethylene and from chlor-alkali plants. Global CCl, emission
estimates based on atmospheric observations are now more
accurate than in the last Assessment due to an improved life-
time estimate.

Emissions of CCl, in eastern China over the period
2013-2019 show year-to-year variability likely relat-
ed to CFC-11 production. Emissions increased after 2013,
reaching 11.3 £ 1.9 Gg yr™" in 2016, and decreasing to 6.3
1.1 Ggyr'in 2019.

Total tropospheric chlorine from HCFCs has continued
to increase, reaching 320 £ 3 ppt in 2020. There is evi-
dence of a slowdown of this increase, as the annual average
growth rate of total chlorine from HCFCs decreased from 5.9
+ 1.3 ppt Cl yr™' during 2012-2016 to 2.5 + 0.4 ppt Cl yr™!
during 2016-2020.

Combined emissions of the major HCFCs have declined
since the previous Assessment. Emissions of HCFC-22
and HCFC-142b likely declined between 2016 and 2020,
while emissions of HCFC-141b, after an initial drop, likely rose
year-on-year since 2017, amounting to a total rise of ~4.5 Gg
during 2017-2020. These findings are consistent with a sharp
drop in reported HCFC consumption after 2012, particularly
from Article 5 countries.

* Continued emissions of the compounds HCFC-124, HCFC-
31, HCFC-132b, and HCFC-133a have been inferred from
atmospheric measurements. HCFC-132b is yet another newly
detected HCFC, and its atmospheric mole fractions, while
currently small, continue to increase.

Tropospheric Bromine (Br)

Total tropospheric bromine is defined in analogy to total
tropospheric chlorine. Even though the abundance of bromine
is much smaller than that of chlorine, it has a significant impact
on stratospheric ozone because it is around 60-65 times more
efficient than chlorine as an ozone-destroying catalyst.

e Total tropospheric bromine from controlled ODSs
(halons and methyl bromide [CH;Br]) continued to de-
crease, and was 13.9 ppt by 2020, 3.2 ppt below the
peak levels observed in 1999. From 2012 to 2016, total
controlled bromine declined atarate of 0.15 = 0.14 ppt Bryr™'
(about 1% yr™'). This rate increased to 0.18 £ 0.05 ppt Br yr™'
during 2016-2020, with halons contributing about 60% to
the overall decline.

e The mole fractions of halon-1211, halon-2402, and
halon-1202 continued to decline between 2016 and
2020. There was no significant change in the mole
fraction of halon-1301 between 2016 and 2020. This
ODS is, at ~3.3 ppt, now the most abundant halon in

the atmosphere. Emissions of halon-2402, halon-1301, and
halon-1211, as derived from atmospheric observations, de-
clined or remained stable between 2016 and 2020.

¢ CH,Br annually averaged mole fractions showed little
net change between 2016 and 2020. The small increase
(2-3%) observed between 2015 and 2016 was com-
pensated by a small decrease (4%) largely taking place
during 2016-2017. The 2020 mole fraction was around
6.6 ppt, a reduction of 2.6 ppt from peak levels measured
between 1996 and 1998. Reported quarantine and pre-ship-
ment (QPS) consumption was relatively stable from 1996 to
2020.

Halogenated Very Short-Lived Substances
(VSLSs)

VSLSs are defined as trace gases whose local lifetimes are
shorter than 0.5 years and have non-uniform tropospheric abun-
dances. These local lifetimes typically vary substantially over
time and space. Of the very short-lived source gases (VSL SGs)
identified in the atmosphere, brominated and iodinated species
are predominantly of oceanic origin, while chlorinated species
have significant anthropogenic sources. VSLSs that reach the
stratosphere will release the halogen they contain almost im-
mediately and will thus play an important role for lower-strato-
spheric ozone in particular. Due to their short lifetimes and their
atmospheric variability, the quantification of their contribution is
much more difficult and has much larger uncertainties than for
long-lived compounds.

¢ Total tropospheric chlorine from VSL SGs in the back-
ground lower atmosphere is dominated by anthropo-
genic sources. It continued to increase between 2016
and 2020, but its contribution to total stratospheric
chlorine remained small. Global mean chlorine from VSLSs
in the troposphere has increased from about 103 ppt in 2016
to about 113 ppt in 2020. The relative contribution of VSLSs
to the stratospheric chlorine input amounted to 4% in 2020,
compared to 3.6% in 2016.

¢ Dichloromethane (CH,Cl,), with predominantly an-
thropogenic sources, is the main contributor to total
chlorine from VSLSs. It accounted for the majority of
the change in VSLS chlorine between 2016 and 2020.
The CH,CI, global mean abundance reached approximately
40-45 pptin 2020, which is more than a doubling compared
to the early part of the century. The rate of increase slowed
after 2016 but remained substantial. Regional CH,Cl, emis-
sions from Asia most likely account for most of this increase
and more than offset a small decrease in European and North
American emissions.

¢ Brominated VSLSs contribute 5 = 2 ppt to stratospher-
ic bromine; this constitutes about 27% of total strato-
spheric bromine in 2020. The main sources for brominated
VSLSs are natural, and no long-term change is observed. Due
to the decline in the abundance of controlled bromine com-
pounds, the relative contribution of VSLSs to total stratospher-
ic bromine increased by about 1% since 2016.

* New evidence suggests that natural iodinated VSLSs
contribute 0.3-0.9 ppt iodine to the stratosphere. A
rapid shift in the partitioning between gas-phase and particu-
late iodine has been detected in the upper troposphere. This



mechanism can enable iodine entrainment into the strato-
sphere in particulate form in addition to the entrainment in gas
form. No observational trend estimates exist.

Stratospheric chlorine and bromine

In the stratosphere, chlorine and bromine can be released
from organic source gases to form inorganic species, which par-
ticipate in ozone depletion. In addition to estimates of the strato-
spheric input derived from the tropospheric observations, mea-
surements of inorganic halogen loading in the stratosphere are
used to determine trends of stratospheric chlorine and bromine.

¢ The total chlorine input to the stratosphere for 2020
was 3240 ppt, which is 11.5% below the 1993 peak
value, equivalent to a decline of 420 £ 20 ppt. This long-
term decrease was largely driven by decreasing abundances
of CH;CCl; and CFCs. The chlorine input for 2020 is derived
from measurements of long-lived ODSs at the surface and es-
timates of stratospheric entrainment of VSLSs.

¢ Hydrogen chloride (HCI) is the major reservoir of inor-
ganic chlorine (Cl,). Middle-stratosphere profile and
total column measurements of HCl show a long-term de-
crease for the period 1997-2020 of around 0.5 * 0.2%
yr~'. If the evaluations are constrained to the shorter period
2005-2020 the satellite records show a rate of decrease of
around 0.3 * 0.2% yr~'. This latter rate of decline in strato-
spheric HCI for the more recent period is in good agreement
with expectations from the decline in tropospheric chlorine,
which slowed after 2000.

¢ Total bromine input to the stratosphere of 18.9 ppt is
derived for 2020 by combining 13.9 ppt from long-
lived gases and 5 ppt from VSLSs not controlled under
the Montreal Protocol. The total input declined by 14.5%
between 1999 peak values and 2020. Anthropogenic emis-
sions of all brominated long-lived gases are controlled, but as
CH,;Bralso has natural sources, more than 50% of the bromine
reaching the stratosphere is now estimated to be from sourc-
es not controlled under the Montreal Protocol.

Total stratospheric bromine, derived from observations
of bromine monoxide (BrO), has decreased at a rate of
about 0.8% yr~' since 2003. This decline is consistent with
the decrease in total tropospheric organic bromine, based on
measurements of CH;Br and the halons. There is no indica-
tion of a long-term change in natural sources of stratospheric
bromine.

Equivalent Effective Stratospheric Chlorine
(EESC)

EESC is the chlorine-equivalent sum of chlorine and bromine
derived from ODS tropospheric abundances, weighted to reflect
their expected depletion of stratospheric ozone. The growth and
decline in EESC depend on a given tropospheric abundance
propagating to the stratosphere with varying time lags (on the
order of years) associated with transport to different regions of
the stratosphere. Therefore, the EESC abundance, its peak tim-
ing, and its rate of decline are different in different regions of the
stratosphere.

e By 2020, EESC had declined from peak values by about
11% for polar winter conditions and by about 15% for
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mid-latitude conditions. This drop to 1607 pptis 37% of the
decrease required for EESC in mid-latitudes to return to the
1980 benchmark level. In polar regions, the drop to 3710 ppt
is about 23% of the decrease required to return to the 1980
benchmark level. However, regional estimates have indicated
that EESC might be higher in some parts of the stratosphere,
with an additional 200-300 ppt predominantly originating
from CH;Cl and CH;Br. Contributions from the ozone-deplet-
ing VSLSs and nitrous oxide (N,O) are currently not included
in EESC calculations.

Tropospheric and Stratospheric Fluorine (F)

While fluorine has no direct impact on stratospheric ozone,
many fluorinated gases are strong greenhouse gases, and their
emissions are often related to the replacement of chlorinated
substances controlled under the Montreal Protocol. For this rea-
son, trends in fluorine are also assessed in this report.

¢ The main sources of fluorine in the troposphere and in
the stratosphere are CFCs, HCFCs, and HFCs (hydroflu-
orocarbons). In contrast to total chlorine, total fluorine
in the troposphere continued to increase between 2016
and 2020, at a rate of 1.71% yr~". This increase shows the
decoupling of the temporal trends in fluorine and chlorine due
to the increasing emissions of HFCs (see Chapter 2). The ODS
contribution to the fluorine budget has started to decline, so
that the fluorine trend due to ODSs alone became negative
after 2016. In contrast, the fluorine trend due to HFCs has con-
stantly increased, causing the total fluorine trend to increase
as well. The Northern Hemisphere stratospheric abundance
of inorganic fluorine has continued to increase at a rate of
about 0.8% yr~' since 2004.

Effect of ODSs on climate

¢ The total direct radiative forcing of CFCs continues to
be distinctly higher than that of HCFCs, with CFCs con-
tributing around 68% of the total forcing from ODSs.
Radiative forcing from CFCs has dropped by 0.007 W m™2
since 2016 to about 0.257 W m~2 in 2020, while radiative
forcing from HCFCs increased from 0.062 W m~2 to 0.064 W
m~2 from 2016 to 2020. The total direct radiative forcing due
to CFCs, HCFCs, halons, CCl,, and CH,CCl; was 0.337 W m
in 2020 (approximately 16% that of CO,).

¢ CO,-equivalent emissions of CFCs and HCFCs were
again approximately equal in 2020. Based on 100-year
time horizon global warming potentials (GWPs), the CO,-
equivalent emissions (in Gt CO,-eqyr™) in 2020 were, for spe-
cies where estimates are available, 0.7 = 0.4 for CFCs, 0.7 £
0.1 for HCFCs, 0.09 £ 0.03 for CCl, and CH,;CCl; combined,
and 0.02 = 0.01 for halons. The CO,-equivalent emissions
from the sum of CFCs, HCFCs, halons, CCl,, and CH;CCl; re-
mained similar to the value reported in the last Assessment at
approximately 1.5 Gt CO,-eq in 2020.

Other gases that affect ozone and climate

* Mole fractions of many other gases that affect both
ozone and climate (including the three major green-
house gases CH,, N,O, and CO,) have changed since
the last Assessment. The atmospheric abundance of meth-
ane (CH,) has continued to increase following a period of
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stagnation in the early 2000s. The drivers of the changing
trend are likely largely anthropogenic.

¢ Mole fractions of N,O, which is an ODS, continue to
grow in the atmosphere, with growth rates exceeding
some of the highest projections. When expressed as a
CFC-11-equivalent, anthropogenic N,O emissions in 2020
were equal to more than two times the ODP-weighted emis-
sions from all CFCs in that year. When compared to the CFC
emission peak from 1987, those 2020 anthropogenic N,O
emissions were equal to more than 20% of the ODP-weighted
emissions from CFCs in that year. Almost half of the N,O emis-
sions in recent years are anthropogenic in origin.

¢ The global mole fractions of many non-ODS, non-
HFC, highly fluorinated substances have continued to
grow (e.g., sulfur hexafluoride [SF¢], carbon tetrafluoride
[CF,], hexafluoroethane [C,F], sulfuryl fluoride [SO,F,], and

nitrogen trifluoride [NF;]). These species contributed 0.014
W m=2to anthropogenic radiative forcing in 2020. In contrast,
the abundance of the sulfur-containing compound sulfur diox-
ide (SO,) has not changed substantially, while carbonyl sulfide
(COS) has shown a small negative trend.

Molecular hydrogen (H,) is included in the Assessment
for the first time, due to its potential future effects on
stratospheric ozone. The decarbonization of the fossil
fuel industry could lead to drastically increasing atmo-
spheric mole fractions of H,. The resulting future effects
on ozone are currently not well understood but are ex-
pected to be small. Atmospheric abundances of H, have
increased from ~330 ppb during the mid-to-late 1800s to the
present levels of 530-550 ppb in the late 20" and early 21¢
centuries.



1.0 INTRODUCTION

This chapter provides an update on the emissions rates and
abundances of ozone depleting substances (ODSs) and other
species of interest to the Montreal Protocol. In addition to the
brief definitions given in the Scientific Summary, we describe the
source of these data and how the metrics used in this chapter
are derived. Observations of ODSs and other species of interest
to the Montreal Protocol, as well as relevant quantities derived
from those observations, are presented not only in this section
but throughout Chapters 1 and 2. These observations have
been carried out over multiple decades by several groups and
networks with different sampling and measurement strategies.
Independent and regularly compared and improved calibration
scales have been derived, as highlighted in Box 1-1.

Globally and hemispherically representative abundances
are mean dry air mole fractions and are expressed here also, and
interchangeably, as mixing ratios (mostly in ppt). These abun-
dances are derived using data from networks with ground-based
air sampling stations that are distributed around the world: the
Advanced Global Atmospheric Gases Experiment (AGAGE)
network, the United States National Oceanic and Atmospheric
Administration (NOAA) network, and the University of California,
Irvine (UCI) network. For species that are primarily anthropo-
genic in origin, the difference between Northern and Southern
Hemisphere (NH, SH) mole fractions is related to the global emis-
sion rate because their sources are concentrated in the Northern
Hemisphere.

Further data representative of regional or hemispheric scales
are available for some species from the National Institute for
Environmental Studies (NIES) and the University of East Anglia/
Forschungszentrum Jilich (UEA/FZ)). These networks maintain in-
dependent calibration scales and employ different measurement
techniques, as well as different sampling locations and frequen-
cies. As such, small differences (typically on the order of a few
percent or less) in the burdens and trends estimated from each
dataset are often observed. Therefore, for much of this section,
global abundance trends and inferred emissions (using an atmo-
spheric transport model, uncertainties of which are explained
in Box 1-2) are given separately for each network. Data from
regionally representative (e.g., Southern Hemisphere) sites are
used when independent calibration scales exist (see Box 1-1) or
global network data are not available. Particularly for species with
atmospheric lifetimes of several years or more, these data can be
extrapolated to derive global-scale mole fractions or emissions.

In terms of the atmospheric lifetimes of the species covered
in this chapter, few manuscripts have been published since the
last Assessment (e.g., Orkin et al., 2020; Suntharalingam et al.,
2019; Burkholder et al., 2019), and these updates have been in-
corporated into emissions estimates only if they represent a signif-
icant change in understanding. Emission sources for many of the
species covered in this chapter (especially the longer-lived ones)
have been well known for some time, and the reader is therefore
referred to the previous Assessment for a comprehensive over-
view. In this chapter, sources are covered only if substantial new
evidence has been published since the last Assessment or if such
coverage is necessary for the narrative of the particular section.
Also note that all annually averaged data presented in this chapter
are centered around the middle of that year.

As the ozone-depleting efficiency of the different halogen
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families is different, bromine and iodine “alpha” (scaling) factors
are used to quantify the efficiency of ozone loss mediated by a sin-
gle bromine or iodine atom relative to the loss caused by a single
chlorine atom. Although the relative efficiency of these different
species in destroying ozone depends on location, height, and
season, average alpha factors are usually integrated for the polar
and extra-polar (i.e., tropical and mid-latitudes) total column an-
nual mean, with typical values ranging between 60 and 75 for
bromine and between 150 and 300 for iodine (Ko, Poulet et al.,
2003; Sinnhuber et al., 2009; Engel, Rigby et al., 2018; Klobas
et al., 2021). Consistent with the last Assessment, we here use
a bromine alpha factor of 60 for mid-latitudes and 65 for polar
latitudes.

The number of observed species relevant for this chapter
has been growing with each Assessment. Here, species with an
average equivalent chlorine (ECI, using an alpha factor of 60 for
bromine) contribution of less than 1 ppt near the surface in 2020
have been excluded from tables and figures. These species will
be mentioned in the text only briefly in order to help maintain a
focus on the more abundant ODSs and VSLSs. For species that do
not directly affect stratospheric ozone, their relevance is largely
determined by their impact on global warming. Therefore, com-
pounds with a radiative forcing (RF) of less than 0.1 mW m= in
2020 are also excluded from tables and figures, with two excep-
tions: Carbonyl sulfide (COS) is included due to its relevance for
stratospheric aerosol, and molecular hydrogen (H,) is included
due to its potential future relevance. To ensure that a consistent
list of species is used for calculations of total F, Cl, and Br we have
also included HCFC-124 throughout as the only species that does
not fulfill the ECI criterion but contributes more than 0.1 mW m~
to RF. The full list of species used in tables and figures is therefore
as follows: CFCs: 11, 12, 13, 112, 113, 113a, 114, 114a, and 115;
HCFCs: 22, 141b, 142b; halons: 1202, 1211, 1301, and 2402;
solvents and methyl halides: CCl,, CH;CCl;, CH,CI, and CH4Br,
VSLSs: CH,Cl,, CHCI;, C,Cl,, all Br-VSLSs, and CH,l; other fluo-
rinated species: CF,, C,Fg, CsFg, c-C,Fg, n-CsF4, SFg, NF5, SO,F,,
and desflurane.

Total column and upper-tropospheric and stratospheric
abundance observations are available for some species based on
ground-based or satellite-based remote sensing methods.

Emissions, along with global and hemispheric mean mole
fractions, are estimated using a 12-box model of atmospheric
transport and chemistry, constrained using baseline atmospheric
data and following a Bayesian inverse method described in Rigby
et al. (2011; 2014). The model parameterizes the advection and
eddy diffusion of trace gases between four zonal-mean boxes
(separated at the equator and 30° N and S) for three vertical levels
(separated at 500 and 200 hPa; e.g., Cunnold et al., 1983; Rigby
etal., 2013). Trace gas lifetimes in the 12-box model are calculat-
ed based on rate constants for the reaction with the hydroxyl radi-
cal given in Burkholder et al. (2019), hydroxyl radical abundances
described in Rigby et al. (2013), and steady-state stratospheric
lifetimes as described in the Annex unless a different reference is
given. The box model has undergone some minor changes since
the previous Assessment, most notably the removal of some
smoothing constraints on the emissions. Consequently, emis-
sions and global mole fractions reported here may differ slightly
from those reported in previous Assessments or in previously
published literature. Similarly, other small differences primarily re-
sulted from updated calibrations and usage of different datasets
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Box 1-1. Methods for Determining Atmospheric Abundances

As noted by Hall et al. (2014), “there are many factors that can lead to differences in the data records collected by different
groups.... Perhaps the most fundamental of these is the calibration scale upon which the measurements are based.” The purpose of
this box is to highlight the importance of calibration methods and to give insight into some of the basic principles. For the observa-
tional data presented in this chapter, there are two principal calibration approaches, depending on whether these observations are
based on in situ (including flask collection-based) or remote sensing measurements (Box 1-1 Figure 1).

Direct measurement

@ Retrieval
£ VALIDATION

e — i —/ é\\ J J _/%\ ——
e ﬁﬁﬁm 0 I (i ﬁﬁﬁm f
Remote sensing Electromagnetic Dilution standards In situ
instruments spectra Fs instruments
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Box 1-1 Figure 1. Schematic of the processes used to calibrate global observations.

In situ measurement calibrations (e.g., Prinn et al., 2000; Laube et al., 2010) are typically based on the dilution of pure chem-
icals with gases containing virtually no trace species, such as oxygen-free nitrogen or synthetic air mixtures. Such a dilution can be
static (i.e., mixing in canisters or other enclosures) or dynamic (i.e., in a continuous gas stream), the latter often being the preferred
option for more reactive species, as these can be unstable when stored in canisters over longer periods. Due to the very low
abundances of many of the ODSs and related species in the atmosphere, most dilutions have to take place over 10 to 13 orders of
magnitude in order to reach a relevant concentration range. The determination of the amount of the to-be-calibrated species that is
present initially is therefore of utmost importance. This includes ensuring and, if necessary, improving the purity of said substance
(e.g., through freeze-drying cycles), as well as very accurate and precise methods of quantifying weight or volume (the latter being
an approximation to mass-calibrated measurements after considerations of molar volume and ideal gas behavior). Often, one or
several species with well-established calibration scales are also added as an “internal reference.” Once diluted, the mixture is then
analyzed with common measurement techniques such as cryogenic extraction from the main air components, followed by gas
chromatographic separation and, for instance, detection with a mass spectrometer or an electron capture detector.

These calibration scales can then be transferred onto so-called “secondary standards,” which are measured close in time and
often consist of compressed tropospheric air samples in 30-50 L metal cylinders with passivated internal surfaces. For the long-
term operation of global networks, it can be necessary to transfer the calibration scales further onto tertiary and even quaternary
standards to ensure that results from all instruments on each field station are consistent with each other.

Remote sensing techniques use quantitative molecular spectroscopy to convert the strength of an absorption or emission
feature in an atmospheric spectrum into abundances or concentrations, in line with the Beer-Lambert law. Concentrations of the
halogenated species measured by remote sensing techniques (in Table 1-2) were derived using reference spectroscopy recorded
in the laboratory, in particular air-broadened measurements of the target gas over a range of appropriate atmospheric tempera-
tures and pressures. Spectroscopic parameters are made available in databases such as HITRAN (Gordon et al., 2021) or GEISA
(Delahaye et al., 2022), which include uncertainty estimates on these reported parameters. Further work involves direct compar-
isons of in situ and remote sensing time series of trace gas abundances in ambient air, but the intercalibration of the respective
scales is often complicated by the fact that these techniques give access to different quantities, e.g., surface concentrations in
comparison to vertical profiles in the upper troposphere/lower stratosphere (UTLS), or to partial or total column abundances.
However, advances have been made more recently for approaching these comparisons, as reported, e.g., in Prignon et al. (2019)
for HCFC-22.
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The enormous efforts that have gone into comparing, harmonizing, and improving calibration scales and quantifying and re-
solving potential differences between networks and groups (e.g., Jones etal., 2011; Hall et al., 2014; and the work of WMO Global
Atmosphere Watch Calibration Centres) have been vital for ensuring the quality and comparability of the data underlying this and
previous Assessments (Figures 1-1 and 1-2). The existence of several independent calibration scales for a given species is an es-
sential part of the independent verification approach that is a key component of advancing scientific understanding, especially for
monitoring the impacts of the Montreal Protocol and its subsequent Amendments. Some recent examples that also highlight the
continued importance of these efforts are the comparison of long-term trends in the upper troposphere and stratosphere based
on the ACE-FTS (Atmospheric Chemistry Experiment - Fourier Transform Spectrometer) satellite instrument (Steffen et al., 2019;
Bernath et al., 2020; Bernath et al., 2021) with ground-based observations, the reevaluation and concentration range expansion
of known species’ calibrations such as CFC-11 or c-C,F; (Montzka et al., 2018; Mihle et al., 2019), the quantification of isomeric
impurities in more abundant species (Laube et al., 2016; Droste et al., 2020), and the detection of new species (Vollmer et al.,

2019, 2021).

for calculation of hemispheric and global annual mole fractions.
There are also small differences in global steady-state lifetimes,
compared to the values reported in the Annex, due to differences
in the model hydroxyl radical concentration and model transport.

For the long-lived species that are primarily of anthropogen-
ic origin, we can use these global mole fraction and emissions es-
timates, as well as ozone depletion potentials (ODPs) as summa-
rized in the Annex, to estimate radiative forcing, CO,-equivalent
emissions, and, for ODSs, CFC-11-equivalent emissions. As ex-
plained in detail in , we use the term “radiative forcing” to
mean “stratosphere-adjusted radiative forcing” throughout this
Assessment. For Chapters T and 2, estimates of the global radi-
ative forcing due to most trace gases are derived as the global
mean lower-tropospheric mole fraction multiplied by the radia-
tive efficiency for each gas, using, for consistency with previous
Assessments, stratosphere-adjusted radiative forcing values from
the Annex. For methane (CH,), nitrous oxide (N,O), and CF, (for
the latter we assume a preindustrial mole fraction of 40 ppt) we
use the expression for radiative forcing from Ramaswamy et al.
(2001). CO,-equivalent emissions are calculated as the product
of the emissions of each trace gas and its global warming po-
tential (GWP) over a 100-year time horizon (also taken from the
Annex). While other metrics are available to compare the climate
impact of the emissions of different HFC species (e.g., Forster et
al., 2021, we have used 100-year GWPs here because they are
widely used, including in the Kigali Amendment. Uncertainties
in radiative forcing and CO,-equivalent emissions are due to the
uncertainty in the atmospheric observations and trace gas life-
times. They do not include uncertainties in radiative efficiencies
or GWPs. Note that we use the recently updated radiative effi-
ciencies from Hodnebrog et al. (2020) and Andersen et al. (2021)
based on improved stratospheric estimates by Shine and Myhre
(2020); this has resulted in higher GWPs for many species.

The production and emission of ODSs are closely linked to
so-called “banks” of these compounds, a term that refers to an
existing quantity of an ODSs that is contained in, e.g., equipment
or stockpiles, and will eventually be released to the atmosphere
if no action to the contrary is taken. Banks are only briefly men-
tioned here; for a more extensive discussion, we point the reader
to Chapter 7. Finally, we are not aware of any peer-reviewed liter-
ature quantifying the impact of the COVID-19 pandemic on global
or regional ODS abundances or emissions.

1.1 SUMMARY OF FINDINGS FROM THE
PREVIOUS OZONE ASSESSMENT

Chapter 1 of the 2018 Assessment (Engel, Rigby et al., 2018)
provided updates on ozone-depleting substances (ODSs) and
other gases of interest to the Montreal Protocol, except for hydro-
fluorocarbons (HFCs), which were covered in Chapter 2.

During the five-year period 2012-2016, total tropospher-
ic chlorine from substances controlled under the Montreal
Protocol was declining at a rate of 12.7 £ 0.9 ppt yr™', with a
slower-than-projected decrease in chlorofluorocarbon (CFC)
concentrations and a slower-than-projected increase in first-stage
replacement compounds (i.e., HCFCs) as compared to the 2014
Al scenario. An increase in global CFC-11 emissions after 2012
was documented, suggesting new production not reported to
the United Nations Environment Programme (UNEP). Stable or
even increasing emissions of some of the low-abundance CFCs
were also noted. The growth rate of chlorine from HCFCs de-
clined relative to previous years and was comparable to values
observed in the early 2000s.

The decrease of chlorine from controlled substances be-
tween 2012 and 2016 was partly offset by increases in the mainly
natural CH;CI and mainly anthropogenic very short-lived gases
(VSLSs), which are not controlled under the Montreal Protocol.
Dichloromethane (CH,Cl,) was found to account for most of the
rise in total tropospheric chlorine from VSLSs, and a substantial
fraction of its global emissions were attributed to southern and
eastern Asia.

Total chlorine entering the stratosphere from long-lived
ODSs was reported to have declined by 405 ppt (12%) between
the 1993 peak and 2016. While the VSLS contributions increased
over the 2012-2016 period, their contribution to total chlorine
remained below 4%. Hydrogen chloride (HCI), the major chlo-
rine component in the upper stratosphere, decreased by about
6% between 2005 and 2016, consistent with the decline in total
chlorine entering the stratosphere.

Total tropospheric bromine from controlled substances was
reported to decline at a rate of 0.15 £ 0.04 ppt yr ' between 2012
and 2016, primarily driven by a decline in atmospheric halons,
with a smaller contribution from a decrease in methyl bromide
(CH,Br) abundance. Despite its overall decreasing trend, CH;Br
increased during 2015-2016 for the first time in a decade, most
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Global surface mole fraction (MF, ppt); interhemispheric difference (IHD, ppt); or growth rate (GR, ppt yr™)
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Figure 1-1. Annual mean mole fractions (MF) between 1990 and 2020 of ozone-depleting substances (except minor species;
see Introduction), as measured from ground-based sampling networks and as simulated from the Al scenarios of the previous
two Ozone Assessments (dashed green line, Harris, Wuebbles et al., 2014; solid green line, Carpenter, Daniel et al., 2018). Mole
fractions from the NOAA (red), AGAGE (black), and UCI (blue) networks were calculated as mid-year-centered global annual
mole fractions. Annual mole fractions from UEA/FZ] (steel blue) represent mid-year-centered annual mole fractions observed in
unpolluted whole-air flask samples collected at Cape Grim, Australia. Annual mean mole fractions from the Al scenarios are inter-
polations from the simulated January-centered annual mole fractions. For some gases, we also show inter-hemispheric differenc-
es (IHD; defined as NH minus SH mole fraction; dashed lines) and growth rates (GR; ppt yr™'; solid lines) in the lower panels, using
the same color scheme as in the corresponding upper panels. Note that, compared to values reported in the last Assessment,
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there were several changes in the NOAA reported global annual mean mole fractions associated with termination or changing
instrumentations and updates in calibrations: The global annual mean mole fractions for CCl, were calculated from NOAA in
situ measurements in this Assessment, whereas NOAA flask and in situ measurements were included for the calculation for the
previous Assessments; the calibration of NOAA in situ measurements of CFC-12 were reassessed since the last Assessment, and
the reported mole fractions of halon-1301 were scaled by a factor of 1.015 to be consistent with measurements from a new instru-
ment. AGAGE CFC-113 data prior to approximately 2011 were measured by GC-ECD and likely contain a small fraction (0.2-0.4
ppt) of CFC-113a. Global GRs and IHDs derived from UCI data are not plotted because they show much higher variability, likely
related to more regional influence on this sampling network.
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likely not related to anthropogenic sources. Total bromine en-
tering the stratosphere from well-mixed ODSs also continued to
decline, with a total decrease of 2.4 ppt (15%) between the 1998
peak and 2016. Brominated VSLSs, of primarily natural origin,
were found to contribute about 25% to total bromine in 2016 and
showed no long-term changes. Total stratospheric bromine de-
rived from bromine monoxide (BrO) observations decreased by
about 8% from 2004 to 2014, which is again consistent with the
decline in total bromine entering the stratosphere.

Equivalent effective stratospheric chlorine (EESC) was as-
sessed to have declined from its maximum value in polar regions
by about 9% and in mid-latitudes by about 13-17%. The rate at
which EESC was decreasing had slowed, in accordance with a
slowdown of the decrease in tropospheric chlorine. A new and
improved methodology for estimating EESC was found to result
in smaller recovery rates of stratospheric halogen loading with re-
spect to their maximum peak, especially in mid-latitudes.

The influence of CFC and HCFC emissions on climate was as-
sessed in terms of their equivalent in gigatonnes of carbon diox-
ide (CO,-equivalent emissions) using 100-year GWPs. While the
direct radiative forcing of CFCs continued to be much higher than
for HCFCs, the CO,-equivalent emissions of CFCs and HCFCs
were roughly equal in 2016.

1.2 ABUNDANCES, TRENDS, LIFETIMES, AND
EMISSIONS OF LONGER-LIVED HALOGENAT-
ED SOURCE GASES

1.2.1 Chlorofluorocarbons (CFCs)

Observations of Atmospheric Abundance. Global
mole fractions of the two most abundant CFCs, i.e., CFC-12
(CCI,F,) and CFC-11 (CCl4F), continued to decline since 2016,

reaching approximately 499 ppt and 224 ppt, respectively, in
2020 (Figure 1-1). The atmospheric abundance of CFC-12 has
fallen increasingly rapidly throughout this period, with the rate
of decline increasing from 3.3 ppt yr™' in 2015-2016 to around
4.0 pptyr~'in 2019-2020 (Figure 1-1and Table 1-1). For CFC-11,
a slowdown in the rate at which the global abundance was fall-
ing after 2012 had been reported in the last Assessment (Engel,
Rigby et al., 2018; Montzka et al., 2018). A major driver of this
slowdown from around 2 ppt yr™' to around 1.3 ppt yr ' has now
been identified as renewed emissions from eastern China (Rigby
et al., 2019; Adcock et al., 2020), with satellite-based evidence
also indicating CFC-11 sources in the vicinity of the Indian and
Arabian peninsulas adding to the slowdown over 2013-2018
(Chen et al., 2020). More recently, Park et al. (2021) and Montzka
et al. (2021) reported another turnaround, i.e., an increase in the
rate of decline in CFC-11 abundance since 2018 that is equivalent
to a return to pre-2012 values. A thorough and detailed over-
view on all recent findings related to atmospheric CFC-11 can
be found in the “Report on the Unexpected Emissions of CFC-11"
(WMO, 2021). As an update to the findings of that report, global
CFC-11 mole fractions decreased from 2019 to 2020 even faster
than from 2018 to 2019, by an unprecedentedly large amount
of 2.3 ppt yr™'. In addition, several observation-based publica-
tions have since confirmed unusually high abundances of various
CFCs, most notably CFC-11and CFC-12, in different parts of China
during 2009-2019 (Zeng et al., 2020; Yang et al., 20271; Benish et
al., 2021; Huang et al., 2021; Lin et al., 2021). However, it should
be noted that quantitative conclusions from these latter studies
are limited due to one or more factors, such as scarcity of the data,
lack of regional background mole fractions, higher uncertainties,
and potential calibration or measurement biases indicated by
reported CFC mole fractions lower than their global background
levels in the same time intervals. The inter-hemispheric differenc-
es (IHDs) derived for the two main CFCs are consistent with the

EE—

Table 1-1. Annual mean mole fractions, mole fraction changes, global emissions, and CO,-equivalent emissions (based on 100-
year GWPs) of ozone-depleting gases measured from ground-based sampling networks (except minor species; see Introduc-
tion). Emission uncertainties are given as 1 standard deviation (1-sigma) and more specific details can be found in the footnote.

General footnote: Mole fractions in this table represent independent estimates based on air sampling at Earth’s surface from different research groups for the years indicat-
ed. Results in bold text are estimates of globally averaged annual mole fractions. Regional data from relatively unpolluted sites are shown (in italics) where global estimates
are notavailable, where global estimates are available from only one network, or where data from global networks do not represent independent calibration scales. Abso-
lute changes (ppt yr™') are calculated by subtracting the 2019 annual mole fractions from the 2020 annual mole fractions; relative changes (% yr™') are this difference relative
to the 2019 value. Annual mole fractions reported by AGAGE were calculated based on the simulated surface mole fractions using a 12-box inverse model (e.g., Cunnold
etal., 1983; Rigby et al., 2013) that were optimized to represent the AGAGE in situ observations made at remote locations. Annual mole fractions reported by NOAA are
weighted annual averages from the measured monthly mole fractions from whole-air flask measurements made at remote locations, except for CFC-11, CFC-12, and CFC-
113, which include both NOAA in situ and flask measurements at those remote locations, and CCl,, which includes only NOAA in situ measurements. Differences to the
2016 values reported in the last Assessment primarily result from either minor box model changes (AGAGE data: <0.2 ppt for all species except CFC-12 and CH,CI <1.6
ppt) or updated calibrations and usage of different datasets for the calculation of hemispheric and global annual mole fractions (NOAA data: <0.3 ppt); i.e., the calibration
of NOAA in situ CFC-12 measurements was adjusted to improve the overall consistency among the six sampling and measurement locations. Mole fractions reported by
UEA/FZ| are annual averages of measured mole fractions from whole-air flask samples collected at Cape Grim, Australia, and are based on volumetric calibration scales,
except for halon-1211 and halon-1301 (NOAA-based). Mole fractions reported by NIES are annual average mole fractions from in situ measurements made in Japan and
are based on a gravimetric calibration scale. Mole fractions reported by UCl are based on flask air samples in the Pacific region spanning both hemispheres and are based
on volumetric calibration scales. Reported global annual emissions were calculated based on the AGAGE and NOAA observations using the 12-box model mentioned
above; “n.a.” indicates that emissions were not available. These observations are updated from the following sources: Butler et al. (1998); Laube et al. (2014); Laube et al.
(2016); Miller et al. (2008); Montzka et al. (2003); Montzka et al. (2015); Montzka et al. (2021); Newland et al. (2013); O'Doherty et al. (2004); Prinn et al. (2018); Rigby et
al. (2014); Simmonds et al. (2017); Simpson et al. (2007); Volimer et al. (2016); Volimer et al. (2018); Yokouchi et al. (2006); AGAGE (agage.eas.gatech.edu); NOAA (gml.
noaa.gov/dv/site); UCI (data.ess-dive.lbl.gov/view/doi:10.3334/CDIAC/ATG.002).

Notes:

' AGAGE calibrations were specified in Prinn et al. (2018).

2The NOAA data used the same calibrations as those published in the previous Assessment, except for H-1301 (see caption of Figure 1-1).
3 Measurements of CFC-114 from AGAGE are a combination of CFC-114 and the CFC-114a isomer.

4 CFC-114 and CFC-114a are quantified separately by UEA/FZ].



Table 1-1. See caption on facing page.

Mole Fraction (ppt)

Change (2019-2020)

Emissions (Gg yr')
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CO,-eq. Emissions

Chemical (Tgyr?) Network
2016 2020 (pptyr) (% yr™) 2016 2020 2020
229.4 223.8 -2.2 -1.0 6710 48 10 310+ 64 AGAGE!
CCI4F (CFC-11) 230.0 224.0 -2.5 -1.1 7710 4610 298 + 62 NOAA?
230.0 225.5 -2.0 -0.9 n.a. n.a. n.a. ucl
514.5 500.7 -3.9 -0.8 30+ 21 27 £ 21 334+ 268 AGAGE
CCl,F, (CFC12) 511.9 497.2 -4.2 -0.8 36+ 21 23+20 282+ 252 NOAA
515.6 504.7 -3.7 -0.7 n.a. n.a. n.a. ucl
CCIF; (CFC-13) 3.18 3.32 0.04 1.1 0.5+0.2 0.6+0.2 10+£3 AGAGE
CCI,FCCI,F (CFC-112) 0.42 0.39 -0.01 -1.8 n.a. n.a. n.a. UEA/FZ)
71.5 69.4 -0.5 -0.7 6.5+6.4 6.9+6.0 45+ 39 AGAGE
CCI,FCCIF, (CFC-113) 71.5 68.9 -0.7 -1.0 5.5%+5.0 6.4+4.8 42+32 NOAA
711 70.0 -1.1 -1.6 n.a. n.a. n.a. ucl
CClI,CF, (CFC-113a) 0.66 0.94 0.09 10 n.a. n.a. n.a. UEA/FZ)
16.28 16.28 -0.01 -0.03 2.3+x0.9 2.6%+0.9 24+8 AGAGE?
CCIRCCIF, (CFCTI4) 14.64 14.68 0.03 0.2 n.a. n.a. n.a. UEA/FZJ*
CCI,FCF; (CFC-114a) 1.04 .11 0.02 1.7 n.a. n.a. n.a. UEA/FZ)*
8.50 8.71 0.03 0.4 1.5+0.5 1.0+ 0.6 105 AGAGE
CCIF,CF, (CFCS) 8.62 8.86 -0.02 -0.2 n.a. n.a. n.a. NIES
RB785 248.0 1.3 0.5 37553 348 £ 55 664 =104 AGAGE
CHCIF, (HCFC-22) 237.4 247.8 1.0 0.4 37351 33753 643 £102 NOAA
242.3 256.1 &3 &l n.a. n.a. n.a. ucl
24.49 24.52 0.14 0.58 609 58+9 477 AGAGE
CH,CCI,F (HCFC-141b) 24.53 24.50 0.12 0.5 62+8 568 45+ 7 NOAA
24.6 25.8 -0.2 -0.8 n.a. n.a. n.a. ucl
22.54 22828 -0.23 -1.0 244 19+4 41£10 AGAGE
CH,CCIF, (HCFC-142b) 22.02 21.69 -0.26 -1.2 25+4 194 41£10 NOAA
228.2) 22.8 0.00 0.0 n.a. n.a. n.a. ucl
jwaors . |
CBr,F, (halon-1202) 0.014 0.009 -0.000 0.0 n.a. n.a. n.a. UEA/FZ)
3.59 3.21 -0.10 -3.0 3.2%1.8 29%1.6 6%3 AGAGE
CBICIF, (halon-1211) BE5]] 3.1 -0.10 -3.2 3.4+1.8 29%1.6 6%3 NOAA
3.70 3.36 -0.09 -2.6 n.a. n.a. n.a. ucl
3.53 3.16 -0.07 -2.3 n.a. n.a. n.a. UEA/FZ)
3.36 3.37 0.01 0.18 1.2£0.6 1.4+£0.6 104 AGAGE
CBrF; (halon-1301) 3.31 3.32 -0.01 -0.3 1.3£0.3 1.1+£0.5 9+3 NOAA
3.25 3.28 0.03 0.8 n.a. n.a. n.a. UEA/FZ)
0.41 0.39 0.00 -1.0 0.4+0.1 0.5%0.1 1.1+£0.3 AGAGE
CBrF,CBrF, (halon-2402) 0.42 0.40 -0.01 -1.5 0.4£0.1 0.4%0.1 0.9+0.3 NOAA
0.36 0.35 -0.00 0.0 n.a. n.a. n.a. UEA/FZ)
CH.CI 553.6 545.5 3.3 0.6 4699 960 | 4720+946 286 AGAGE
(methyl chloride) 559.3 549.4 3.0 0.6 4756+ 975 | 4718959 28+6 NOAA
79.92 76.34 -1.01 -1.3 42 £15 41£14 89+ 30 AGAGE
e tigzchlori oo 81.31 77.10 -1.32 -1.7 45£15 4614 99 + 31 NOAA
81.9 77.4 -0.3 -0.4 n.a. n.a. n.a. ucl
2.62 1.42 -0.23 -14 22+£2.0 2.3+£1.1 0.4+0.2 AGAGE
(meth(;lliﬁl:grléform) 2.60 1.40 -0.22 -14 29+1.8 2.2%1.0 0.4+0.2 NOAA
3.05 1.47 -0.26 -15 n.a. n.a. n.a. ucl
CH,Br 6.85 6.52 0.10 1.6 135+ 21 131+ 20 0.26 = 0.04 AGAGE
(methyl bromide) 6.85 6.68 0.12 1) 136 £ 20 134+ 20 0.27 £0.04 NOAA
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aforementioned accelerated mole fraction changes, as they have
also been decreasing after 2018 (Figure 1-1).

Measurements of the 2014-2020 trends in northern hemi-
sphere (NH) CFC-11 and CFC-12 abundances made using
ground-based Fourier transform infrared (FTIR) spectroscopy at
Jungfraujoch, Switzerland, agree within uncertainties with those
derived using surface-based in situ observations (Table 1-2 and
Figure 1-2). Upper-tropospheric NH trends derived from ACE-
FTS measurements are slightly less negative than their ground-
based counterparts (Table 1-2). The causes for these differences
are not entirely clear; however, it should be noted that due to the
irregularity of the ACE-FTS sampling, trends tend to be more ro-
bust over longer time periods. Recently it has been shown that
long-term CFC-11 near-surface abundances can be extracted
from the nadir-viewing AIRS (Atmospheric InfraRed Sounder)
instrument; the retrieved trends agree with those derived from
ground observations within their 95% confidence intervals (Chen
et al., 2020). This approach opens up the possibility of moni-
toring CFC-11 via other nadir sounders such as the Cross-track
Infrared Sounder (CrIS) and the Infrared Atmospheric Sounding
Interferometer (IASI), both of which offer a greater density of
global coverage relative to ACE-FTS.

CFC-113 (CCI,FCCIF,) near-surface global mole fractions also
have continued to decline, from 72 pptin 2016 to 69 pptin 2020.
The rate of decline in CFC-113 has remained relatively constant at
around 0.6 ppt yr™', and its IHD has remained approximately sta-
ble (Figure 1-1). The 2014-2020 trends in NH CFC-113 from the
ACE-FTS retrievals do not agree well with surface measurement-
derived values (Table 1-2). The ACE-FTS retrieval of CFC-113 has
a number of artifacts that contribute toward this trend bias; in
Bernath et al. (2021), the ACE-FTS trend is ~70% more negative
than that derived from near-surface observations.

The previous Assessment reported a slowdown in the de-
cline of the combined mole fraction of the CFC-114 (CCIF,CCIF,)
and CFC-114a (CCI,FCF;) isomers. This has continued, such that
there has been virtually no change in global abundance between
2016 and 2020 (Figure 1-1 and Table 1-1; update from Vollmer

etal., 2018). In 2020, the global mean mole fraction of combined
CFC-114 and CFC-114a was still approximately 16 ppt, while the
mole fraction of CFC-114a (only available from measurements in
the Southern Hemisphere) increased slightly from 1.0 ppt to 1.1
ppt since 2016 (update of Laube et al., 2016). On a regional scale,
enhanced mole fractions of CFC-114 have been observed in air
masses above China (Zeng et al., 2020; Yang et al., 2021; Benish
et al., 2021), though the portions of these signals caused by its
hard-to-separate isomer CFC-114a are not quantified.

In the 2018 Assessment, it was reported that the mole frac-
tion of CFC-115 (CCIF,CF;) had grown since 2012, reaching 8.5
ppt in 2016 (update from Vollmer et al., 2018). This trend has
continued, with CFC-115 reaching 8.7 ppt in 2020. For CFC-13
(CCIF;), the previously reported slow growth has also continued,
and the global mole fraction increased from 3.18 ppt in 2016 to
3.32 ppt in 2020 (update from Vollmer et al., 2018).

Since the last Assessment, CFC-112 (CCI,FCCI,F), which had
a southern hemisphere (SH) mole fraction of 0.42 ppt in 2016,
has continued to decline in the atmosphere, to 0.39 ppt in 2020.
The abundance of its isomer CFC-112a (CCIF,CCl,) has, however,
started to increase recently in the SH, from 0.07 to 0.08 ppt be-
tween 2016 and 2020 (update of Laube et al., 2014). In addition,
CFC-113a (CCI;CF;) mole fraction increases have accelerated for a
second time in the Southern Hemisphere (first around 2012, and
then again after 2016), reaching 0.95 ppt in 2020 (compared to
0.66 ppt in 2016) (update from Adcock et al., 2018; Table 1-1).

For CFC-216ba (CCIF,CCIFCF;), no significant change in SH
abundance was observed since the last Assessment (0.04 ppt,
update from Kloss et al., 2014), and there is no update available
for CFC-216ca (CCIF,CF,CCIF,; 2016: 0.02 ppt).

Emissions, Lifetimes, and Radiative Forcings. Atmospheric
lifetimes of CFCs have not been reevaluated since the 2014
Assessment, although one recent publication has assessed the
influence of the oceanic reservoir to be currently of no significant
importance to the CFC-11 lifetime (Wang et al., 2021). Therefore,
the lifetime estimates used here—which underpin all emission es-
timates—are again still largely based on SPARC (2013), with small

Figure 1-2. Monthly mean total vertical col-
umn abundance time series of CFC-12, CFC-11,
HCFC-22, and CCl, derived from the long-term
FTIR monitoring program conducted at the
Jungfraujoch station, Switzerland (46.5°N),
from 1986 to 2021 (updated from Zander et
al., 2008; Gardiner et al., 2008; Rinsland et al.,
2012; and Prignon et al., 2019). Note the dis-
continuity in the vertical scale.
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Table 1-2. Annual trends of selected ODSs, CF,, and SF; for the 2014-2020 time period derived from surface measurements
as well as ground-based and satellite remote sensing observations. Trends derived from in situ measurements were based on
linear regression of the hemispheric annual mole fractions calculated from the NOAA and AGAGE observations for 30-90°N.
Their associated uncertainties were calculated from uncertainties in the slopes and the differences in the relative trends derived
from NOAA and AGAGE observations. For CF,, only AGAGE data were used. For ground-based remote sensing observations,
relative annual rates of change were computed from FTIR observations at Jungfraujoch station, Switzerland, with the bootstrap
resampling tool described in Gardiner et al. (2008). All uncertainties are estimated at 2-sigma. For satellite remote sensing obser-
vations, the ACE-FTS trends were determined for 0-60°N, from the least-squares linear regression of averaged mixing ratios in
molecule-dependent upper-tropospheric altitude ranges (updated from Bernath et al., 2021). For CF,, the trend was calculated
over the altitude range 25.5-40.5 km due to problems with the retrieval in the troposphere. Trend uncertainties were calculated
from uncertainties in the slopes and intercepts of the regression lines. As opposed to the in situ-based mole fractions, those de-
rived from ACE-FTS and FTIR are volume-based and not dry air, which may account for part of the differences.

Annual Trend 2014 - 2020 (% yr~' relative to 2017)

Substance In situ Remote sensing ground-based Remote sensing satellite
(surface) (total column)'2 (upper troposphere)®*
CEC-11 -0.61+0.10 -0.72+0.19 -0.46 £0.04
CFC-12 -0.69 £0.02 -0.72£0.09 -0.59+0.04
CFC-113 -0.84+£0.04 N/A -1.58 £0.05
CCl, -1.24+£0.12 -1.31£0.22 -1.14+£0.05
HCFC-22 1.19+£0.19 1.36 £0.13 1.43+£0.15
HCFC-141b 0.23+0.24 N/A -0.82+0.29
HCFC-142b -0.24+0.22 0.50+£0.73 0.61£0.34
CF, 1.07 £0.02 0.93+0.07 1.07 £0.06
SFg 3.56+0.11 3.86+0.14 3.73%+0.15

Notes:

'The Jungfraujoch FTIR trends are based on observations of CFC-11, CFC-12 (updated from Zander et al., 2008), CCl, (updated from Rinsland et al., 2012), HCFC-22 (up-
dated from Prignon et al., 2019), HCFC-142b (updated from Mahieu et al., 2017), CF, (updated from Mahieu et al., 2014b), SF, (updated from Zander et al., 2008). Note
that the HCFC-142b trend is not significant at 2-sigma uncertainty.

2The methods used for the determination of the uncertainties affecting the retrieved trends for remote sensing—based observations benefited from recent research de-
velopments that account for the autocorrelation and heteroskedasticity (i.e., changing variance with time) that are often present in such geophysical time series. Previous
statistical tools used random permutations of the residuals (differences between the fitted function and the observations) in order to assess the trend distribution and asso-
ciated uncertainty (Gardiner et al., 2008). This approach has the disadvantage of failing to preserve the possible autocorrelation and heteroskedasticity of the residuals,
since they are randomly resampled. More recent studies (Friedrich et al., 2020a, 2020b) present improved statistical tools based on the autoregressive wild bootstrap
method that do not involve any permutation of the residuals. They are therefore more appropriate for geophysical time series and are expected to provide a more reliable
estimate of the uncertainties associated with the trends. This is particularly important when dealing with small rates of change.

3Uncertainties are also 2-sigma but currently not derived in a way that is comparable to the other data shown in this table.

4Remote sensing satellite trends are taken solely from ACE-FTS measurements (updated from Bernath et al., 2021).

changes due to reaction rate updates (Burkholder et al., 2019),
and are given in the Annex.

2018) highlighted several factors that currently limit the ability to
accurately estimate when emissions of CFCs and other long-lived
controlled species diverge from expectations. Among these fac-
tors are uncertainties in emissions from banks (e.g., Lickley et al.,
2020; see also Chapter 7) and variability in air transport to and
from their main sink region in the stratosphere (Montzka et al.,
2018; Ray etal., 2020; Laube etal., 2020; Lickley etal., 202T; Ruiz
etal., 2021). Also challenging, in terms of pinpointing the sources
of such emissions, is the lack of precise, accurate, frequent, and
regular measurements in many regions of the world (Rigby et al.,

CFC emissions to the atmosphere have for several years
been expected to be due only to leakage from banks and there-
fore to decline with time as the size of the banks decreases. This
appears to be qualitatively the case for CFC-12, as its emissions
have continued to decrease since the previous Assessment. The
aforementioned “Report on the Unexpected Emissions of CFC-
117 (WMO, 2021) also included research on CFC-12, as the two
species are often co-produced. Similar to CFC-11, a slowdown in

the decline of emissions was also observed for CFC-12 between
2010 and 2017, followed by a small but not significant emission
reduction between 2017 and 2019. In 2020, the fall in CFC-12
emissions continued, reaching a new all-time minimum of approx-
imately 25 Gg yr™' (Table 1-1, Figure 1-3).

Concurrent with the recent accelerated decrease in CFC-11
atmospheric abundances, CFC-11 emissions have declined mark-
edly in recent years: from 72 Gg yr~'in 2016 to 47 Gg yr'in both
2019 and 2020 (Table 1-1), corresponding to a drop of more
than 30%. Importantly, the research carried out after the renewed
increases in emissions of CFC-11 were observed (Montzka et al.,

2019). Emission uncertainties are highlighted in Box 1-2.

Emissions of CFC-113 are estimated at 6.0 Gg yr™" in 2016
and 6.6 Gg yr'in 2020. However, since these annual estimates
have relatively large uncertainties of around 5-6 Gg yr, this is
not a significant change. Importantly, CFC-113 emissions remain
much lower than in the 1990s; nevertheless, a significant further
decrease should be detectable over longer timescales, and its
absence has been notable for some time (Lickley et al., 2020;
Figure 1-3).

Of the less abundant CFCs, CFC-13 emissions plateaued
ataround 0.5 £ 0.2 Gg yr™' in the decade leading up to the last
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Figure 1-3. Continued on next page.
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Figure 1-3. Continued from previous page.

Atmospheric observation-based “top-down” global emission estimates (Gg yr™') for long-lived ozone-depleting substances
with equivalent chlorine at the surface greater than 1 ppt in 2020, and emission inventory-based “bottom-up” global emissions
estimates for H-1211, H-1301, and H-2402. Top-down emissions were calculated using a global 12-box model and a Bayesian
inverse modeling framework (Cunnold et al., 1983; Rigby et al., 2013) using atmospheric data from AGAGE (black) and NOAA
(red) measurement networks. For top-down estimates, losses for CFCs were assumed to occur only in the stratosphere (but no
dynamical correction to account for changes in stratosphere-troposphere fluxes, as in Montzka et al., 2021, is included here),
and total lifetimes were taken from the Annex. For other gases, OH rate constants were taken from Burkholder et al. (2019), and
stratospheric lifetimes were taken from the Annex, with the exception of CCl,, which was taken from SPARC (2016) but using
the oceanic lifetime from Suntharalingham et al. (2019). Global steady-state lifetimes for each species (in years) were as follows:
CFC-11 (55), CFC-12 (103), CFC-113 (95), CFC-13 (640), CFC-114 (191), CFC-115 (664), CH;CCl, (4.8), CCl, (29.9), H-1211 (16.0),
H-1301 (71.8), H-2402 (28.0), HCFC-22 (11.3), HCFC-141b (8.7) and HCFC-142b (17.1). Small differences may appear between
global lifetimes presented in the Annex and those calculated by the 12-box model due to assumed OH and model transport. The
gray shading and dotted red lines show the 1-standard deviation uncertainties. The Bayesian approach uses bottom-up emissions
estimates as an a priori constraint. Details of the a priori constraints used are detailed in Rigby et al. (2013), Rigby et al. (2014),
Simmonds et al. (2017), Vollmer et al. (2016), and Vollmer et al. (2018), where the year-to-year prior constraint on emissions was
assumed to be 20% of the maximum emissions. Uncertainties in the lifetimes are taken from SPARC (2013) and applied using the
method presented in Rigby et al. (2014). Bottom-up estimates have been updated for the halons using data from HTOC (2018)
and are shown as purple crosses.
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Assessment, and this has continued with an estimate of 0.6 = 0.2
Gg yr! for 2020 (update of Vollmer et al., 2018). This is contrary
to the expectation of CFC-13 bank-related emissions decreasing
with time.

Emissions from the combination of the CFC-114/CFC-
114a isomers also plateaued in the decade leading up to 2016.
Estimates for 2016 have been adjusted upwards, from 1.9 Gg
yr' to 2.2 Gg yr™', which is well within the uncertainty range of
+0.9 Gg yr' and also not significantly different from the 2020
emissions of 2.6 Gg yr™' (Table 1-1; update from Vollmer et al.,
2018). Emission estimates from the independent record of Laube
et al. (2016), in which the two isomers were separated, have not
been updated. It should be noted, though, that the observed in-
creases in CFC-114a abundance imply an emission increase, thus
highlighting further that the sources of the two isomers are not
identical.

For CFC-113a, in addition to the emission increase observed
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Figure 1-4. (a) 100-year GWP-weighted (CO,-equivalent)
emissions and (b) ODP-weighted (CFC-11-equivalent) emis-
sions. CO,- and CFC-11-equivalents are taken from the An-
nex. Solvents are defined as CCl, and CH;CCl;, and other
F-gases include SFs, CF,, C,Fg, CsFg, c-C,Fg, n-CoFy,, NF5,
and SO,F, (minor species not included; see Introduction).
Shading shows the 1-standard deviation uncertainty.

between 2009 and 2012 (to 1.7 Gg yr™" in 2012-2016; Adcock
etal., 2018), observations indicate that emissions have increased
again since 2018, although no quantitative estimate is currently
available.

An increase in the global emissions of CFC-115to 1.14 £ 0.5
Gg yr' for 2015-2016 was reported in the previous Assessment
(Vollmer et al., 2018; Figure 1-3). More recently, these emissions
have varied within uncertainties and are estimated at 1.0 Gg yr™'
for 2020. As for several other CFCs, the cause of these persisting
emissions remains uncertain.

Recent regional studies examining CFC emissions using at-
mospheric observations (i.e., top-down estimates) have focused
largely on CFC-11 and CFC-12, and the reader is again referred to
the “Report on the Unexpected Emissions of CFC-11" (WMO, 2021)
for more detail. Briefly, individual studies have found that Indian
and Australian emissions are thought to be negligible in compari-
sonto the global total (Say et al., 2019; Fraser et al., 2020). In con-
trast, emissions of CFC-11 (and, to a lesser degree, CFC-12) from
within China were found to have been substantially enhanced from
2012 to 2018, after which they declined very rapidly (Montzka et
al., 2021; Park et al., 2021; Yi et al., 2021). The decline of CFC-11
emissions from eastern China, however, explain only 60 £ 30%
(10 £ 3 Gg yr™) of the observed global emission decrease (Park et
al., 2021). In addition to the aforementioned CFC-11 Report, Hu
etal. (2022) recently examined continental-scale contributions to
the increase in global CFC-11 emissions between 2012 and 2017
by inferring emissions from campaign-based observations during
the HIAPER Pole-to-Pole Observation (HIPPO), the Atmospheric
Tomography Mission (ATom), and NOAA's global CFC-11 mea-
surements. They found that Asia, including temperate eastern
Asia, temperate western Asia, and tropical Asia, accounted for
86 (59-115) % of the global CFC-11 emission rise between 2012
and 2017. Rust et al. (2022) also reported regional emissions of
28 halocarbons for Switzerland, but all of these are very minor in
a global context (e.g., around 0.05 Gg yr™' for CFC-11 in 2019),
which is why we do not specifically mention this study in any of the
following sections. In terms of regional emissions of CFC-12, at-
mospheric observations have confirmed a decrease in emissions
from northeastern China from 3.3 £ 1.4 Gg yr™'in 2016 to 0.5 £
0.5Ggyr'in 2019 (Park et al., 2021).

In summary, global emissions of most CFCs remain well
below their peak levels (Figure 1-3), with CFC-11 (and to a lesser
degree CFC-12) accelerating its decline substantially since the last
Assessment and now being much closer to previous baseline sce-
narios. This is largely due to a recent reduction in Chinese emis-
sions. Of note are the continuing and, in some cases, increasing
emissions of several of the more minor CFCs (as evidenced by an
increase in chlorine from the five increasing CFCs, from 16.0 £
0.3 pptin 2016 to 17.2 = 0.3 ppt Cl in 2020), for which the only
known emission regions are in eastern Asia (updates from Laube
etal., 2016; Adcock et al., 2018; Vollmer et al., 2018). Total ODP-
weighted emissions for all CFCs dropped from 98 + 33 Gg yr™'
CFC-11-equivalent in 2016 to 77 = 32 Gg yr~' in 2020 (Figure
1-4).

With respect to their influence on climate, in 2020 CFCs con-
tributed 76% of the total direct radiative forcing due to ODSs con-
trolled under the Montreal Protocol, with a combined radiative
forcing of 257 mW m=2in 2020 (Figure 1-5). The radiative forcing
due to CFCs declined by 2.6% between 2016 and 2020, driven
primarily by the reduction in abundance of CFC-11 and CFC-12;
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over this five-year period, the radiative forcing due to these two HFCs, which contributed 1.25 £ 0.10 Pg yr™' in 2020, are now the
gases declined by 6 mW m~2. Consequently, when the combined highest contributor among the halogenated species in terms of
emissions of all CFCs are expressed as CO,-equivalent, a decline CO,-equivalent emissions in 2020 (see also Chapter 2). Where
has again been observed since the last Assessment (Figure 1-4). available, CO,-equivalent emissions of individual species for

CO,-equivalent emissions of CFCs were 0.9 = 0.4 Pg yr™' and 2020 can be found in Table 1-1.
0.7 £0.4 Pg yr~'in 2016 and 2020, respectively. This means that
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Figure 1-5. Direct radiative forcing based on the lower-tropospheric atmospheric mole fractions of ODSs and selected green-
house gases, if their radiative forcing in 2020 was 0.1 mW m=2 or higher. Groupings of gases are shown with dashed lines, and
selected compounds are shown with solid lines. The ODS group here refers to combined CFCs, HCFCs, halons, and solvents
(minor species not included; see Introduction). HFCs include the species HFC-23, HFC-32, HFC-134a, HFC-143a, HFC-125, HFC-
152a, HFC-4310mee, HFC-227ea, HFC-365mfc, HFC-236fa, and HFC-245fa. Other F-gases are defined as the sum of PFCs,
SF¢, SO,F,, and NF;. Radiative forcings for individual HFCs are not shown as these can be found in Chapter 2. Individual lines for
HCFC-124 and n-C¢F,, have been omitted for clarity. The radiative forcing for CH;CCl; in 2020 is less than 0.1 mW m= but has
been included due to historical significance. Lower tropospheric annual mean mole fractions were taken from merged NOAA,
AGAGE, and UEA/FZ| data. Radiative forcings are calculated following the approach of Ramaswamy et al. (2001) using the radi-
ative efficiencies from the Annex. Preindustrial (in 1750) mole fractions are assumed to be zero for all gases except for CH, (722
ppb), N,O (270 ppb), and CF, (40 ppt). For comparison, the radiative forcing due to CO, was approximately 2111 mW m=2in 2020
(Butler and Montzka, 2021).
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Box 1-2. Uncertainties in Atmospheric Observation-Based Emission Estimates

Uncertainties in atmospheric observation-based global emission estimates

Global emissions of a trace gas can be derived from the annual rate of change in its atmospheric burden and its atmospheric
lifetime, as described in detail in the last Assessment. Uncertainties in such estimates are often dominated by uncertainties of the at-
mospheric lifetime of the trace gas. Atmospheric lifetimes for the majority of trace gases considered in this Assessment were inferred
from satellite observations, in situ measurements of tracer-tracer correlations, photochemical model simulations, and estimates of
oceanic and terrestrial fluxes. Uncertainties in atmospheric lifetimes for many trace gases considered here are on the order of £10%
to £30%.

In addition to atmospheric lifetimes, uncertainties of atmospheric burdens (B) also contribute to the overall uncertainty of such
global emission estimates. B is generally estimated from the NOAA and AGAGE atmospheric mole fraction measurements made
near Earth’s surface in locations that are far away from emissive sources, so that the measured mole fractions are deemed as good
representations of zonal average tropospheric mole fractions at measurement locations. However, the representativeness of those
surface measurements for zonal averages is an additional factor that can augment inaccuracies in global means derived from a small
number of remote surface sites. Furthermore, the Quasi-Biennial Oscillation (QBO) of tropical zonal winds, previously known as a
climate phenomenon that strongly affects the variability of trace gas concentrations in the stratosphere, can also influence trace gas
levels at Earth’s surface (Ray et al., 2020; Montzka et al., 2021; Ruiz et al., 2021). This influence is on one- to five-year timescales and
can impact global annual emission estimates. However, when averaging global annual emissions over five years or more, the impact
of QBO on the multiyear global average emission estimate is reduced.

In this Assessment, global emissions of ODSs (and of HFCs, discussed in Chapter 2) are derived from the AGAGE 12-box model
(Cunnold etal., 1994; Rigby et al., 2013) rather than a one-box model. Because the transport in the 12-box model relies on parame-
terized mixing and advection between boxes, additional uncertainties of global emissions from this approach arise from uncertain-
ties in the parameterized transport in the 12-box model.

Uncertainties in atmospheric observation-based regional emission estimates

Atmospheric observation-based regional emission estimates compiled in this Assessment are mostly derived from Bayesian
inverse modeling of regional atmospheric trace gas mole fraction measurements. The fundamental assumption in this modeling
technique is that there is a linear relationship between regional emissions (s) and enhancements (z) in mole fractions measured within
or closely downwind of this region. This linear operator, or the sensitivity of these atmospheric observations to upwind emissions
(H), is often computed from atmospheric transport models. The Bayesian technique requires an initial guess on regional emissions (a
priori, sp). It assumes errors between the prior guess and the unknown “true” emissions (or prior emission errors) and errors between
observed mole fraction enhancements and simulated mole fraction enhancements with the chosen transport model (or model-ob-
servation mismatch errors) follow Gaussian distributions. The Bayesian solution of regional emissions was obtained by minimizing the
following cost function (L), such that it reflects the most likely magnitudes and distributions of regional emissions, given the observed
mole fraction enhancements in space and time, prior emission assumptions, and atmospheric transport simulations.

L= %(z — Hs)TR™Y(z — Hs) + % (s- sp)TQ'i(s —sp)

Here, Rand Q represent the covariance matrices of model-observation mismatch errors and prior emission errors.

The first order of uncertainties in such estimates originate from biases in atmospheric transport simulations, assumptions in prior
emissions, and the estimated upwind boundary values that were subtracted from atmospheric observations to derive regional mole
fraction enhancements. To incorporate such uncertainties into regional emission estimates, some atmospheric inversion analyses
implement an ensemble approach, where multiple transport simulations, prior emissions, and boundary value estimates are consid-
ered (e.g., Huetal., 2017; Rigby et al., 2019; Park et al., 2021). The range of emissions derived from these multiple inversion runs are
used for calculating the final mean and uncertainties of regional emissions.

The locations, density, and frequency of atmospheric trace gas measurements used for deriving regional emissions also con-
tribute to the overall uncertainties of regional emission estimates. In general, more measurements within and closely downwind of
emissive regions will enable a more accurate inference of regional emissions that have less dependence on prior assumptions. For
example, the current atmospheric sampling network has a good sensitivity for emissions from North America, western Europe, and
eastern Asia (Box 1-2 Figure 1), enabling robust estimates of regional emissions from such an approach (Graziosi et al., 2015; Hu et
al., 2015, 2016, 2017; Maione et al., 2014; Park et al., 2021; Rigby et al., 2019; Simmonds et al., 2020). In contrast, huge gaps exist
in many developing countries (Weiss et al., 2021), resulting in challenges in understanding their contributions to global emissions of
important controlled substances and their compliance to the Montreal Protocol.

Besides the factors mentioned above, assumptions about error covariances in prior emissions and model-observation mis-
match errors (Qand Rin the equation above) also influence the final Bayesian solution of emissions. This is because these assumptions
determine the relative weights between atmospheric observations and prior emission assumptions in the final solution. In the early
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Bayesian regional inversion studies, scientists often used “expert judgment” to arbitrarily assign error covariance matrices, whereas
recent techniques (Ganesan et al., 2014; Hu et al., 2015; Lickley et al., 2021) allow direct quantification of error covariances from
atmospheric observations, enabling a more objective derivation of regional emissions.
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Box 1-2 Figure 1. Current atmospheric sampling for measurements of ozone-depleting substances and their substitutes
from the NOAA and AGAGE networks. Displayed in color shading are mean footprints, which are a measure of the contri-
bution to the above-baseline mole fraction made by a unit emission. [Figure from WMO, 2021.]

1.2.2 Halons

Observations of Atmospheric Abundance. Halon-1211
(CBrCIF,), halon-2402 (CBrF,CBrF,), and halon-1202 (CBr,F,)
abundances continued to decline from their peak values, which
were observed in the early and mid-2000s. Global surface mean
mole fractions of approximately 3.2 ppt and 0.40 ppt were ob-
served for halon-1211 and halon-2402, respectively, in 2020, and
SH mole fractions of approximately 0.009 ppt were recorded for
halon-1202 (Table 1-1 and Figure 1-1; updates from Newland et
al., 2013; Vollmer et al., 2016). Halon-1301 (CBrF;) growth rates,
which were reported as <0.01 ppt yr~'in 2016, remained close to
zero. A 2020 global mean mole fraction of 3.37 pptand 3.32 ppt
was derived from AGAGE and NOAA, respectively, which means
that halon-1301 has now become the most abundant halon in the
atmosphere. Abundances of halon-2311 (CF;CHBrCl) remained
below 0.01 ppt.

Emissions, Lifetimes, and Radiative Forcings. Emissions of
halon-1211 estimated from observed atmospheric abundances
show signs of a continuing decline since the last Assessment,
from 3.3+ 1.8 Ggyr'in2016t0 2.9 +1.6 Gg yr~' in 2020. These
top-down estimates continue to be higher than the bottom-up
emission estimates in the Halons Technical Options Committee
2018 Assessment Report (HTOC, 2018; Figure 1-3). For halon-
2402, emissions remain low at around 0.4 Gg yr™', with no indi-
cations of a change since 2016. There is now good agreement
with HTOC-based bottom-up estimates for this ODS, as the lat-
ter declined substantially between 2016 and 2020. Halon-1301
emissions have also remained stable at around 1.3 Gg yr~' during
2016-2020, with HTOC estimates slightly lower than those

based on atmospheric observations. No update is available for
halon-1202 and halon-2311, although the most recently reported
mole fractions (<0.01 ppt in both cases) indicate that the contri-
butions from these two species are likely small.

Halons have high ODPs, so as a group their ODP-weighted
emissions still make the second-highest contribution to CFC-
11-equivalent emissions relative to those of other ODS groups
(Figure 1-4). Due to their low GWPs, the direct contribution of
halons to global radiative forcing is small. At 2.2 mW m=2in 2020,
halons contribute only 0.6% of the radiative forcing of CFCs
(Figure 1-4). When their influence on ozone depletion is also
considered, net radiative forcing due to halons is negative (Daniel
etal., 1995).

1.2.3 Carbon Tetrachloride (CCl,) and Methyl
Chloroform (CH,CCl,)

Observations of Atmospheric Abundance. The abundance
of carbon tetrachloride (CCl,) has continued to decline at a rate
similar to that reported in the previous Assessment. AGAGE ob-
servations showed a mole fraction of 79.9 ppt in 2016 and 76.3
ppt in 2020, while NOAA reported a mole fraction of 81.3 ppt
in 2016 and 77.1 ppt in 2020 (Table 1-1 and Figure 1-1). These
differences are likely related to known calibration-scale differenc-
es, although a higher discrepancy between inter-hemispheric
differences derived from observations by the two networks has
emerged since around 2018 (Figure 1-1). Data from UCI show
a similar decline, from 81.9 ppt to 77.4 ppt, between these
years. Ground-based remote sensing observations of CCl, from
Jungfraujoch also show a very similar rate of decline between
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2014 and 2020 as compared to the average of the global sur-
face-based measurements from the AGAGE and NOAA networks
(Table 1-2).

Methyl chloroform (1,1,1-trichloroethane, CH;CCl;) global
mean mole fractions decreased from 2.6 £ 0.7 pptin 2016 to 1.4
ppt in 2020 (Table 1-1), i.e., reaching 1% of its maximum value.
This is reflected also in long-term atmospheric CH;CCl; measure-
ments at seven background stations in China and confirmed by a
record of 12 years showing a continuous decline (Yu et al., 2020).

Emissions, Lifetimes, and Radiative Forcings. Since the last
Assessment, Suntharalingam et al. (2019) reevaluated the partial
lifetime of CCl, with respect to the ocean sink and derived an es-
timate of 124 (110-150) years. This is shorter than the previously
used estimate of 183 (147-241) years (Butler et al., 2016) and
implies higher emissions of 5-7 Gg yr™'. Given the numerous
improvements in the methodology of the new study, the revised
partial lifetime has been incorporated into emission estimates in
this Assessment. One further study examined the atmospheric
lifetime of CH,CCl; (Orkin et al., 2020), but its main focus was
on improving estimations of the atmospheric lifetimes of other
species using an improved scaling method in combination with
modeling and kinetic data. They derive a partial lifetime of 6.0
years with respect to loss from reaction with the OH radical, but
this is only slightly lower than, and not significantly different from,
the currently used 6.1 years (Engel, Rigby et al., 2018).

Global emissions of CCl, are estimated at 44 £ 14 Gg yr™in
2020, virtually unchanged from the estimate of 43 = 15 Gg yr™
during 2016. As noted by Liang et al. (2016) and in the previous
Assessment, there are still indications for a gap between bot-
tom-up (based on emissions reporting) and atmospheric observa-
tion-derived emissions. This gap is discussed further in Chapter
7, although it should also be noted that the uncertainty ranges of
the two emission estimates currently overlap (Table 1-1). As for
regional estimates, emissions of CCl, in eastern China over the
period 2013-2019 show year-to-year variability likely related to
CFC-11 production (which is not surprising as CCl, is a feedstock
for CFC-11 production). Emissions were found to have increased
after 2013, reaching 11.3 = 1.9 kt yr™" in 2016, and to have then
decreasedto 6.3 = 1.1 ktyr™'in 2019 (Park et al., 2021).

CH,CCl; emissions are stable at about 2.3 Gg yr™" in 2020,
although there are differences in the emissions reported for 2016
between the AGAGE (2.2 Gg yr™') and NOAA networks (2.9 Gg
yr). However, when considering the uncertainty ranges, the
2016 and 2020 emission estimates are indistinguishable (Table
1-1). In terms of regional studies, Say et al. (2019) derived CCl,
emissions of 2.3 (1.5-3.4) Gg yr~' and CH,CCl; emissions of
0.07 (0.04-0.10) Gg yr~! for northern and central India during
an aircraft campaign in June and July 2016. The studies focusing
on China report a temporal evolution of CCl, emissions similar to
those of CFC-11 and CFC-12, with an increase from about 2012
onwards, followed by a decrease that started approximately
during 2016-2017, and 2019 emissions being comparable to
those in 2011 (Lunt et al., 2018; Park et al., 2021).

Radiative forcing due to CCl, declined to 13 mW m™2 in
2020, equivalent to 5% of the radiative forcing due to CFCs. The
radiative forcing due to CH;CCl; remains negligible (Figure 1-4).

1.2.4 Hydrochlorofluorocarbons (HCFCs)

Observations of Atmospheric Abundance. The global

surface mean mole fraction of HCFC-22 (CHCIF,) has continued
to increase, from around 237 ppt in 2016 to around 248 ppt in
2020 (Figure 1-1and Table 1-1). However, its annual growth rate
has decreased even further and is now about 0.5% (2019-2020)
as compared to 1.8% in 2015-2016. In contrast, growth rates
of HCFC-141b (CH5CCIL,F) and HCFC-142b (CH;CCIF,) have not
continued their decline since 2016 (Figure 1-1). Their global
abundances were 24.5 ppt and 22 ppt in 2016, respectively;
i.e., within uncertainties they are identical to the 2020 values.
Nevertheless, higher growth rates of these three HCFCs had
been projected in the previous two Assessments, which is reflect-
ed in the higher abundances in the A1-2014 and A1-2018 scenar-
ios (Figure 1-1). These near-surface observations of abundances
are in excellent agreement with FTIR-based abundances and
trends (Figure 1-2 and Table 1-2; Prignon et al., 2019), whereas
upper-tropospheric trends derived from the ACE-FTS satellite in-
strument are lower (HCFC-141b) or higher (HCFC-142b) than the
other available trend estimates. It should be noted, however, that
no comprehensive uncertainty analysis has been carried out for
these satellite-based trends.

Of the less abundant HCFCs, mole fractions of HCFC-124
(CHCIFCF;) were not reported in the last Assessment. These have
since become available, changing from 1.1 pptin 2016 to 0.9 ppt
in 2020 (update from Simmonds etal., 2017). Vollmer etal. (2021)
reported in situ observations of the newly detected HCFC-132b
(CH,CICCIF,), which included a reconstruction of its historical
atmospheric trends and abundances. This ODS first appeared in
the atmosphere during the late 1990s, exhibiting a growth period
until 2013, reaching 0.15 ppt in the NH. A brief period of decline
was followed by another increase from around 2016 onwards to
arrive at a global mole fraction of 0.14 ppt in 2020.

HCFC-133a (CF;CH,CI) SH mole fractions remained stable at
around 0.39 ppt between 2016 and 2020 (update from Laube et
al., 2014) and globally were at 0.45 pptin 2020. The abundances
of HCFC-31 (CH,CIF) increased slightly from 0.09 ppt in 2016 to
0.11 ppt in 2020 (update from Vollmer et al., 2021). No update
is available for HCFC-225ca (CF;CF,CHCl,), which in 2012 was
reported at 0.02 ppt.

Emissions, Lifetimes, and Radiative Forcings. Global emis-
sions of HCFC-22 may have started to decline in 2020 after a
period of relatively constant emissions, with 2020 emissions of
348 + 53 Ggyr'and 337 + 53 Gg yr' inferred using AGAGE and
NOAA measurements, respectively, compared to 2016 emissions
of 375 £ 50 Gg yr™' and 373 £ 51 Gg yr™, respectively. HCFC-
142b emissions show indications of a decline by a total of 5-6 Gg
(22-25%) between 2016 and 2020, though the uncertainties of
the estimates for these two years overlap. HCFC-142b emissions
in 2020 were around 19 Gg yr'. Global emissions of HCFC-141b
of 58.1 + 8.8 Gg yr' and 56.4 = 8.2 Gg yr™' from AGAGE and
NOAA respectively in 2020 were smaller than in 2016, although,
after an initial drop, emissions rose year on year since 2017,
amounting to a total rise of ~4.5 Gg. Again, this is not a signif-
icant increase when considering the uncertainties (Table 1-1).
However, the emission changes for those three HCFCs are consis-
tentwith a sharp drop in reported HCFC consumption after 2012,
particularly from Article 5 countries. Emissions of HCFC-124 have
continued to decline since 2016, with 2020 emissions of 3.0
0.7 Gg yr™. The 2020 emissions were, however, slightly larger
(up to ~0.4 Gg yr™') than those in the three preceding years.

A number of HCFCs with no known purposeful end use
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Table 1-3. Regional emissions estimates for HCFCs (mainly focusing on new estimates published since the last Assessment) for
years where data are available. Uncertainties are given as the 68% uncertainty range or 1 standard deviation where available.
Note that some estimates of HCFC-22, HCFC-141b, HCFC-142b, and HCFC-124 emissions are derived using a bottom-up meth-
od, while other estimates use a top-down approach. Estimates for India use measurements made only during June and July.

Region
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

HCFC-22 (Gg yr™)
China® 139£35 154 £ 51 172+ 37 159+ 34 146 + 44 147 £ 36 147 £ 26
China®* 107 (79-129) | 116 (87-142) | 112(91-153) | 127 (95-161) | 130(124-131) | 134(127-135) | 131(124-135) [ 126 (116-132) | 121 (108-131) | 116 (100-130)
Europe® 18.6 16.1
Europe© 152+ 3.1 121+£2.0
India® 7.8(6.0-9.9)
South Africa® 3.0(1.6-4.4)
USA' 48.8+9.4 42.8+3.1 411144 40.0£5.9
USAZ" 80 76 73 69 58 54 51 47 43
China® 24+5 22+6 18+ 6 167 15+£6 15+£3 15+£2
China" 13.1 14.3 14.2 15.7 15.5 10.3 10.6 1.6 10.9
China™ 15.3 16.4 15.8 15.7 17.4 18.4 20.0 231 23.6 24.0
India® 1.0(0.7-1.5)

HCFC-142b (Gg yr-)

China® n£3 n+4 n+4 n+£3 9+£3 8+2 61

China" 10.8 13.4 12.8 1.4 8.1 7.2 6.5 5.8 6.0

China” 12.7 14.6 12.3 12.1 12.6 12.6 12.5 12.2 1.9 n.7
India? 0.10(0.06-0.14)

*Bottom-up; ? Fang et al. (2019¢); © Li et al. (2016); < Graziozi et al. (2015); ¢ Kuyper et al. (2019) © Say et al. (2019); fHu et al. (2017); 9 US EPA (2021); ' Yi et al. (2021);

"Wang et al. (2015); Han et al. (2014)

continue to be emitted. Emissions of HCFC-133a remained at
around 2 Gg yr™' between 2017 and 2020 (update from Vollmer
etal., 2021), which follows emissions of 2.8 £ 0.4 Gg yr~'in 2016.
HCFC-31 emissions between 2018 and 2020 were around 1 Gg
yr, following a rise from 0.9 = 0.2 Gg yr' to 1.3 £ 0.2 Gg yr'
between 2016 and 2017. The newly discovered HCFC-132b
reached an all-time high in emissions in 2020 of 1.2 £ 0.5 Gg yr~,
up from 0.8 £ 0.3 Gg yr™'in 2016.

Regional emission estimates of the three most abundant
HCFCs are summarized in Table 1-3. A top-down study of
India’'s HCFC emissions was carried out using measurements
made during an aircraft campaign in June and July 2016 (Say et
al., 2019). Measurements included HCFC-22, HCFC-141b, and
HCFC-142b. The derived emissions were extrapolated to the
whole of 2016, and show that India was reportedly responsible
for 2.1% (1.6-2.7%, one standard deviation) of global HCFC-22
emissions. In contrast, India was estimated to be responsible for
7% of global HCFC-22 production in 2017 (Stanley et al., 2020),
making it one of the primary global HCFC-22 manufacturers at
the time. The relative contribution of India to global emissions is
smaller for the other two HCFCs, at 1.8 (1.2-2.6) % of HCFC-141b
and 0.4 (0.2-0.6) % of HCFC-142b.

The first top-down HCFC-22 emission estimates from Africa,
using the first high-frequency halocarbon measurements made
on the continent, show that South African emissions in 2017 were
3.0 (1.6-4.4) Gg yr™! (Kuyper et al., 2019), around 40% of those
estimated from India in the previous year.

Recently published top-down emissions estimates for China
show that HCFC-22 emissions peaked at 172 = 37 Gg yr'in
2013, although there was no statistically significant increase or
decrease in emissions over the period 2011-2017 (Fang et al.,
2019c). These estimates are generally in agreement with bot-
tom-up emission estimates for China (Li et al., 2016), although
uncertainties are comparably large. A reported rise in global HFC-
23 emissions (Stanley et al., 2020; see Chapter 2 for more details)
has been linked to HCFC-22 production (as a by-product) in de-
veloping countries. There was previously a reported discrepancy
(of ~23 Gg yr™'in 2014, Hu et al., 2017) between top-down and
bottom-up derived emissions in the United States; it is currently
not known whether this persisted after 2014.

Top-down emission estimates of HCFC-141b in China de-
clined from 24 £ 5 Ggyr'in 2011 to 15 £ 2 Gg yr™'in 2017, and
emissions of HCFC-142b declined from 11 £ 3 Gg yr™' in 2011 to
6 = 1Ggyr'in 2017 (Fang et al., 2019c¢). A separate study, using
an interspecies-correlation method (Yi et al., 2021, correlated to
HCFC-22), also shows a decline in China’s HCFC-141b emissions
from 13.1 Gg yr™'in 2011t0 10.9 Gg yr~' in 2019 (peaking at 15.7
Gg yr' in 2015), and a decline in emissions of HCFC-142b from
10.8 Gg yr™'in 2011 to 6.0 Gg yr™' in 2019 (peaking at 13.4 Gg
yr™'in 2012), though not all of China’s industrial centers are cov-
ered. From 2016 onwards, top-down estimates of HCFC-142b
are significantly smaller than those projected using bottom-up
methods (i.e., in Han et al., 2014, by around 50%), whereas prior
to 2016 the top-down and bottom-up estimates were all in good
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agreement. The top-down estimates for HCFC-141b in China
generally show a decline in emissions. However, a bottom-up es-
timate projected that those emissions should increase by 6.6 Gg
yr between 2015 and 2020 (Wang et al., 2015).

HCFC-124 emissions in China are estimated to have re-
mained largely constant between 2011 and 2017 at around 0.8
Gg yr™' (Fang et al., 2019c¢), with no statistically significant year-
to-year variation. Emissions of two minor HCFCs, HCFC-133a and
HCFC-132b, were shown to originate almost entirely from East
Asia, and since 2016 the majority of these have been emitted from
eastern China (Vollmer et al., 2021).

Emissions of all HCFCs, in terms of their combined CFC-11-
equivalent, have continued to decline since 2016, supporting the
previous Assessment’s suggestion that the 2007 adjustment to
the Montreal Protocol has been effective in limiting HCFC emis-
sions. The 2020 CFC-11-equivalent emissions of HCFCs (16 £ 3
Gg CFC-11 yr™) are only around 21% of those from CFCs.

A similar decline has continued for the HCFCs in terms of
their combined CO,-equivalence. HCFC emissions were 0.7 Pg
CO,-equivalentyr™in 2020, similar to those from CFCs. Radiative
forcing for all HCFCs remains dominated by HCFC-22, which
contributed 86% of HCFC radiative forcing in 2020. Overall radi-
ative forcing for HCFCs has risen by 4% since 2016 and is, at 64.0
mW m=2, equivalent to 25% of the forcing of CFCs in 2020.

1.2.5 Methyl Chloride (CH,CI)

Observations of Atmospheric Abundance. CH;Cl is not
controlled under the Montreal Protocol and is largely natural in
origin, although some direct (feedstock, coal combustion; e.g.,
Li et al., 2017) and indirect (biomass burning; e.g., Mead et al.,
2008) anthropogenic sources are known. The 2020 global mean
mole fraction determined from the AGAGE and NOAA global
networks was 546 and 549 ppt, respectively (Table 1-1). These
values are around 1-2% lower than the 2016 values reported
in the previous Assessment, and changes of this magnitude
are well within historically observed variability since ongoing

measurements commenced in the 1990s (Figure 1-1). It should
be noted, though, that observations of CH;Cl abundances in the
upper troposphere have repeatedly shown that the global values
from ground-based networks may represent an underestimation
by approximately 50-100 ppt of the amount of CH,CI entering
the stratosphere (Umezawa et al., 2014, 2015; Adcock et al.,
2021). This may be related to the nature of some of its sources
(and also its terrestrial sink), as biomass burning tends to lift air
rapidly, and many emissions in the tropics and in the source re-
gions near the Asian monsoon (i.e., two main input regions for air
to the stratosphere) are not well captured due to the locations of
the network stations (see also Box 1-2).

Emissions, Lifetime, and Radiative Forcing. Global emis-
sions of CH,Cl are estimated at around 4.7 Tg yr™' both in 2016
and 2020. In terms of regional emission estimates, anthropo-
genic emissions from China were previously estimated to aver-
age 363 + 85 Gg yr™! between 2008 and 2012 (Li et al., 2017),
equivalent to about 7% of current global emissions. More recent
evidence linked some of these emissions directly to iron and
steel industrial processes, as unexpectedly high concentrations
were found to be emitted in the sintering processes (Ding et al.,
2020). Another study reported that based on new kinetic isotope
measurements of the main sink reactions of CH;Cl in combination
with modeling, the tropical rainforest source of this gas might be
much smaller than previously believed, i.e., 670 £ 200 Gg yr™
instead of around 2 Tg yr™' (Bahlmann et al., 2019). This would in
turn mean that a major CH,Cl source is missing.

In terms of regional emissions, southwest South African emis-
sions were estimated for the first time by an observation-based
study at 9.7 (6.0-13.5) Gg yr~' during 2017 by Say et al. (2020).
In a more process-oriented study, Macdonald et al. (2020) report-
ed consumption of CH;Cl from the forefield of a retreating Arctic
glacier, although this is unlikely to be a significant sink, given
the relatively small fluxes and surface area. This could, however,
be of future importance as the Arctic is one of the most rapidly
warming regions of the Earth, and this additional sink process
might become more significant. Other recently reported minor

Figure 1-6. CH;Br consumption
(dashed lines), as reported in the
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or unquantified sources of CH;Cl include tropical mangroves
(4-7 Gg yr'; Koluso et al., 2018), rapeseed crops (~5 Gg yr™;
Jiao et al., 2020), advancing saltmarsh due to sea level rise (with
the nearby degraded forest wetland acting as a net sink; Jiao et
al., 2018), animal excrements on coastal Antarctic tundra soils
(with those soils otherwise acting as a sink; Zhang et al., 2020),
and copper-based chemical usage (2.5+£0.7 Gg yr™'; Jiao et al.,
2022).

With regard to its direct influence on anthropogenic-induced
global warming, the effect from CH;Cl emissions on climate is
small relative to other long-lived halogenated gases due to its
very low radiative impact (GWP-100 of 5.54; Smith et al., 2021)
and large natural emissions contributing to its current abundance.

1.2.6 Methyl Bromide (CH;Br)

Observations of Atmospheric Abundance. CH,Br has the
shortest atmospheric lifetime of all the controlled ODSs in this
chapter (Annex), and its 2020 global mean surface mole frac-
tions from the AGAGE and NOAA networks, respectively, were
6.52 ppt and 6.68 ppt (Figure 1-1 and Table 1-1). This is about
30% lower than the peak observed between 1996 and 1998 and
around 20% higher than the preindustrial SH mole fraction of
5.5 £ 0.2 ppt derived from ice core measurements (Carpenter,
Reimann et al., 2014). The global mean mole fraction had briefly
grown around 2015-2016, but subsequently reverted to a slow
decrease until about 2017, followed by a period with little over-
all change. The 2020 global CH;Br abundances were 0.33 ppt
(AGAGE) or 0.17 ppt (NOAA) lower than the 2016 value of 6.85
ppt. The cause of these difference between the networks is un-
clear, but it could arise from the various source and sink processes
of this ODS and the partly different locations of the observing
sites for these networks, in combination with its relatively short
atmospheric lifetime causing a less even distribution throughout
the global troposphere. It should also be noted that a compari-
son with 2016 global mole fractions is somewhat misleading, as
abundancesin 2014 and 2015 were considerably lower (between
6.5 and 6.6 ppt, respectively), resulting in, e.g., no significant de-
crease when comparing abundances in 2015 and 2020.

Emissions, Lifetime, and Radiative Forcing. Global CH;Br
emissions were relatively unchanged between 2016 (135 + 21 Gg
yr7) and 2020 (131 £ 20 Gg yr™'; Table 1-1). This ODS is emitted
by both natural and anthropogenic sources, including biomass
and biofuel burning, oceanic emissions, fumigation, crops, and
other vegetation (e.g., Montzka et al., 2003; Deventer et al.,
2018; Jiao et al., 2020; Nicewonger et al., 2022). Among the an-
thropogenic sources, the fumigation of soils, post-harvest storage
of commodities, and the fumigation of structures are controlled
under the Montreal Protocol. Production of CH;Br for use in quar-
antine and pre-shipment (QPS) for pest control in the transport
of agricultural products, on the other hand, is exempt from the
phaseout. The non-QPS consumption (i.e., other usage) dropped
to 0.01 Gg in 2019, around 0.03% of its peak value (UNEP, 2022;
Figure 1-6).

The reported consumption for QPS had been relatively sta-
ble for about two decades, from 1996 to 2016, as discussed in
the previous Assessment. The temporal evolution between 2016
and 2020 was similar, with increases from about 8.2 Gg yr™' in
2015 to about 10.7 Gg yr™' in 2018, followed by a slight drop to
9.5 Gg in 2020 (Figure 1-6). These relatively small fluctuations
in reported consumption cannot explain the observed slowdown
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in the decline rates of both atmospheric mole fraction and IHD as
observed by both the AGAGE and NOAA networks (Figure 1-1).

In terms of regional emissions, CH;Br from eastern China has
been reported to have remained relatively constant at 4.1 £ 1.3
Gg yr™' for the period 2008-2019 (Choi et al., 2022). The esti-
mated emissions peaked in 2010 at 7.1 £ 1.3 Gg yr™' and then de-
creased to 2.4 = 1.3 Gg yr™'in 2012, followed by a small positive
trend in later years. This slight increase from 2014 to 2018 seems
to reflect the impact of increased QPS use in traded commodi-
ties as reported to UNEP. There was, however, a significant dis-
crepancy of 2.9 £ 1.3 Gg yr™' on average between the observa-
tion-inferred estimates and bottom-up emission estimates based
on the consumption data reported to UNEP in 2008-2019. After
the potential contributions of the rapeseed industry and biomass
burning were assessed, the remaining discrepancy of about 1.4
Gg yr'is likely due to fumigation use that was not reported and/
or inaccurately reported, or to emissions from unknown sources
in eastern China.

As for recent vegetation-focused emission studies, several
smaller sources have been investigated or revisited. Deventer et
al. (2018) estimated the global salt marsh source to be 1.0 to 7.8
Gg yr, based on a latitudinal examination of all the published
salt marsh studies, while Jiao et al. (2020) reassessed the global
source from rapeseed, downscaling the prior estimate of 5.2 Gg
yr'to 2.8 £ 0.7 Gg yr™'. Advancing salt marshes due to sea level
rise do not seem to change CH,Br emissions (Jiao et al., 2018),
which is in contrast to emissions of CH,Cl. In addition, Jiao et
al. (2022) reported CH;Br production induced by Cu(ll)-based
chemical usage, with a preliminary estimate of the global emis-
sions from that process of 4.1£1.9 Ggyr.

After accounting for the decline due to anthropogenic
emissions, changes in the interannual variability of the global
mean atmospheric CH;Br have been found to be largely driv-
en by El Nifio-Southern Oscillation (ENSO)-related changes in
fire emissions, suggesting that climate variability may affect the
future CH5Br budget (Nicewonger et al., 2022). The imbalance
between CH;Br sources and sink terms of more than 30 Gg yr™
reported for the late 1990s (e.g., Yvon-Lewis and Butler, 2002;
Yvon-Lewis et al., 2009) has declined to 20 Gg yr ' from unknown
sources, based on NOAA observations and a 6-box ocean-atmo-
sphere model (Saltzman et al., 2022). Time dependence and
latitudinal distribution of the budget gap based on the model
inversion suggests that it can be partitioned into a time-invariant
natural source and a smaller time-varying component that scales
with anthropogenic emissions during phaseout. Similar to CH,Cl,
CH;Br emissions also have a very low direct radiative impact
(GWP-100 of 2.43; Smith et al., 2021).

1.3 HALOGENATED VERY SHORT-LIVED
SUBSTANCES (VSLSs)

VSLSs are defined as trace gases whose local lifetimes are
shorter than 0.5 years and consist of organic and inorganic ha-
logenated source gases (SGs) and product gases (PGs). The SGs
include all VSLSs present in the atmosphere in the form they were
emitted. Brominated and iodinated SGs are predominantly of
natural oceanic origin, whereas chlorinated species have mostly
anthropogenic sources. The halogenated PGs can arise from SG
degradation and other sources of tropospheric halogens.
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In contrast to longer-lived ODSs, which account for most of
the present-day stratospheric halogen loading, VSLSs are not con-
trolled by the Montreal Protocol (see Box 1-3 for commonalities
and differences between VSLSs and ODSs). There is convincing
evidence that VSLSs now contribute about 25% to stratospheric
bromine and 3-4% to stratospheric chlorine (Carpenter, Reimann
et al., 2014; Engel, Rigby et al., 2018). Even though the VSLS
contribution to total stratospheric chlorine is relatively small, it
has shown a strong positive trend over the last decades (Hossaini
et al., 2019). Recent studies have suggested that tropospheric
iodine can also reach the stratosphere (Koenig et al., 2020) and
contribute to halogen-driven ozone loss (Cuevas et al., 2022).

The overall contribution of VSLSs to stratospheric halogen
loading and ozone destruction depends strongly on the spatial
and temporal variability of their sources, transport pathways, and
chemical transformation. In this section, we apply data from glob-
al networks to assess the mean surface mixing ratios and emis-
sions, whereas observations close to the tropopause are used to
infer the input of VSLSs to the stratosphere.

1.3.1 Tropospheric Abundance, Trends, and
Emissions of Very Short-Lived Source Gases
(VSL SGs)

Halogenated VSLSs are partially broken down during their
transport to the stratosphere and show large spatial variability
due to their nonuniform emission distributions and relatively
short atmospheric lifetimes. A detailed compilation of chlorinat-
ed, brominated, and iodinated SG seasonal lifetimes was given in
Table 1-5 of Carpenter, Reimann et al. (2014) and is updated in the
Annex of this Assessment. Any interpretation of measurements
from regional campaigns and global networks needs to take into
account potential issues arising from the scarce spatial coverage
and representativeness of the data.

Since the last Assessment, updated global network obser-
vations of chlorinated VSLSs have led to new emission estimates.
Long-term changes of these emissions can show pronounced
regional differences. For brominated VSLSs, emission estimates
have remained largely unchanged, with some reduction of the
upper and lower limits. Emissions of iodinated VSLSs are now
considered to include inorganic iodine sources, which dominate
the tropospheric iodine budget.

1.3.1.1 Chlorine-Containing VSL SGs

This section focuses on the chlorinated VSLSs most wide-
ly reported in the background atmosphere: dichloromethane
(CH,Cl,), chloroform (trichloromethane, CHCI;), tetrachloro-
ethene (perchloroethylene, CCI,CCl,, shortened to C,Cl,), and
1,2-dichloroethane (CH,CICH,CI). In particular, CH,Cl, and
CHCI; have received much attention in the scientific literature
in recent years due to increasing emission estimates. Long-term
measurements of CH,Cl, and C,Cl, are available from both the
NOAA and AGAGE surface networks, while measurements of
CHCl; are available only from AGAGE. Hemispheric mean mole
fractions from these globally distributed measurements and emis-
sions derived with a 12-box model are given in Table 1-4 and
shown in Figure 1-7, together with regional emissions based
on inverse modeling approaches (Claxton et al., 2020; An et al.,
2021).

Dichloromethane (CH,Cl,) has shown steadily increasing
mole fractions since the beginning of this century. Global mean
mole fractions in 2020 amount to 38.3 and 45.5 ppt based
on AGAGE and NOAA networks, respectively (Table 1-4).
Differences between the global means of the two CH,Cl, datasets
of about 7 ppt in 2020 cannot be fully explained by the known
calibration difference of ~10% (Carpenter, Reimann et al., 2014)
and likely arise from differences in sampling locations between
the networks. Large industrial sources lead to pronounced spatial
variability (e.g., Claxton et al., 2020), which is also apparent in the
strong IHDs with NH CH,CI, mole fractions being up to a factor of
3.5 larger than those in the SH (Figure 1-7). Global mean mole
fractions increased by 3.2% yr™ and 3.0% yr™' for 2019-2020
based on AGAGE and NOAA, respectively (Table 1-4). These
increase rates are smaller than the four-year mean increase rates
for 2016-2020 of 4.3% yr' (AGAGE) and 4.6% yr~' (NOAA). They
are also considerably smaller than the peak growth rates of 6.7%
yr' (AGAGE) and 6.6% yr' (NOAA) found for 2012-2016, thus
confirming a slow flattening of the strong positive trends that oc-
curred after 2010.

Anthropogenic sources of CH,Cl, have been estimated to
account for roughly 90% of global emissions (Montzka, Reimann
et al., 2010). Natural marine sources of CH,Cl, might also play a
role; however, oceanic emission estimates have large uncertain-
ties due to the paucity of observational data (e.g., Claxton et al.,
2020). Measurements from the AGAGE and NOAA networks

Table 1-4. Annual global mean mole fractions of chlorinated VSL SGs and estimated emissions (including 1-sigma uncertainties)
from the global networks. Emissions based on AGAGE and NOAA surface data were calculated using a global 12-box model
(Cunnold et al., 1983; Rigby et al., 2013), identical to the global emissions shown in Figure 1-3 for longer-lived ODSs. The cal-
culations assume parameterized global steady-state total lifetimes of 0.54, 0.52, and 0.40 years for CH,Cl,, CHCI;, and C,Cl,,

respectively.

Annual Mean Mole Fraction (ppt)

Growth (2019-2020)

Annual Global Emissions (Gg yr™")

Compound
2016 2019 2020 pptyr’ % yr! 2016 2019 2020
cH.Cl, 32.7 37.1 38.3 1.2 3.2 943 (£179) 1061 (£203) 1130 (£211) AGAGE
38.4 44.2 45.5 1.3 3.0 1126 (£204) 1328 (£235) 1328 (¥242) NOAA
CHCl; 9.0 8.7 8.7 0.0 0.0 345 (£70) 335 (£69) 339 (£70) AGAGE
c.Cl 1.07 1.05 1.01 -0.04 -3.8 83 (+42) 86 (+40) 80 (+39) AGAGE
1.21 1.19 1.12 -0.07 -5.9 102 (£50) 98 (+49) 91 (+47) NOAA
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Figure 1-7. (left three panels) Monthly hemispheric mean mole fractions of C,Cl,, CHCl,, and CH,CI, derived from AGAGE (black)
and NOAA (red) observations in the Northern (solid lines) and Southern (dotted lines) Hemispheres. (right three upper panels)
Global emissions estimates (Gg yr™') calculated using a global 12-box model (using methods described in Figure 1-3), with 1-sig-
ma uncertainties indicated by shading (AGAGE) or dotted lines (NOAA). Global emissions for C,Cl, from Claxton et al. (2020) are
reported with loss due to only OH and photolysis and including an additional chlorine sink (incl. Cl). (bottom right panel) Regional
estimates for Asia, Europe, and North America (Claxton et al., 2020, blue), as well as China (Feng et al., 2018, purple; An et al.,
2021, yellow), are also shown together with 1-sigma uncertainties (shading). Estimates for China from Feng et al. (2018) use a
bottom-up approach; all other regional estimates use a top-down methodology.
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suggest global CH,Cl, emissions for 2020 of 1130 (£211) Gg yr"
and 1328 (£242) Ggyr' (Table 1-4), respectively, corresponding
to afactor 2.5 increase compared to 2000.

Regional emission estimates have highlighted the influence
of CH,CIl, emissions from Asia, and in particular from China, on
the global estimates and their long-term changes. Based on
surface observations and chemistry-transport modeling, Asian
emissions have been suggested to account for about 90% of
global emissions in 2017 (Claxton et al., 2020). The global emis-
sion estimates from that study show a total increase between
2006 and 2017 of 534 Gg yr™', which is in very good agreement
with other estimates of global long-term changes (Figure 1-7).
Regional CH,CI, emissions from Asia account for an increase of
615 Gg yr™', more than offsetting the small decrease in European
and North American emissions over the same time period (Figure
1-7). A substantial fraction of the Asian emission increase is driven
by China, with a 217 Gg yr™' increase estimated for 2005-2016
based on a bottom-up emission inventory (Feng et al., 2018). A
combined top-down and bottom-up CH,Cl, emission estimate
suggests an even larger role for emissions from China, with an
increase of 395 Gg yr~' for 2011-2019 completely accounting for
the global emission increase over the same time period (An et al.,
2021). On a local scale, strongly enhanced mole fractions have
been observed in China, potentially due to enhanced local emis-
sions (Benish et al., 2021; Zeng et al., 2020). In addition, emis-
sions from India appeared to have experienced a pronounced
increase of 77 Gg yr™' from 2008 to 2016 (Say et al., 2019).

Global chloroform (CHCI;) mole fractions (Table 1-4) slight-
ly decreased from 9.0 ppt in 2016 to 8.7 ppt in 2020 (AGAGE).
Interestingly, NH surface concentrations increased quite rapidly
between 2011 and 2017 (Figure 1-7), by 4.9% yr™'; however,
around 2018, concentrations dropped in a steplike manner back
down to 2015 levels. A detailed analysis focusing on 2010-2015
revealed that the background CHCI; concentrations increased at
nearly all stations, but the number of pollution events with high-
ly elevated CHCI; only increased at stations in Asia, suggesting
nearby sources (Fang et al., 2019a).

Atmospheric CHCI; stems from natural and anthropogenic
emissions, with the contribution from each source term current-
ly being debated and anthropogenic emission estimates rang-
ing from 10% (McCulloch, 2003) to at least 50% (Worton et al.,
2006) of the total emissions. In addition to the known natural
sources (e.g., phytoplankton, peatlands, soils, and plants), CHCl,
emissions from Antarctic tundra (Zhang et al., 2021), Dead Sea
landscapes (Schechner et al., 2019), and coastal wetlands de-
graded by sea level rise (Jiao et al., 2018) were recently identified.
Measurements from the AGAGE network suggest total global
CHCI, emissions for 2020 of 339 (£70) Gg yr™' (Table 1-4).
Consistent with the global mole fractions, emissions increased
until 2017 and dropped sharply afterwards back to 2015 values
(Figure 1-7). Regional emission estimates for 2010-2015 sug-
gest that the global emission increase of 44 Gg over this time
period can be explained entirely by increasing emissions from
eastern China (Fang et al., 2019a; 2019b).

Atmospheric C,Cl, has continued to decrease over the past
few decades (Figure 1-7). Global mean mole fractions in 2020
amount to 1.01 and 1.12 ppt based on the AGAGE and NOAA
networks, respectively (Table 1-4). Decrease rates of 3.8% yr~'
(AGAGE) and 5.9% yr~' (NOAA) for 2019-2020 are similar to val-
ues provided in the last Assessment for 2015-2016, suggesting

that while the decreasing trend has slowed down when com-
pared to the first decade of this century, it is still ongoing.

In consequence, global C,Cl, emission estimates also show
a slow decline, reaching values of 80 (+39) Gg yr~' and 91 (+47)
Gg yr' for AGAGE and NOAA, respectively (Table 1-4). The
long-term decline of C,Cl, emissions based on the 12-box model
is in good agreement with estimates based on chemistry-trans-
port modeling if the termolecular loss reaction of C,Cl, with CI
atoms is not included (Figure 1-7). The latter approach suggests
similar emissions from North America, Europe, and Asia, which
together account for the total global emissions (Claxton et al.,
2020). It also demonstrates the sensitivity of the emission esti-
mates to the atmospheric C,Cl, lifetime by showing that global
emissions are ~1.5 times higher if an uncertain chlorine sink is in-
cluded. Regional top-down emission estimates suggest modest
contributions from India (2.9 = 0.5 Gg yr™') and South Africa (0.8
+ 0.2 Gg yr™), accounting for 3.5% and 1% of the global emis-
sions, respectively (Say et al., 2019; 2020).

No 1,2-dichloroethane (CH,CICH,CI) measurements have
been published for either the AGAGE or the NOAA network; as a
result, its budget and emissions are poorly constrained. Based on
2013/14 aircraft observations, boundary layer CH,CICH,CI mole
fractions are of the order ~10-20 ppt in the NH (Engel, Rigby et
al., 2018), with SH mole fractions a factor of ~6 lower (Hossaini et
al., 2016), indicative of dominant anthropogenic sources.

For other minor chlorinated VSLS compounds such as chlo-
roethane (C,HsCl) and 1,2-dichloropropane (C;HsCl,), note-
worthy mole fractions have been observed in and above the
planetary boundary over a highly industrialized region in China
during spring 2016 (Benish et al., 2021). No global background
values are available for either of the two gases. While C,H;Cl and
C;HgCl, abundances were significantly lower than that of CH,Cl,,
they were of the same magnitude as CHCI; and CH,CICH,CI, with
all chlorinated VSL SGs being enhanced in this region compared
to their global tropospheric background levels.

Short-lived halogenated unsaturated hydrocarbons (halo-
genated olefins), including the hydrofluoroolefins (HFOs) and
the hydrochlorofluoroolefins (HCFOs), have been introduced as
alternatives to HCFCs and HFCs due to their low GWP. While the
HFOs are included in Chapter 2, the HCFOs are discussed as part
ofthe VSLSsin this section. The only atmospheric record of HCFOs
currently available is that for HCFO-1233zd(E) (E-CF,CH=CHCI)
from central Europe, where it has been detectable in all samples
since 2016. A mean mole fraction of 0.03 ppt observed at the
Jungfraujoch station in 2016 has increased to 0.19 ppt in 2020
(update from Vollmer et al., 2015a), which under the assumption
of linear growth corresponds to an increase of 36% yr~'. Based
on these observations, HCFO-1233zd(E) emission estimates from
Switzerland of 6 Mg yr™' were derived for 2019/20 (Rust et al.,
2022).

1.3.1.2 Bromine-Containing VSL SGs

The most abundant brominated VSLSs, bromoform (CHBr»)
and dibromomethane (CH,Br,), are largely produced by ma-
rine organisms such as macroalgae and phytoplankton (e.g.,
Carpenter and Liss, 2000; Leedham et al., 2013; Keng et al.,
2021). CHBr; also has some anthropogenic sources resulting
from the chemical treatment of sea water used in cooling units,
industry, and desalination plants, as well as for ship ballast water
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Box 1-3. Metrics for ODSs and VSLSs

Halogenated long-lived ozone-depleting substances (ODSs; lifetimes >0.5 yr) and very short-lived substances (VSLSs; lifetimes
<0.5 yr) both contribute to stratospheric ozone depletion. However, the two groups of gases differ substantially in terms of their
sources, emissions, and tropospheric processing. Some of the existing metrics traditionally used to evaluate long-lived ODSs cannot
be directly applied to VSLSs without considering additional adjustments.

Commonalities and differences

Long-lived ODSs have largely anthropogenic sources, resulting from their past use and from current inadvertent by-product
formation. Some gases have accumulated substantial banks over the past decades, which can delay emission reductions. Only a
small fraction of ODSs stem from natural sources such as oceanic and terrestrial ecosystems. VSLSs have both natural and anthropo-
genic sources, with brominated and iodinated VSLSs being mostly produced naturally in the ocean and some smaller anthropogenic
contributions from coastal power plants and ships (Maas et al., 2021). In contrast, chlorinated VSLSs originate largely from industrial
processes, and their atmospheric abundances have increased strongly over the last two decades due to growing industrial emissions
(Claxton et al., 2020). Noteworthy natural VSLS emissions can be impacted by anthropogenically driven oceanographic, meteoro-
logical, and air quality changes (Chapter 7). In consequence, there could be future changes in VSLS emissions resulting from direct
anthropogenic emissions or anthropogenically altered natural emissions. Distinguishing between these two source terms will be a
challenge, due to the existing large uncertainties in emission estimates and the paucity of observational data (see Box 1-2).

Most long-lived ODSs persist in the atmosphere for decades to centuries and are therefore well mixed throughout the tropo-
sphere. Irrespective of the geographic location of their emissions, nearly all long-lived ODSs are eventually injected into the strato-
sphere, where they release their ozone-depleting chlorine and bromine. In consequence, their impact on stratospheric ozone is
largely independent of changes in emission location and troposphere-stratosphere transport patterns. In contrast, VSLSs can under-
go rapid chemical degradation with pronounced lifetime variations depending on the distribution of tropospheric oxidants (e.g.,
Rex et al., 2014) and background conditions such as temperature and solar flux (e.g., Hossaini et al., 2010). In consequence, the
impact of VSLSs on stratospheric ozone depends on a complex interplay between emission location, transport patterns, efficiency of
deposition processes, and chemical processing, with enhanced transport in the tropics being of particular importance. In addition,
VSLSs in inorganic form can impact tropospheric chemistry, thus contributing to tropospheric and stratospheric ozone depletion.
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== Terrestrial emissions
1) Oceanic emissions

, Long-lived + sunlight 2. Shortlived
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: and particles
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Box 1-3 Figure 1. Schematic of long-lived ozone-depleting substances (ODSs) and halogenated very short-lived
substances (VSLSs).
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Conventional metrics and their adjustments

Ozone depletion potential (ODP) was introduced as a metric for assessing a compound’s ability to destroy stratospheric ozone
(Wuebbles, 2015) and has been used extensively in policy frameworks, including the Montreal Protocol. The original concept was
developed for long-lived ODSs and, given their uniform distribution and negligible chemical loss in the troposphere, is based on a
single-value index independent of emission location and season. Moreover, the original ODP concept, having been developed for
long-lived gases that do not impact tropospheric ozone, is based on the total column ozone change.

The more recent application of the ODP concept to VSLSs has led to some modifications of the original definition. As the ODP
ofa VSLS can change by a factor of up to 30 depending on where the emissions occur, ODP estimates for VSLSs must be reported as
a function of season and location of emissions (e.g., Ko, Poulet et al., 2003; Brioude et al., 2010). Furthermore, the contribution of
VSLSs to tropospheric ozone destruction needs to be excluded when calculating their ODP (Pisso et al., 2010; Claxton et al., 2019),
prompting the introduction of the term stratospheric ODP (SODP, Zhang et al., 2020). Maps of SODP-weighted emissions and their
global averages allow for the direct comparisons of the impact of short- and long-lived halogens on stratospheric ozone (Tegtmeier
etal., 2015). For long-lived gases, ODP and SODP have nearly the same values, whereas for VSLSs, the difference between these two
metrics provides a measure of their influence on tropospheric ozone (Zhang et al., 2020).

Quantitative intercomparisons of the total chlorine and bromine contributions to the stratospheric halogen loading also suffer
from inconsistencies. For example, chlorinated VSLSs are taken into account when estimating the total tropospheric organic chlorine
(Section 1.4.1.1), whereas brominated VSLSs are not included in the calculation of the total tropospheric organic bromine (Section
1.4.2.7). While this approach does not alter existing tropospheric halogen trends, brominated VSLSs may be of growing interest for
trend estimates in coming years, given their highly uncertain future changes (Chapter 7).

A metric of the total amount of halogen-driven stratospheric ozone depletion is the equivalent effective stratospheric chlorine
(EESC; Section 1.4.4). Current formulations of EESC (Engel et al., 2018) do not include the impact of VSLSs on stratospheric ozone
and thus do not reflect their changing emissions over time. Given the highly variable tropospheric lifetimes of VSLSs, quantifying their
contribution to EESC requires a seasonally resolved stratospheric injection function taking into account their tropical tropopause
abundance, instead of the global annual surface mean values usually considered for ODSs.

Overall, large improvements in the understanding of VSLS emissions and tropospheric processing have been made over the
recent decades. This has led to adjustments of some of the existing metrics, providing a basic framework for consistent intercompar-
ison of VSLS and ODS impacts on stratospheric ozone. Other metrics continue to include only ODSs and might change in the future

once detailed VSLS distribution estimates are available.

(Boudjellaba et al., 2016; Maas et al., 2019; 2021; Quivet et al.,
2022). Their marine boundary layer mole fractions amount to 1.2
ppt (CHBr;) and 0.9 ppt (CH,Br,) on average (Table 1-5), with a
pronounced spatial variability.

Air-sea fluxes of brominated VSLSs show large spatiotempo-
ral variations driven by changes in primary marine productivity,
biogeochemical cycling, anthropogenic sources, sea surface
temperature, and meteorology. Ship-based and land-based ob-
servations suggest high fluxes in coastal and upwelling regions
with steep gradients toward the open ocean (e.g., Ziska et al.,
2013). Given this large variability and the lack of adequate sea-
sonal and spatial coverage of observational data, brominated
VSLS emission inventories are not well constrained, with bot-
tom-up estimates being a factor of two lower than top-down
estimates. For CHBr;, the range of global emission estimates of
120-820 Gg Br yr™' given in the last Assessment (Engel, Rigby et
al., 2018) has been changed to 150-820 Gg Br yr, reflecting an
update of the Ziska et al. (2013) emission climatology (Fiehn et al.,
2018). The updated inventory shows enhanced CHBr, emissions
in the tropical Indian Ocean and subtropical northern Atlantic,
with emissions in the west Indian Ocean being almost twice as
large as previous estimates. A new CHBr; emission inventory from
a data-oriented machine-learning algorithm suggests an oceanic
source of 385 Gg Br yr, falling in the middle of the range of ex-
isting estimates (Wang et al., 2019). The study derived very high
regional CHBr; emissions for the Bay of Bengal and South China

Sea; the authors pointed out that these might be overestimated
due to the lack of data in these regions and therefore require fur-
ther confirmation.

Anthropogenic sources of CHBr; from the chlorination of
coastal power plant cooling water in East and Southeast Asia
have been estimated to amount to 25-75 Gg Br yr' (Maas et
al., 2021). As such industrial sources are not included in any of
the existing bottom-up emission inventories, they could explain
some of the discrepancies between different approaches. For
CH,Br,, the range from the last Assessment (57-280 Gg Br yr™)
has been reduced to 54-100 Gg Br yr™' when taking the new
machine-learning algorithm estimates into account. This is consis-
tent with a model sensitivity study showing more realistic CH,Br,
abundances in the lower-stratosphere NH high latitudes if the
lower emission scenarios (i.e., Liang et al., 2010; Ordoiiez et al.,
2012) are used (Keber et al., 2020). Potential future changes of
brominated VSLS emissions are discussed in Chapter 7.

1.3.1.3 lodine-Containing VSL SGs

lodinated VSLSs include the group of organic SGs, which
stem from biotic (e.g., phytoplankton and cyanobacteria) and
abiotic (e.g., photochemical breakdown of dissolved organic
matter) oceanic sources. For the first time, this section also dis-
cusses inorganic iodine emissions, as new studies suggest that
both organic and inorganic sources can contribute iodine to
the stratosphere. Consequently, and differing from other VSLS



and ODS sources, iodine SGs include both organic (i.e., car-
bon-bonded) and inorganic (i.e., HOI, 1,), gas-phase emissions
from the surface. However, since inorganic iodine plays an ac-
tive role in tropospheric chemistry (i.e., recycling back and forth
among reactive and reservoir species), the inorganic iodine SGs
are expected to be completely recycled to inorganic PGs before
they reach the upper troposphere (Section 1.3.2.3).
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from coastal and open-ocean environments have been estimated
to cause an input of 157-550 Gg | yr™" to the atmosphere (Butler
etal., 2007; Ziska et al., 2013), which is unchanged compared to
the last two Assessments. CHsl has been proposed as a replace-
ment of CH,Br as it is very effective in controlling a wide variety
of soil pests and weeds (Waggoner et al., 2000). However, envi-
ronmental and health concerns have limited its use as fumigant,

and no current emission estimates from such sources exist. Other
iodinated VSLSs, such as CH,l,, CH,IBr, and, CH,ICI account for
an additional 340 Gg | yr . lodotrifluoromethane (CF;l), currently
under consideration as a replacement for halon in fire suppression

Methyl iodide (CH,l) is the main organic iodine-containing
source gas, with a mean mole fraction of 0.8 ppt in the marine
atmospheric boundary layer (Table 1-5). Air-sea fluxes of CH;l

Table 1-5. Summary of observed mole fractions (in ppt) of VSL SGs from the marine atmospheric boundary layer (MBL) to the
tropical tropopause layer (TTL) and above. Note that many of the upper-tropospheric measurements were made at least one
decade ago in the case of brominated and iodinated SGs. As chlorinated SGs have significant anthropogenic sources and some
show trends, data are based only on measurements from 2015 onwards.

Marine Boundary Layer Lower TTL LZRH(z,)' Upper TTL Tropical Tropopause
Height Range 12-14 km 14.5-15.5km 15.5-16.5km 16.5-17.5 km
Potential Temperature Range 340-355K 355-365K 365-375K 375-385K
Median? Range* Mean?® Range* Mean?® Range* Mean? Range* Mean? Range*
Chlorinated VSLSs Based on Measurements from 2015 Onwards
CH,Cl, 36.9 30.4-59.3 371 29.2-55.7 41.6 30.8-68.4 41.3 33.4-56.9
CHCly 77 5.8-8.4 77 6.0-8.6 7.8 5.7-3.5 6.7 5.4-7.8
C,Cl, 0.77 0.42-1.02 0.66 0.32-0.95 0.55 0.15-0.90 0.31 0.07-0.71
CH,CICH,CI 8.3 3.3-11.4 8.7 I35 7.2 1.9-12.1 4.0 1.0-8.4
Brominated and lodinated VSLSs Based on Measurements from 2004 Onwards
CHBry 1.2 0.4-4.0 0.61 0.22-1.51 0.45 0.05-1.60 0.35 0.02-1.20 0.18 0.01-0.54
CH,Br, 0.9 0.6-1.7 0.93 0.61-1.15 0.81 0.49-1.08 0.72 0.30-1.1 0.59 0.17-0.89
CH,BrCI 0.10 0.07-0.12 0.22 0.07-0.45 0.19 0.08-0.45 0.22 0.10-0.42 0.18 0.07-0.40
CHBr,Cl 0.3 0.1-0.8 0.13 0.06-0.23 0.10 0.04-0.19 0.09 0.02-0.16 0.06 0.00-0.14
CHBrCl, 0.3 0.1-0.9 0.23 0.14-0.55 0.17 0.08-0.40 0.15 0.07-0.31 o 0.05-0.32
CH3l 0.8 0.3-2.1 0.16 0.00-0.49 0.10 0.00-0.32 0.05 0.00-0.32 0.03 0.00-0.14
Total VSLS Halogen Budgets Based on Estimates Above
Total CI 18 87-173 n8 85-170 124 84191 | m3(105) (8825_‘1‘25;5
Anthrop. CI° 98 72-147 99 70-144 104 69-164 94 71-134
Total Br 6.5 2.8-18.0 4.4 2.2-8.3 3.5 1.3-8.3 3.0 0.9-6.9 21 0.5-4.4
Total | 0.8 0.3-2.1 0.16 0.00-0.49 0.10 0.00-0.32 0.05 0.00-0.32 0.03 0.00-0.14
Notes:

LZRH (z,) corresponds to the level of zero clear-sky radiative heating (see Box 1-3 of Carpenter, Reimann et al., 2014). As in the previous Assessment, this level is at about
15 km or 360 K, where there is a transition from clear-sky radiative cooling to clear-sky radiative heating.

2 |In the MBL, abundances are median values. For tropical MBL CH,Cl,, CHCl,, CH,CICH,CI, and C,Cl,, no updates exist to the data from the CAST and CONTRAST
missions presented in the last Assessment. MBL CHBr;, CH,Br,, and CH,l data are based on tropical data from the HalOcAt campaign (Ziska et al., 2013). MBL CH,BrCl,
CHBr,Cl, and CHBrCl, data are from the previous Assessment (Carpenter, Reimann et al., 2014).

3 In the TTL, abundances are mean values. For brominated VSLSs and CH,l, data have been compiled from observations obtained during the Pre-AVE, CR-AVE, TC4,
HIPPO, SHIVA, CONTRAST, and ATTREX aircraft campaigns (Navarro et al., 2015; Pan et al., 2017; Sala et al., 2014; Wofsy et al., 2011) and from balloon observations
(Brinckmann et al., 2012). ATTREX values used here differ from those used in Wales et al. (2018), as they have been filtered by altitude instead of applying any tracer-tracer
correlation. For chlorinated VSLSs, data are from the VIRGAS (2015) and POSIDON (2016) missions in 2015/16 only. (See below for definitions of field mission acronyms.)
Note that calibration scales for VSLSs may differ among different research groups (e.g., Hall et al., 2014; Jones et al., 2011). Intercalibration of standards during CAST,
CONTRAST, and ATTREX revealed generally good agreement between VSLS measurements performed by different instruments (relative standard deviation of <10%),
although losses in aircraft sampling lines can add a major source of uncertainty (Andrews et al., 2016).

4In the MBL, the stated observed range is 10" to 90" percentile. In the TTL, the stated observed range represents the smallest mean minus 1 standard deviation and the
largest mean plus 1 standard deviation.

5 Values for 2019 are based on updated model simulations first described in Hossaini et al. (2019), which is used to derive total stratospheric VSL source gas injection for
chlorine, as explained in Section 1.3.2.1. Model values are used in order to reduce variability from individual campaigns in assessing total Cl input to the stratosphere.

8 The anthropogenic fraction of VSLS (Anthrop. Cl) is approximate and has been calculated from the sum of 90% of CH,Cl,, 50% of CHCl;, and 100% of other compounds.
Anthropogenic CHCI; source contributions are highly uncertain and have been chosen here as the upper range estimate of 50%.

Pre-AVE = Pre-Aura Validation Experiment (2004); CR-AVE = Costa Rica-Aura Validation Experiment (2006); TC4 = Tropical Composition, Cloud, and Climate Coupling
missions (2007); HIPPO = HIAPER (High-Performance Instrumented Airborne Platform for Environmental Research) Pole-to-Pole Observations (2009-2011); SHIVA =
Stratospheric Ozone: Halogen Impacts in a Varying Atmosphere (2011); ATTREX = Airborne Tropical TRopopause EXperiment (2011, 2013, and 2014); CAST = Coordinat-
ed Airborne Studies in the Tropics (2014); CONTRAST = Convective Transport of Active Species in the Tropics (2014); VIRGAS = Volcano-plume Investigation Readiness
and Gas-phase and Aerosol Sulfur (2015); POSIDON = Pacific Oxidants, Sulfur, Ice, Dehydration, and cONvection (2016).
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systems, has been estimated to have very little impact on strato-
spheric ozone due to its short lifetime (Zhang et al., 2020).

Inorganic iodine emissions occur in the form of hypoiodous
acid (HOI) and molecular iodine (I,) fluxes when ocean surface
iodide (I") dissolved in the seawater reacts with deposited gas-
phase ozone (Carpenter et al., 2013). Emission estimates of inor-
ganic iodine depend strongly on surface I~ concentrations, which
can vary by more than two orders of magnitude and are difficult to
parameterize in regions that lack observational data (e.g., Wadley
etal., 2020). A high-resolution dataset of sea-surface |~ estimates
based on a machine learning algorithm suggests highest |~ con-
centrations in the tropics (Sherwen et al., 2019; Carpenter et al.,
2021). Another uncertainty arises from the effect of the sea sur-
face microlayer on |, solubility and emissions, which is currently
not fully understood (Tinel et al., 2020). Global estimates of oce-
anic inorganic iodine emissions stem from modeling studies and
range between 1.9 Tg | yr' (Prados-Roman et al., 2015) and 2.1
Tg I yr (Sherwen et al., 2016). In consequence, inorganic iodine
sources dominate the troposphericiodine budget (Prados-Roman

et al., 2015) and can account for a large fraction of tropospheric
iodine oxide (IO) levels in the tropical Atlantic (Read et al., 2008;
Lawler et al., 2014) and eastern Pacific (MacDonald et al., 2014),
although they fail to adequately explain IO measurements in the
Indian and Southern Oceans (Inamdar et al., 2020). Potential
future changes of iodinated VSLS emissions are discussed in
Chapter 7.

1.3.2 Input of VSLS Halogen to the
Stratosphere

During transport from their surface sources to the strato-
sphere, halogenated SGs can undergo chemical degradation
mainly through reaction with OH or photolysis. The originating
halogenated PGs can experience dry and wet scavenging during
transit to the stratosphere. We differentiate between strato-
spheric halogen input in the form of the emitted source gases
(source gas injection [SGI]) and in the form of product gases
(product gas injection [PGI]). While PGI has been traditionally
based on gas-phase inorganic halogens, it can now also include

(a) CH.CI, (b) CHCI,
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Figure 1-8. Stratospheric chlorine source gas injection (ppt Cl) from (a) CH,Cl,, (b) CHCl;, (c) C,Cl,, (d) CH,CICH,CI, and (e) total.
Model results (solid lines) with the £1-sigma uncertainty (shading) are tropical mean (20°N-20°S) values derived from simula-
tions with the offline 3-D chemistry-transport model TOMCAT/SLIMCAT constrained by observed surface abundances of these
source gases. Observed tropopause quantities (filled circles) are averages (vertical bars denote *1-sigma) for available aircraft
data between 16.5 and 17.5 km in the tropics from Pre-AVE in 2004; CR-AVE in 2006; TC4 in 2007; ATTREX in 2011, 2013, and
2014; VIRGAS in 2015; and POSIDON in 2016 (campaign acronyms are provided in Table 1-5). [Updated from Hossaini et al.,
2019.]



carbon-bonded compounds (e.g., phosgene) and particulate
iodine (iodine taken up in particles). The relative contributions
of SGI and PGl are different for each compound and depend on
source distributions, tropospheric loss rates, timescales of tropo-
sphere-to-stratosphere transport, heterogeneous recycling pro-
cesses, and removal by precipitation or sedimentation.

SGl is estimated from the global average halogen SG mix-
ing ratios transported into the stratosphere and has been quan-
tified from measurements around the tropical tropopause (~17
km), complemented by model simulations. PGl is estimated
as the global average inorganic halogen mixing ratio injected
into the stratosphere and has been derived mostly from global,
Lagrangian, and box-modeling studies oriented to reproduce air-
craft and balloon observations close to the tropopause.

1.3.2.1 Input of VSLS Chlorine to the
Stratosphere

The input of VSLS chlorine to the stratosphere amounts to
a total of 130 £ 30 ppt Cl in 2020. The underlying SGI and PGl
contributions are estimated based on model data constrained by
surface observations as well as aircraft and satellite observations,
as explained below.

Observation-based chlorine SGI from VSLSs was estimated
as 113 (86-158) ppt Cl based on measurements from the two
tropical campaigns VIRGAS (2015) and POSIDON (2016; Table
1-5). CH,Cl,, CHCl;, and CH,CICH,Cl account for ~73%, ~18%,
and ~7% of this total, respectively; the remaining ~1% stems from
C,Cl,. Total chlorine SGI has increased by 13 ppt Cl (12%) com-
pared to observational estimates given in the last Assessment and
based on 2013/14 aircraft missions, with most of this difference
(10 ppt CI) driven by anthropogenic VSLS changes. It is notewor-
thy that the campaign-derived estimates might not reflect tropical
average SGI trends, given the significant spatiotemporal variabil-
ity in VSLS transport and lifetimes. For instance, aircraft measure-
ments in the Asian summer monsoon anticyclone region during
the StratoClim campaign (2015/16) showed significantly en-
hanced levels of CH,Cl,, CH,CICH,CI, and CHClI; (Adcock et al.,
20217). In total, the three gases add up to 169-393 ppt Cl, which
is more than two times the abundances observed over the West
Pacific and Gulf of Mexico region, highlighting that the anticy-
clone acts as a rapid transport mechanism of nearby surface emis-
sions into the stratosphere. Observations above Europe and the
Atlantic during the WISE aircraft campaign (2017) detected up to
a 150% (100%) enhancement in CH,Cl, (CHCI,) in air masses that
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entered the extratropical UTLS via the Asian summer monsoon an-
ticyclone (Lauther et al., 2022). On a global scale, the enhanced
entrainment has been estimated to contribute between 0.3 and
34.9 ppt to total equivalent chlorine in the NH lower stratosphere
(Adcock et al., 202T; Ploeger et al., 2017).

Model-based chlorine SGI from VSLSs in 2019 is 105 (85-
125) ppt (Table 1-5), showing good agreement with the obser-
vational data (Figure 1-8; update of Hossaini et al., 2019), with
differences largely explained by limited sampling during individ-
ual campaigns. The chemistry-transport model simulations based
on the latest and most up-to-date model version give an updated
value of 96 (77-115) ppt for chlorine SGl in 2016. Consistent with
the observed surface mole fractions, which are used to drive the
simulations, the SGI model estimates show a continuous positive
trend due to growing CH,Cl,, with slower growth after 2014 com-
pared to earlier years.

Chlorinated PGI have been estimated based on TTL obser-
vations of phosgene (COCI,) and hydrogen chloride (HCI), which
can arise from chlorinated VSLS PGl or from recirculation of strato-
spheric air. Based on observations of COCI, (up to 32 ppt Cl) and
HCI (up to 20 ppt Cl), chlorinated VSLS PGl was estimated as 25
ppt in the last Assessment (Engel, Rigby et al., 2018). The con-
tribution of VSLSs to satellite measurements of COCI, between
2004 and 2016 changed from 20% to 27% (Harrison et al., 2019),
consistent with model-derived long-term trends of chlorine PGI
over the same time period (Hossaini et al., 2015). This trend is
suspected to be driven by the growth of the CH,Cl, degradation
products, which are the largest contributors to the overall PGI
(Hossaini etal., 2019).

Chlorinated VSLS PGI estimates are also available from
model simulations, with the complexity of the involved chemi-
cal processes being one of the major challenges. Hossaini et al.
(2019) determined a non-zero chlorine PGI from VSLSs of ~18
(£5) ppt Cl, which increases to ~34 (£7) ppt Cl if no tropospheric
wet removal of chlorinated PGs is assumed. Following the meth-
odology of the last Assessment, we derive a best estimate of 25
(13-50) ppt CI PGl from VSLSs (Table 1-6), with the lower limit re-
flecting the lower limit from modeling work (Hossaini et al., 2019)
and the mean value and upper limit reflecting the observational
estimates.

In summary, a total of 130 (100-160) ppt Cl is injected into
the stratosphere, according to our best estimates (Table 1-6).
The contribution from SGI accounts for 105 (85-125) ppt Cl and
is based on model data constrained by surface observations

Table 1-6. Summary of estimated VSL source gas injection (SGI) and product gas injection (PGI) contributions to stratospheric

halogens (based on observations and model results).

VSLS Best Estimate (ppt) SGI' PGI? Total (SGI + PGI)?
Chlorine 105 (85-125) 25 (13-50) 130 (100-160)
Bromine 2.1(0.5-4.4) 2.8(1.8-4.2) 5(3-7)
lodine 0-0.1 0.3-0.8 0.3-0.9

Notes:

' The SGl estimate for chlorinated SGs, which show increasing trends, is representative of the year 2019 based on model data (see Table 1-5). SGI for bromine and iodine
represent the global mean from 2004 onwards, as there are no reports of long-term trends.

2 PGl for chlorine has been estimated from observations based on HCl and COCI, and modeling studies and is representative of the year 2020. PGl for bromine has been
estimated by box- and global-modeling studies based on BrO measurements from 2004 onwards.

3 The SGI and PGl lower/upper limits are not strictly additive, because whenever SGl increases (e.g., due to rapid lifting), the correspondent PGl arising from SG photo-

decomposition decreases (and vice versa).
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(update of Hossaini etal., 2019) in order to avoid the seasonal and
regional variability of individual campaign-based estimates. The
contribution from PGl accounts for 25 (13-50) ppt Cl. Compared
to 2016 estimates based on the same methodology, chlorine
VSLS injection to the stratosphere has increased by 10 ppt. While
this increase is not significant, given the large uncertainties of the
total VSLS injection, it is consistent with increasing abundances
of tropospheric CH,Cl,. Model-derived long-term trends suggest
that the relative contribution of VSLSs to total stratospheric chlo-
rine increased from ~2% in 2000 to ~3.4% in 2017, reflecting
VSLS growth and decreases in long-lived halocarbons (Hossaini
etal., 2019).

1.3.2.2 Input of VSLS Bromine to the
Stratosphere

Since the previous Assessment, the two tropical campaigns
VIRGAS (2015) and POSIDON (2016) have confirmed existing
estimates of stratospheric injections of bromine VSL SGs, which
range from 0.5 to 4.4 ppt (Table 1-5). Most of the stratospheric
injection of CHBr; was modeled to occur over the southern tip of
India during boreal summer and over the Western Pacific in bore-
al winter, with an interannual variability of up to 20% due to the
coupled ocean-atmosphere circulation system (Fiehn et al., 2018;
Butler et al., 2018; Tegtmeier et al., 2020).

Taking into account all tropical measurements performed
during the last two decades under the assumption of no long-term
changes of brominated VSLSs, the current estimate for bromine
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SGIl amounts to 2.1 (0.5-4.4) ppt Br, dominated by CHBr; and
CH,Br, (Table 1-5). The wider uncertainty range with respect to
the last Assessment is in agreement with recent modeling stud-
ies that highlight the significant dependence of bromine SGI on
the seasonal and regional variability of surface emissions (Fiehn
etal., 2017; 2018; Tegtmeier et al., 2012; Keber et al., 2020), as
well as on the variable photochemical degradation lifetime of VSL
SGs over shallow and rapid convective regions (Aschmann and
Sinnhuber, 2013; Fernandez et al., 2014; Butler et al., 2018; Filus
etal., 2020).

At the NH extratropical tropopause, total organic bromine
from VSLSs of up to 4.0 £ 1.2 ppt (fall) and 5.2 + 1.3 ppt (win-
ter) was detected during the TACTS (2012), WISE (2017), and
PGS (2015/16) aircraft campaigns (Figure 1-9; Keber et al.,
2020). These observations indicate that the seasonal SG tropo-
sphere-to-stratosphere transport over the NH mid- to high lati-
tudes is significantly higher than the annual mean tropical injec-
tion of 2.1 (0.5-4.4) ppt (Table 1-5). The increase of SG mixing
ratios with latitude, in particular during winter (Figure 1-9; Keber
et al., 2020), is most probably related to the lifetime variations
with season and latitude (Annex), although the influence of higher
regional or seasonal sources cannot be excluded.

Stratospheric injection of bromine PGl across the extratrop-
ical tropopause was estimated as 1.5 £ 0.6 ppt, with a range of
0.2-3.3 ppt, depending on latitude (Rotermund et al., 2021).
No new tropical PG observations have become available since
the last Assessment. Global modeling studies confirm that a

Tropics
e N = 20
e - Br, (Surrogate)
- Br, (Explicit-Full) {18
100} & Tropopause | 16
i Z E
o H \ P —e— VSLSGs(WMO-2022) 114 ;
¥ o o
2001 | ¢ 1 {12 2
1 1 <
ﬁl =} * 410
300} b ¢
- “D\ * 18
i N —e— VSL SGs (Surrogate)
; 0 ‘[ —— VSLSGs (Explicit-Full) |
5005 m
(6] 2 4 6 8 10

Bromine (ppt)

Figure 1-9. (left panel) Latitudinal cross section of total brominated VSL SGs observed during the PGS (gray) and WISE+TACTS
(green) extratropical aircraft campaigns, binned by latitude just below the local tropopause (error bars denote 1-sigma uncertain-
ty). Tropical SGI of 2.1 ppt Br is also shown (black; Table 1-6). Adapted from Keber et al. (2020). (right panel) Tropical vertical
profile of brominated VSL SGs (filled diamonds) and inorganic bromine (Br,; empty squares) for two different tropospheric chem-
ical schemes: a simplified approach considering long-lived CH;Br as a surrogate for VSL SGs (blue) and an explicit mechanism
considering major and minor VSL SGs, as well as a full chemical treatment of Br, processing in the troposphere (red). Note that
atand below the tropopause, VSL PGs are assumed to be equal to Br,, whereas above the tropopause Br, also accounts for long-
lived ODS bromine degradation. Shaded areas represent the annual spatiotemporal variability (mean % 1-sigma) within the trop-
ics (20°N-20°S). Black filled circles and bars show the assessed total brominated VSL SGs observational mean * range within the
TTL (see Table 1-5). WISE = Wave-driven ISentropic Exchange; TACTS = Transport and Composition in the Upper Troposphere/
Lowermost Stratosphere; PGS = POLSTRACC (The Polar Stratosphere in a Changing Climate), GW-LCYCLE (Investigation of the
Life cycle of gravity waves) and SALSA (Seasonality of Air mass transport and origin in the Lowermost Stratosphere). [Adapted
from Fernandez et al., 2021.]



significant fraction of the VSLS bromine input to the stratosphere
occurs via PGI, with tropical mean annual values ranging from 2.3
to 3.5 ppt (Tegtmeier et al., 2020; Fernandez et al., 2021). Model
simulations with different degrees of complexity demonstrate
that an explicit chemical modeling of tropospheric VSLSs is re-
quired to reproduce VSL SG observations in the TTL (Figure 1-9).
The explicit modeling approach suggests significant enhance-
ment of the VSL PG contribution to the total inorganic bromine
(Br,) in the lower stratosphere. Since inorganic PGs can directly
destroy ozone, while the organic SGs first have to undergo chem-
ical degradation, these relative contributions are important when
analyzing the VSLS impact on stratospheric ozone.

In summary, a total of 5 (3-7) ppt bromine is injected to the
stratosphere, with a contribution from SGI accounting for 2.1
(0.5-4.4) ppt Br and the remaining fraction of 2.8 (1.8-4.2) ppt
Br delivered via PGI (Table 1-6). The new assessed range is very
similar to the one provided in previous Assessments and indicates
that the trend in the VSLS contribution to stratospheric bromine, if
any, is very small (Tegtmeier et al., 2020).

1.3.2.3 Input of VSLS lodine to the
Stratosphere

In previous Assessments, stratospheric injection of iodinated
VSLSs have considered only gas-phase iodine. As new evidence
suggests a rapid shift in the partitioning between gas-phase and
particulate iodine (Koenig et al., 2020), in this Assessment iodin-
ated PG entrainment also includes the contribution of particulate

Chapter 1

iodine (inorganic iodine taken up in particles). The transport of
particulate iodine across the tropopause can enable inorganic
iodine, either from recycled inorganic SGs or from photodecom-
posed organic SGs, to reach the stratosphere. Given the larger
stratospheric ozone destruction efficiency of a single iodine atom
compared with that of bromine and chlorine (Klobas et al., 2021),
small amounts of iodine reaching the stratosphere can contribute
to stratospheric ozone loss (Koenig et al., 2020; Cuevas et al.,
2022; see Chapter 4).

The contribution of iodine VSL SGs in the form of CH;l to
the stratospheric halogen loading remains identical to previous
Assessments (0—0.1 ppt). Estimates derived from observations
(Table 1-5) and global modeling studies suggest that CH;l mix-
ing ratios rapidly decay to close to zero just before reaching the
tropical tropopause (Saiz-Lopez et al., 2015; Tegtmeier et al.,
2013). The CH;l decomposition has been suggested to make up
for 30-40% of the inorganic iodine injection to the stratosphere
(Koenig et al., 2020). The dominant fraction arises from the inor-
ganiciodine SGs (i.e., HOland |,) released from the ocean surface
and rapidly processed during their transport to the stratosphere
(see Section 1.3.1.3).

Current quantitative measurements of 10 radicals and par-
ticulate iodine performed during tropical and subtropical cam-
paigns (TORERO, CONTRAST, and ATom) suggest that 0.77 *
0.10 ppt of total iodine PGI can reach the tropopause (Figure
1-10; Koenig et al., 2020). In the upper troposphere, gas-phase
iodine dominates, and observations are compatible with model
simulations only if ice recycling is assumed (Saiz-Lopez et al.,
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Figure 1-10. Vertical profiles of iodinated VSLSs within the tropics (20°N-20°S; left) and subtropics (20-60°N and 20-60°S;

right). Aircraft-based total gas-phase iodine (I

y,gas’

blue) and particulate iodine (I, .., green) mixing ratios are shown with differ-

ent symbols depending on the campaign (ATom, CONTRAST, and TORERO [Tropical Ocean tRoposphere Exchange of Reactive
halogen species and Oxygenated VOC]). Filled symbols indicate values in the UTLS, while tropospheric profiles are shown with
empty symbols (error bars denote 1-sigma of observations plus 30% of box-model uncertainty, added in quadrature). Dark-blue
vertical dashed-lines in the left panel indicate balloon-borne |, .. upper-limit estimations during twilight (Butz et al., 2009) above
and below the tropopause (light-gray horizontal dashed lines). Blue and green solid lines represent an empirical fit based on
observed H,0/O; ratios (shading denotes 1-sigma uncertainty) assuming a constant total stratospheric iodine abundance (I, o, +

y,part

= 0.77 ppt). CAM-Chem model output considering only gas-phase iodine with two different chemical schemes are shown in

cyan. [Adapted from Koenig et al., 2020 and Saiz-Lopez et al., 2015.]
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2015). However, in the upper TTL, empirical fits of the new ob-
servations suggest that the efficient gas-to-particle multiphase
repartitioning results in particulate iodine being the dominant
contribution of the 0.77 £ 0.10 ppt iodine injection (Koenig et al.,
2020). The particulate iodine formation results in a net reduction
of gas-phase iodine consistent with balloon-borne upper limits of
the latter (Bosch et al., 2003; Butz et al., 2009). Given the large
uncertainties and unknowns regarding iodine uptake and sedi-
mentation on stratospheric aerosols, the overall gas-to-particle

PGl partitioning currently cannot be distinguished. Estimations of
the iodine entrainment into the stratosphere, and consequently
of the iodine impact on the ozone layer, should be taken with
caution.

Based on the available compendium of iodine measure-
ments, we provide a new range of VSLS iodine input to the
stratosphere of 0.3-0.9 ppt (Table 1-6), which is higher than the
range of 0-0.8 ppt given in the last Assessment (Engel, Rigby et

al., 2018). Stratospheric iodine input is dominated by inorganic
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Figure 1-11. (a) Near-surface total tropospheric organic chlorine from the combined global ground-based measurement net-
works (black line), in comparison to the Al scenarios from the 2014 (blue line) and 2018 (red line) Assessments. The observed
global annual mole fractions of CFC-11, CFC-12, CFC-113, CH,CCl;, CCl,, CH;Cl, HCFC-22, HCFC-141b, HCFC-142b, and ha-
lon-1211 were determined from NOAA and AGAGE data. The observed global annual mole fractions of CFC-114, CFC-112, and
CFC-113a were derived from AGAGE and UEA/FZ] data. Values for CFC-115 and CFC-13 were from AGAGE only. Total organic
chlorine also includes contributions from VSL SGs (AGAGE and NOAA: CH,Cl,, and C,Cl,; AGAGE only: CHCI;; see also Table
1-6). Continuous observations of these three species from AGAGE and NOAA are available only back to the mid-1990s. Between
1990 and 1995, the same constant mixing ratio as in the 2018 Assessment was used for CH,Cl,. Contributions from CHCI; and
C.Cl, before 1995 were not considered, as no in situ measurements are available. For species that are not included in the calcu-
lation of the scenarios (some minor ODSs and VSLSs), the observed values were added to the scenario totals in order to provide
a comparison based on the same set of compounds. Panels (b) and (c) show the same as panel (a) for the sum of the tropospheric
chlorine contents of the CFCs and the tropospheric chlorine content of all HCFCs, respectively.
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Table 1-7. Contributions of long-lived ODSs and VSL SGs to total chlorine in the troposphere. Chlorine mid-year mole fractions
were derived using AGAGE, NOAA, and UEA/FZ| data. Shown are absolute and relative contributions to total Cl over five-year
periods, as indicated. For the average rate of change, the values in parentheses represent the standard deviation of the annual
growth rates during the respective period, which reflects the observed variability (1 standard deviation). Changes in total chlo-
rine were calculated relative to values at the beginning of each period (e.g., for 2008-2012, relative to 3342 ppt total chlorine
in 2008). We refer to these periods as five-year periods, as they are based on annual average values, e.g., from the beginning of
2016 to the end of 2020. Values for past years differ slightly from previous Assessments because of updated calibration informa-
tion, different methods for determining global mean mole fractions, and rounding errors.

Total Cl (ppt)

Contribution to Total Cl (%)

Average Rate of Change of Total Cl (ppt yr-")

Compound
2016 2012 2016 2020 2008-2012 2012-2016  2016-2020

All CFCs 2026 1977 1925 61.5 60.3 59.8 -13.0(0.7) -12.1(0.7) -13.0(3.1)
CCl, 340 322 307 10.3 9.8 9.6 -4.7(0.3) -4.4(0.3) -3.9(0.5)

HCFCs 286 310 320 8.7 9.4 €9 9.0(0.7) 5.9(1.3) 2.5(1.0)
CH,CCl, 16 7.8 4.2 0.48 0.24 0.13 -4.1(0.9) -2.0(0.5) -0.9(0.2)
Halon-1211 3.96 3.55 3.16 0.12 o.n 0.1 -0.07(0.01) -0.10(0.00) -0.10(0.01)
Total Controlled CI 2672 2621 2559 81.1 79.9 79.5 -12.9(0.1) -12.8(0.8) -15.1(2.4)
CH,CI 539 556 547 16.4 17 17 -1.5(5.4) 4.3(3.7) -2.3(5.7)

VSLSs! 84 103 n3 2.5 3.1 3.5 2.3(3.0) 4.9(5.2) 2.5(3.3)
Total Cl 3295 3281 3220 -12.1(8.0) -3.6(4.7) -15.1(3.6)

" Not including CH,CICH,CI (due to the absence of near-surface long-term trends), as well as SGI.

iodine plus a minor contribution from organic iodine. The non-ze-
ro minimum edge is obtained assuming that total iodine in the
lower stratosphere is not preserved (Koenig et al., 2020), where-
as no central value is provided due to the very large uncertainties
regarding the gas-to-particle iodine partitioning. If the upper limit
of the range is considered, the impact of iodine on tropical low-
er-stratospheric ozone could be as large as that of brominated
VSLSs.

1.4 CHANGES IN ATMOSPHERIC HALOGENS

1.4.1 Tropospheric and Stratospheric
Chlorine Changes

1.4.1.1 Tropospheric Chlorine Changes

The total amount of chlorine from ODSs that were controlled
under the original Montreal Protocol is continuing to decline,
as the overall emissions are smaller than the rate at which these
ODSs are destroyed. Total tropospheric chlorine has been de-
creasing continuously since its peak abundance observed during
1993-1994 (Figure 1-11a). The maximum annual average total
chlorine observed from controlled and uncontrolled substances
was about 3660 ppt in 1994. The rate of decrease slowed from
39 pptyr'in1995-1996 to 3.6 pptyr ' between 2012 and 2016,
then accelerated again to an average 15.1 = 3.6 ppt yr~' between
2016 and 2020. This recent acceleration is predominantly due to
changes in substances not controlled by the Montreal Protocol,
namely CH5Cl and VSLSs. The concentrations of tropospheric
chlorine shown in Figure 1-11a do not include several minor spe-
cies (i.e., any species contributing less than 1 ppt of chlorine; see
Introduction), but these have very little influence on the total or its
trend. When looking at total chlorine from controlled ODSs only,
there is still a recent acceleration in the rate of decline (though
much less pronounced), from an average rate of 12.8 = 0.8 ppt

yr between 2012 and 2016 to 15.4 £ 2.4 ppt yr~' between early
2016 and late 2020 (Table 1-7). Figure 1-11b and ¢ show the
temporal evolution of combined tropospheric chlorine from CFCs
and HCFCs, respectively. Itis apparent that the former has not de-
clined as rapidly as expected in the Al scenarios from the 2014
and 2018 Assessments, although there is a more recent CFC-11-
driven reduction in the growth rate; in contrast, the latter has not
increased as rapidly as expected and is approaching near-zero
growth rates in 2020. The tropospheric chlorine contribution
from HCFCs has continued to increase, reaching 320 £ 3 pptin
2020. However, the annual average growth rate of chlorine from
HCFCs decreased from 5.9 * 1.3 ppt yr™' reported in the 2018
Assessment to 2.5 £ 1.0 ppt yr™' during 2016-2020. Total tro-
pospheric chlorine (including uncontrolled substances) reached
3220 ppt in 2020, which is equivalent to a 12% reduction from
the previous maximum, and about 1.8% lower than in 2016.

1.4.1.2 Stratospheric Chlorine Changes

Long-term changes in stratospheric inorganic chlorine are
driven by changes in tropospheric chlorine and transport variabil-
ity. The total organic chlorine in the troposphere has been declin-
ing since the early 1990s (Figure 1-11), and as a consequence,
a decline in stratospheric inorganic chlorine is also expected.
The timing of the trend reversal is shifted between the two atmo-
spheric regions according to timescales of transport and photo-
chemical conversion. Details of the stratospheric trend will also
be impacted by changes in the stratospheric circulation and the
relative contributions of SGs.

Total column abundance for hydrogen chloride (HCI) and
chlorine nitrate (CIONO,) and their summation (Cl,) atJungfraujoch
(46.5°N) and Lauder (45.0°S) are presented in Figure 1-12, with
the corresponding trends listed in Table 1-8. HCl shows a statisti-
cally significant decrease from 1997 to 2020 at the two stations of
-0.41£0.15% yr"and -0.56 £ 0.12% yr', respectively (updated
from Mahieu et al., 2014a), similar to the trend reported in the last
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Figure 1-12. Time series of monthly
mean total column abundances for the
two main stratospheric chlorine res-
ervoirs HCI (red circles) and CIONO,
(green circles) derived at two mid-lati-
tude stations, Jungfraujoch (46.5°N) and
Lauder (45.0°S), in the framework of the
NDACC network. The HCI and CIONO,
sum is a good proxy of total inorganic
chlorine and is denoted as Cl, (blue cir-
cles). For Jungfraujoch, the datasets are
restricted to June through November in
an effort to limit the variability caused by
atmospheric transport and subsidence
during winter and spring. The contin-

uous lines come from non-parametric
least-squares fits involving an integra-
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Table 1-8. Observed inorganic chlorine trends for the total column and for the upper atmosphere. Trends (% yr~') of HCl and CIO-
NO, and their summation (Cl,) are based on the FTIR column time series shown in Figure 1-12. Near-global (60°S-60°N) trends
in HCl averaged over the middle stratosphere are based on trend profiles from GOZCARDS, Aura MLS, and ACE-FTS, and trends
of CIONO, are from ACE-FTS. All uncertainties are estimated at 2-sigma.

Data Source/Location Cl, Species Altitude Region of Change (% yr") Time Period
FTIR NDACC Jungfraujoch Hal 0412015
46 é‘i{:ﬁ’ e CIONO, Total column -0.07+0.39 1997-2020
c, -0.34+0.15
FTIR NDACC Laud Hcl 0562012
(45 Ous)au e CIONO, Total column -0.97 £0.41 1997-2020
c, ~0.65+0.11
GOZCARDS] (60°S-60°N) -0.56+0.26 1997-2020
HCl 68to10hPa
Aura MLS (60°S-60°N) ~0.28%0.21 2005-2020
ACE-FTS HCl 68t 10 hPa -0.30+0.17 2004-2020
(60°S-60°N) CIONO, 23-8hPa ~0.53+0.14 2004-2020

' GOZCARDS trends are derived from merged HCI data (updated from Froidevaux et al., 2015) based on a multi-linear regression model that accounts for seasonal and
shorter-period cycles, as well as longer-term variations relating to the QBO, ENSO, and solar flux (Froidevaux et al., 2019). From 2011 onwards, no ACE-FTS data are used
in GOZCARDS. The 2-sigma error bars are based on a bootstrap residual resampling method.

2 MLS trends are based on version 4 Aura MLS data derived with the regression model and bootstrap method described in footnote 1 of this table.

3 ACE-FTS trends are based on version 4.1 data (HC| data updated from Bernath and Fernando, 2018; CIONO, data updated from Bernath et al., 2021). Trends are derived
from a linear trend calculation applied to seasonally averaged data with the dynamical variability removed based on a regression model that includes N,O time series in
the fitting. The errors are 2-sigma estimates, taking into account the autocorrelation of the residuals.



Assessment for 1997-2016. In contrast, CIONO, shows a signifi-
cant decrease only at the SH station (-0.97 = 0.41% yr™"), while
at the NH station the time series is flat with no significant trend
(-0.07 £0.39% yr ™). Interestingly, the SH CIONO, abundance in
2020 was higher than during any previous year since 2014.

The long-term decreases in HCl and CIONQO, lead to a sig-
nificant negative trend in Cl,, which is stronger in the SH (~0.65
+ 0.11% yr7") than in the NH (-0.34 = 0.15% yr™"). Shorter-term
temporal variability in inorganic chlorine (e.g., increasing values
at Jungfraujoch between 2005 and 2011) have been attributed to
circulation changes in the NH (Mahieu et al., 2014a). Such fluctu-
ations seem to appear somewhat regularly for the NH HCl and CI,
data (Figure 1-12). Transport anomalies are known to influence
stratospheric gases in different ways in the two hemispheres. HCI
columns have been found to be sensitive to variations in the low-
er-stratospheric age of air and have been used to infer differences
in lower-stratospheric age of air between the NH and SH (Strahan
etal., 2020; Prignon etal., 2021).

Stratospheric HCI trends from limb-viewing satellite ob-
servations (Table 1-8) confirm the FTIR-based findings for the
near-global scale (60°S-60°N). The merged satellite record from
the Global OZone Chemistry And Related trace gas Data records
for the Stratosphere (GOZCARDS) yields decreasing HCl of —0.56
* 0.26% yr™! for 1997-2020 (updated from Froidevaux et al.,
2015), consistent with the FTIR column trends. If the evaluations
are constrained to a shorter time period, the satellite records from
the Aura Microwave Limb Sounder (MLS) and the Atmospheric
Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS)
suggest trends of —0.28 + 0.21% yr™' (2005-2020) and -0.30 %
0.17% yr™' (2004-2020), respectively (updated from Froidevaux
et al., 2015, 2019; Bernath and Fernando, 2018; Bernath et al.,
2021). These provide convincing evidence that the rate of de-
cline in middle-stratospheric HCI slowed down considerably after
2004. Taking into account the time shift between the troposphere
and the middle/upper stratosphere of about four years, this is in
good agreement with surface chlorine abundances, which de-
creased by —-0.50 * 0.03% yr~' for 1992-2016 and slowed down
to a decrease of -0.36 = 0.02% yr™' for 2000-2016. ACE-FTS
measurements suggest that the upper-stratospheric HCI (and
thus Cl)) decline slowed even further after around 2010, when
the rapid initial decline of species with shorter atmospheric life-
times, such as CH;CCl;, became smaller (Bernath and Fernando,
2018; Bernath et al., 2020). In addition, model simulations in
good agreement with satellite observations suggest that this HCI
decline is about 15% slower than it would be without the contribu-
tion from chlorinated VSLSs (Hossaini et al., 2019), demonstrating
that VSLSs have offset a portion of stratospheric chlorine reduc-
tions since the mid-2000s.

1.4.2 Tropospheric and Stratospheric
Bromine Changes

1.4.2.1 Tropospheric Bromine Changes

The total amount of bromine from ODSs that were controlled
under the original Montreal Protocol is continuing to decline, as
the overall emissions are smaller than the rate at which these ODSs
are destroyed. Results from the AGAGE and NOAA networks
indicate that total tropospheric bromine from the controlled
substances (CH;Br and halons) reached a maximum in 1999,
with an annual average value of 17.1 ppt. Both the timing and the
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Figure 1-13. Time series of near-surface tropospheric bro-
mine mole fractions (sum of halons and CH;Br, black line)
and those of halons only (yellow line) in comparison to the
Al scenarios from the 2014 (blue line) and 2018 (red line)
Assessments. Long-term global surface observations are
not available for brominated VSLSs, and therefore their
contribution is not included here. Values in the upper panel
are also expressed as equivalent chlorine (right-hand axis),
using a value of a = 65 to account for the higher efficiency
of bromine in catalyzing ozone destruction. All values are
derived from a merged dataset based on NOAA, AGAGE,
and UEA/FZ| data.

mole fraction are slightly different than those given in previous
Assessments (i.e., 16.9 ppt in 1998) due to the effects detailed in
the Introduction. Since 1999, the abundance of tropospheric bro-
mine has been decreasing continuously (Figure 1-13), reaching
a value of 13.9 ppt by 2020. While CHBr has been decreasing
since the late 1990s (except for the brief increase in 2015-2016
and the stable period after 2017; see Section 1.2.7), bromine from
halons started decreasing only around 2006. From 2012 to 2016,
total controlled bromine declined at a rate of 0.15 = 0.14 ppt yr™'
(1% yr™), and this rate increased to 0.18 £ 0.05 ppt yr™' during
2016-2020. Halons contributed ~64% to this decline (2012-
2016: ~70%), with CH;Br accounting for the remainder. Similar to
the last Assessment, the decrease in total bromine over the past
five-year period was therefore again dominated by a decrease
in halon abundances. The observed decrease in total controlled
bromine is in overall good agreement with the decrease project-
ed by the Al scenario from the last Assessment (Carpenter, Daniel
et al., 2018). Note that the tropospheric bromine total discussed

93




94

Chapter 1

here does not include contributions from brominated VSLSs of
around 5 ppt (see Section 1.4.2.2), as no trends from AGAGE or
NOAA surface measurements of these gases are available.

1.4.2.2 Stratospheric Bromine Changes

Total stratospheric inorganic bromine (Br,) originates from
long-lived ODSs, mainly CH;Br and halons, as well as from VSLSs,
both in organic and inorganic forms. Estimates of stratospheric
Br, rely on two different methods. The first method (SG-based)
sums up all bromine in the form of ODSs and VSL SGs found
at the stratospheric entry level (e.g., Brinckmann et al., 2012;
Navarro et al., 2015). This approach provides the contribution
from the measured species at a high accuracy, but any bromine
entering the stratosphere in inorganic form needs to be added
to this to get true total bromine. The second method infers Br,
from atmospheric measurements of bromine oxide (BrO) coupled
with photochemical modeling of the Br, partitioning (e.g., Dorf
et al., 2008; Parrella et al., 2013; Werner et al., 2017) or, follow-
ing an equivalent methodology, from measurements of bromine
nitrate (BrONO,; Hépfner et al., 2021). This approach is ideally
applied in the middle and upper stratosphere, where all bromine
is present in inorganic form. If the method is applied in the lower
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stratosphere, additional measurements of the organic bromine
from long-lived ODSs and VSL SGs are needed to determine total
bromine (Wales et al., 2018; Werner et al., 2017). Uncertainties
can also arise from the BrO or BrONO, measurements, as well as
from the model-derived partitioning of Br,, and depend on the
measurement technique and probed photochemical regime.

Time series of Br, estimates derived from the two methods
are shown in Figure 1-14a. For the SG-based method, observa-
tions of the long-lived CH,Br and halons were added to time-in-
variant and current best estimates of SG and PG injections from
brominated VSLSs (5 + 2 ppt; Table 1-6) to derive Br, estimates
(blue lines). Given that CH,Br and halons are sufficiently long-
lived to be transported into the stratosphere, the amounts of their
stratospheric injection are taken as global mean surface values
(Figure 1-13). For the BrO-based method, total column and ver-
tically resolved BrO measurements were used to obtain Br, esti-
mates and plotted against the “year of stratospheric entry” (sym-
bols in Fig. 1-14a). Ground-based measurements from the NH
station Harestua (60°N) suggest a very slow decline with some
year-to-year variability. Values measured in 2020, and mapped to
a stratospheric entry in 2016, suggest 19.6 ppt of total bromine,
in excellent agreement with the SG-based method assuming a
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Figure 1-14. (a) Changes in total stratospheric Br, (ppt) derived from balloon-borne (black open and filled symbols; update of
Dorfetal., 2006) and airborne (purple filled squares from Werner et al., 2017; red filled square from Rotermund et al., 2021) BrO
observations and from ground-based UV-visible measurements of stratospheric BrO made at Harestua (60°N) and Lauder (45°S)
stations (filled and open orange triangles, respectively; adapted from Hendrick et al., 2007, 2008). All UV-visible measurements
of stratospheric BrO were evaluated using a common BrO absorption cross section (based on Wahner et al., 1988), frequen-
cy-shifted to match the wavelength scale (Wilmouth et al., 1999). For the balloon-borne observations, exclusive of those using
the Langley method, the outer and inner capping of the error bars correspond to the precision and accuracy of the estimates,
respectively. For the ground-based measurements (triangles), the error bars correspond to the total uncertainties in the Br, es-
timates. For stratospheric data, the date corresponds to the time when the air was last in the troposphere, i.e., sampling date
minus estimated mean age of the stratospheric air parcel. Time series of halons and CH;Br, with the latter split into the natural and
anthropogenic fraction, have been updated (NOAA data only; see Carpenter, Reimann et al., 2014, for details). The blue lines
show the expected stratospheric Br,, assuming an additional input of 3, 5, and 7 ppt of brominated VSLSs, respectively. For tro-
pospheric data, the date corresponds to the sampling time. This figure updates Figure 1-16 from the previous Assessment (Engel,
Rigby et al., 2018). (b) Inferred total bromine as a function of potential temperature distance from the WMO tropopause during
the WISE campaign in fall 2017. The organic bromine species are summed up according to their Br atomicity: CH;Br (dark blue),
sum of four halons (purple), and brominated VSLSs (light blue). The inferred inorganic Br, is subsequently added (red), resulting
in the UTLS total bromine. The solid black line represents the LS weighted mean total bromine of 19.2 * 1.2 ppt. [Adapted from
Rotermund etal., 2021.]



VSLS contribution of 5 ppt. Long-term changes based on ground-
based BrO measurements indicate a slow decline of total bromine
of-0.18 £ 0.04 ppt yr' (-0.8% yr™) since 2003. This decrease is in
very good agreement with trends in tropospheric bromine, which
have ranged between 0 and -0.4 ppt yr™' since the early 2000s
(Figure 1-13). The BrONO,-based MIPAS satellite estimates focus
on the period of maximum Br, loading, with 21.2 1.4 ppt Br at
mid-latitudes corresponding to stratospheric entry between 1997
and 2006 and no significant long-term trend.

Data from the Global Hawk during the ATTREX campaign in
the Eastern Pacific in 2013 suggests slightly higher Br, concen-
trations of up to 22.3 ppt (purple filled square, Figure 1-14a) for
air masses directly measured in the tropical tropopause region
(Werner et al., 2017). Measurements during the 2017 WISE cam-
paign also found elevated bromine values in the TTL, with a Br,
estimate of 21.6 + 0.7 ppt (Rotermund et al., 2021), somewhat
larger than the Br, of 19.2 £ 1.2 ppt found in the extratropical and
polar lower stratosphere. Both campaigns indicate slightly en-
hanced total Br, in the upwelling part of the stratospheric Brewer-
Dobson circulation in the tropics compared to those measured
in its subsistence region at mid- and high latitudes, in agreement
with earlier studies (Navarro et al., 2015; Werner et al., 2017;
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Wales et al., 2018). The cause of this difference is presently un-
clear, although it is conceivable that some bromine is heteroge-
neously taken up on the cold aerosols and cloud particles in the
TTL and ultimately removed by sedimentation (Sinnhuber and
Folkins, 2006). In addition, the Br, estimates for both campaigns
include directly measured VSLS contributions, which are known
to show pronounced spatiotemporal variability in the TTL, with
ranges of 0.5-4.4 and 1.8-4.2 ppt for brominated SGI and PGl,
respectively (Table 1-6).

Observations of total bromine at mid- to high latitudes
during the WISE campaign have demonstrated the large impact
of transport-related variations on the Br, budget in this region
(Figure 1-14b; Rotermund et al., 2021). Bromine-rich air mass-
es from the tropics were found to persistently protrude into the
mid-latitude lowermost stratosphere during the boreal summer,
causing a pronounced variability in Br,, with a high bromine re-
gion of 20.9 % 0.8 ppt exceeding the mean value of 19.2 £ 1.2

ppt.

1.4.3 Tropospheric and Stratospheric lodine
Changes

Tropospheric iodine stems mostly from oceanic emissions of
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Figure 1-15. Chlorine and bromine input to the stratosphere for a reference year (1993 for chlorine and 1999 for bromine), 2016,
and 2020 for different species and classes of compounds. The reference is close to the maximum of chlorine or bromine load-
ing of the troposphere. Mole fractions of long-lived gases were mostly derived from surface observations from global networks
(AGAGE and NOAA), except for CH,Cl before 1995, when observations from both networks were unavailable and values were
filled with the simulations from scenario Al of the previous Assessment (Carpenter, Daniel et al., 2018) as derived from firn air
measurements (Montzka, Fraser et al., 2003). The VSLS contributions for bromine are included as a constant 5 ppt, as in previ-
ous Assessments. The VSLS chlorine contribution is based on the VSL SG input from a model constrained by observed surface
boundary conditions (update of Hossaini et al., 2015). Total VSLS Cl input derived in this way is 80 ppt, 120 ppt, and 130 ppt for
years 1993, 2016, and 2020, respectively. For chlorine, HCFCs include HCFC-22, HCFC-141b, HCFC-142b, and HCFC-124; “oth-
er” includes contributions from minor CFCs (CFC-13, CFC-112, CFC-113a, CFC-114+CFC-114a, and CFC-115) and halon-1211. For
bromine, “other halons” is the sum of bromine contained in halon-1202 and halon-2402. Methyl chloride is counted as having
purely natural sources, despite some indications of anthropogenic contributions. The contribution of natural sources to CH;Br
mole fractions was estimated as a constant 5.5 ppt, based on the published firn air and ice core measurements (Butler et al.,
1999; Trudinger et al., 2004; Saltzman et al., 2004; 2008), whereas the anthropogenic contribution was estimated by the global
surface mole fractions measured by AGAGE and NOAA minus 5.5 ppt.
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inorganic iodine in the form of hypoiodous acid (HOI) and mo-
lecular iodine (1,). These emissions are driven by the reaction of
ozone with iodide (I) at the ocean surface. Since tropospheric
ozone over the NH has increased over the last decades, oceanic
emissions as well as tropospheric levels of inorganic iodine are
likely to have increased in response. Observations reveal a posi-
tive trend in iodine in spruce tree rings in the Tibet Plateau (Zhao
et al., 2019), as well as in Greenland and Alpine ice cores, with
the latter showing a tripling in iodine since 1950 (Legrand et al.,
2018). This iodine increase can be explained by model-derived
oceanic iodine emissions in the North Atlantic and their increase
over the latter half of the 20" century (Cuevas et al., 2018). While
observations and models agree on increasing tropospheric io-
dine levels, it should be noted that the results are accompanied
by large uncertainties due to the lack of observational constraints
on ozone changes, iodide levels, flux parameterizations, and tro-
pospheric iodine chemistry (Carpenter et al., 2021).

Tropospheric iodine also stems from oceanic emissions of
organic iodine in the form of CH;l. Earlier measurements at re-
mote sites in the western and northern Pacific from the late 1990s
to 2011 reported long-term decadal oscillations of atmospheric
CH,l, possibly related to natural oscillations of sea surface tem-
perature (Yokouchi et al., 2012). These results suggest that cli-
mate change can impact oceanic trace gas emissions. However,
very little updated data on CH;l tropospheric trends exist to fur-
ther investigate such impacts. One of the few available datasets
consists of observations in the Greater Pearl River Delta region of
China during 2001-2018 and shows a significant increase in CH,|
over the measurement period, of 0.08 = 0.02 ppt yr~'. Given the
proximity to densely populated regions, these trends could be
related to anthropogenic sources, based on the use of CHsl as a
methylating agent (Zeng etal., 2020).

For stratospheric iodine, no observational trend estimates
exist. Assuming iodine injections in particulate form is a plausible
entrainment mechanism (Koenig et al., 2020), changes in oce-
anic emissions and aerosol iodine content could also influence
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stratospheric iodine levels. Given the large uncertainties in the
processes controlling tropospheric particulate iodine formation
and reactive transport to the stratosphere, any model-based
stratospheric iodine trend can also be expected to have large
uncertainties.

1.4.4 Changes in Ozone-Depleting Halogen
Abundance in the Stratosphere

Figure 1-15 illustrates the contributions of different ODSs or
ODS groups to chlorine and bromine input to the stratosphere
during the respective peak years (Cl: 1993, Br: 1999), as well
as in 2016 and 2020. In contrast to Sections 1.4.1.1 and 1.4.2.1,
VSLS tropopause estimates are included here, as these species
have strong sinks in the troposphere and therefore ground-based
measurements do not reflect the actual amounts reaching the
stratosphere. In 2020, total chlorine and bromine entering the
stratosphere from controlled and uncontrolled ODSs reached
values of 3240 ppt and 18.9 ppt, respectively. Thus, the chlorine
and bromine inputs have declined by 11.5% (420 % 20 ppt) and
14.5% from their peak abundances, respectively, with 1.6% and
3.2% of this decline between 2016 and 2020.

Equivalent effective stratospheric chlorine (EESC) also gen-
erally follows the changes in tropospheric ODSs but additionally
includes calculations 1) reflecting the ability of bromine to destroy
more ozone than chlorine (a-factors of 60 and 65 were used
here for mid-latitude and polar winter conditions, respectively;
see Figure 1-16), 2) addressing the influence of stratospheric
lifetime differences between ODSs, and 3) taking into account
effects from the transport of air in the stratosphere (timescales of
years), which is much slower than in the free troposphere (days
to months). As noted in the last Assessment, the traditional use
of EESC in 1980 as a benchmark is somewhat arbitrary, as 1) an-
thropogenically induced ozone loss occurred prior to 1980,
and 2) a return to 1980 EESC levels does not imply a recovery
of the ozone layer to the 1980 state, ozone being influenced by
many additional parameters (e.g., greenhouse gas abundances,

Figure 1-16. Level of EESC (left y-axis) and its percentage recovery
toward 1980 benchmark values (right y-axis) using the improved
EESC calculation from the 2018 Assessment (Engel, Rigby et al.,
2018), which is based on the method by Engel et al. (2018). Solid
lines show the EESC at 3 (red) and 5.5 (black) years of mean age,
representative of mid-latitude conditions and polar winter condi-
tions, respectively. The dashed lines indicate the percentage of
recovery at those same years of mean age, but are shown relative
to 1980 levels (defined as 100% recovery) and EESC maxima (de-
fined as 0% recovery). In all cases, the different age spectra were
parameterized as suggested by Newman et al. (2007) using half
of the mean age as the width of the age spectrum and an inverse
Gaussian function as the shape of the age spectrum. The age spec-
trum has been integrated over a time period of 20 years. Fraction-
al release factors were calculated as in the last Assessment, based
on the work by Osterméller et al. (2017). The same tropospheric
data were used as in Sections 1.4.1.1 and 1.4.2.1. VSLS contribu-
tions to EESC are not included in this calculation, and the higher
efficiency of bromine to destroy stratospheric ozone is taken into
account (factors of 60 for mid-latitude and 65 for polar winter con-
ditions).



changes in stratospheric dynamics and chemistry). For EESC cal-
culations, an average stratospheric transit time, or mean age, of
5.5 years is again used to reflect typical polar winter conditions,
and a three-year mean age for mid-latitude conditions. Here we
exclusively use the new and improved formulation of EESC sug-
gested by Engel et al. (2018), introduced in the last Assessment,
which also included a comparison to the previously used formu-
lation by Newman et al. (2007). A limitation of the EESC metric is
that it does notinclude contributions from VSLSs (also see Box 1-3
on VSLS metrics) or nitrous oxide (N,O), with the latter having an
unknown but certainly substantial impact on stratospheric ozone
(Ravishankara et al., 2009). Also, more recently, regional vari-
ability in EESC has been observed based on observations in the
vicinity of the Asian monsoon (e.g., it is between 200 to 300 ppt
higher at a mean age of three years; Adcock et al., 2021), which
raises some questions on the applicability of this concept for the
entire stratosphere, especially for relatively short-lived ODSs with
large regional emissions close to stratospheric input regions such
as CH;Cl and CH;Br (see also Sections 1.2.5 and 1.2.6). In addi-
tion, a recent study has highlighted the shortcomings of a simple
a-factor for bromine, as it does not take into account the global
chemistry-climate state, and it suggested the future introduction
of an equivalent effective stratospheric benchmark-normalized
chlorine (EESBNC) to reflect changes in the rates of bromine- and
chlorine-mediated ozone loss (Klobas et al., 2020).

As is shown in Figure 1-16 and Table 1-9, the previously
reported decline in EESC has continued. For mid-latitude condi-
tions, we derive an average recovery rate of 37% relative to the
1980 benchmark. This compares to 31% recovery in 2016 report-
ed in the last Assessment. For polar winter conditions, recovery
has progressed from 18% in 2016 to 23% in 2020, again relative
to 1980, confirming that a full recovery, even only to the 1980
EESC levels, is not expected in the near future.

1.4.5 Tropospheric and Stratospheric
Fluorine Changes

Atmospheric fluorine results from the photodissociation of
fluorine-bearing source gases including CFCs, halons, HCFCs,
HFCs, PFCs, and other compounds. The resulting inorganic
fluorine reservoir gas HF is very stable in the atmosphere, and
as a consequence, fluorine does not contribute to stratospheric
ozone depletion. The primary interest in monitoring inorganic
fluorine (F) is to provide an independent measure of the accumu-
lation of the associated source gases, many of which are potent
greenhouse gases. Among the source gases, HFCs (Chapter 2)
are of growing interest because their increasing atmospheric
abundance is a direct consequence of the restrictions on ODS
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Figure 1-17. (top) Tropospheric total fluorine time series and
(bottom) annual changes from long-lived gases, separated by
contributions due to ODSs, HFCs (see Chapter 2), and other
fluorinated gases (such as SF4, NF;, CF,, not including minor
species; see Introduction). Mole fractions for ODSs and other
fluorinated gases were derived from a merged dataset based
on NOAA, AGAGE, and UEA/FZ) data. HFC mole fractions
were derived from AGAGE and NOAA data. HFC records pri-
or to regular global measurements were supplemented with
estimates from Vollmer et al. (2011), Vollmer et al. (2015b),
and the simulated mole fractions from the Al scenarios in the
previous Assessment (Carpenter, Daniel et al., 2018).

production and consumption. The regulation of HFCs has been
added to the Montreal Protocol in the framework of the Kigali
Amendment, in part because they are replacement compounds
for substances already regulated under the Protocol.

Changes in tropospheric fluorine concentrations result
from changes in tropospheric concentrations of long-lived ODSs
(Section 1.2) and HFCs (Chapter 2), as well as PFCs and other
compounds (Section 1.5.4), as shown in Figure 1-17. In contrast

Table 1-9. EESC values for 1980 and 2020 as well as when EESC was at its maximum. Values are given for 3 and 5.5 years of mean
age (representative of mid-latitude and polar winter conditions, respectively) and are based on the improved method of Engel
etal. (2018). Also shown are percentage changes achieved by early 2020 with respect to the maximum and the percentage re-

covery with respect to the 1980 values.

EESC 1980 (ppt) EESC Maximum (ppt) EESC 2020 (ppt) Change from Recovery to 1980
[year] Maximum (%) Level (%)
. . - 1900
Mid-Latitude Conditions ms3 [1999] 1607 -15 37
Polar Winter Conditions 2196 4160 3710 -n 23
[2001]
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Table 1-10. Observed inorganic fluorine trends for the total column (FTIR) and for the upper atmosphere (ACE-FTS). Trends (%
yr™) of HF and 2xCOF, and their summation (Fy), which represents most of the inorganic fluorine in the stratosphere, are based
on mid-latitude FTIR column and ACE-FTS time series shown in Figure 1-18. Trends relative to 2004 have been derived for the
common time period of observations 2004-2020. All uncertainties are estimated at 2-sigma.

Rate of Change 2004-2020 (% yr~')

SRECES ACE-FTS (40-50°N)  FTIR (Jungfraujoch, 46.5°N) ACE-FTS (40-50°S) FTIR (Lauder, 45.0°S)
F, 0.87+0.22 0.72+0.19 0.48+0.26 0.05+0.25
HF 0.88+0.20 0.66+0.21 0.59+0.30 0.31£0.22
2xCOF, 1.22£0.49 0.89+0.34 0.28+0.25 -0.45£0.40

to chlorine, total tropospheric fluorine has continued to increase,
with a 2016-2020 trend of 57.1 £ 0.8 ppt yr~' corresponding to
1.71 £ 0.02% yr~". Similarity with the trend reported in the last
Assessment (1.7 £ 0.07% yr~' for 2012-2016) suggests stable
growth rates of total fluorine. The contributions of the differ-
ent compound classes to the tropospheric fluorine trend have
changed over time. The ODS contribution to the fluorine budget
remained relatively constant between 2005 and 2015 and start-
ed to decline afterwards. As a result, the fluorine trend due to
ODSs alone became negative after 2016, reaching —10 pptyr~'in
2020. In contrast, the fluorine trend due to HFCs alone increased
constantly between 1995 and 2019 and only flattened in 2020,
reaching 55 ppt yr~'in 2020.

A good proxy for the total inorganic fluorine (F,) in the strato-
sphere is calculated as the weighted sum of the two most abun-
dant fluorinated reservoirs, i.e., hydrogen fluoride (HF) and two
times carbonyl fluoride (COF,). Total column F,, based on FTIR

1980 1985 1990 1995 2000 2005 2010

2015

HF and COF, measurements at two mid-latitude stations, has in-
creased steadily since 1989, with a stronger positive trend over
the first 15 years of the record (Figure 1-18). ACE-FTS satellite
data, available since 2004, are mostly consistent with the FTIR
data but suggest slightly stronger positive trends. The largest dis-
crepancies exist for the SH, where COF, from FTIR measurements
has been decreasing, inconsistent with the ACE-FTS satellite re-
cord. This is possibly related to transport variability impacting the
long-term changes in the two datasets in different ways. In total,
F, in the NH stratosphere has increased at a rate of 0.87 £ 0.22%
yr? (ACE-FTS) and 0.72 = 0.19% yr~' (FTIR) over the 2004-2020
time period (Table 1-10). This long-term change is smaller than
tropospheric trends over 2000-2016 of 1.53 £ 0.02% yr™'. While
changes in inorganic stratospheric fluorine are largely driven by
changes in total tropospheric fluorine, they are also impacted by
the efficiency of the fluorine release from the different compound
classes. As the relative contributions from different compounds
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Figure 1-18. Multi-decadal monthly
mean total column time series of the
two main stratospheric fluorine reser-
voirs, HF and COF,, and their summa-
tion, F, derived at two mid-latitude
stations (Jungfraujoch, 46.5°N, and
Lauder, 45.0°S) in the framework of
the NDACC network and from ACE-FTS
occultation measurements (40-50°S
and 40-50°N). HF monthly means are
reproduced as red symbols; 2 x COF,
as green symbols. Their summation
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(blue symbols) is a good proxy of to-
tal inorganic fluorine. The satellite and
ground-based data are given as dia-
monds and circles, respectively. Note
that the ACE-FTS time series for Fy also
includes the contribution of COCIF, a
species that cannot be measured from
the ground. Finally, non-parametric fits
to the FTIR data are shown as continu-
ous thick curves. [Adapted and updat-
ed from Prignon et al., 2021.]
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have changed over time, a direct correlation of stratospheric and
tropospheric fluorine changes is not necessarily expected.

1.5 CHANGES IN OTHER TRACE GASES THAT
INFLUENCE OZONE AND CLIMATE

In this section, gases that are not covered by the Montreal
Protocol but that indirectly affect stratospheric ozone are dis-
cussed. These include long-lived greenhouse gases such as
methane (CH,) and nitrous oxide (N,O), aerosol precursor gases
such as carbonyl sulfide (COS) and sulfur dioxide (SO,), and other
fluorinated chemicals such as sulfur hexafluoride (SFg) and perflu-
orocarbons (PFCs). As in the last Assessment, HFCs are covered
in Chapter 2; while carbon dioxide (CO,), even though it induces
temperature changes that directly alter the chemical rates that
produce and destroy ozone, is not included due to its coverage in
great detail in the recent IPCC report (IPCC, 2021).

1.5.1 Nitrous Oxide (N,0O) and Methane (CH,)

Observations of Atmospheric Abundance. N,O and CH,
cause the release of chemicals into the stratosphere that catalyt-
ically produce and destroy ozone. For an extensive and compre-
hensive overview of the emissions and abundances of both gases
up to 2019, see the recently published IPCC report (IPCC, 2021).
In summary, their global abundances have continued to increase,
reaching 332.1 = 0.4 ppb (N,0) and 1866.3 + 3.3 ppb (CH,) in
2019. As an update to the IPCC report, N,O increased by a further
1.1 ppb between 2019 and 2020 (Table 1-11), which is distinctly
higher than the average growth rate between 2012 and 2019 of
0.96 %= 0.05 ppb yr' (IPCC, 2021). CH, increased, on average,
by 9.3 = 2.4 ppb yr' between 2014 and 2019; the recent 2019-
2020 change of 10-13 ppb yris at the upper end of this range
(Table 1-11).

Emissions, Lifetimes, and Radiative Forcings. Several re-
cent publications have found that global N,O emission increases
have been accelerating over the last two decades and by now
exceed some of the highest projections (Thompson et al., 2019;
Tian et al., 2020; IPCC, 2021). These increases are driven by an-
thropogenic emissions (mainly from nitrogen additions to crop-
lands), which account for nearly half of the global N,O emissions
in recent years. Due to its much shorter lifetime and its multitude
of source and sink processes, the derivation of atmospheric emis-
sions of CH, is generally more complex. However, recent increas-
es are likely mainly driven directly (agriculture and fossil fuels) or
indirectly (prolonged El Nifio conditions) by anthropogenic activ-
ities (see Box 5.2 in IPCC, 2021).

In particular, the accelerating increase of N,O abundances
and emissions is a serious threat for stratospheric ozone, asitis the
main driver of NO,-induced ozone depletion and by far the most
abundant ODS (Ravishankara et al., 2009; Miiller et al., 2021).
To illustrate these effects, we here use the maximum range of po-
tential N,O ODPs from 0.015 to 0.030 as derived by Revell et al.
(2015) for various atmospheric scenarios between the years 2000
and 2100. When deriving CFC-11-equivalent emissions from this
range, we estimate between 461 and 922 Gg yr™' for 2020, i.e.,
5-10 times the ODP-weighted emissions from all CFCs in that
year. In addition, the increase in N,O emissions translates to an
increase of 52-104 Gg of CFC-11 equivalent emissions between
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2016 and 2020. Anthropogenic emissions N,O were driving that
increase, and these alone (43%, Tian et al., 2020) were equal to
more than two times the ODP-weighted emissions from all CFCs
in 2020. For context, when compared to the CFC emission peak
from 1987, those 2020 anthropogenic N,O emissions were equal
to more than 20 % the ODP-weighted emissions from CFCs in that
year.

The direct radiative forcing effects from N,O and CH, in 2020
are estimated at 207 mW m=2and 520 mW m2, respectively.

1.5.2 Aerosol Precursors: Carbonyl Sulfide
(COS) and Sulfur Dioxide (SO,)

The sulfur-containing gases COS and SO, act as precursor
gases of stratospheric sulfate aerosol, which can influence halo-
gen chemistry. Stratospheric COS and SO, injections occur reg-
ularly via troposphere-stratosphere air mass transport or sporadi-
cally via explosive volcanic eruptions.

Carbonyl Sulfide (COS). NOAA measurements have report-
ed global mean COS mole fractions of 497 ppt for 2020 and
trends of -1.5% yr™' for 2019-2020 (Table 1-11) and -1.3% yr"
for the four-year time period 2016-2020. These small negative
trends are of opposite sign compared to the small positive trends
reported for 2012-2016 in the previous Assessment.

COS is one of the major sources of stratospheric sulfate
aerosols, contributing between 40% (Feinberg et al., 2019) and
70% (Briihl et al., 2012) to the stratospheric sulfur budget during
volcanically quiescent periods. Satellite observations confirm
model-derived values of ~0.45 ppb COS around the tropical
tropopause (Bruhl et al., 2015). Current estimates of the source
and sink terms do not balance the atmospheric observations and
imply that there may be a large missing COS source of 235 to 800
Gg Syr (e.g., Lennartz et al., 2017; Ma et al., 2021; Whelan et
al., 2018). Sulfur isotope measurements have recently been used
to better constrain atmospheric COS sources and have identified
the main source to be the ocean (Davison et al., 2021), anthropo-
genic activities (Hattori et al., 2020), or both (Angert etal., 2019).
Overall, thereis no consensus on the cause of the COS imbalance.

Sulfur Dioxide (SO,). SO, is short-lived with highly variable
mole fractions in the troposphere, and it can be entrained into
the stratosphere through volcanic eruptions and direct transport.
Large uncertainties exist in how efficiently SO, is transported from
major anthropogenic emission regions into the stratosphere,
mostly due to poorly known heterogeneous SO, loss processes
occurring during uplift. Aircraft campaign measurements in the
tropical Pacific and Gulf of Mexico region have reported relative-
ly low SO, mixing ratios in the tropical tropopause layer (TTL),
suggesting zonally averaged SO, at the tropical tropopause of
around 5 ppt (Rollins et al., 2017; Rollins et al., 2018). These mea-
surements are in good agreement with some model simulations
and MIPAS satellite data (Bruhl et al., 2015), indicating that on a
global scale the direct transport of SO, into the stratosphere is
a minor source of stratospheric aerosols. However, zonal asym-
metries of SO, injections can be expected primarily in outflow
regions of the Asian summer monsoon convection, where upper
troposphere SO, of more than 100 ppt was observed (Lelieveld et
al., 2018). The overall impact of such enhanced injections on the
stratospheric SO, budget remains to be clarified.
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Table 1-11. Annual mean mole fractions, mole fraction changes, and global emissions of selected fluorinated compounds with
radiative forcing greater than 0.1 mW m2 (see Introduction) and other gases of interest (uncertainties are 1-sigma), measured from
ground-based sampling networks. The measured mole fractions are expressed in dry air mole fractions as ppt or ppb.

100

. Mole Fraction (ppt) Change (2019-2020) Emissions (Gg yr~')
Chemical Network
2016 2020 (pptyr™) (% yr™) 2016 2020
Perfluorocarbon (PFCs)
CF, (PFC-14) 82.8 86.4 0.9 1.1 131 151 AGAGE
4.57 4.94 0.09 1.9 2.1%£0.1 2.2+0.1 AGAGE
C,Fs (PFC-116)
3.98 4.34 0.07 1.7 n.a. n.a. UEA/FZ|
0.63 0.7 0.02 2.7 0.5+0.0 0.6+0.1 AGAGE
C4F, (PFC-218)
0.60 0.66 0.01 1.3 n.a. n.a. UEA/FZ|
1.56 1.82 0.07 3.8 2.1%£0.1 2.5+%0.2 AGAGE
c-C,Fs (PFC-318)
1.44 1.69 0.06 3.6 n.a. n.a. UEA/FZ|
n-C4F1, (PFC-5-1-14 0.22 0.22 0.00 0.0 n.a. n.a. UEA/FZ|
Other Fluorinated Compounds
8.9 10.3 0.3 3.5 8.8+0.3 9.0+0.3 AGAGE
SF¢ (sulfur hexafluoride)
8.9 10.3 0.3 3.3 n.a. n.a. NOAA
NF; (nitrogen trifluoride) 1.5 2.3 0.2 1.5 2.0x0.1 3.0+0.1 AGAGE
SO,F, (sulfuryl fluoride) 2.2 2.6 0.09 3.7 29+04 29+04 AGAGE
CHF,OCHFCF, (desflurane) 0.35 0.37 -0.01 -2.7 n.a. n.a. AGAGE'
Other Compounds
1842 1878 12 0.7 551+74 576 £ 76 AGAGE
CH, (methane) 1843 1879 13 0.7 n.a. n.a. NOAA
(ppb, Tgyr™!) 1840 1872 n 0.6 na. na. uci
1841 1872 10 0.5 n.a. n.a. CSIRO
3294 333.5 1.1 0.3 27 %2 312 AGAGE
N,O (nitrous oxide)
(b, Tg yr) 329.0 333.0 1.1 0.3 na. na. NOAA
328.6 332.6 1.1 0.3 n.a. n.a. CSIRO
COS (carbonyl sulfide) 497 472 -7 -1.5 n.a. n.a. NOAA
H, (hydrogen) 533 542 3 0.6 n.a. n.a. AGAGE
(ppb) 536 546 4 0.7 n.a. n.a. CSIRO

General footnote: Mole fractions in this table represent independent estimates based on air sampling collected at Earth’s surface from different research groups for the
years indicated. Results in bold text are estimates of globally averaged annual mole fractions and are derived on gravimetric calibration scales. As in Table 1-1, UEA/FZ|
data from whole-air flask samples collected at Cape Grim, Australia (CGO), which are based on volumetric calibration scales, are shown in italics. Absolute changes (ppt
yr) are calculated by subtracting the 2019 annual mole fractions from the 2020 annual mole fractions; relative changes (% yr™) are the same difference relative to the
2019 value. Annual mole fractions and global emissions reported by AGAGE were generally calculated using a 12-box inverse model (e.g., Cunnold et al., 1983; Rigby
et al., 2013) that were optimized to represent the AGAGE in situ observations made at remote locations, except for H,. The global H, mole fractions from AGAGE were
calculated as the average mole fractions between measurements made at Mace Head, Ireland (MHD), and at CGO. Annual mole fractions reported by NOAA are global
annual averages from whole-air flask measurements except for SF, which used both in situ and flask measurements. Annual mole fractions reported by CSIRO are global

annual averages from whole-air flask measurements.

The presented values are updates from AGAGE (agage.mit.edu) with calibrations as specified in Prinn et al. (2018) and related primary publications; NOAA (gml.noaa.
gov/dv/site/); CSIRO data archived at WDCGG (gaw.kishou.go.jp); UCI (data.ess-dive.lbl.gov/view/doi:10.3334/CDIAC/ATG.002); and the following publications:

Leedham Elvidge et al., 2018; Droste et al., 2020.

Notes:
Values are based on measurements made only at Jungfraujoch, Switzerland.

1.5.3 Other Fluorine-Containing Species (SF;,
Perfluorocarbons, NF;, SO,F,, SF.CF,
Hydrofluoroethers)

Most of the other fluorine-containing species exhibit increas-
ing global mole fractions. The total direct radiative forcing due
to these substances increased from 12.7 mW m2in 2016 to 14.3
mW m2in 2020.

Sulfur Hexafluoride (SF;). The atmospheric global surface
mean mole fraction of SF4 increased from 8.9 to 10.3 ppt be-
tween 2016 and 2020 (Table 1-11 and Figure 1-19), which is

comparable to the increase of 1.3 ppt during 2012-2016 report-
ed in the last Assessment. While the concentrations from ground-
based networks agree very well, FTIR measurements of air above
the Jungfraujoch station in the Swiss Alps show a slightly higher
increase of 3.86 = 0.14% yr~' between 2014 and 2020 (compared
to 3.56 + 0.11% yr' from the near-surface measurements); trends
from the ACE-FTS satellite-based measurements are between the
two at 3.73% = 0.15 yr™' (Table 1-2). Some of these differences
(especially those between the in situ network global trend and
the European FTIR record) can probably be attributed to the main
sources of SF; being located in the NH.



Global emissions of SF; were 8.8 Gg yr~'in 2016 and 9.0 Gg
yr'in 2020. Simmonds et al. (2020) estimated Chinese, Korean,
and Western European emissions of SF4, with the former account-
ing for 36 (29-42) % of total global emissions in 2018, and the lat-
ter two being about 10 times smaller in comparison. The radiative
forcing of SF4is estimated at 5.9 mW m=2in 2020, representing an
increase of 0.8 mW m=since 2016.

Perfluorocarbons (PFCs). PFCs consist exclusively of carbon
andfluorineand, inthe case of alkane and cycloalkane derivatives,
typically have very long lifetimes and high radiative efficiencies.
Long-term observation-based trends and mole fractions are avail-
able for 10 PFCs: CF,, C,Fs, C5Fg c-C,Fq, n-C,Fo, n-CFy,, i-CoF 14,
n-CgF,4, n-C,F,4, and n-CgFy5. Improved estimates of PFC radiative
efficiencies have recently been published by Hodnebrog et al.
(2020), leading to higher GWPs in all cases. Since 2016, atmo-
spheric abundances of all PFCs have continued to increase, albeit
at very different rates (Table 1-11 and Figure 1-19).

CF, is the most abundant PFC. Its mole fraction increased
from 82.8 ppt to 86.4 ppt between 2016 and 2020 (update
from Say et al., 2021), which is higher than the 3 ppt increase
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previously reported between 2012 and 2016. When comparing
these observations with FTIR-based remote sensing observations
at Jungfraujoch between 2014 and 2020, the increase of 0.93 +
0.07% yr~' from the latter is slightly lower than the rate of 1.06 +
0.02% yr~! derived from ground-based measurements (Table
1-2). ACE-FTS-based upper-tropospheric growth during that
period was 1.07 £ 0.06% yr, i.e., very similar to the in situ re-
cord-based rate.

Emissions of CF, are estimated to have increased on a glob-
al basis, from 13 =1 Gg yr™'in 2016 to 15 £ 1 Gg yr™' in 2020,
confirming that the period of increasing CF, emissions first re-
ported by Trudinger et al. (2016), and recently updated by Say
et al. (2021), is continuing. Estimates of northwestern European
emissions did not change significantly during 2010-2019 and are
equivalent to 0.7% of the global total in 2018 (Say et al., 2021).
Emissions from East Asia are estimated at 4-5 Gg yr™', and there
is evidence that the global CF, emission increase between 2012
and 2019 is likely driven by increased emissions from that region
(Kim et al., 2021). Part of these emissions likely originate from
Chinese rare earth metal production (Cai et al., 2018). Radiative
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Figure 1-19. Global mean surface mole fraction (left) and emissions estimates (right) for the same fluorinated greenhouse gases
as in Table 1-11 (excluding CFCs, halons, HCFCs and HFCs). Solid lines show global mole fractions and emissions derived using
AGAGE measurement data and a 12-box model, as described in Figure 1-3. Shading indicated the 1 standard deviation uncer-
tainty in emissions. Dotted lines show annual mean mole fractions measured at Cape Grim, Australia, by UEA/FZ). A dashed line
in the top-left panel shows the annual mean mole fractions (since 2013) of desflurane measured at Jungfraujoch, Switzerland, by
Empa. The left axis in the top-left panel is for CF,, and the right axis is for n-C4F,, and desflurane.
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forcing from anthropogenic CF, increased from 4.2 mW m=2 to
4.6 mW m= between 2016 and 2020.

Over the 2016 to 2020 period, global mole fractions of
hexafluoroethane (C,F¢) and octafluoropropane (C5Fg) increased
from 4.57 ppt to 4.94 ppt, and from 0.63 to 0.70 ppt, respec-
tively (updates from Say et al., 2021). Both increases are similar to
those observed between 2012 and 2016. This translates to global
emissions of 2.2 £ 0.1 Gg yr™' for C,F¢ in 2020, i.e., practically
unchanged since 2016 (Table 1-11), and of 0.6 £ 0.0 Gg yr~' for
C,Fg, an increase from 0.5 £ 0.0 Gg yr~' in 2016. Northwestern
European emissions were estimated to be somewhat higher con-
tributors to the global total, with contributions of 1.6% for C,Fg
and, notably, 5.1% for C;Fg in 2018 (Say et al., 2021). For recent
years, a much larger fraction of global C,Fgs emissions (~1.2 Gg
yr) has been estimated to originate from East Asia (Kim et al.,
2021), again with likely contributions from rare earth metal pro-
duction (Cai et al., 2018). Radiative forcing from the two gases
increased from 1.20 mW m=to 1.30 mW m2(C,F¢) and from 0.17
mW m2to 0.19 mW m2 (C;F;) over the 2016-2020 period.

For octafluorocyclobutane (c-C,Fg), Mihle et al. (2019)
presented a comprehensive overview of global observations,
including a full reconstruction of its atmospheric history. Based
on evidence from firn air, atmospheric abundances were near
zero (<0.02 ppt) from the early 1900s to the early 1960s, which
is in agreement with the current understanding that there are no
natural sources of this PFC. Global ¢-C,Fg mole fractions have in-
creased monotonically since. This is qualitatively in line with the
previously published records of Saito et al. (2010) and Oram et
al. (2012), including a temporary slowdown during the 1990s and
early 2000s, although some differences exist. These are probably
at least in part related to independent calibration scales. The SH
Oram et al. record was recently updated by Droste et al. (2020),
and the results from that study agree with those of Muhle et al.
(2019) in that both report abundances to be accelerating over ap-
proximately the two decades leading up to 2020 (Figure 1-19).
Mole fractions of ¢-C,F4 reached 1.69 ppt in the SH (update from
Droste et al., 2020) and 1.82 ppt globally (update from Muhle et
al., 2019) in 2020. In terms of emissions, the recent increases in
¢-C,Fg mole fractions translate to 2.1+ 0.1 Gg yr~'in 2016, and 2.5
+ 0.1 Gg yr™' in 2020 (update from Mihle et al., 2019), with the
AGAGE emission estimates for 2016 slightly higher than those of
Droste et al. (2020), i.e., 1.9 Gg yr™. Regional inverse methods
and observations were used to estimate emissions from eastern
Asia (0.73 Ggyr™'in 2017, 31 £ 4% of global emissions, predom-
inantly from eastern China), northern and central India (0.14 *
0.06 Gg yr™' in mid-2016), northwestern Europe, and Australia
(about 1% and 0.7% of the global total, respectively), as well as
indications that two Russian facilities might possibly be contribut-
ing between 5% and 26% of the global total (Mihle et al., 2019).
Atmospheric sources were previously thought to be mainly from
the semiconductor industry, but PTFE (polytetrafluoroethylene)
and HFP (hexafluoropropylene) production is likely a more dom-
inant contributor (Mihle et al., 2019). In support of this theory,
Mdahle et al. (2022) reported that ¢-C,F; emissions are highly
correlated with the production of HCFC-22 for feedstock uses, as
almost all of this is pyrolyzed to produce PTFE and HFP. In 2020,
c-C,F contributed 0.58 mW m~ to global radiative forcing.

Updated trends of five less abundant longer-chain PFCs, i.e.,
n-C,Fo, n-CsFy,, n-CeFp4, n-C,F6, and the newly detected perflu-
oro-2-methylpentane (i-C4F,,), were recently reported by Droste

etal. (2020). This included a new calibration of all species except
n-CsF,, due to the identification and separation of isomers present
in the atmosphere. All PFCs continued to increase between 2016
and 2020, though at relatively slow rates, i.e., from 0.194 ppt to
0.202 ppt (n-C,F,,), from 0.148 ppt to 0.149 ppt (n-CsF,,; increase
not significant within uncertainties), from 0.220 ppt to 0.225 ppt
(n-CgF,,), from 0.110 ppt to 0.116 ppt (n-C,F,¢), and from 0.065
ppt to 0.072 ppt (i-CsF4). No update is available for abundances
of n-CgF5 (which in 2011 was 0.09 ppt; lvy et al., 2012). Global
emissions of the five former PFCs were estimated by Droste et
al. (2020) to have remained constant between 2013 and 2017 at
0.09 Gg yr™ (n-C,Fy0), 0.06 Ggyr' (n-CsFy,), 0.14 Gg yr™' (n-CgF,4),
0.18 Gg yr' (n-C,F), and 0.09 Gg yr' (i-C4F,,). Expressed as ra-
diative forcing, the combined contribution of all six PFCs (at their
last-known abundances) amounted to 0.38 mW m=in 2020.

Nitrogen Trifluoride (NF;). Between 2016 and 2020, glob-
al mole fractions of NF; increased from 1.5 ppt to 2.3 ppt, thus
maintaining its annual growth rate of >10% (update from Arnold
etal., 2013; Table 1-11 and Figure 1-19). NF; emissions also con-
tinued to increase, from 2.0 £ 0.1 Ggyr'to 3.0 £ 0.1 Gg yr™', with
radiative forcing concurrently increasing by almost 60%, to 0.48
mW m~2in 2020.

Sulfuryl Fluoride (SO,F,). SO,F, is mainly used as a substi-
tute for CH;Br. Its rate of growth has declined since the previous
Assessment, with global mole fractions of 2.2 ppt in 2016 and
2.6 ppt in 2020. This is, however, still equivalent to a very rapid
growth of about 18% from 2016 to 2020, compared to the 25%
increase between 2012 and 2016 (update from Muhle et al.,
2009, and Gressent et al., 2021; Table 1-11 and Figure 1-19).
SO,F, global emissions reported in this Assessment are 2.9 £ 0.4
Gg yr™ in both 2016 and 2020. In terms of regional SO,F, emis-
sions, North America was recently identified as the major global
emitter (Gressent et al., 2021), and the reported long-term in-
crease in emissions is partly due to the expanded use of SO,F, for
post-harvest treatment, although soil fumigation remains another
main source. Radiative forcing from this gas increased from 0.45
mW m~2to 0.52 mW m= between 2016 and 2020.

(Trifluoromethyl) Sulfur Pentafluoride (SF;CF;). SH ob-
servations confirm that mole fractions of SF;CF; are virtually un-
changed, with 0.152 ppt reported for 2016 and 0.155 ppt for
2020 (update from Sturges et al., 2012), corresponding to no re-
newed emissions of this species. Consequently, SF;CF; radiative
forcing remained at 0.09 mW m2,

Halogenated Ethers (HFEs). Atmospheric abundanc-
es, trends, and emissions of desflurane (HFE-236ea2,
CHF,OCHFCF;), isoflurane (HCFE-235da2, CHF,OCHCICF,),
and sevoflurane (HFE-347 isomer, (CF;),CHOCH,F) were first re-
ported by Vollmer et al. (2015c¢), who determined global mean
mole fractions in 2014 of 0.30 ppt, 0.097 ppt, and 0.13 ppt, re-
spectively. An update is available only for desflurane, for which
mole fractions derived from observations at the Jungfraujoch
station in Switzerland increased slightly, from 0.35 ppt in 2016
to 0.37 ppt in 2020, equivalent to an increase from 0.17 mW m~
to 0.18 mW m=2in 2020. In the absence of updated atmospheric
abundances, the best estimates of radiative forcing from isoflu-
rane and sevoflurane remain at 0.04 mW m= for both anesthetics
(using the recent GWP update from Andersen et al., 2021, for
sevoflurane). No updated emission estimates are available for any
of the three species.



In addition, Vollmer et al. (2019) reported the first observa-
tions of the potent greenhouse gas octafluorooxolane (c-C,F;O).
The radiative efficiency of this HFE is relatively high at 0.47 W
m~2 ppb™', but atmospheric mole fractions remain low at 0.074
pptin the NH in 2018. Emissions, which are thought to originate
predominantly from usage as a solvent in the semiconductor
industry, peaked at 0.15 + 0.04 Gg yr™' in 2004 and have since
declined to <0.015 Gg yr™'in 2018.

1.5.4 Molecular Hydrogen (H,)

H, is an abundant atmospheric trace gas with both natural
and anthropogenic emission sources and a relatively complex
biogeochemical cycle. Itis relevant for this Assessment as a strato-
spheric source gas for hydrogen oxide radicals (HO,), and also
adds stratospheric water vapor (H,0O) when oxidized. In addition,
its atmospheric impacts may well become more important in the
near future due to its use in fuel cells and internal combustion en-
gines and related emerging applications. Few publications have
estimated the potential decrease in ozone levels from such hydro-
gen emissions. These studies all have large uncertainties, but they
indicate that the resulting impacts on global ozone are likely small
(<1%) even in the case of an extreme leakage scenario (Schultz
et al., 2003; Tromp et al., 2003; Feck et al., 2008; Vogel et al.,
2011).

Observations of Atmospheric Abundance. Atmospheric
abundances of H, have increased from ~330 ppb during the
mid-to-late 1800s to the present levels of 530-550 ppb in the late
20th and early 21 centuries, an increase of about 70% (Patterson
et al., 2020; Patterson et al., 2021). The increase in atmospheric
H, is primarily attributed to increasing anthropogenic emissions
and production from the oxidation of methane over the 20" cen-
tury (Patterson et al., 2021).

Global mole fractions of H, in 2020 were approximately 544
ppb (Table 1-11). The increase in the atmospheric abundance of
H, from 2016 to 2020 was around 10 ppb, with about 4 ppb of
this occurring between 2019 and 2020 alone. There is a small
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inter-hemispheric gradient in the atmospheric H, mole fractions
due to the major sink being biological uptake on land. This re-
sults in approximately 3% higher concentrations in the Southern
Hemisphere (Ehhalt and Rohrer, 2009).

Emissions, Lifetimes, and Radiative Forcings. The largest
source of H, in the atmosphere is from the photolysis of formalde-
hyde, which is formed by the photochemical oxidation (reaction
with the hydroxyl radical) of methane and other organic com-
pounds. Recent reviews and updates estimate this source to be
in the range of 30—77 Tg yr~' (Ehhalt and Rohrer, 2009; Zgonnik,
2020). The second largest source is from incomplete combustion
processes, through fossil fuel combustion and biomass burning.
Carbon monoxide (CO) is formed during incomplete combustion,
which then reacts with water vapor to produce carbon dioxide
(CO,) and H,. Estimates for fossil fuel sources range from 11 to 20
Tg yr™', while estimates for biomass burning range from 10-20 Tg
yr™'. Hydrogen is also emitted from geological sources, including
volcanoes, with a recent review suggesting this may be as high
as 23 Tg yr™' (Zgonnik, 2020). Lastly, H, is emitted by nitrogen
fixation on land, and in the ocean, with emissions estimated to be
3-6Tg yr~' for oceans and 0-6 Tg yr~' for land (Ehhalt and Rohrer,
2009; Zgonnik, 2020).

There are two major sinks of atmospheric H,, with the larg-
est one being uptake by soil microorganisms as a fuel source and
the other oxidation of H, by the hydroxyl radical (OH). Estimates
for the soil uptake sink range from 55-88 Tg yr~', while the sink
for oxidation by OH ranges from 8-19 Tg yr™' (Ehhalt and Rohrer,
2009; Zgonnik, 2020).

The atmospheric lifetime of H, is estimated to be about two
years (Ehhalt and Rohrer, 2009). Even though H, is not a green-
house gas, Derwent et al. (2020) estimate that it has an indirect
GWP, o, of about 5 £ 1. This is primarily due to its reaction with
tropospheric OH, which depletes the oxidizing capacity of the
troposphere, resulting in a longer methane lifetime, and through
the production of ozone in the troposphere.
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