











Chapter 7

Figure 7-4. Update of CCl, (carbon tetrachloride) emission pathways from SPARC (2016) and Sherry et al. (2018). Emissions from
each source are given in Gg for 2019.

Currently 1,1,1-trichloroethane (CH,CCl,), CFC-113/113a,
and CFC-114/114a are nearly exclusively used as feedstock chem-
icals in the synthesis of widely used HFCs, HCFCs, and fluoro-
polymers (Table 7-1 and Figure 7-2). While the amounts used
for the production of HFCs and HCFCs are still considerable, they
are decreasing steadily, and, with the Kigali Amendment restric-
tions, the importance of these product compounds for emissive
uses is projected to progressively decline. This tendency could
be partly compensated for by an increased demand in the pro-
duction of fluoropolymers, which would lead to a stabilization
in emissions, albeit at potentially lower amounts than at present.
Interestingly, the estimated feedstock emissions rate of 2-4% for
CFC-113/CFC-113a and CFC-114/CFC-114a yields emissions that
are lower than the measurement-based estimate of global emis-
sions (Chapter 1). For CFC-114/CFC-114a, this could be explained
by potential emissions as an undesired by-product in the produc-
tion of HFC-125.

Declared feedstock usages of HCFC-124/124a and HCFC-
141b are in principle related to their production as intermediates,
but in some instances, they are also reported as feedstocks (see
Box 7-2). As they are mainly used for the production of HFCs,
their importance is also projected to decline.

In total, the recent usage of ODSs as feedstocks has been
rising substantially. Between 2009 and 2019 the mass of ODSs
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used as feedstocks, which is not controlled under the Protocol,
increased by 75% (Figure 7-3). When expressed as emissions in
units of Gg ODP (Table 7-2), thisincrease in feedstock-linked pro-
duction was 41%. This difference between absolute mass emis-
sions and ODP-based emissions is due to the fact that HCFC-22,
with a relatively low ODP, was responsible for the highest growth.
If the original ODPs from the Montreal Protocol were used instead
of the ODPs recommended in this Assessment (Table 7-2), the
ODP-weighted increase would be 46% instead of 41%.

In addition to the ODSs and HFCs regulated by the Montreal
Protocol, the nonregulated chlorinated VSLSs dichloromethane
(CH,Cl,), chloroform (CHCL,), trichloroethene (C,HCl), and tet-
rachloroethene (C,Cl,) are also used in large amounts as feed-
stock chemicals (Chipperfield et al., 2020). In fact, Figure 7-2
shows that the usage of these VSLSs and 1,2-dichloroethane as
feedstock is the starting point for the synthesis of either the ODS
feedstock chemicals discussed above or provides an ODS-free
feedstock route for the production of halogenated compounds.
Because of their much lower ozone depletion potentials (ODPs),
emissions during feedstock usage are generally of minor impor-
tance to the ozone layer. Nevertheless, a short discussion of their
uses is included here.

About 96% of the nearly 1500 Gg of chloroform (CHCL,)
produced in 2016 was used as feedstock in the production
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Table 7-2. Atmospheric lifetimes, fractional release factors (FRFs), and ODPs for long-lived halocarbons. FRFs are for mid-lat-
itude conditions and are from Engel et al. (2017). Lifetime uncertainties are based on (SPARC, 2013) lifetimes as evaluated by
Daniel, Velders et al. (2014). See Chapter 1 for further discussion on atmospheric lifetimes and FRFs.

Halocarbon

Global Lifetime (yrs)

(10)

Lifetime Uncertainty

Fractional Release ODES

Factors This Assessment’s In Montreal Protocol

Recommendation

Annex A-l
CFC-1 52 +22% 0.47 1.0 1.0
CFC-12 102 +15% 0.24 0.75 1.0
CFC-113 93 +17% 0.30 0.82 0.8
CFC-114 189 +12% 0.13 0.53 1.0
CFC-115 540 +17% 0.07 0.45 0.6

Annex A-ll

Annex B-ll

Halon-1301 72 +13% 0.32 17.0 10.0
Halon-1211 16 +29% 0.65 7.1 3.0
Halon-2402 28 +19% 0.66 15.6 6.0

. | o | | ow | om |

Annex B-ll

Annex C-l
HCFC-22 11.6 +16% 0.15 0.037 0.055
HCFC-123 1.4 0.02 0.02
HCFC-124 59 0.022 0.022
HCFC-141b 8.8 +15% 0.34 0.095 0.1
HCFC-142b 171 +14% 0.17 0.054 0.065
HCFC-225ca 1.9 0.025 0.025
HCFC-225cb 5.8 0.033 0.033

Annex E

om0 | em | om | ow | o5

Others
Halon-1202 2.5 +33%

0.67 1.8

CH,CI 0.9 +18%

0.44 0.015

of HCFC-22 (Chipperfield et al., 2020). HCFC-22 production
increased by 17% between 2016 and 2019 (UNEP, 2021), so
the feedstock-related production of CHCI; is estimated to be
around 1700 Gg in 2019. Assuming a loss rate of 2-4%, as for the
other feedstock chemicals, implies emissions of 32-68 Gg yr™',
which is comparable to the emissions from its use as a solvent
(Chipperfield et al., 2020). This could partly explain the large
increase in CHCI; emissions over the last decade (Chapter 1). In
contrast, only around 15% of the ~1200 Gg of dichloromethane
(CH,Cl,) produced was used as feedstock—mainly in the produc-
tion of HFC-32, with the remainder being used and emitted as
a solvent (Chipperfield et al., 2020). Next are trichloroethene
(TCE) and tetrachloroethene (also named PCE, perchloroethene),
whose usage as feedstocks in the production of HFCs is higher
than the amounts used as solvents. Finally, 1,2-dichloroethane
is used as a feedstock for the production of TCE and, via chlo-
roethene (VCM, vinyl chloride) and 1,1,2-trichloroethane, for
the production of 1,1-dichloroethene (VDC), which is then used

to produce 1,1,1-trichloroethane, HCFC-141b, and HCFC-142b
(Figure 7-2).

7.2.1.4 Emissions of Intermediates and
Undesired By-Products

In addition to emissions from banks and feedstock usages,
controlled substances (ODSs and HFCs) can also be lost to the at-
mosphere as chemical intermediates and undesired by-products
during the production of a final product.

Generally, for intermediates and undesired by-products,
relative emissions of 1% or smaller are estimated, relative to the
produced final products. For HFC-23 as a by-product of HCFC-22
production, relative emissions of 1.6% are estimated, which is the
average of the global HFC-23 emissions relative to the HCFC-22
production between 2014-18 (Stanley et al., 2020).

Emissions of intermediates can occur during their produc-
tion and use on-site. The production and then consumption
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of intermediates are not reported as feedstock use under the
Montreal Protocol. It is only if intermediates are transported off-
site that their usage has to be reported as feedstocks. A number
of these intermediates have been detected recently in the atmo-
sphere that are likely due to fugitive emissions during the synthe-
sis of chemical products; these are summarized in Chapter 1. The
most prominent examples are HCFC-31 from the production of
HFC-32 (Schoenenberger et al., 2015), as well as HCFC-132b
and HCFC-133a from the production of HFC-134a (Vollmer et al.,
2021). In addition, CFC-114, CFC-114a, and CFC-115 are by-prod-
ucts in the production of HFC-125 (Figure 7-2). As the origin of
these intermediates and by-products in the atmosphere is related
to the production of HFCs, their importance is projected to de-
cline in the future.

Further examples of undesired by-product formation are
HFC-23 from the production of HCFC-22 (Section 7.2.2.1) and
the formation of c-C,F; (PFC-318) from the pyrolysis of HCFC-22
to manufacture TFE (tetrafluoroethene) and HFP (Mihle et al.,
2022). In addition, atmospheric CFC-13 is potentially at least
partly released as a by-product from the production of other fluo-
rochemicals (Vollmer et al., 2018). Finally, CCl, is potentially emit-
ted as a by-product during the use of chlorine in the production of
several chlorinated chemicals, such as ethylene dichloride (EDC),
vinyl chloride monomer (VCM), and other organic operations
(Figure 7-4).

7.2.2 HFCs Controlled Under the Kigali
Amendment of the Montreal Protocol

This section covers issues related to HFCs, which have re-
cently become controlled under the Kigali Amendment. First,
the future implications of the gap between reported emissions of
HFC-23 from its by-product formation in the production of HCFC-
22 and its actual measurement-based emissions are discussed.
Then, the reported HFC feedstock uses are assessed, followed by
a short discussion of the potential for energy efficiency improve-
ments when equipment filled with HFCs is replaced. Decisions on
which kind of foam-blowing agent or refrigerant should be used
are policy relevant, and these issues are discussed in Chapter 2in
conjunction with existing HFC usages; only a short summary on
this topic is given in this section.

7.2.2.1 HFC-23

HFC-23 is predominantly released into the atmosphere as
an undesired by-product from the production of HCFC-22 and
from the subsequent production of tetrafluoroethene. Additional
minor emissions occur from the electronics industry, from alu-
minum smelters, and from its usage in ultra-low refrigeration
(e.g. Simmonds et al., 2018). The recent surge in demand for
ultra-low-temperature cooling devices for storing vaccines could
potentially increase emissions from this source, although other
refrigerants are also used for these devices, and current emissions
are estimated to be small in comparison with those related to the
production of HCFC-22 (TEAP, 2021c). This potential new source
is not included in the projections, as no information is yet avail-
able of this emerging market.

Technical solutions for destroying HFC-23, which is emit-
ted in the production of HCFC-22, are available and economi-
cally viable (TEAP, 2018a). However, in contrast to the basket of
other HFCs with an agreed phasedown schedule, restrictions on
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HFC-23 are prescribed only qualitatively in the Kigali Amendment
as follows: “Each country manufacturing HCFC-22 or HFCs shall
ensure that starting in 2020 the emissions of HFC-23 generated in
production facilities are destroyed to the extent practicable using
technology approved by the Montreal Protocol” (UNEP, 2016).
The reporting of related emissions went into effect on 1 January
2020, so current reporting is still potentially incomplete.

As outlined in Chapter 2 and related to the discussions by
Stanley et al. (2020), abatement capacities seem to have been
used only partially in recent years. If this continues to be true in
the long term, compliance with the Kigali Agreement will not be
met. In view of the uncertainty of the future development and the
currently fragmentary documentation of HFC-23 destruction, two
different scenarios have been developed to project future HFC-
23 emissions within this Assessment. For both scenarios, produc-
tion of HCFC-22 is assumed to increase by 5.8% yr™' until 2030
(representing the average increase from 2014-2019) and to sta-
bilize thereafter, with increasing feedstock usage compensating
for a decrease in emissive applications. One scenario assumes
full compliance with the Protocol, with emissions of only 0.08%
relative to the produced HCFC-22. This scenario estimates an ef-
fective destruction capacity of 97% of the 2.8% (1.5-4.0%) of un-
desired HFC-23 produced per mass of HCFC-22 without inciner-
ation (McCulloch and Lindley, 2007). Remaining small emissions
are related to failures and to maintenance work at the destruction
systems. The other scenario, which is used as our baseline scenar-
io, assumes a business-as-usual behavior, with an emissions rate
of 1.6% relative to the HCFC-22 production (Section 7.2.1.4) and
where destruction capacities are only partly exploited.

An additional contribution to the ongoing emissions could
also be from the formation of HFC-23 in the pyrolysis reaction
from HCFC-22 to TFE and HFP, used in fluoroplastics production,
when fluorinated catalysts are used (Sung etal., 2006; Ebnesajjad,
2015). Furthermore, Ha et al. (2011) detected HFC-23 as the main
product of the thermal treatment of HCFC-22, which could be
important, as HCFC-22 from dismantled old air-conditioner sys-
tems is potentially incinerated. None of these additional potential
sources has been included in the future scenarios related to the
by-product formation from HCFC-22 production, but they could
be key elements in closing the gap between known sources and
measurement-based emissions, as discussed in Chapter 2.

7.2.2.2 Feedstock Usage of HFCs

To date, the amounts of HFCs used as feedstocks are much
lower than those of ODSs. The submission of production and con-
sumption data to the United Nations Environment Programme
(UNEP), which is prescribed for feedstock usages of HFCs with-
in the Kigali Amendment, is still incomplete, as not all countries
with potential HFC feedstock usages have signed the treaty yet.
Known applications are the use of HFC-152a and HFC-23 (TEAP,
2020). The dehydrofluorination of HFC-152a is the most broadly
used chemical process for the production of vinyl fluoride, which
means a considerable part of the produced HFC-152a is used as
feedstock. HFC-23 is used as a minor feedstock (e.g., <1 Gg yr™)
in the production of halon-1301, which is then used as feedstock
in the production of fipronil (Table 7-1).

/.2.2.3 Energy Efficiency

An in-depth discussion on the potential for energy efficiency
gains in connection with the future phasedown of HFCs used as



refrigerants in air-conditioning and refrigeration can be found in
Section 2.4.6. In short, the replacement of old equipment con-
taining HFCs with high Global Warming Potentials (GWPs) by
new installations and low-GWP alternatives, as well as not-in-kind
solutions, has the potential for multiple positive effects on climate
change. For example, the emissions of low-GWP alternatives will
directly reduce projected radiative forcing of climate. Also, and
thought to have greater potential climate benefit, the transition
to new refrigerants is an opportunity to implement design chang-
es for achieving higher energy efficiency and therefore lowering
greenhouse gas emissions from energy use.

7.2.3 Replacement Compounds of Controlled
Halocarbons (HFOs and Others)

With the adoption of the Kigali Amendment, high-GWP
HFCs as replacement compounds for ODSs are, themselves, sup-
posed to be phased down. In Figure 7-5, historic and projected
emissions of ODSs, high-GWP HFCs, and low-GWP alternatives
are shown in Tg yr™' and Pg CO,-equivalents yr~', together with
their influence on climate, expressed as radiative forcing (update
of Figure 2-21 of Montzka, Velders et al. (2018), using data from
Velders et al. (2022)). Whereas emissions of high-GWP HFCs are
not projected to decline until after around 2025, ODS emissions
are projected to continue their current steady decline. For both
groups of compounds, emissions are expected to still occur in
2100, albeit at much lower levels than today. Due to the long
lifetime of these compounds, their effect on climate, as mea-
sured by their radiative forcing (Figure 7-5¢), will only slowly

Climate change: ODSs, HFCs, alternatives
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decrease after 2040 and is expected to still be around 50% of
their maximum by 2100. Low-GWP alternatives to long-lived
HFCs include both fluorinated alkenes (HFOs, HCFOs, HBFOs)
and non-halogenated compounds, such as hydrocarbons, CO,,
and NH;. These two groups are expected to constitute an import-
ant fraction of the low-GWP compounds in the future. Given the
dynamics in the application markets, however, it is very difficult to
estimate the future ratio of these halogenated alkenes relative to
non-halogenated substitutes (Section 7.2.3.3). It can be expect-
ed that non-halogenated substitutes will comprise a substantial
share of the low-GWP compounds. This assumption is substan-
tiated, as historically after adoption of the Montreal Protocol,
ODSs with large ODPs were also only partly replaced by HCFCs
and HFCs. Therefore, it is estimated in this report that only 50% of
the future low-GWP emissions (Figure 7-5) will be due to HFOs;
this same assumption is also applied in the assessment of future
trifluoroacetic acid (TFA) formation in Section 7.2.5.1.

7.2.3.1 Fluorinated Low-GWP Alkenes (HFOs,
HCFOs, HBFOs)

HFOs (hydrofluoroolefins), HCFOs, (hydrochlorofluoroole-
fins), and HBFOs (hydrobromofluoroolefins) are fluorinated
alkenes that are being introduced as low-GWP substitutes during
the phasedown of HFCs (Table 7-3). Depending on their chem-
ical and physical properties, they can be used in a similar way
as the HFCs they replace. Their atmospheric lifetimes are small,
and, therefore, their emissions do not contribute perceptibly
to climate change. However, some of these compounds can

Figure 7-5. Historical and projected contri-
butions to climate change from ODSs, high-
GWP HFCs, low-GWP HFOs and non-haloge-
nated alternatives, assuming full compliance
with the provisions of the Montreal Protocol,
including the Kigali Amendment [update
of Figure 2-21 from Montzka, Velders et al.,
2018]. Shown are (a) emissions by mass, (b)
CO,-eq emissions, and (c) direct radiative
forcing. Only the direct GWP-weighted
emissions and radiative forcing of the ODSs
and HFCs are shown. The ODS emissions
from around 1980 through 2020 are derived
from atmospheric observations and after
2020 are from this scenario (distinction indi-
cated by dashed vertical lines). The contribu-
tions of the low-GWP HFOs in panels b and
c, are smaller than the thickness of the green
curves. Not included here are contributions
from HFC-23, indirect radiative effects from
ozone depletion, and indirect effects associ-
ated with the energy used by equipmentand
the associated CO, emissions.
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contribute to the formation of the stable compound TFA, as dis-
cussed in Section 7.2.5.1. An additional issue is the prevailing pro-
cess for producing these compounds, some of which use CCl, as
a feedstock, (Section 7.2.1) and therefore leads to ODS emissions
(Section 7.2.1.3).

7.2.3.2 Non-halogenated Substitutes and Not-
In-Kind Solutions

Several non-halogenated ODS substitutes have been used
for decades in various applications. Hydrocarbons are the com-
pounds of choice when considering alternatives, and in some
countries are even mandatory (e.g., for use in domestic refrig-
eration and foam blowing). In addition, NH; and CO, are valid
alternatives for large-scale cooling facilities. While CO, was also
discussed as a replacement for HFC-134a in mobile air condi-
tioners, HFO-1234yf was ultimately chosen, although CO, is still
used in small quantities. Finally, so-called not-in-kind solutions are
gaining increased attention, especially for cooling applications.
Techniques such as solid-state cooling materials and Stirling cool-
ers are discussed in, for example, Qian et al. (2016) and TEAP
(2018b). All of these compounds and techniques have to be eval-
uated for their energy efficiency and integrative effects on climate
(see Section 7.2.2.3 and Section 2.4.6 on energy efficiency).

7.2.3.3 Trifluoroiodomethane (CF;l)

CF;l, with an ODP of 0.008-0.016 (Youn et al., 2010), has
been evaluated since the late 1990s as a replacement compound
for halons in fire extinguishers, but it was never marketed as such
(TEAP, 2018c). Recently, however, it has been proposed as an
ingredient of low-GWP refrigerant blends in order to lower their
flammability. Related to its ODP, Zhang et al. (2020) proposed
using a new metric, called SODP (stratospheric ozone depletion
potential), which includes only the fraction of ozone loss that
takes place in the stratosphere. The SODP for CF;l was deter-
mined to be essentially zero (within statistical error), as large frac-
tions of CF;| are destroyed in the troposphere, where the actual

iodine-catalyzed ozone destruction occurs. It is too early to eval-
uate the general implications and acceptance of using SODP or
ODP for assessing the ozone-depletion abilities for other VSLSs;
historically, ODPs of these compounds have been calculated
using a range of different methods (Zhang et al., 2020). If CF,l
were adopted in suggested blends and uses, the overall quanti-
ties of CF;| potentially released could become significant.

7.2.4 Anthropogenic and Biogenic Very
Short-Lived Substances (VSLSs)

VSLSs are not controlled under the Montreal Protocol.
However, there is now strong evidence from observations and
models that VSLSs contribute to stratospheric chlorine and bro-
mine and therefore also to the ozone loss in this part of the atmo-
sphere (see Chapter 1).

7.2.4.1 Chlorinated VSLSs

Currently, the most important chlorinated VSLSs in terms of
their potential to deplete ozone are dichloromethane (CH,Cl,),
chloroform (CHCI;), 1,2-dichloroethane (CH,CICH,CI), trichlo-
roethene (C,HCl,), and tetrachloroethene (C,Cl,). With the ex-
ception of chloroform, which also has significant natural sources,
chlorinated VSLSs are largely of anthropogenic origin. They are
emitted from their use as solvents and as feedstock chemicals
in the production of HFCs and other chemicals (Figure 7-2 and
Chipperfield et al., 2020). As a group, chlorinated VSLSs con-
tributed 3.5% to total tropospheric chlorine in 2020 (Chapter
1). While this contribution is still small, the relevance of VSLSs for
stratospheric ozone depletion has increased over time (Chapter 1
and Hossaini etal., 2017; Fang et al., 2019; Hossaini et al., 2019).
Since the last Assessment, new studies have reported substantial
increases in chlorinated VSLS emissions from Asia (Fang et al.,
2019; Say et al., 2019; Claxton et al., 2020), and new information
on the ODPs of chlorinated VSLSs has become available.

Dichloromethane (CH,Cl,) is a widely used VSLS whose at-
mospheric abundance and global emissions have both increased

Table 7-3. HFOs, HCFOs, and an HFBO currently in use and foreseen for future use, with their chemical formula, GWP, atmo-
spheric lifetime, and main applications.

Formula Atmospheric Lifetime' Main Applications
HFO-1234yf CF;CF=CH, <1 12 days Refrigerant
Component of HFC-HFO blends
HFO-1234ze(E) trans- CF,CH=CFH 1 19 days Refrigerant
Component of HFC-HFO blends
Aerosol propellant
Insulation foam-blowing agent
HFO-1336mzz(Z) cis-CF;,CH=CHCF; 2 27 days Refrigerant
Fire extinguisher
Insulation foam-blowing agent
HFO- 1336mzz(E) trans-CF,CH=CHCF, 26 121 days Refrigerant
HCFO-1233zd(E) trans-CHCI=CHCF, 4 42 days Refrigerant
Insulation foam-blowing agent
Precision solvent
HCFO-1224yd(2) CF,-CF=CHCI <1 12 days Refrigerant
Polyurethane foam-blowing agent
HBFO-1233xfB CF;CBr=CH, <1 3.5 days Fire extinguisher
Note:

! Atmospheric lifetimes and GWPs from Annex.
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by more than a factor of two since the mid-2000s (Chapter 1). The
issue of the growth of CH,CI, emissions was raised by Hossaini
et al. (2017), who concluded that elimination of future CH,Cl,
emissions would have a substantial positive impact on total col-
umn ozone (see also Figure 6-1 of Carpenter, Daniel et al., 2018).
CH,CI, is used in a wide range of solvent applications, notably
as a process solvent in pharmaceutical processing, as a blowing
agent in polyurethane foam production, and as an essential feed-
stock in HFC-32 production (Feng et al., 2018; Chipperfield etal.,
2020; An et al., 2021). Around 90% of global CH,Cl, emissions
have been estimated to emanate from Asia (Claxton et al., 2020).
Chloroform (CHCI,), another prominent chlorinated VSLS, is used
primarily (>95% of that produced) as a feedstock in HCFC-22
production and is also a by-product from water chlorination and
from bleaching processes in the pulp and paper industry (e.g.
McCulloch, 2003). Global CHCI; emissions have increased con-
siderably within the last decade (Chapter 1), with regional inverse
modeling showing that enhanced emissions from China are likely
responsible (Fang etal., 2019).

A detailed examination of possible future industrial produc-
tion of chlorinated VSLSs has yet to be performed. Hence, predic-
tions of future VSLS emissions and ozone impacts are highly un-
certain. Once HCFC-22 emissive applications are nearly phased
out, which must occur by 2030 per the Montreal Protocol, CHCl,
demand will likely be tied to the demand for HCFC-22 produced
for feedstock usage, such as in the production of PTFE (Section
7.2.1.3). As CHCI; and CH,Cl, are co-produced in chlorometh-
ane plants, supply and demand issues affecting one compound
should invariably impact the other, although chloromethane
plants have some flexibility to determine the extent to which one
or the other compound is produced. By extrapolating recent
trends, it is anticipated that Asian emissions will exert a dominant
influence on the trajectory of global chlorinated VSLS emissions in
the next decade. A bottom-up analysis (Feng et al., 2018) predicts
that Chinese emissions will increase monotonically to the year
2030 under a business-as-usual scenario. This is substantiated by
An etal. (2021), who estimated that CH,Cl, emissions from China
increased from 232 Gg in 2012 to 627 Gg in 2019, which practi-
cally covers the total global CH,CI, emissions increase in this pe-
riod. Given the large uncertainties, we examine three scenarios
to span a range of possibilities in Section 7.4: one in which the
growth of CH,Cl, emissions continues until 2022 and then stabi-
lizes, one with the elimination of CH,Cl, emissions beginning in
2023, and one in which emissions continue the increase as they
have exhibited over the past five years through 2030, after which
year they remain constant.

It has been well established that the ODP of a VSLS is depen-
dent on the location and season of its emissions (e.g. Brioude et
al., 2010; Pisso et al., 2010). However, to date, very few studies
have considered the ODPs of the above chlorinated VSLSs. One
recent analysis (Claxton et al., 2019) revealed that the ODPs of
chlorinated VSLSs vary only slightly with the season of emis-
sions but could differ by a factor of two to three depending on
the source location. The highest ODP values were assessed for
emissions from Tropical Asia and industrialized East Asia, which,
in view of 1) the currently large regional emissions (e.g., Fang et
al., 2019; Claxton et al., 2020) and 2) the existence of efficient re-
gional transport pathways to the tropical upper troposphere (e.g.
Oram et al., 2017), make it a significant finding.

Chapter 7

7.2.4.2 Brominated and lodinated VSLSs

In contrast to chlorinated VSLSs, brominated and iodinated
VSLSs are predominantly produced naturally in the ocean. The
most abundant brominated VSLSs are bromoform (CHBr;) and
dibromomethane (CH,Br,), with important source regions in
coastal and shelf waters (e.g. Quack and Wallace, 2003). Natural
production of CHBr; and CH,Br, involves marine organisms such
as macroalgae and phytoplankton, while the sea-air flux is driven
by their oceanic abundance, temperature, and surface winds.
The spatiotemporal variability of emissions and tropospheric
transport processes are key factors controlling the contribution of
brominated VSLSs to stratospheric bromine (Hossaini etal., 2013;
Hossaini etal., 2016).

Atmospheric abundances of brominated VSLSs have not
shown any trends (Chapter 1). However, oceanic production, sea-
air fluxes, atmospheric lifetimes, and transport pathways of VSLSs
are all sensitive to changing environmental conditions. Changes
in VSLS emissions could occur due to changing irradiance and
temperature affecting the production of halocarbons by mac-
roalgae (e.g., Keng et al., 2020). In addition, climate change and
ocean acidification will affect the distribution, abundance, and
diversity of macroalgae itself, with further consequences for VSLS
production. Thus, very large uncertainties exist in the prediction
of future VSLS sources, as the responses of macroalgae toward en-
vironmental changes are highly species- and compound-specific.
Sea-air fluxes of natural VSLSs have been predicted to increase
throughout the 215 century due to changing physical forcings
such as sea surface temperature and wind speed, assuming con-
stant VSLS mixing ratios (Ziska et al., 2017). Recently quantified
anthropogenic sources of CHBr; from power plants also have
the potential to increase their total emissions over time (Maas et
al., 2021). Finally, climate-driven changes to the troposphere’s
oxidizing power and to the troposphere-stratosphere transport
may alter the contribution of VSLSs to the stratospheric halogen
budget (Dessens et al., 2009; Hossaini et al., 2012; Falk et al.,
2017). Overall, there is no clear picture of how brominated VSLS
emissions and their contribution to stratospheric bromine wiill
change in the future due to the large uncertainties associated with
all these individual factors.

lodinated VSLSs are present in the troposphere (Chapter 1),
including methyl iodide (CH,l). Like brominated VSLSs, organ-
ic iodine emissions from the ocean can be impacted by climate
parameters (Keng et al., 2020). However, very little long-term
data on tropospheric CH;l trends exist, impeding future predic-
tions of natural production and potential anthropogenic sources
(Yokouchi et al., 2012; Zeng et al., 2020). Inorganic iodine emis-
sions of hypoiodous acid (HOI) and iodine (l,) from the ocean
are driven by the reaction of ozone with iodide (I7) at the ocean
surface. Atmospheric iodine mixing ratios have tripled since 1950
(Cuevasetal., 2018), most likely because increased surface ozone
leads to growing oceanic iodine emissions (Legrand et al., 2018).

Future inorganic iodine emissions will depend strongly on
socioeconomic development and associated changes in an-
thropogenic ozone deposition and oceanographic changes im-
pacting the sea-surface iodide abundance, among other factors
(Iglesias-Suarez et al., 2020).
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7.2.5 Breakdown Products from Anthropo-
genic Halocarbons

The atmospheric degradation of HCFCs, HFCs, and HFOs is
initiated by their reaction with the hydroxyl radical (OH) leading
to the formation of halogenated carbonyl compounds, which can
further react to secondary products. Discussions in this section
are related to trifluoroacetic acid (TFA) and carbon tetrafluoride
(CF,), which are both more stable in the environment than the
primarily emitted halocarbons. Whereas TFA has some herbicidal
properties, CF, is a strong greenhouse gas. In addition, degra-
dation of halocarbons also contributes to the formation of tro-
pospheric ozone, but mixing ratios of halocarbons are too small
in comparison with other volatile organic compounds to make a
considerable contribution.

7.2.5.1 Trifluoroacetic Acid (TFA)

TFA is a very strong acid with low to moderate toxicity for a
range of organisms (Neale et al., 2021). It is found in many envi-
ronmental compartments in varying concentrations, and its origin
in these different parts of the environment is still an area of active
research (Chapter 2; Joudan et al. (2021)). Here, the ranges of fu-
ture TFA concentrations in precipitation and in ocean water are
projected between 2020 and 2100. The model is restricted to
the formation of TFA from the degradation of HFC-134a and HFO-
1234yf, which, according to current knowledge, are expected to
have the most significant influence on future TFA concentrations
among those gases controlled by the Montreal Protocol or used
as substitutes. Other fluorocarbons containing a CF; group also
have the potential of being degraded to TFA in the atmosphere,
albeit with a lower influence, as they currently have very small at-
mospheric mixing ratios and lower conversion rates to TFA (see
also Chapter 2). Thus, the resulting TFA concentrations in different
parts of the environment should be treated as lower-range pro-
jections. The contribution of HFC-134a is calculated by using its
projected future mixing ratios, taken from Velders et al. (2022),
with a lifetime of 14 years and a conversion rate to TFA of 7-20%
(Wallington et al., 1994). For the short-lived HFO-1234yf, with a
conversion rate to TFA of 100%, projected emissions are taken
from the low and high scenarios of low-GWP alternatives shown
in Figure 7-5. Thereby, it is assumed that 50% of the future
emissions of the low-GWP alternatives (Figure 7-5) are related

to HFOs, of which 50% is HFO-1234yf. The resulting projected
annual TFA formation rates related to HFC-134a and HFO-1234yf
are shown in Table 7-4 for the years 2020, 2050, and 2100. In
addition, the mass of deposited TFA from each and for the two
together is given for the periods 2020-2050 and 2020-2100.

With an estimated total atmospheric formation and depo-
sition of 31.5-51.9 Tg of TFA between 2020 and 2100 (Table
7-3), and subsequent transfer to the ocean, average TFA con-
centrations in sea water are projected to increase by 23-38
ng/L between 2020 and 2100, assuming a total ocean volume of
1.37x10° km?3. This would signify a substantial increase compared
with the total ocean content of 61-205 Tg of TFA around the year
2000 reported in Scott et al. (2005), based on measuring varying
concentrations in different ocean parts, or the 274 Tg of TFA re-
ported in Frank et al. (2002), based on a measured constant con-
centration of 200 ng/L. The additional contribution of TFA related
to the degradation of HFC-134a alone is estimated to be 1.0-2.9
Tg between 2020 and 2100.

With a total global precipitation volume of 5.5x10" liters,
and assuming that TFA will be deposited through wet deposition
only, the degradation from HFC-134a and HFO-1234yf is project-
ed to result in a global average TFA concentration in precipitation
of 660-970 ng/L in 2050 and 1150-1910 ng/L in 2100. This
would represent an increase of a factor of around two to three
in 2050 and of around three to six in 2100, when compared to
the precipitation-weighted average of 340 ng/L of TFA found in
Germany in 2018-19 (Freeling et al., 2020).

The global average deposition rate of TFA from the com-
bined degradation of HFC-134a and HFO-1234yf is projected to
be 0.7-1.0kgkm=yr'and 1.2-2.1 kg km=2yr~'in 2050 and 2100,
respectively. In the first period, these numbers are comparable to
those in the regional projections for 2030 (Wang et al., 2018) and
2040 (David et al., 2021). While all these global averages in con-
centration and depositions are still far below the toxic values for
aquatic organisms, as summarized by Solomon et al. (2016) and
Neale et al. (2021), regional studies focused in highly populated
and industrialized areas have projected regions of higher impact
and high concentrations in precipitation and in the atmosphere
(e.g. Henne et al., 2012; Wang et al., 2018; David et al., 2021;
Holland et al., 2021). Understanding the TFA budget in the differ-
ent environmental compartments is key for evaluating the future

Table 7-4. Projected annual TFA production rate due to atmospheric conversion of HFC-134a and HFO-1234yf in 2020, 2050,
and 2100, as well as cumulative projected totals of deposited TFA mass between 2020 and 2050 and between 2020 and 2100,

inTg (1012 g).
HFC-134a HFO-1234yf Sum
2020 0.01-0.03 Tg yr™! 0.03-0.03Tgyr™ 0.04-0.06 Tg yr™
2050 0.02-0.05Tg yr™ 0.34-0.49 Tgyr™ 0.36-0.54Tg yr™
2100 0.01-0.02 Tg yr™ 0.63-1.03Tg yr™ 0.64-1.05Tg yr”
2020-2050 0.5-1.5Tg 5.3-6.6 Tg 5.8-8.1Tg
2020-2100 1.0-2.9Tg 30.5-49.0Tg 31.5-51.9Tg
Note:

The calculation of the formation of TFA from HFC-134a is based on its expected mixing ratio of HFC-134a (Velders et al., 2022) and its lifetime of 14 years. Conversion rates
from the destroyed HFC-134a amounts to TFA were 7-20%. For HFOs, it is assumed that 50% of the future emissions of low-GWP alternatives (Figure 7-5; Velders et al.,
2022) are related to HFOs, from which it is assumed that 50% is HFO-1234yf, with a conversion rate of 100% to TFA.
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environmental impacts of anthropogenic TFA. Of specific interest
in this respect is the uncertainty in the natural background of TFA
found in the ocean (Frank et al., 2002; Scott et al., 2005; Joudan
etal., 2021).

In addition, other sources of TFA in the atmosphere could
also gain in importance. An increasing bank of fluoropolymers
raises the possibility of TFA formation from the thermic destruc-
tion of fluoropolymers (Ellis et al., 2001; Cui et al., 2019), such as
in waste incinerators or from uncontrolled burning.

7.2.5.2 Carbon Tetrafluoride (CF,)

CF, is avery strong greenhouse gas that is emitted by various
industrial sources (Chapter 1). In addition, Jubb etal. (2015) found
that CF, is formed from the UV photolysis of trifluoroacetylfluoride
(CF,C(O)F), which itself is an atmospheric degradation product of
several halocarbons (e.g., 13% of HFC-134a and 100% of HFO-
1234yf; see Section 7.2.5.1). However, the relative production of
CF, from CF,C(O)F is extremely small, as formation of CF, from
CF,C(O)F is only possible in the presence of UV wavelengths
found in the stratosphere and above. For 2100, Jubb et al. (2015)
estimated a contribution of 9 t for HFC-134a. For the very short-
lived HFO-1234yfthe contribution is expected to be even smaller.
This is insignificant relative to the global CF,emissions, currently
around 15 Gg yr~' (Chapter 1).

7.2.6 The Key Climate Gases: Carbon
Dioxide, Methane, and Nitrous Oxide

The most important drivers of climate change over the last
century are the well-mixed greenhouse gases (GHGs) carbon di-
oxide (CO,), methane (CH,), and nitrous oxide (N,O). The atmo-
spheric abundances and associated radiative forcings of climate
from these gases have increased substantially in the industrial era
(see Chapters 1, 3, and 5). Their future increase will depend on
policy actions related to curbing climate change. Future changes
in halogen mixing ratios will take place against the backdrop of
the changing chemical, radiative, and climatic conditions caused
by these GHGs, and future stratospheric ozone levels will be
strongly dependent on their future emissions and mixing ratios.
The continuing increase of these GHGs has important effects on
stratospheric ozone through cooling of the stratosphere, which
slows the ozone chemical loss rates. The resulting climate change
from increasing GHGs also strengthens the stratospheric Brewer-
Dobson circulation, which will redistribute ozone (see Chapter 5).
In addition, CH, and N,O are also key chemical gases affecting
the ozone layer directly. The breakdown of N,O in the strato-
sphere enhances nitrogen oxides (NO,) and depletes ozone,
while increases in CH, lead to ozone changes that vary with alti-
tude, with net production in total column ozone.

For this Assessment, the new Shared Socioeconomic
Pathway (SSP) scenarios are used for future projections of the major
GHGs. These replace the previous Representative Concentration
Pathway (RCP) scenarios used in the last Assessment. The SSPs
are designed based on socioeconomic and technological devel-
opment and adapt the future climate radiative forcing outcomes
used for the RCPs, while providing more detail in the variety of
climate outcomes that can be obtained (Gidden et al., 2019;
Meinshausen et al., 2020; Chen, Rojas, Samset et al., 2021).

Section 7.4.3.1 examines how the changing mixing ratios
of CO,, CH,, and N,O under selected SSPs could affect future
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changes in stratospheric ozone relative to the changing emissions
and mixing ratios of halogenated compounds. The nine select-
ed scenarios include updates of the four RCPs having the same
radiative forcing levels of 2.6, 4.5, 6.0, and 8.5 W m™, as well
as five scenarios that fill gaps not covered in the RCPs (Gidden
etal., 2019). These SSPs include five high-priority scenarios from
the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, including a lower-bound 1.9 W m= scenario
(Rogelj etal., 2018), which corresponds to the most optimistic in-
terpretation of Article 2 of the Paris Agreement and comes closest
to holding the global temperature increase to below 1.5 °C.

7.2.7 Deliberate Climate Intervention

Chapter 6 provides a comprehensive analysis of the influ-
ence of deliberate climate interventions on the stratospheric
ozone layer.

7.2.8 Other Potential Influences on
Stratospheric Ozone

In this section, the potential impact of future anthropogen-
ic emissions from a large-scale rocket economy, potential new
supersonic airplanes, and a hydrogen-based energy system is
discussed. In addition, the current knowledge of the impact of
volcanoes and wildfires is summarized.

/.2.8.1 Influence of a Growing Spaceflight
Industry

Emissions from rockets and their effect on stratospheric
ozone have been the subject of research since the 1970s. Since
the previous Assessment, significant launch growth has occurred
and more satellites have been launched into low-Earth orbit than
during the previous 60 years, an increase entailing larger rockets
and greater launch rates.

The greatest part of this growth has come from kerosene-fu-
eled rockets, from which black carbon (BC) emissions have dou-
bled in the past four years (Miraux, 2022). Emissions from solid-fu-
el rockets have increased only slightly, and this trend is likely to
continue. On the other hand, hydrazine-fueled rocket launches
have decreased during this period because of propellant toxici-
ty concerns. The number of hydrogen-fueled launches has been
approximately constant, representing only a small fraction of all
launches. Methane-fueled rockets, in advanced testing, are ex-
pected to play a significant role in the future, although the rate at
which methane replaces existing rocket fuel is uncertain.

Rocket propulsion systems typically combine the exhaust
from several of the four primary propellant types during a single
launch (by fuel: kerosene, ammonium perchlorate, hydrazine,
and hydrogen). Mixed rocket emissions into the stratosphere are
mostly (>90% of about 8 Gg yr™') a combination of CO,, CO, H,O,
NO, and OH with the exact amounts depending on propellant
and altitude. None of these gas-phase emission components
have a significant effect on stratospheric ozone, except atimplau-
sibly larger launch rates (Larson et al., 2017; Ryan et al., 2022).
NO, emissions (<1%) from some rocket types can affect ozone
(Ross et al., 2004), although to a lesser degree than solid fuel
chlorine emission.

Direct ozone loss caused by chlorine emissions (0.2 Gg yr™)
from solid fuel rockets into the stratosphere is well understood.

409




Chapter 7

Models generally agree on the amount and distribution of ozone
loss (Voigt et al., 2013; Ryan et al., 2022). Alumina emissions
from solid fueled rockets (0.4 Gg yr™') cause ozone loss by het-
erogeneous Cl, (inorganic chlorine) activation reactions; this is
less well bounded because of uncertainties in the alumina surface
area density, extent of sulfate coating, and reaction coefficients
(Danilin et al., 2003). In situ plume data suggest that ozone loss
from alumina could be larger than the loss from chlorine (Danilin
etal., 2001), and this question remains unresolved.

Indirect ozone loss caused by the absorption and scattering
of solar radiation by rocket BC and alumina particles in the strato-
sphere have not yet been comprehensively investigated. General
principals of stratospheric processes suggest that rocket BC and
alumina increase heating rates and temperature in the strato-
sphere and cause ozone loss (Lee et al., 2021). This is confirmed
by new models of rocket BC emissions (Maloney et al., 2022;
Ryan et al., 2022), which show ozone loss from rocket BC is com-
parable to ozone loss from rocket chlorine emissions (per propel-
lant mass), consistent with models of climate change mitigation
using stratospheric BC (Weisenstein et al., 2015).

With a very large number of 100,000 projected hydrogen-fu-
eled reusable small rocket launches per year, H,O emissions from
space travel has been estimated to enhance stratospheric water
by up to 9%, leading to a 20% increase in polar stratospheric
clouds (PSCs) in both hemispheres (Larson et al., 2017). An even
larger effect of hydrogen-based space travel is through anticipat-
ed increases in stratospheric NO,, which, combined with HO,
cycle perturbations, leads to 0.5% loss of the globally averaged
ozone column, with column losses in the polar regions exceeding
2%.

The effect on ozone of stratospheric aerosols generated by
destruction of space debris during reentry is a new area of re-
search (Boley and Byers, 2021; Ryan et al., 2022). It is expected
that spaceflight architectures that assume disposal of space de-
bris into the mesosphere via destructive reentry will take on great-
er importance in coming years (Ross and Jones, 2022). Reentry
vaporization and lower mesosphere particle production and sed-
imentation presents a source of stratospheric particles that could
exceed those from present-day launches by 2030 (Boley and
Byers, 2021). Very little is known about the composition, sizes,
and steady state distribution of reentry particles or their possible
impact on stratospheric ozone. Nitrogen oxide (NO) produced
during heating of the atmosphere during reentry reduces meso-
spheric ozone (Ryan et al., 2022), though reentry NO production
rates are poorly quantified.

In view of the rapid growth of rocket launches, rocket fuels,
spacecraft in orbit, and the anticipated increase in space debris
reentries these knowledge gaps suggest further assessments are
warranted.

7.2.8.2 Influence of a New Fleet of Supersonic
Airplanes

Early research on the environmental effect of supersonic
airplanes warned of potential adverse effects on stratospheric
ozone, mainly through their emissions of NO, into the strato-
sphere (e.g., Crutzen, 1972). This concern was reinforced by later
studies (e.g., Johnston et al., 1989). To date, this potential source
of ozone loss has not been realized, since the first generation
of supersonic passenger planes was decommissioned in 2003.
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However, hypothetical concepts for a new generation of super-
sonic airplanes are now again being developed. The potential
influence of supersonic and hypersonic aircrafts on stratospheric
ozone are discussed in Section 4.2.5.3.

7.2.8.3 Influence of a Potential Future
Hydrogen Economy

Hydrogen fuel cells could play a role in future clean energy
supply systems if produced using renewable energy sources.
If their use is widespread, it will potentially lead to elevated at-
mospheric hydrogen mixing ratios because of leakages during
storage and usage. With an atmospheric lifetime of two years
(Paulot et al., 2021), surface emissions of hydrogen can at least
partly reach the stratosphere. Further, direct emissions into the
upper troposphere and lowermost stratosphere are expected
if planned hydrogen-fueled airplanes and rockets are realized
(Section 7.2.8.1).

In both the troposphere and stratosphere, hydrogen is
oxidized to water vapor. The influence will be small in the tro-
posphere because the water vapor perturbation is minimal
compared with the background. In the stratosphere, additional
hydrogen increases H,O concentrations. However, it is general-
ly concluded that the effect of future surface emissions from an
economy that is only partly reliant on hydrogen as an energy car-
rier will be too small to have a substantial effect on stratospheric
ozone (e.g. Warwick et al., 2004; van Ruijven et al., 2011; Vogel
etal., 2011; Wang et al., 2013). If hydrogen were to play a major
role in future energy policy, a potential influence, e.g., via the
enhanced production of PSCs, has been modeled (Tromp et al.,
2003).

7.2.8.4 Impact of Volcanoes and Wildfires

Volcanoes are well known to have an intermittent effect on
stratospheric ozone through their input of aerosols and sulfur
dioxide (SO,) into the stratosphere (e.g., Langematz, Tully et
al., 2018). Recently, the effect of wildfires has also been dis-
cussed (Sections 3.2.1.3 and 4.3.5.3). Strong Siberian wildfires
(2019-2020) were responsible for a layer of dust in the lower
stratosphere and could have contributed to very low stratospher-
ic ozone concentrations over the Arctic during the same period
of time (Ohneiser et al., 2021). In addition, strong Australian
bushfires may also have contributed to very low ozone levels in
the Antarctic in the spring of 2020 (Rieger et al., 2021) and have
an at least sporadic negative effect also on mid-latitude ozone
(Solomon et al., 2022). If intense fires in the temperate to subpo-
lar regions increase, then these fires could have a potential long-
term influence on stratospheric ozone.

7.3 METRICS FOR CHANGES IN OZONE AND
CLIMATE

7.3.1 Metrics for Changes in Ozone

As in past Ozone Assessments, one key metric used to eval-
uate the ability of various ozone-depleting substances to destroy
stratospheric ozone is their contribution to equivalent effective
stratospheric chlorine (EESC; for a detailed description of this
metric, see Box 5-2 of Harris, Wuebbles et al. (2014)). The other
primary metric used in Section 7.4 is the globally averaged ozone



depletion as calculated by a two-dimensional model. Semi-
empirical ODPs are updated but are no longer used to evaluate
the relative differences among the various presented scenarios. In
calculating EESC, there have been minor changes in the adopted
fractional release factors (FRFs), which represent the fractions of
ODSs that have been broken down from their organic forms into
inorganic molecules that can then be converted to molecules that
can deplete ozone. These FRFs are consistent with the adopted
EESC approach, which is used in Chapter 1 of this document and
was discussed in Section 6.4.3.1 and Appendix 6C of Carpenter,
Daniel et al. (2018). The adopted FRF values are shown in Table
7-2 along with the resulting semi-empirical ODPs, which are al-
most identical to those given in Carpenter, Daniel et al. (2018).
For comparison, the ODPs used in the Montreal Protocol are also
shown in the table. In evaluating the various scenarios discussed
in Section 7.4, we use the integrated EESC differences over the
time period from the year 2023 through the year when EESC
returns to the 1980 level for each particular scenario. Consistent
with no longer using GWP-weighted emissions as a metric to
evaluate the climate impact (see Section 7.3.2), we do not com-
pare scenarios using cumulative ODP-weighted emissions as
was done in the previous Assessment. As discussed in Chapter 1,
there have been some updates to the ODS lifetimes used in this
Assessment. These lifetime updates are included in the Annex.

A more substantial change to the analysis of the ODSs in this
chapter relative to the main section of Carpenter, Daniel et al.
(2018) arises from using the revised EESC approach of Engel et al.
(2017). The new approach used to calculate EESC leads to a larg-
er effective stratospheric age of air compared with the previously
assumed 3 years at mid-latitudes and 5.5 years in polar regions
and was discussed in detail in Section 6.4.1 of Carpenter, Daniel
et al. (2018). The effective increase in the age of air, combined
with the fact that the EESC slope is steeper with time around
1980 than the projected slope when EESC returns to 1980 levels,
leads to a delay of more than a decade in the projected time for
mid-latitude EESC to return to 1980 levels with the Engel et al.
(2017) EESC approach relative to that used in the main chapter
of Carpenter, Daniel et al. (2018). The advantages of this newer
approach were recognized in the 2018 Assessment, which is why
both were discussed in Carpenter, Daniel et al. (2018) and sce-
nario results of the Engel et al. (2017) approach were shown in
Appendix 6C. If the scenario results of this chapter are to be fairly
compared with those of Carpenter, Daniel et al. (2018), the results
here should be compared with those of Table 6C-1 in Appendix
6C of Carpenter, Daniel et al. (2018) and not the results shown
in their Table 6-5. Unfortunately, the change in EESC approach
also inhibits straightforward comparisons with scenario results
(using EESC) from Ozone Assessments before 2018. It should
be noted that because nearly all of the source gases have almost
fully dissociated by the time they make it to the polar vortexes,
the difference between the two EESC approaches is substantially
smaller in polar regions than it is at mid-latitudes. It should also be
noted that in regions where full dissociation has not occurred, the
move to the approach of Engel et al. (2017) introduces another
potentially significant model sensitivity relating to atmospheric
transport. Given this, when future comparisons of EESC are made
with different models, it would be important to indicate which dif-
ferences are due to model differences and which are due to ODS
scenario differences.
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7.3.2 Metrics for Changes in Climate

The climate metrics used in Carpenter, Daniel et al. (2018)
were global warming potentials (GWPs), global temperature
change potentials (GTPs), and radiative forcing (RF). A description
of these metrics can be found in Box 5-3 of Harris, Wuebbles et
al. (2014), and a discussion of radiative forcing can be found in

of this Assessment. A search for better metrics continues
in the scientific and policy community, with the most appropriate
metric dependent on the particular purpose. Recently, Forster,
Storelvmo et al. (2021) have discussed two new metrics that are
demonstrably better when the goal is to have similar tempera-
ture change outcomes from similar metric-weighted emissions
trajectories; these are GWP* and combined global temperature
change potential (CGTP). Both approaches require that gases be
divided into long-lived ones, which behave like CO, in that the
amount of warming depends on the cumulative emissions, and
short-lived ones, whose warming depends on changes in emis-
sions. The GWP* approach, for example, has frequently been
used to compare warming from CO, (long-lived) with that from
CH, (short-lived). However, when there are important gases with
intermediate lifetimes, this categorization is ambiguous and im-
perfect. In this chapter, for example, the way in which CCl, and
CFC-11 are categorized have significant effects on the relative
comparisons of the scenarios. Because of this and the shortcom-
ings identified in using the traditional GWP-weighting to equate
the climate impact of GHG emissions with substantially different
lifetimes (see, e.g., Chapter 7 of the Working Group | contribu-
tion to IPCC ARG: Forster, Storelvmo et al., 2021), in this chapter,
we compare the climate impact of various scenarios by using the
averaged radiative forcing over the period 2023-2100.

In calculating the radiative forcing of the scenarios dis-
cussed in Section 7.4, the radiative efficiency (RE) factor estimates
that have changed the most significantly since the previous
Assessment are for CFC-11and CFC-12. Hodnebrog et al. (2020b)
have estimated that tropospheric feedbacks of these compounds
imply their REs should be increased by 13% and 12%, respective-
ly, and they have been changed accordingly.

Additional terminology that is relevant to the calculation of
indirect GWPs in this section is effective radiative forcing (ERF). A
detailed discussion of ERF and how it compares with RF is found in

. The ERF of the halocarbons includes the offsetting radi-
ative forcing due to the ozone depletion they cause, which is the
dominantresponse, as well as to other adjustments such as tropo-
spheric responses including cloudiness and circulation changes.
In a case where the various atmospheric responses to an increase
ofa specific ODS mixing ratio completely offsets its direct radiative
forcing, the ERF of that ODS would be zero. Three studies have
been published since the previous Assessment that estimated the
ERF of the combined ODSs (Morgenstern et al., 2020; O'Connor
et al., 2021; Thornhill et al., 2021), and another has updated ra-
diative efficiency estimates of the halocarbons as well as the re-
sulting GWPs (Hodnebrog et al., 2020a). One of the ERF studies
(Morgenstern et al., 2020) has attempted to remove the effect of
the large variation among models in their calculated ozone deple-
tion by constraining their modeled ERF estimate using observed
depletion amounts. In their assessment of these studies, Forster,
Storelvmo et al. (2021) suggest an ERF for all ODSs plus the HFCs
in 2019 (relative to 1850) of 0.01 to 0.40 W m2, when includ-
ing the responses in ozone depletion as well as in stratospheric
water vapor and atmospheric methane mixing ratios. While the
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radiative efficiencies for the key ODSs have changed little over
the last four years (see, e.g., Annex), the uncertainty range for the
ERF of the ODSs now encompasses smaller values; i.e., the off-
set through responses could be larger than previous Ozone and
IPCC Assessments have suggested. Despite modeling improve-
ments and a new approach constraining the ERF estimates with
observations, the uncertainty in the ERFs remains substantial, as
discussed in Section 5.3.1.1. The uncertainty range implies that
the forcing offsets range between approximately no offset to a
complete offset of the ODS direct radiative forcing. These ERFs,
which include the radiative impact of ozone depletion resulting
from ODSs, are used only in the calculation of indirect GWPs in
this chapter. The comparison of the various scenarios presented
in Table 7-6 and the figures that show radiative forcing do not
consider the radiative impact of ozone depletion.

The direct and indirect GWPs are shown in Table 7-5. The
direct GWPs capture only the direct radiative effect of the ODSs
themselves, including stratospheric temperature adjustment and,
for CFC-11 and CFC-12, tropospheric adjustments. The offset-
ting radiative effects of ozone responses, as well as the smaller
effects of methane and water vapor responses, to changes in
ODS mixing ratios are given by the indirect GWPs (Table 7-5).
The sum of the direct and indirect GWPs therefore approximately
capture the full radiative effect of an ODS’s emissions. The indirect
GWPs given in Table 7-5 incorporate the midrange of the new
ERF in their calculation, using the same EESC-scaling approach

described Daniel et al. (1995) and in previous Assessments (e.g.,
Carpenter, Daniel et al., 2018). The full uncertainty range varies
between roughly O and twice the indirect GWP quoted. When
compared with the equivalent Table 6-3 of the WMO (2018)
Assessment, the slightly more negative indirect GWPs are appar-
ent. As in previous Assessments, the relative magnitudes of the
direct and indirect GWPs vary widely across the different ODSs,
with key factors including whether the compound has a bromine
atom instead of chlorine (since bromine is roughly 60 times more
effective than chlorine at depleting ozone), the number of halo-
gen atoms, and the radiative efficiency of the ODS. While HFCs
do not cause chemical ozone depletion, they do alter strato-
spheric temperatures, which in turn leads to stratospheric ozone
changes (Hurwitz et al., 2015; Dupuy et al., 2021). These chang-
es are, however, minimal and are not considered in our indirect
GWP calculations.

This ERF revision to the ozone forcing in response to the
ODSs is also important for understanding the climate forcing
role of the ODSs collectively. We do not include the offset of the
ozone response in evaluating the scenarios later in this chap-
ter but do point out that if the lower ERF estimates prove to be
accurate, this would imply that the phasedown of the ODSs by
the Montreal Protocol would have a smaller globally averaged
climate impact than previously estimated, at least from a strictly
global radiative point of view. Again, however, it is important to
note the large uncertainty in determining this offsetting radiative

Table 7-5. Indirect GWPs from ozone depletion compared with direct GWPs for select ODSs. We calculate the “indirect” GWP
using the radiative effect of the responses in ozone, methane, and stratospheric water vapor to the ODS. This indirect GWP
calculation approach follows Daniel et al. (1995) and assumes that, as with ozone, all three indirect responses track EESC. The
radiative forcing due to ozone depletion from 1979 to 2000 is updated to —0.17 W m2; this is 50% of the direct forcing from
the ODSs and HFCs and is in approximately the middle of the range of this same ratio in Szopa, Naik et al. (2021). The relative
uncertainty in this radiative forcing offset response (IPCC, 2021) translates directly to the same relative uncertainty in indirect
GWPs. Notice that the number of significant figures shown for both indirect and direct GWPs are not meant to represent the
level of uncertainty; instead, they are shown so changes relative to past studies and future studies can be more easily tracked.

Gas Direct GWP 100-yr Indirect GWP 100-yr
CFC-11 6410 -4390
CFC-12 12,500 -3490
CFC-113 6530 -3600
CFC-114 9450 -1490
CFC-115 9630 -355

HCFC-22 1910 -133
HCFC-123 91 -43
HCFC-124 596 -55
HCFC-141b 808 -302
HCFC-142b 2190 -219

HCFC-225ca 137 -45
HCFC-225cb 557 -69

CH,CCl, 164 -366

CCl, 2150 -3460

CH;Br 2 -1400
Halon 1211 1990 -25,400
Halon 1301 7430 -75,800
Halon 2402 2260 -64,400
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forcing from ozone depletion (see Section 5.3.1.1) and to note that
this remains an active area of research. We also reiterate that the
issue of a potential ozone forcing offset does not apply to HFCs
and thus will not alter estimates of the radiative forcing benefit of
the Kigali Amendment.

7.4 SCENARIOS AND SENSITIVITY ANALYSES

7.4.1 Tools Used in Analyses of Ozone and
Climate Effects

As in recent Ozone Assessments, the foundation for the ODS
scenarios generated in this chapter are observed atmospheric
mixing ratios of the ODSs and their replacements, as well as their
global lifetimes, reported production to UNEP, and estimates
of ODS banks (Box 7-1). The historical mixing ratios to which
all the scenarios are tied, and from which annual emissions are
estimated, are taken from a combination of the Advance Global
Atmospheric Gases Experiment (AGAGE) and National Oceanic
and Atmospheric Administration (NOAA) observational networks
(Chapter 1). The production data are taken from what the Parties
have reported to the Ozone Secretariat, aggregated into Article 5
and non-Article 5 country groups. The lifetimes for the ODSs con-
sidered in this chapter have been updated from those in the 2018
Assessment and are presented in the Annex of this Assessment as
well asin Table 7-2.

We continue to use the 1-box model that has been used in
the past several Ozone Assessments. In this model, banks are
prescribed for a given starting year, chosen here to be 2020, and
from these are calculated going forward from that year by adding
projected annual production and subtracting projected annual
emissions. It is important to recognize that the temporal evolu-
tion of these banks is performed in a relatively simplistic manner,
with only a single bank for each compound. Thus, that bank
can contain a mix of accessible and inaccessible banks as well
as active and inactive banks, for example. In the previous three
Assessments (WMO 2011, 2014, 2018), 2008 bank values were
projected forward from estimates from UNEP (2009). Here, bank
starting values are taken using a Bayesian approach described
in Lickley et al. (2020, 2021, 2022). These banks represent the
most recent comprehensive estimate of banks that has been
peer-reviewed. Nonetheless, there are substantial uncertainties
associated with these estimates. One contributing factor to un-
certainties in both the Lickley approach and the previously used
approach is uncertainties in global lifetimes, which lead to a bias
in the emissions estimated from atmospheric concentration ob-
servations. Any biases in either production or emissions can have
a significantimpact on the bank size estimated for the presentand
moving into the future. A discussion of the potential impacts of
these alternative bank estimates for ozone and climate is found in
Section 7.4.3.

The Technology and Economic Assessment Panel (TEAP)
has also performed a model analysis of CFC-11 banks. In their
approach, they use estimates of release rates that vary over the
bank’s life cycle (WMO, 2021). These bank size estimates are con-
sistent with the values calculated by Lickley et al. (2020), giving
further credibility to their use in this chapter.

As in the previous Assessment, the GSFC 2-D model, de-
scribed in Appendix 6B of Carpenter, Daniel et al. (2018) and
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in Fleming et al. (2020), is used to evaluate the ozone response
for the scenarios developed here. The use of this 2-D model will
again allow us to evaluate the impact of future projections of CO,,
CH,, and N,O.

7.4.2 Baseline Scenario

Future scenarios are derived in this chapter for the long-lived
ODSs, CH,CI, (dichloromethane), and HFC-23. Projections for
the other HFCs are described in Chapter 2 and are incorporated
here. HFC-23 scenarios are developed in this chapter because of
the close association of HFC-23 emissions with HCFC-22 produc-
tion. Beyond the ODSs, various scenarios of future mixing ratios
of CO,, CH,, and N,O are also examined with the 2-D model to
show their influence on future ozone levels.

The scenario chosen to be the baseline scenario for non-
ODS GHGs is SSP2-4.5. Of the five SSP narratives, this comes
closest to representing a middle-of-the-road pathway, with social,
economic, and technological trends projected to be not substan-
tially different from what has occurred in the past. In addition,
this is the baseline scenario used in the Chemistry-Climate Model
Initiative (CCMI) model calculations, which are used elsewhere in
this Assessment.

In general, the key assumptions that determine future ODS
mixing ratios are 1) their global lifetimes, 2) projections of future
production, 3) current banks, and 4) release rates from produc-
tion, including production intended for feedstock use and from
banks. For production intended for emissive uses (i.e., non-feed-
stock uses), it is assumed that all halon and CFC production has
ceased globally, along with HCFC production in non-Article 5
countries. In Article 5 countries, future HCFC production is held
constant at 2020 levels until 2025, after which it phases down in
steps according to the Protocol controls. An important difference
between the baseline scenario used here and the baseline sce-
narios in previous Assessments is that we include some emissions
from feedstock production for the compounds CFC-113/CFC-
113a, CFC-114/CFC114a, HCFC-22, HCFC-141b, HCFC-142b,
CH,CCl;, CH;Br, and CCl, and allow these emissions to continue
into the future. The emissions from feedstocks are uncertain, and
we conservatively make the assumption that 2% of production as-
sociated with feedstock usage is emitted in the year of production
(see Box 7-2 for a discussion of feedstock-related emissions) for
all compounds except CCl,, for which it is assumed to be 4.3%
(see Section 7.2.1.3 and Figure 7-4). These CCl, emissions arise
from a combination of emissions from its production (i.e., unre-
ported, non-feedstock emissions in Figure 7-4) and from the
feedstock usage. Note that this 4.3% has been revised down-
ward from that given in the SPARC CCl, report (SPARC, 2016).
There are substantial increasing feedstock production trends over
at least the past few years for HCFC-22 and CCl, (Figure 7-3).
Nevertheless, in our baseline scenario, we assume that future
production for feedstock use remains fixed at the 2020 levels. As
discussed in Box 7-2, CCl, projections are calculated differently
than the projections for other ODSs due to the large uncertainty in
the sources of recent and current emissions. We assume that the
current emissions are made up of a feedstock-related emissions
component, an inadvertent component related to other indus-
trial sources, and emissions related to historic production (e.g.,
from landfills; see Figure 7-4). It is assumed that emissions from
this historic production are linearly phased out between 2021
and 2030, after which they remain zero, and the only continuing
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emissions are associated with feedstock production and use as banks back to 2015. Then, over the 2015-2020 time period, a
well as inadvertent production losses. single average annual percentage release rate from the bank is

For the banks considered, including CFC-11, CFC-12, HCFC- calculated for each compound and assumed to remain constant
22, HCFC-141b, HCFC-142b, halon-1211, and halon-1301, the into the future. This uniquely determines future emission scenar-
Lickley approach (Lickley et al., 2022) is used to estimate banks at ios for each of the bankes}l c.ompounds, with annual production
the beginning of 2020. These 2020 banks, along with historical added to and annual emissions subtracted from the bank each
emissions and reported production values are used to estimate year.
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Figure 7-6. Comparison of mixing ratios from the current baseline scenario (solid black curves) with those of the alternative
scenarios described in Section 7.4.3 and those of the baseline scenario from the 2018 Assessment (dashed black curves). Alter-
native scenarios shown include the elimination of the banks in 2023 and 2030 (dashed and solid green curves, respectively),
elimination of production from 2023 onward (orange curves), elimination of emissions from 2023 onward except for emissions
associated with feedstock production (dark blue curves), elimination of all emissions from 2023 onward (light blue curves), and
a “non-constant” feedstock production scenario in which feedstock production continues to increase or decrease in the future at
the rate experienced over the past decade (described in the text; magenta curves).



CH;Br is assumed to have no further controlled production
globally, and continuing emissions arise from assumed constant
ongoing production for critical use exemptions (CUEs) and quar-
antine and pre-shipment (QPS) uses consistent with what has
been reported for 2020. Halon-1202 and halon-2402 are as-
sumed to have no future emissions, and the mixing ratio of CH,Cl
remains at 539.5 ppt, a level assumed to be consistent with no
further anthropogenic activity; while some anthropogenic emis-
sions are likely to continue (see Section 7.2), these are not expect-
ed to significantly affect the conclusions of this chapter and thus
are not considered here.

We also include in the discussion below the impact of CH,Cl,
on ozone, as calculated from 3-D model studies. We do not in-
clude this compound in our 2-D model calculations because of
the dependence on the time of year and location of emissions
(both latitude and longitude) in determining how much reaches
the stratosphere. It is accepted that 3-D models are required to
accurately calculate the transport of short-lived compounds from
the surface to the stratosphere.

Finally, we develop a baseline scenario for HFC-23, includ-
ing only its relationship to production of HCFC-22. HFC-23 is
considered only in the climate forcing calculation since it has no
chlorine, bromine, or iodine in it, and the change in ozone from
its temperature impact would be minimal in our scenarios. While
the HCFC-22 production intended for emissive uses is controlled
by the Montreal Protocol, future feedstock production is uncon-
trolled. We assume that the emissions of HFC-23 are equal to
1.6% of the HCFC-22 production, where destruction capacities
are only partly employed (Section 7.2.1.4). For the HFC-23 scenar-
io, we assume that the HCFC-22 feedstock production increases
through 2030 at the recently reported rate and remains constant
thereafter. The baseline scenario for the other HFCs is developed
and described in Chapter 2.

The ODS mixing ratios for the baseline scenario are shown in
Figure 7-6 and are tabulated in Appendix Table 7A-1. HFC-23
mixing ratios are also included in Appendix Table 7A-1 starting
in 2018. Many of the ODS projections are very similar to those
of the baseline scenario from the 2018 Assessment. The biggest
differences arise from the upward revision of bank estimates and,
for some compounds, from including future emissions associat-
ed with feedstock production. HCFC-22 mixing ratios show the
largest increases in the coming decades when compared with
the previous Assessment, with values from 2042 to 2056 more
than 50 ppt larger in the present projections. CFC-11 and CFC-
12 both are larger by more than 10 ppt compared with the 2018
Assessment for periods in the future.

7.4.3 Alternative Future Scenarios

The primary alternative ODS scenarios are designed to as-
sess the relative contributions of various sources of emissions to
future ozone depletion and climate change. Specifically, we de-
velop some scenarios that include the elimination of all emissions
or production of certain compounds beginning in 2023 and some
that eliminate banks that are projected to exist in 2023 or 2030.
The purpose of examining two separate years for the elimination
of banks is to provide some estimate of the benefit of quick action;
however, this comparison depends on how quickly the ODSs are
released from the banks and thus likely has more uncertainty as-
sociated with it than some of the other scenario comparisons. As
stated earlier, there is also no differentiation of bank type in this
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chapter, which would be useful information if one wished to de-
termine the practicality of capturing a bank. By grouping all banks
into a single bank, we do not differentiate between active and in-
active banks or the type of equipment in which the banked com-
pound resides, nor can we comment on the accessibility of any
bank. HFCs are also evaluated for their impact on climate under
future scenarios in which all emissions, production, or banks are
eliminated from 2023 onward.

Other alternative ODS scenarios performed are meant to es-
timate the impact of the unreported production and associated
emissions of CFC-11 over the past decade, as well as the potential
impacts of future emissions associated with uncontrolled produc-
tion intended for feedstock applications. To quantify the impact
of feedstock usage, we include a scenario in which all emissions
associated with feedstock applications are eliminated beginning
in 2023. We include an additional scenario that is identical to
the baseline scenario except that through 2030, feedstock pro-
duction for each compound considered is allowed to continue
increasing or decreasing at the same rate as exhibited over the
2010-2020 period. Of course, changes after 2030 would fur-
ther affect any conclusion, but we hold production constant after
2030 due to the speculative nature such projections would entail.
It is important to recognize that the feedstock results presented
in this chapter are specifically dependent on the ODS emissions
that are assumed to be associated with feedstock activity in the
baseline scenario.

Future ODS projections for selected alternative scenarios are
included in Figure 7-6 for comparison with the baseline scenario
of this chapter and the baseline scenario of WMO (2018).

For CH,CI,, we estimate the impact of future emissions if
they are allowed to grow through 2030 at the rate exhibited
over the past five years, after which emissions are held constant.
Furthermore, we also estimate the effect of the elimination of all
CH,CI, emissions after 2023.

For CO,, CH,, and N,O, we examine eight alternative SSP
scenarios that range from substantially lower (SSP1-1.9) to sub-
stantially higher (SSP5-8.5) greenhouse gas radiative forcing by
the end of the century. We examine the impact of these different
concentrations collectively and individually to show the specific
effect that each compound has on future ozone levels.

The specific scenarios discussed above are evaluated for
their impacts on stratospheric ozone and climate in Table 7-6.

7.4.3.1 Stratospheric Ozone Implications

The mid-latitude EESC evolution for selected key ODS sce-
narios is shown in Figure 7-7. This shows that in the baseline
scenario, mid-latitude EESC returns to its 1980 levels at the begin-
ning of 2066, about six years later than in the baseline scenario
of the 2018 Assessment (cf. Appendix 6C of Carpenter, Daniel et
al. (2018)). This is primarily due to the higher concentrations of
CFC-11and CFC-12 that result from the larger bank estimates used
here compared with the previous Assessment. Polar EESC returns
to 1980 levels in 2087, about nine years later than in Carpenter,
Daniel et al. (2018). Slight changes in the age spectrum function
used in the EESC calculation also contribute about one and two
years to these mid-latitude and polar delays, respectively. In
Carpenter, Daniel et al. (2018), the function describing the age
spectrum for use in the Engel et al. (2017) approach, assumed
a width to mean age ratio of 0.5 as suggested in Newman et al.

415




Chapter 7

416

Table 7-6. See caption on facing page.

Scenario

Change in Integrated EESC'
Relative to Baseline Scenario

for the Mid-latitude Case

EESC dt

yearx

JEeescat
2023

Year When EESC is Expectedto Change in Average
Drop Below 1980 Value
(year x)

Mid-latitude

Antarctic
Vortex

Radiative Forcing
2023-2100
(mW m32)

Changein
Integrated O;
Depletion:
2020-2070
(%)

Elimination of production for emissive uses?:

All ODSs -3.2 -9.6 2063.2 2084.1 -3.7 -0.15
HCFCs -0.5 -1.5 2065.6 2086.3 -3.3 -0.03
ccl, -0.9 -2.6 2065.5 2086.3 -0.4 -0.04
CH3Br for QPS and CUE -1.9 -5.6 2064.1 2084.7 -0.0 -0.08
HFCs (except HFC-23) -51.4

Elimination of emission for emissive uses?:

All Controlled ODSs -10.1 -30.1 2052.9 20721 251 -0.60
CFCs -3.3 -10.0 2061.2 2080.7 -9.5 -0.20
Halons =31 =93 2062.1 2082.0 -0.4 -0.12
HCFCs -2.6 7.7 2063.9 2085.1 -14.8 -0.14
Ccl, -0.9 -2.6 2065.5 2086.3 -0.4 -0.04
CH,CCly 0.0 0.0 2066.0 2086.6 0.0 -0.00
CH;Br for QPS -1.9 -5.6 2064.1 2084.7 0.0 -0.08
All ODS emissions, including -1.3 -33.8 2050.5 2068.1 -31.1 -0.71
related to feedstock use

HFCs (except HFC-23) -67.7

HFC-23 -10.9

Entire 2023 bank captured and destroyed:

All ODSs 7.7 -22.9 2055.6 2074.7 -21.5 -0.46
AllCFCs =83 -10.0 2061.2 2080.7 -9.5 -0.20
All'halons -3.1 -9.3 2062.1 2082.0 -0.4 -0.15
AllHCFCs 2.1 -6.3 2064.4 2085.4 -11.6 -0.11
HFCs (except HFC-23) -16.2

Entire 2030 bank captured and destroyed:

All ODSs -4.7 -13.9 2057.7 2076.6 -15.7 -0.29
All CFCs -1.8 -5.5 2062.5 2082.1 -6.1 -0.11
All halons -1.9 -5.6 2062.8 2082.6 -0.3 -0.10
AllHCFCs =15 -4.6 2064.2 2085.2 =93 -0.09

Other scenarios:

Continuing feedstock trend 2.3 6.8 2070.3 2092.1 +4.4 +0.10
through 2030

Additional 1000 Gg bank of 3.0 9.0 2069.7 2090.3 +5.6 +0.15
CFC-11in 2021

Reduced CFC-11 of 280 Gg -1.2 -3.7 2065.2 2085.9 -1.7 -0.06
over 2012-2019

N,O mitigation (uses SSP1- -43.4 -0.17

1.9 for N,O)

No future CH,CI, -0.28t0-0.56
anthropogenic emissions

CH,CI, emissions increasing +0.06 to +0.12

through 2030, then constant

Note:

'EESC is calculated according to the approach described in Engel et al. (2017); this change accounts for a delay in the return of mid-latitude EESC to 1980 levels of more
than a decade when compared with Table 6-5 of WMO (2018).
2Production scenarios all allow for non-emissive uses, such as those associated with feedstock usage.
SEmission scenarios allow for continued emission associated with non-emissive uses.
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Table 7-6. Comparison of scenarios and test cases, showing the year when EESC' drops below the 1980 value for both mid-lati-
tudes and in the Antarctic vortex, as well as integrated mid-latitude EESC differences relative to the baseline scenario; the integral
is performed from 1980 or 2023 through the time when mid-latitude EESC returns to 1980 levels (denoted as “year x”). Also
shown are changes in average radiative forcing over 2023-2100 and average global ozone depletion over 2020—-2070. Future
changes in CH, and CO, may also significantly alter ozone levels and radiative forcing, likely by amounts larger than any of the
cases considered in this table (see, e.g., text in Section 7.4.3.1). Average radiative forcing from the ODSs in the baseline scenario,
against which other scenarios are compared, is 0.22 W m2 (220 mW m2); for HFC-23 it is 0.02 W m, and for the other HFCs it
is 0.08 W m. For comparison, the current radiative forcing of CO, is about 2 W m2,

(2007); here we assume the ratio of the square of the width to the
ageis 0.7 yr, taken form Engel et al. (2017).

Figure 7-8 and Figure 7-9 compare the impact of selected
scenarios on globally averaged total column ozone, respective-
ly, as calculated with the 2-D model. As expected, the ozone
response exhibits a roughly inverse relationship with the EESC
curves. While the subsequent discussion specifically refers to
ozone and ozone depletion, EESC generally responds in a con-
sistent manner with ozone depletion across the various scenarios
shown in these figures as well as in Table 7-6.

Elimination of all halogenated ODS emissions starting in
2023 increases future global ozone above the baseline, with a
0.71%" increase in globally averaged column ozone averaged
over 2020-2070 (Table 7-6), and it moves the date when EESC
returns to 1980 levels forward by 16 years for mid-latitudes and
19 years for polar regions. Elimination of all ODS emissions rep-
resents the lowest future EESC that can be achieved with the
lifetimes assumed here; these global lifetimes determine how
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0 I 1980 level of EESC
{2 1000
w L
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--- WMO (2018) (Current EESC Approach)
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Figure 7-7. Mid-latitude EESC time series for the scenarios
shown in Figure 7-6. The 2018 Assessment EESC values
have been calculated using the approach adopted in this
chapter and applied to the mixing ratios of that baseline
scenario to obtain a consistent comparison.

quickly the various ODS atmospheric mixing ratios decline. CFCs,
halons, HCFCs, CH;Br, and CCl, (including emissions from pro-
duction and use in feedstock applications) all contribute notably
to future ODS emissions in the baseline scenario.

In the baseline scenario, future feedstock-related emissions
lead to a 0.11% decrease in globally averaged total ozone aver-
aged over 2020 through 2070 and an increase in radiative forc-
ing of 6 MW m2 when averaged over 2023-2100. If feedstock
emissions continue to change through 2030 at the same rate as
over the past decade and are held constant thereafter, this would
decrease total ozone averaged over 2020 through 2070 by an
additional 0.10% and increase averaged radiative forcing by an
additional 4 mW m= when averaged over 2023 through 2100.

The scenarios that assume hypothetical full capture and
destruction of ODS banks in 2023 or 2030 (Figure 7-9) have a
much larger effect on reducing future ozone depletion than does
the scenario in which production of all ODSs is eliminated starting
in 2023. As stated above, however, it should be recognized that
there are substantial uncertainties in the current bank size esti-
mates. The Lickley et al. (2022) bank values are generally higher
than those projected for 2020 when starting with the 2008 values
of IPCC/TEAP (2005); this is also the case for projections from the
IPCC/TEAP (2005) banks estimated for 2002. It is our assessment
that the uncertainties in bank values remain large at this time, with
commensurate uncertainties in the extent to which capture and
destruction of the banks could benefit climate and ozone.

Using the results from WMO (2021), we can put the potential
impacts of the unreported production of CFC-11 over the past de-
cade into context with the results above. We evaluate the impact
of the unexpected emissions over the 2012-2019 period by as-
suming emissions associated with unreported production of 280
Gg, the middle of the range (120-440 Gg) given in WMO (2021).
We also examine the impact of an additional 1000 Gg in the CFC-
11 bank in 2020. While the increase in the CFC-11 bank from the
unreported production is uncertain, this value of 1000 Gg can be
used to approximately scale other potential bank increases if more
certainty is eventually gained as to how much of the recent unre-
ported production went into applications relative to how much
has already been emitted. A CFC-11 bank increase of this size
(1000 Gg) is projected to lead to about a 0.15% decrease to glob-
al column ozone averaged through 2070. This can be compared
with the emissions through 2019 (280 Gg) associated with the
unreported production causing an additional 0.06% depletion
averaged over 2020-2070. It is thought likely that the observed

" Ozone change percentages modeled in this chapter are calculated with the simplifying assumption of a background globally averaged column ozone level of 300 DU. Thus,

a 1% change represents a 3 DU change

417




Chapter 7

emissions over this time period were associate with foam pro-
duction, and historically it is found that about 25%-45% of the
production is emitted through the foam production process. This
would imply anincrease in the CFC-11 bank of 146-1320 Gg. This
range is comparable to another recent estimate of the increase in
CFC-11 banks of 90 to 725 Gg due to this unreported production
(Montzka et al., 2021).

To explore further how future emissions of other climate-rel-
evant gases could affect ozone, Figure 7-10 shows the range
in future global total ozone associated with nine selected SSP
scenarios (1-1.9, 1-2.6, 2-4.5, 3-7.0, 3-7.0-low NTCF [near-term cli-
mate forcer], 4-3.4, 4-6.0, 5-3.4 overshoot (OS), and 5-8.5). The
influences of CO,, CH,, and N,O are shown in combination (top
panel), as well as individually (lower three panels), where the lat-
ter are calculated by varying each gas individually while using the
baseline SSP2-4.5 scenario for the other two gases. The baseline

Global average total ozone change from 1980
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Figure 7-8. Influence of selected scenarios on globally av-
eraged (90°S-90°N) total ozone relative to that in 1980.
The scenarios include the baseline scenario; no long-lived
ODS emissions from 2023 onward; no long-lived ODS
emissions from 2023 onward except for feedstock uses;
feedstock emission changes continuing at the same rate
experienced over the past decade through 2030, then
held constant; an N,O mitigation scenario in which the low
SSP1-1.9 projection is used for future N,O mixing ratios;
and a high N,O scenario in which the high SSP3-7.0 pro-
jection is used for future N,O mixing ratios, with all other
assumptions following the baseline scenario. Calculations
are from the GSFC 2-D model. The figure also shows ob-
served global and annually averaged total ozone relative
to the 1979-1981 average, from ground-based (black plus
signs) and satellite (grey triangles) observations.
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ODS scenariois used inall runs. The processes responsible for the
ozone impacts of these greenhouse gases (GHGs) are discussed
in Chapter 3 and in past Assessments. When compared with
Figures 7-8 and 7-9, it is apparent that the variations of each of
these three GHGs across the SSP scenarios lead to a substantially
wider range of possible future ozone levels than from the ODS
scenarios alone. For example, the difference in global ozone in
2100 between the baseline ODS scenario and a scenario with no
ODS emissions from 2023 is 0.6% (Figure 7-8). This contrasts
with a range of 6% across the SSP scenarios due to the combined
impact of the three GHGs, and ranges of 3%, 4%, and 1.5% due
to the individual ranges of CO,, CH,, and N,O concentrations,
respectively. Thus, policies that affect the future evolution of
these three GHGs in particular will be important for predicting
how ozone will change. The impacts of N,O and ODS mitigation
through the 215 century are also directly compared in Figure 7-8.

Global average total ozone change from 1980

LA B B RN BN E B AL R LB R B
[ ]2
SLs —
N —~ - 1
- //
0 z 0
o I 1,
2 sk 1.9
© I —4-2
2 g
; [ 1 3}
a -10F ] ®
C —1-4
15 :_ j
[ + 41-6
-20 P R VI N N N B .
1960 1980 2000 2020 2040 2060 2080 2100
= Base
—— Zero ODS banks from 2023
~— Zero ODS banks from 2030

No ODS production from 2023
= = Additional CFC-11 bank of 1000 Gg
+ Ground-based observations
A Satellite observations

Figure 7-9. Same as in Figure 7-8 but for additional sce-
narios. These scenarios include the baseline scenario; full
capture and destruction of the ODS banks in 2023 but al-
lowing continued production; full capture and destruction
of the ODS banks in 2030 but allowing continued produc-
tion; no ODS production from 2023 onward; and an addi-
tional 1000 Gg in the CFC-11 bank in 2020, with all other
assumptions following the baseline scenario. Calculations
are from the GSFC 2-D model. The figure also shows ob-
served global and annually averaged total ozone relative
to the 1979-1981 average, from ground-based (black plus
signs) and satellite (grey triangles) observations.
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Figure 7-10. As in Figure 7-9, but showing global total
column ozone responses to a range of future CO,, CH,,
and N,O emissions scenarios in the presence of decreas-
ing ODSs. The colored lines depict the range in projected
ozone for the nine SSP scenarios listed in the bottom pan-
el, due to future changes in all three GHGs combined (top
panel), and individually by varying each gas while using
the baseline SSP2-4.5 scenario for the other two gases.
For CO, and CH,, the highest and lowest assumed emis-
sions correspond to the highest and lowest ozone curves,
respectively, while the opposite is true for N,O. All sim-
ulations use the baseline ODS scenario. Calculations are
from the GSFC 2-D model, which compares well with 3-D
models, including for the CH, and N,O perturbations (see
WMO-2018, Appendix 6B).
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Finally, two alternative scenarios are examined for CH,Cl,,
namely (1) continued strong growth in emissions until 2030,
with constant emissions thereafter, and (2) immediate cessation
of emissions. Ozone impacts of these scenarios are shown in
Table 7-6. Unlike the CFCs, CH,CIl, has a short lifetime and thus
responds rapidly to changes in emissions. If emissions quickly de-
crease in the future, the delivery of CH,Cl, to stratospheric chlo-
rine will also fall rapidly. Under scenario (1), a range of 3-D model
ODP values (Claxton et al. 2019) implies that integrated global
ozone depletion over 2020-2070 (shown in the final column
of Table 7-6) would increase by a rather small amount (0.06%-
0.12%). However, the continuing large variability in its surface
abundances makes estimates of future concentrations highly un-
certain and hinders evaluation of the plausibility of this scenario.
If, on the other hand, all anthropogenic emissions of CH,Cl, were
to cease in 2023, the reduction in average ozone depletion from
2020-2070 relative to the baseline scenario would be more sig-
nificant (0.28-0.56%). The amount of reduction in ozone deple-
tion would be dependent on the regional variation of emissions
sources, with the largest depletion reduction being for emissions
sources in tropical Asia. The effect on average ozone depletion
from 2020-2070 would be about 40-80% of the effect of elimi-
nating all ODS emissions in 2023.

7.4.3.2 Climate Implications

The radiative forcing time series for ODSs in the baseline
scenario and selected alternative scenarios are shown in Figure
7-11. As mentioned previously (Section 7.3.2), the forcing from
these compounds due to ozone destruction is not included in
this figure, in Table 7-6, or in our discussion below. Even with the
extreme scenario that assumes no additional emissions of ODSs
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Figure 7-11. Direct radiative forcing (RF) from the combi-
nation of compounds and scenarios shown in Figure 7-6.
The climate impacts of ozone depletion, resulting from the
presence of these ODSs, is not included in this forcing. As
indicated by the negative Indirect GWPs in Table 7-5, in-
clusion of the ODS impact on ozone would result in lower
effective radiative forcing (ERF), although the extent to
which it would be lower remains highly uncertain.
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Figure 7-12. Contributions of various groups of ODSs and
HFCs to direct radiative forcing for the baseline scenar-
io. The light blue area represents forcing from CCl, and
CH,CCl;, combined. CFC, HCFC, HFC-23, and other HFC
(excluding HFC-23) contributions are then progressively
stacked on top.

from 2023 onward, climate benefits are limited when compared
with the forcing due to compounds already in the atmosphere.
Compared to the baseline scenario, the average radiative forc-
ing reduction arising from the elimination of all ODS emissions
from 2023 onward (excluding feedstocks), from the capture and
destruction of the 2023 ODS banks, and from the elimination of
ODS production from 2023 onward is 25.1, 21.5, and 3.7 mW
m™2, respectively, when averaged over 2023-2100 (Table 7-6).
If emissions associated with feedstocks were also assumed to be
eliminated from 2023 onward, the average radiative forcing re-
duction would be 31.1 mW m™2 rather than 25.1 mW m=. A break-
down of the contribution from individual compounds or com-
pound groups to the radiative forcing values is shown in Figure
7-12 for the baseline scenario.

Using the assumptions described earlier in this section for
the magnitude of emissions arising from unreported production
of CFC-11 over the past decade, we estimate an average radiative
forcing impact of 1.7 mW m over 2023-2100 from these emis-
sions. As stated in Section 7.4.3.1, it is unclear how much recent
unreported production has contributed to the global CFC-11
bank. Thus, any additional contribution from any augmentation
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to the CFC-11 bank from unreported production remains highly
uncertain and is not included in this estimate. As in Section 7.4.3.1,
we can calculate the potential impact of an additional 1000 Gg
added to the 2020 CFC-11 bank. This would lead to an addition-
al 5.6 mW m2 averaged over 2023-2100 and can be scaled to
other CFC-11 bank sizes. These radiative forcing estimates also do
not include any impact from potential co-emissions of CFC-12 or,
to a lesser extent, CCl,, that might have been associated with the
recent, unreported CFC-11 production.

Figure 7-12 includes additional radiative forcing contribu-
tions of HFC-23 and the other HFCs calculated for the baseline
scenario. The impact of potentially reducing future HFC emissions
is strongly dependent on the assumption underlying the baseline
scenario. For example, if the baseline scenario overestimates the
future radiative forcing compared with what will happen under ex-
isting controls, the benefit of a hypothetical elimination of future
emissions or production would also be overestimated. As was
seen in Figure 6-7 of the 2018 Assessment, HFC forcing remains
relatively constrained and does not increase sharply in the future
because global adherence to the Kigali Amendment is assumed
in the baseline scenario. Figure 7-12 also shows that if HFC-23
emissions progress as assumed in the baseline scenario, its forc-
ing continues to increase through the end of the century, even as
the forcing from other HFCs will have begun to decline. Because
of its long lifetime, any potential future declines in HFC-23 mixing
ratios after 2100, or even before, could only happen slowly. In the
baseline scenario, in which it is assumed that the destruction rate
of HFC-23 relative to HCFC-22 production is not increased, its ra-
diative forcing in 2100 is projected to be about half of all the other
HFCs together (Figure 7-12). If destruction were maximized,
consistent with current technical abilities, forcing from HFC-23
would remain minor. As shown in Table 7-6, elimination of HFC-
23 emissions beginning in 2023 would reduce average radiative
forcing over 2023-2100 by 11 mW m2. Elimination of the other
HFC emissions in 2023 would reduce average radiative forcing
by 68 mW m=, with future production accounting for about
three-quarters of this total.

Not shown in the previous figures, but noted in Table 7-6,
is that the reduction of N,O emissions from our baseline scenar-
io (SSP2-4.5) to the SSP1-1.9 scenario reduces average radiative
forcing by 43 mW m=. SSP1-1.9 is the scenario considered with
the greatest N,O emissions mitigation; this anthropogenic reduc-
tion in emissions is about 3% when compared with the baseline
scenario and averaged over 2020-2070.

To provide some context for the previous forcing values, the
average radiative forcing by CO, over the 2023-2100 period in
our baseline scenario (SSP2-4.5) is about 3250 mW m~2.
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Appendix Table 7A-1. Atmospheric mixing ratios (in ppt) of the ODSs considered in the baseline scenario. Values are for the
beginning of the corresponding year. Values represent a combination of AGAGE and NOAA networks for years when those ob-
servations are available (see Chapter 1). Projection assumptions are discussed in Sections 7.4.1and 7.4.2.

CFC-12 CFC-113 CFC-114 CFC-115 CCl, CH,CCl, HCFC-22

1955 3.3 14.3 1.3 1.1 0.0 42.3 0.1 1.0
1956 4.3 16.7 1.3 1.4 0.0 44.0 0.2 1.1
1957 5.6 19.4 1.4 1.6 0.0 45.9 0.4 1.3
1958 6.9 22.6 1.6 19 0.0 47.8 0.7 1.5
1959 8.2 259 1.7 2.1 0.0 49.9 1.0 1.7
1960 9.5 29.5 1.9 2.3 0.0 521 1.5 2.1
1961 1.1 SEl9 2.0 2.6 0.0 54.4 2.0 2.4
1962 13.3 38.8 2.3 2.8 0.0 56.8 2.4 2.9
1963 16.1 44.4 2.5 3.0 0.0 503 3.2 3.4
1964 19.5 51.1 2.8 3.3 0.0 61.8 3.9 4.1
1965 23,5 58.8 3 3.5 0.0 64.4 4.7 4.9
1966 28.1 67.5 3.5 3.8 0.0 66.9 5.8 5.9
1967 B8N 77.3 39 4.1 0.1 69.3 7.6 7.1
1968 38.8 88.3 4.4 4.4 0.1 71.6 10.1 8.5
1969 45.3 100.6 4.9 4.7 0.1 73.8 13.0 10.3
1970 52.8 114.3 5.5 5.0 0.2 75.9 16.3 12.1
1971 61.3 1223 6.3 5.8 0.2 78.0 19.1 14.1
1972 70.6 145.3 7.1 5.6 0.3 80.0 22.7 16.2
1973 81.1 162.8 8.1 6.0 0.4 81.9 27.4 18.6
1974 93.0 182.2 9.1 6.3 0.5 83.7 33.5 21.3
1975 106.1 203.1 10.4 6.8 0.7 85.5 40.0 23.8
1976 118.5 223.2 1.9 7.3 0.9 87.2 45.5 26.6
1977 130.9 242.6 13.5 7.8 11 88.8 53 29.8
1978 142.5 261.2 15.0 8.3 1.3 90.4 62.5 33.2
1979 153.2 279.0 16.6 8.8 1.5 91.6 74.7 34.8
1980 162.3 296.7 19.0 9.3 1.8 93.2 82.2 38.9
1981 170.7 31.4 21.5 €9 1.9 94.8 88.8 431
1982 179.3 329.4 25.3 10.5 2.1 96.0 93.8 471
1983 187.6 345.3 28.9 11.0 2.4 7l 979 50.9
1984 196.3 362.5 32.6 1.4 2.7 98.4 102.2 54.8
1985 205.5 378.0 37.3 1.9 Sh| 99.6 106.8 59.1
1986 215.5 397.2 421 12.6 3.5 101.0 110.5 65.0
1987 226.6 416.0 47.5 13.2 4.0 102.6 13.3 70.1
1988 2377 437.6 54.5 13.8 4.4 103.7 118.5 73.8
1989 247.4 458.7 61.3 14.5 4.8 104.9 1232 79.6
1990 2551 476.2 67.8 15.1 53 106.1 127.3 86.3
1991 260.5 489.6 73,5 15.5 5.7 106.2 131.0 92.8
1992 263.9 500.8 79.2 15.8 6.1 105.8 133.1 98.9
1993 266.4 510.1 81.4 16.0 6.5 105.3 130.5 103.5
1994 266.9 516.1 83.0 16.1 6.8 104.4 122.2 108.6
1995 266.3 8227 83.7 16.2 7.2 103.7 110.6 135
1996 265.2 528.5 83.8 16.3 7.5 102.8 98.2 119.2
1997 264.3 533.2 83.6 16.3 7.7 101.8 84.0 124.1
1998 262.9 536.3 83.2 16.3 7.9 100.8 71.1 128.9
1999 261.5 539.1 82.7 16.4 8.0 99.7 5k 134.3
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HCFC-141b HCFC-142b Halon-1211 Halon-1202 Halon-1301 Halon-2402 CH;Br
0.0 0.0 0.00 0.00 0.00 0.00 6.3 491.3
0.0 0.0 0.00 0.00 0.00 0.00 6.3 4951
0.0 0.0 0.00 0.00 0.00 0.00 6.3 498.8
0.0 0.0 0.00 0.00 0.00 0.00 6.4 502.6
0.0 0.0 0.00 0.00 0.00 0.00 6.4 506.4
0.0 0.0 0.00 0.00 0.00 0.00 6.5 510.3
0.0 0.0 0.00 0.00 0.00 0.00 6.5 514.2
0.0 0.0 0.00 0.00 0.00 0.00 6.6 517.9
0.0 0.0 0.00 0.00 0.00 0.00 6.6 521.5
0.0 0.0 0.00 0.00 0.00 0.00 6.7 524.9
0.0 0.0 0.00 0.00 0.00 0.00 6.7 5281
0.0 0.0 0.00 0.00 0.00 0.00 6.8 531.0
0.0 0.0 0.00 0.00 0.00 0.00 6.9 533.6
0.0 0.0 0.01 0.00 0.00 0.01 6.9 536.0
0.0 0.0 0.01 0.00 0.00 0.01 7.0 538.0
0.0 0.0 0.02 0.00 0.00 0.02 7.0 539.9
0.0 0.0 0.03 0.00 0.00 0.02 7.1 541.4
0.0 0.1 0.04 0.00 0.01 0.03 7.2 542.8
0.0 0.1 0.06 0.00 0.02 0.04 7.2 544.0
0.0 0.1 0.09 0.00 0.03 0.05 7.3 544.9
0.0 0.2 0.23 0.01 0.04 0.06 7.4 545.8
0.1 0.3 0.37 0.01 0.1 0.08 7.4 546.5
0.1 0.4 0.50 0.01 0.18 0.09 73 5471
0.2 0.6 0.64 0.01 0.24 0.1 7.6 547.6
0.2 0.7 0.78 0.01 0.31 0.14 7.7 548.0
0.2 0.8 0.84 0.01 0.36 0.15 7.7 548.4
0.2 0.8 0.96 0.01 0.46 0.17 7.8 548.6
0.3 0.8 1.07 0.01 0.59 0.19 7.9 548.9
0.2 0.8 1.21 0.01 0.69 0.20 8.0 549.1
0.2 0.9 1.39 0.01 0.78 0.22 8.1 549.3
0.3 1.0 1.51 0.01 0.92 0.25 8.2 549.4
0.3 1.0 1.61 0.01 1.09 0.27 8.3 549.5
0.3 1.0 1.74 0.02 1.28 0.29 8.3 549.6
0.3 1.0 1.94 0.02 1.47 0.32 8.4 549.7
0.3 11 217 0.02 1.65 0.35 8.5 549.8
0.3 1.4 2.38 0.02 1.84 0.38 8.6 549.8
0.2 2.0 2.63 0.02 2.04 0.41 8.8 549.9
0.2 2.8 2.80 0.02 219 0.43 8.9 549.9
0.4 39 2.96 0.03 2.41 0.44 9.0 549.9
1.3 5.1 3.16 0.03 2.53 0.46 9.1 550.0
2.7 6.2 3.36 0.03 2.56 0.47 93 562.5
4.5 7.3 3.52 0.04 2.60 0.47 9.2 546.4
6.5 8.4 3.67 0.04 2.68 0.48 9.1 536.5
8.2 9.4 3.84 0.04 271 0.49 9.3 556.9
10.1 10.4 3.98 0.04 2.82 0.49 ©.3 566.4
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Year CFC-11 CFC-12 CFC-113 CFC-114 CFC-115 CCl, CH,CCl, HCFC-22
2000 259.9 541.2 82.1 16.4 8.1 98.6 49.7 139.3
2001 258.4 542.9 81.8 16.4 8.2 97.6 41.5 144.9
2002 256.7 543.6 81.2 16.4 8.2 96.6 34.5 150.7
2003 254.5 543.6 80.4 16.4 8.3 95.6 28.8 155.7
2004 252.6 543.4 79.6 16.4 8.3 94.6 24.0 160.6
2005 250.4 542.7 78.9 16.4 8.4 93.7 20.0 165.9
2006 248.3 541.8 78.4 16.4 8.4 92.7 16.7 172.0
2007 246.1 539.8 777 16.3 8.4 91.5 14.0 179.1
2008 2441 537.4 76.9 16.2 8.4 90.4 1n.7 187.4
2009 242.2 535.3 76.1 16.2 8.4 89.1 €2 195.2
2010 240.4 532.3 75.7 16.3 8.4 87.9 8.3 202.5
2011 238.3 52985 75.0 16.3 8.4 86.8 6.9 210.0
2012 236.3 526.9 74.4 16.3 8.4 85.6 5.8 216.0
2013 234.4 523.9 73.7 16.2 8.4 84.6 4.8 221.5
2014 232.8 520.9 73.0 16.1 8.4 83.5 4.0 226.5
2015 231.6 518.3 72.5 16.1 8.5 82.4 8.3 231.6
2016 230.2 514.9 71.8 16.1 8.5 81.2 2.8 235.3
2017 229.1 511.4 71.2 16.0 8.5 80.1 2.4 2393
2018 228.3 508.6 70.7 16.0 8.6 79.2 2.1 242.6
2019 227.2 505.1 70.1 16.0 8.7 78.4 1.8 245.5
2020 225.0 500.8 69.4 16.0 8.7 77.3 1.5 247.5
2021 223.3 497.1 68.7 15.9 8.7 76.5 1.3 249.7
2022 221.5 493.4 67.9 15.8 8.7 75.6 1.1 251.4
2023 219.7 489.6 67.2 15.8 8.6 74.6 1.0 252.6
2024 217.8 485.8 66.6 15.7 8.6 73.6 0.9 253.5
2025 215.8 481.9 65.9 15.7 8.6 72.5 0.8 2541
2026 213.8 478.0 65.3 15.6 8.6 71.2 0.7 254.4
2027 211.7 474.0 64.7 15.6 8.6 69.9 0.7 253.8
2028 209.6 470.1 64.0 15.5 8.6 68.6 0.6 252.5
2029 207.4 466.1 63.4 15.5 8.6 67.1 0.6 250.6
2030 205.3 462.1 62.8 15.4 8.5 65.6 0.5 248.1
2031 203.1 458.1 62.2 15.4 8.5 64.1 0.5 245.2
2032 200.8 4541 61.6 15.3 8.5 62.5 0.5 241.3
2033 198.5 450.2 61.0 15.3 8.5 61.1 0.5 236.7
2034 196.3 446.2 60.5 15.2 8.5 59.6 0.4 231.4
2035 194.0 442.2 528 15.2 8.5 58.3 0.4 225.6
2036 191.6 438.2 59.3 15.1 8.4 56.9 0.4 219.4
2037 189.3 434.2 58.7 15.1 8.4 55.6 0.4 212.9
2038 187.0 430.3 58.2 15.0 8.4 54.4 0.4 206.2
2039 184.6 426.4 57.6 15.0 8.4 53.2 0.4 199.3
2040 182.3 422.4 57.1 14.9 8.4 52.0 0.4 192.4
2041 179.9 418.5 56.5 14.9 8.4 50.9 0.4 185.5
2042 177.6 44.7 56.0 14.8 8.4 49.8 0.4 178.5
2043 175.2 410.8 55.9 14.8 8.3 48.7 0.4 171.5
2044 172.9 407.0 55.0 14.7 8.3 477 0.4 164.6
2045 170.5 403.2 54.4 14.7 8.3 46.7 0.4 157.8
2046 168.2 399.4 53.9 14.7 8.3 45.8 0.4 151.2
2047 165.9 395.6 53.4 14.6 8.3 44.8 0.4 144.7
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HCFC-141b HCFC-142b Halon-1211 Halon-1202 Halon-1301 Halon-2402 CH;Br
1.8 1.4 4.10 0.05 2.86 0.49 9.1 554.2
13.5 12.5 4.20 0.05 2.90 0.49 8.6 541.2
14.8 13.3 4.25 0.04 2.93 0.49 8.3 537.0
16.1 13.9 4.29 0.04 2.98 0.49 8.1 542.5
17.0 14.6 4.32 0.04 3.04 0.49 7.9 539.6
17.5 15.2 4.34 0.04 3.08 0.48 8.0 541.6
17.9 15.9 4.34 0.03 3.10 0.48 7.9 538.5
18.5 16.9 4.32 0.03 3.14 0.47 7.7 5421
19.1 18.1 4.27 0.03 3.17 0.47 7.5 544.8
19.6 19.3 4.22 0.03 SA[Y 0.46 7.3 543.2
20.1 20.0 4.16 0.02 3.21 0.46 7.1 541.1
20.9 20.8 4.08 0.02 3.24 0.45 7.1 534.8
21.9 21.5 4.01 0.02 3.26 0.44 7.1 535.8
22.8 21.8 3.91 0.02 3.30 0.44 6.9 542.6
23.5 221 3.81 0.02 3.33 0.43 6.7 538.9
241 221 3.71 0.02 3.34 0.42 6.7 546.0
24.4 22.2 3.60 0.01 3.34 0.42 6.8 555.4
24.6 22.3 3.50 0.01 3.34 0.41 6.7 549.3
24.4 22.3 3.40 0.01 3.34 0.41 6.6 539.5 30.0
24.4 223 3.3 0.01 3.3 0.40 6.5 5395 31.2
24.4 221 3.21 0.01 3.34 0.40 6.6 539.5 32.4
24.7 221 3.1 0.01 &35 0.38 6.6 535 33.7
25.0 22.2 3.02 0.00 3.35 0.37 6.7 539.5 35.0
25.2 22.2 2.92 0.00 3.35 0.36 6.7 539.5 36.3
25.4 222 2.83 0.00 3.35 0.34 6.7 539.5 37.7
25.6 22.2 2.74 0.00 3.3 0.33 6.7 53095 39.2
25.7 22.3 2.65 0.00 3.34 0.32 6.7 539.5 40.6
25.8 22.2 2.56 0.00 3.34 0.31 6.7 5395 42.0
25.8 22.2 2.48 0.00 3.34 0.30 6.7 539.5 43.5
25.8 221 2.40 0.00 3.33 0.29 6.7 539.5 451
25.7 220 2.32 0.00 3.33 0.28 6.7 539.5 46.8
25.6 21.9 2.24 0.00 3.32 0.27 6.7 5305 48.4
25.4 21.8 2.16 0.00 3.32 0.26 6.7 539.5 50.0
251 217 2.08 0.00 2.3l 0.25 6.7 535 51.6
24.8 21.5 2.01 0.00 3.31 0.24 6.7 539.5 53.2
24.4 21.3 1.94 0.00 3.30 0.23 6.7 539.5 54.8
24.0 21.0 1.87 0.00 3.29 0.22 6.7 539.5 56.4
23.6 20.8 1.80 0.00 3.28 0.22 6.7 5305 58.0
23.1 20.5 1.74 0.00 3.27 0.21 6.7 539.5 59.5
22.6 20.3 1.68 0.00 3.26 0.20 6.7 539.5 61.1
221 20.0 1.61 0.00 3.25 0.19 6.7 539.5 62.6
21.6 19.7 1.56 0.00 3.24 0.19 6.7 539.5 64.2
211 19.4 1.50 0.00 3.23 0.18 6.7 539.5 65.7
20.5 19.1 1.44 0.00 3.22 0.17 6.7 5305 67.2
20.0 18.8 1.39 0.00 3.21 0.17 6.7 539.5 68.7
19.4 18.5 1.34 0.00 3.19 0.16 6.7 5395 70.2
18.9 18.1 1.29 0.00 3.18 0.16 6.7 539.5 .7
18.3 17.8 1.24 0.00 317 0.15 6.7 539.5 732
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Year CFC-11 CFC-12 CFC-113 CFC-114 CFC-115 CCl, CH,CCl, HCFC-22
2048 163.5 391.9 52.9 14.6 8.3 43.9 0.4 138.3
2049 161.2 388.2 52.4 14.5 8.2 431 0.4 1321
2050 158.9 384.5 51.9 14.5 8.2 42.2 0.4 126.1
2051 156.6 380.8 51.4 14.4 8.2 41.4 0.4 120.4
2052 154.4 377.2 51.0 14.4 8.2 40.6 0.4 114.8
2053 152.1 373.6 50.5 14.3 8.2 8olY 0.4 109.4
2054 149.8 370.0 50.0 14.3 8.2 39.2 0.4 104.2
2055 147.6 366.5 49.6 14.3 8.2 38.4 0.4 99.3
2056 145.4 363.0 491 14.2 8.1 37.8 0.4 94.5
2057 143.2 35195 48.6 14.2 8.1 371 0.4 90.0
2058 141.0 356.0 48.2 14.1 8.1 36.5 0.4 85.7
2059 138.9 352.6 47.7 14.1 8.1 35.8 0.4 81.5
2060 136.7 349.2 47.3 14.0 8.1 35.2 0.4 77.6
2061 134.6 345.9 46.9 14.0 8.1 34.7 0.4 73.9
2062 132.5 342.5 46.4 14.0 8.0 34.1 0.4 70.3
2063 130.4 339.2 46.0 13.9 8.0 33.6 0.4 66.9
2064 128.4 335.9 45.6 13.9 8.0 33.0 0.4 63.7
2065 126.4 882V 452 13.8 8.0 2.5 0.4 60.7
2066 124.3 329.5 44.8 13.8 8.0 32.0 0.4 57.8
2067 122.4 326.3 44.4 13.8 8.0 31.6 0.4 551
2068 120.4 3231 43.9 13.7 8.0 311 0.4 52.5
2069 118.4 320.0 43.5 13.7 7.9 30.7 0.4 50.0
2070 116.5 316.9 43.2 13.6 7.9 30.2 0.4 477
2071 114.6 313.8 42.8 13.6 79 29.8 0.4 45.6
2072 112.8 310.8 42.4 13.6 7.9 29.4 0.4 43.5
2073 110.9 307.7 42.0 13.5 7.9 29.0 0.4 41.6
2074 109.1 304.8 41.6 13.5 7.9 28.6 0.4 39.8
2075 107.3 301.8 41.2 13.4 7.9 28.3 0.4 38.0
2076 105.5 298.9 40.9 13.4 7.8 27.9 0.4 36.4
2077 103.7 296.0 40.5 13.4 7.8 27.6 0.4 34.9
2078 102.0 293.1 40.1 13.3 7.8 27.3 0.4 33.5
2079 100.3 290.2 39.8 13.3 7.8 26.9 0.4 321
2080 98.6 287.4 39.4 13.2 7.8 26.6 0.4 30.9
2081 96.9 284.6 39.1 13.2 7.8 26.3 0.4 29.7
2082 95.3 281.8 38.7 13.2 7.8 26.0 0.4 28.5
2083 93.7 279.1 38.4 13.1 7.7 25.8 0.4 27.5
2084 92.1 276.4 38.0 13.1 77 255 0.4 26.5
2085 90.5 273.7 37.7 13.1 7.7 25.2 0.4 25.6
2086 88.9 271.0 37.4 13.0 7.7 25.0 0.4 24.7
2087 87.4 268.4 37.0 13.0 77 24.7 0.4 239
2088 85.9 265.8 36.7 12.9 7.7 24.5 0.4 23.2
2089 84.4 263.2 36.4 12.9 7.7 24.3 0.4 22.4
2090 83.0 260.6 36.1 12.9 7.6 241 0.4 21.8
2091 81.5 2581 35.8 12.8 7.6 23.8 0.4 21.1
2092 80.1 255.6 35.4 12.8 7.6 23.6 0.4 20.6
2093 78.7 2531 35.1 12.8 7.6 23.4 0.4 20.0
2094 77.3 250.6 34.8 12.7 7.6 23.2 0.4 19.5
2095 76.0 248.2 34.5 12.7 7.6 23| 0.4 19.0
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HCFC-141b HCFC-142b Halon-1211 Halon-1202 Halon-1301 Halon-2402 CH;Br HFC-23

17.8 17.5 119 0.00 3.16 0.15 6.7 539.5 74.7
17.3 17.2 114 0.00 3.14 0.14 6.7 539.5 76.2
16.7 16.8 1.10 0.00 3.13 0.14 6.7 539.5 777
16.2 16.5 1.06 0.00 3.1 0.13 6.7 5395 79.1

15.7 16.2 1.02 0.00 3.10 0.13 6.7 539.5 80.6
15.2 15.9 0.98 0.00 3.08 0.12 6.7 539.5 82.1

14.7 15.6 0.94 0.00 3.07 0.12 6.7 539.5 83.5
14.2 15.2 0.90 0.00 3.05 0.11 6.7 5395 84.9
13.7 14.9 0.87 0.00 3.04 0.1 6.7 539.5 86.4
13.3 14.6 0.83 0.00 3.02 0.11 6.7 5395 87.8

12.8 14.3 0.80 0.00 3.01 0.10 6.7 539.5 89.2
12.4 14.0 0.77 0.00 288 0.10 6.7 539.5 90.6
12.0 13.7 0.74 0.00 2.97 0.09 6.7 539.5 92.1

11.6 13.4 0.71 0.00 2.96 0.09 6.7 5395 93.5
1.2 13.1 0.68 0.00 2.94 0.09 6.7 539.5 94.9
10.8 12.9 0.65 0.00 2.92 0.09 6.7 535 96.2
10.4 12.6 0.63 0.00 2.91 0.08 6.7 539.5 97.6

10.1 12.3 0.60 0.00 2.89 0.08 6.7 539.5 99.0
9.7 121 0.58 0.00 2.87 0.08 6.7 539.5 100.4
9.4 1.8 0.55 0.00 2.85 0.07 6.7 535 101.8
9.0 1.6 0.53 0.00 2.84 0.07 6.7 539.5 103.1
8.7 1.3 0.51 0.00 2.82 0.07 6.7 539.5 104.5
8.4 .1 0.49 0.00 2.80 0.07 6.7 539.5 105.8
8.1 10.8 0.47 0.00 2.78 0.06 6.7 58985 107.2
7.8 10.6 0.45 0.00 2.76 0.06 6.7 539.5 108.5
7.5 10.4 0.43 0.00 2.75 0.06 6.7 5305 109.8
7.3 10.2 0.41 0.00 2.73 0.06 6.7 539.5 m.2
7.0 10.0 0.39 0.00 2.71 0.06 6.7 538.5 12.5
6.8 9.8 0.38 0.00 2.69 0.05 6.7 539.5 13.8
6.5 9.6 0.36 0.00 2.67 0.05 6.7 5395 151
6.3 9.4 0.35 0.00 2.65 0.05 6.7 539.5 116.4
6.1 9.2 0.33 0.00 2.63 0.05 6.7 5385 nz.7
5.8 9.0 0.32 0.00 2.61 0.05 6.7 539.5 119.0
5.6 8.8 0.31 0.00 2.60 0.04 6.7 538.5 120.3
5.4 8.7 0.29 0.00 2.58 0.04 6.7 539.5 121.6
52 8.5 0.28 0.00 2.56 0.04 6.7 5385 122.8
5.0 8.3 0.27 0.00 2.54 0.04 6.7 539.5 1241
4.8 8.2 0.26 0.00 2.52 0.04 6.7 5385 125.4
4.7 8.0 0.25 0.00 2.50 0.04 6.7 539.5 126.6
4.5 7.9 0.24 0.00 2.48 0.04 6.7 539.5 127.9
4.3 7.7 0.23 0.00 2.46 0.03 6.7 539.5 129.1
4.2 7.6 0.22 0.00 2.44 0.03 6.7 539.5 130.4
4.0 7.5 0.21 0.00 2.43 0.03 6.7 539.5 131.6
39 73 0.20 0.00 2.41 0.03 6.7 539.5 132.8
3.7 7.2 0.19 0.00 2.39 0.03 6.7 539.5 134.1
3.6 7.1 0.18 0.00 2.37 0.03 6.7 5.3 135.3
3.5 7.0 0.17 0.00 2.35 0.03 6.7 539.5 136.5
3.3 6.9 0.17 0.00 2,33 0.03 6.7 539.5 137.7

427



Chapter 7

CFC-11 CFC-12 CFC-113 CFC-114 CFC-115 CH,CCl, HCFC-22
2096 74.6 245.7 34.2 12.7 7.6 22.9 0.4 18.6
2097 73,3 243.4 BER 12.6 7.5 22.7 0.4 18.2
2098 72.0 241.0 33.6 12.6 7.5 22.5 0.4 17.8
2099 70.8 238.6 5.3 12.6 7.5 22.4 0.4 17.4
2100 69.5 236.3 331 12.5 7.5 22.2 0.4 17.0
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HCFC-141b HCFC-142b Halon-1211 Halon-1202 Halon-1301 Halon-2402 CH;Br
3.2 6.8 0.16 0.00 2.31 0.03 6.7 539.5 138.9
3.1 6.7 0.15 0.00 2.29 0.03 6.7 5395 140.1
3.0 6.6 0.15 0.00 2.28 0.02 6.7 539.5 141.3
2.9 6.5 0.14 0.00 2.26 0.02 6.7 5395 142.5
2.8 6.4 0.13 0.00 2.24 0.02 6.7 539.5 143.7
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Annex

SCIENTIFIC SUMMARY

The present analysis has updated climate metrics that reflect 2019 CO, forcing.
The hydrocarbon, hydrofluorocarbon (HFC), and chlorinated molecule sections were expanded.
A new halogenated aldehyde section has been included.

Climate metric values have been updated using a recently improved method for calculating radiative efficiencies with stratospheric
temperature adjustment included. For carbon dioxide (CO,), methane (CH,), nitrous oxide (N,0O), CFC-11, and CFC-12, the reported
radiative efficiencies also include tropospheric adjustments.

Climate-carbon feedbacks have been included for all compounds, consistent with the methods of the Intergovernmental Panel on
Climate Change Sixth Assessment Report (AR6, 2022). Differences between climate metrics reported here and those in ARG are due
to total lifetime and radiative efficiency updates included here.

The low wavenumber, usually <500 cm™, contribution to radiative efficiencies is usually not determined by experimental infrared
absorption spectra. The low wavenumber contribution was evaluated using theoretically calculated spectra for all molecules. The
contributions are typically a small positive adjustment, 0-5%, but need to be evaluated on a molecule basis.

Theoretically calculated infrared absorption spectra have been added for molecules previously lacking experimental and theoretical

values.

A.1INTRODUCTION

The Annex contains a compilation of atmospheric abun-
dance, lifetime, ozone depletion potential (ODP), and radiative
metrics for ozone depleting substances (ODSs), replacement
compounds, and related species covered under the umbrella
of the Ozone Assessment. The table builds upon the metrics re-
ported in previous assessments from the Intergovernmental Panel
on Climate Change (2013; 2022) and the World Meteorological
Organization (WMO) (2014; 2018) and United Nations
Environment Programme (UNEP). The Annex provides updates
based on new studies and refined methods for evaluating climate
metrics. The Annex content has been expanded from Appendix
A of the previous Ozone Assessment (WMO, 2018) to include an
expanded coverage of potential replacement compounds, e.g.
hydrofluorocarbons (HFCs), as well as several prominent hydro-
carbons observed in urban environments and commercially used
chlorinated compounds. A summary is provided below that is
broken into the following categories and/or classes of molecules.

The ozone depletion potentials (ODPs) and global warm-
ing potentials (GWPs) given in Table A-5 may differ in some
cases from the metrics for controlled substances reported in the
Montreal Protocol and subsequent Amendments due to consid-
eration of recent experimental data, methods of analysis, and/
or assessment recommendations, e.g. recommendation given in
Burkholder et al. (2019), SPARC (2013), and WMO (2014; 2018).

The following subsections describe the methods applied to
derive the recommendations provided in Table A-5. An exten-
sive set of table footnotes provide the literature source, param-
eters, or method used to derive the reported metric. The table
contains both long- and short-lived (lifetimes <~0.5 years) com-
pounds. Metrics given for short-lived molecules are dependent
on the time and location of their emissions, as they are not expect-
ed to be well-mixed in the atmosphere. Hence, the abundances
and metrics reported are to be considered representative values
but are most likely not valid for all spatial and temporal emissions
scenarios.

Index Category Number of Compounds Index Category Number of Compounds
1 CO,, CH,, and N,O 11 Bromocarbons, Hydrobromocarbons, 18
2 Hydrocarbons 13 gidlhlons
3 Oxygenated Hydrocarbons 7 12 Unsaturated Bromocarbons 9
4 Chlorofluorocarbons (CFCs) 13 13 Unsaturated Bromochlorofluorocarbons 1
5 Hydrochlorofluorocarbons (HCFCs) 274 4 Fully Fluorinated Species 34
6 Hydrofluorocarbons (HFCs) 162 12 IREl e eE =6 i %
7 Unsaturated Hydrofluorocarbons 32 16 Fluoroesters 25
8 Chlorocarbons and Hydrochlorocarbons 20 Lt AEllegErEise) At 12
9 Unsaturated Hydrochlorocarbons and 23 8 Halogenated Ketones °

Chlorocarbons 19 Halogenated Aldehydes 10
10 Unsaturated Chlorofluorocarbons and 19 20 lodocarbons n
Hydrochlorofluorocarbons 21 e mp— 10
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A.2 EVALUATION METHODOLOGY

A.2.1 Compound Name, Chemical Formula,
and CASRN

Table A-5 has a row for each compound that contains the
compound name and/or abbreviation, the chemical formula,
and the compound’s Chemical Abstracts Service registry number
(CAS RN), which provides for effective searching of the table.
Some compounds, however, do not have assigned CAS RNs.

A.2.2 Atmospheric Abundance

The data provided for atmospheric abundances were taken
from Chapters 1and 2 of this report for the year 2020, where pos-
sible, or from the last WMO Ozone Assessment, as noted in the
footnotes. A compound'’s abundance typically falls into one of the
following categories: 1) compounds with known emissions sourc-
es for which global observations are available, 2) compounds
with known sources but with only local or regional observations,
and 3) compounds with no known sources or observations. The
abundances provided in the table are only intended to provide a
snapshot of a molecule’s atmospheric abundance, in particular for
short-lived compounds. Chapters Tand 2 in this report and in the
previous Assessment provide an analysis of reported abundances
and trends, as well as the most relevant citations.

A.2.3 Total and Atmospheric Lifetimes

Total lifetime (Tr,) includes tropospheric OH reactive and
photolysis loss, stratospheric loss due to reaction (OH and O('D))
and photolysis, and ocean, soil, aerosol, and cloud uptake.

Atmospheric lifetimes do not include heterogeneous loss pro-
cesses such as ocean uptake.
1 1 N 1 1

= +
TTamI TT)‘()p TSrrat TMe.m

1 1 1 1

= +Trop Trop Trop
Tori T The

1 1 1 1

TStrar: ng" T0('D} Ti\lzm

Note that loss due to Cl-atom reaction is not included here
but may represent a significant loss process for some molecules
under certain spatial and temporal conditions, e.g. urban coastal
regions. Mesospheric loss processes are negligible except for
very long-lived compounds, as noted in the Table A-5 footnotes.
Total lifetimes reported in the last Assessment are included for
comparison with the 2022 updates.

Tvop

The tropospheric partial lifetime due to reaction with the
OH radical, T, was calculated relative to the lifetime for methyl
chloroform (CH,CCls; 6.1 years) using a temperature of 272 K. OH
reaction rate coefficients are taken from Burkholder et al. (2019)
unless stated otherwise in the footnote. Lifetimes for very short-
lived substances (VSLSs) are reported using the same method
and are considered representative lifetimes, because their local
lifetimes will depend on the time and location of their emissions.
A representative range of local lifetimes taken from WMO (2014)
Chapter 1 (Tables 1-5, 1-11) are given in parenthesis where avail-
able. The tropospheric OH partial lifetime for CH,CCl; (6.1 years)
was calculated from an overall lifetime of 5.0 years derived from
the Advanced Global Atmospheric Gases Experiment (AGAGE)
and National Oceanic and Atmospheric Administration (NOAA)
monitoring networks using a stratospheric partial lifetime of 38

Table A-1. Tropospheric photolysis lifetimes for key ozone depleting substances (ODSs) reported in the literature.

Molecule Formula Lifetime (years) Reference
Nitrous oxide N,O 14,600 SPARC (2013)*
Carbon tetrachloride CCl, 1230 SPARC (2013)*
CFC1 CCl5F 1770 SPARC (2013)*
CFC-12 CCI,F, 12,500 SPARC (2013)*
CFC-112 CCIFCCI,F 2280 Davis etal. (2016)
CFC-112a CCI,CCIF, 1190 Davis etal. (2016)
CFC-113 CCI,FCCIF, 8120 SPARC (2013)*
CFC-113a CCI,CF, 1480 Davis etal. (2016)
CFC-114 CCIF,CCIF, 19,600 SPARC (2013)*
CFC-114a CCI,FCF, 8300 Davis etal. (2016)
(E)-R316¢ (E)-1,2-c-C,FCl, 3600 Papadimitriou et al. (2013b)
(2)-R316¢ (2-1,2-c-C,FCl, 10,570 Papadimitriou et al. (2013b)
Bromodichloromethane CHBrCl, 222 days WMO Table 1-5 (2014)
Dibromochloromethane CHBr,Cl 160 days WMO Table 1-5 (2014)
Methylene bromide CH,Br, 13.7 WMO Table 1-5 (2014)
Bromoform CHBr, ~23 days Papanastasiou et al. (2014)
Halon-1202 CBr,F, 2.74 Papanastasiou et al. (2013)
Halon-1211 CBrCIF, 27.2 Papanastasiou et al. (2013)
Halon-1301 CBrF, 4050 SPARC (2013)**
Halon-2402 CBrF,CBrF, 85.5 Papanastasiou et al. (2013)

* Model mean given in SPARC (2013) Table 5.6, scaled to recommended lifetime.

** Model mean given in SPARC (2013) Table 5.6, scaled to CBrF; UV cross section reported by Bernard et al. (2015)
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years and an ocean partial lifetime of 94 years, see Prinn et al.
(2005).

Ultraviolet (UV) photolysis loss has been included as a mol-
ecule loss process in the total lifetime analysis. The evaluation of
photolysis lifetimes typically requires atmospheric model calcu-
lations to derive global annually averaged lifetimes. Photolysis
lifetimes in the troposphere and stratosphere are taken from the
literature whenever possible. Tropospheric photolysis lifetimes
for key ODSs are given in Table A-1. In the absence of literature
values, molecular properties and the similarity with other mole-
cules were used to estimate photolysis lifetimes.

The stratospheric partial lifetime is not a directly observable
molecular property and was estimated based on atmospheric
model calculations, where available, and empirical relationships
for the OH, O('D), and photolysis partial lifetimes. Stratospheric
lifetimes are not reported for VSLSs. The minimum transport
limited stratospheric partial lifetime was taken to be 20 years.
Stratospheric OH reactive loss partial lifetimes were estimated
based on the empirical correlation derived using 2-D model
results reported in SPARC (2013): 10g(Tg)=1.528+0.901 x
logi(tie).  The O('D) lifetime was based on the measured or
estimated reaction rate coefficient, i.e., reactant loss (K.cacive, €M°
molecule™ s7), and the empirical lifetime relationship reported
in Bernard et al. (2018): top(years) = 3.7 X 10/ K ceive- Where
experimental data were not available, the O('D) reactivity was
estimated using the activity relationship for H atom and Cl atom
abstraction given in Baasandorj et al. (2013). Stratospheric pho-
tolysis partial lifetimes were taken from model calculations or
based on the empirical estimates given in Orkin et al. (2013) or
for the hydrochlorofluorocarbons (HCFCs) from Papanastasiou et
al. (2018).

Heterogeneous losses include uptake to the ocean, soil,
aerosol, and cloud droplets. Partial lifetimes for these processes
are included in the evaluation of a molecule’s total lifetime where
possible. The available literature and recommended lifetimes for
soil and ocean loss are given in Table A-2. Aerosol and cloud

Annex

uptake is an important loss process for certain highly soluble mol-
ecules, e.g. halogenated aldehydes, which may also hydrolyze
or form hydrates in solution. In these cases, an uptake lifetime of
~1 week was assumed representative of this loss process and is
noted in the footnote for each of those molecules.

A.2.4 Ozone Depletion Potential (ODP)

The ODPs reported here are obtained from atmospheric
model simulations or via a semiempirical relationship, e.g. for a
chlorinated ODS:

nC[ x ﬁ + Ti mCFC—]l

3 fCFC—lI TCFC—H mi

where ng, is the number of chlorine atoms in the molecule, fis the
fractional release factor for the molecule (see Chapter 7), T, is the
total lifetime, and m; is the molecular mass of the molecule. For
brominated and iodine molecules, the number of halogen atoms
is adjusted, and enhancement factors of 60 (see Chapter 7) and
~250, respectively, are included as multiplicative factors.

A.2.5 Radiative Efficiency (RE)

ODP, =

A.2.5.1 Spectral Radiative Efficiency Curve

Radiative efficiency (RE) values were calculated using
the empirical approach given in Shine and Myhre (2020) and
based on the same experimental absorption cross sections as in
Hodnebrog etal. (2020a), unless noted otherwise. This approach
involves a spectral RE curve, also known as the “Pinnock curve,”
where the instantaneous radiative forcing for a weak absorber
is given per unit cross section as a function of wavenumber. The
RE, in units of W m™ ppb™, is obtained by multiplying the curve
with the absorption spectrum of a compound and integrating
over all wavenumbers. The Pinnock curve was first established by
Pinnock et al. (1995) using a narrow-band radiative transfer model
with 10 cm™ spectral resolution. Hodnebrog et al. (2013) provid-
ed an updated curve, that was used in WMO (2018), by using a

Table A-2. Ocean and soil loss partial lifetimes reported in the literature.*

Molecule Formula Soil Lifetime (years) Reference Ocean Lifetime (years) Reference
Methyl chloride CH,CI 4.2 Hu (2012) 12 Huetal. (2013)
Methyl bromide CH,Br 3.35 Montzka and Reimann 3.1 Hu etal. (2012)
(2011)
Carbon tetrachloride CccCl, 375 Rhew and Happel (2016), 124 Suntharalingam et al. (2019)
(288-536) SPARC (2016) (110-150)
HCFC-21 CHCIF - 673 Yvon-Lewis and Butler (2002)
HCFC-22 CHCIF, - Nn74 Yvon-Lewis and Butler (2002)
HCFC-124 CHCIFCF, - 1855 Yvon-Lewis and Butler (2002)
HCFC-141b CH,;CCI,F - 9190 Yvon-Lewis and Butler (2002)
HCFC-142b CH,CCIF, - 122,200 Yvon-Lewis and Butler (2002)
HFC-41 CH4F - 1340 Yvon-Lewis and Butler (2002)
HFC-125 CHF,CF, - 10,650 Yvon-Lewis and Butler (2002)
HFC-134a CH,FCF, - 5909 Yvon-Lewis and Butler (2002)
HFC-152a CH,CHF, - 1958 Yvon-Lewis and Butler (2002)
Methyl chloroform CH,CCl, - 94 Yvon-Lewis and Butler (2002)
Sulfuryl fluoride SO,F, - 40 Muihle et al. (2009)

* Possible range of lifetime given in parenthesis.
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line-by-line (LBL) model run at 0.02 cm™ spectral resolution and
with more refined atmospheric profiles of temperature, clouds,
and greenhouse gas abundances. Shine and Myhre (2020) gen-
erated a new curve (see also Section A.2.5.2) based on the same
LBL model but with changes in the representation of clouds and
the water vapor continuum.

A.2.5.2 Infrared Absorption Spectra

REs were calculated using a compound'’s room temperature
infrared absorption spectrum. Absorption spectra were taken
from the literature where possible. The Hodnebrog et al. (2020a)
database of RE values, based on experimental literature infrared
spectra, provides the reference for many of the RE values present-
ed here.

In the absence of experimentally measured infrared absorp-
tion spectra, REs were determined based on theoretically cal-
culated spectra, e.g. for HCFCs by Papanastasiou et al. (2018),
HFCs by Burkholder et al. (2020), and fluoroesters by Bravo et al.
(2011a). Theoretical methods have been applied to provide spec-
tra for the compounds lacking RE values listed in Appendix A of
the previous Assessment.

A.2.5.3 Stratospheric Temperature Adjustment

In the last Assessment, a generic 10% increase of the instan-
taneous radiative forcing was assumed for all compounds to ac-
count for stratospheric temperature adjustment, as in Hodnebrog
et al. (2013). Here, the improved method of Shine and Myhre
(2020) has been used. In contrast to the previous spectral RE
curves, which yield instantaneous REs, Shine and Myhre (2020)
included stratospheric temperature adjustment in the spectral RE
curve by calculating the adjustment using a narrow-band model
and applying this adjustment to the instantaneous RE curve de-
rived using the LBL model. The magnitude of the stratospheric
temperature adjustment is dependent on the infrared absorption
spectrum of the compound and, in general, is in the 10 + 5%
range.

A.2.5.4 Lifetime Adjustment

The RE value calculations assume the compound is well
mixed in the atmosphere. However, most compounds have a
nonuniform vertical and horizontal distribution in the atmosphere.
As in the last Assessment, the adjusted RE values reported in the
summary table are lifetime adjusted using the approximate frac-
tional correction (f) factors derived in Hodnebrog et al. (2013).

For compounds primarily removed by UV photolysis in the
stratosphere, f(t)=1-0.182617°3% (applicable for lifetimes of 10
<1 < 10*years). For compounds primarily removed by reaction
with the OH radical, f(t)= at’ . ,wherea=2.962, b=0.9312,

T+ct

¢ = 2.994, d = 0.9302 (applicable for 104 < T < 10* years).
Different factors were used for CFC-11 (0.927), CFC-12 (0.970),
and halon-1211 (0.937) because explicit radiative transfer cal-
culations are available for these compounds, for details see
Hodnebrog et al. (2013). Note that OH radical fractional correc-
tion factors are particularly approximate for very short-lived com-
pounds (VSLCs) due to the spatial and temporal dependence on
their emissions.

A.2.5.5 Low-Frequency Infrared Absorption
Adjustment

The vast majority of experimentally measured infrared ab-
sorption spectra do not provide data below ~500 cm™. There
is, however, a component of the radiative forcing profile in this
region. The larger molecules in particular that are included in
Table A-5 have low-frequency vibrations or torsions that would
contribute a positive adjustment to their REs. We have performed
a theoretically based survey of the molecules in the summary
table to evaluate the low-frequency contribution. The adjust-
ment needs to be considered on a molecule-by-molecule basis
but is relatively small (0-5%) for the majority of the molecules in
the table. The adjustment is generally larger for the larger (more
carbon atoms) and heavier (higher molecular weight) molecules.
The adjustments have been applied to the molecules in Tables
A-3 and A-5.

A.2.5.6 Tropospheric Adjustments and Effective
Radiative Efficiency

In the last Assessment, stratospheric temperature adjust-
ment was included in the radiative efficiencies while tropospheric
adjustments were not. However, radiative efficiencies that also
include tropospheric adjustments better represent the climate
change response, e.g. the temperature response due to a pertur-
bation in halocarbon concentrations. REs with tropospheric ad-
justments are denoted here as effective radiative efficiencies and
are based on the concept of effective radiative forcing (ERF). IPCC
ARG defines ERF as the change in net downward radiative flux at
the top of the atmosphere (TOA) following adjustments in both
tropospheric and stratospheric temperature, water vapor, clouds,
and some surface properties that are uncoupled to changes in
global surface air temperature, see Forster et al. (2021). While REs
without tropospheric adjustments can be calculated in offline ra-
diation codes with high spectral resolution, calculations of effec-
tive REs typically rely on computationally expensive simulations
with global climate models (GCMs), and this is currently not fea-
sible for a large number of compounds. However, recent studies
have quantified tropospheric adjustments: for CO,, see Vial et al.
(2013), Zhang and Huang (2014), and Smith et al. (2020; 2018);
for CH, see Smith et al. (2018) and Modak et al. (2018), and for

Table A-3. Comparison between radiative efficiencies (RE) and effective radiative efficiencies, which include tropospheric ad-
justments. Here, stratospheric temperature adjustment, lifetime adjustment, and low-frequency infrared absorption adjustment
are included for both RE and effective RE. Uncertainties are given as 5-95% confidence intervals.

co, CH, N,O CFC-T1 CFC-12
RE (W m= ppb™) (1.27 £0.13) X 10~° (4.52+0.63) x 10 (2.98 +£0.30) x 1073 0.267 £0.037 0.320 £ 0.045
Effective RE (W m=2 ppb™) (1.33+0.16) X 10° (3.89£0.78) x 104 (3.19+0.51) x 103 0.299 £0.057 0.358 £0.068
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N,O, CFC-11, and CFC-12 see Hodnebrog et al.(2020b), and ef-
fective REs for these compounds have been assessed in Forster
etal. (2021). Specifically, tropospheric adjustments were estimat-
ed as +5 £ 5%, -14 £ 15%, +7 £ 13%, +13 £ 10%, and +12 £
14%, respectively, of the REs (uncertainties are given as 5-95%
confidence intervals), but an adjustment of 12% was used for both
CFC-11 and CFC-12. For other halogenated compounds, tropo-
spheric adjustments are assumed to be O £ 13% due to lack of cal-
culations. The assessed tropospheric adjustments from ARG are
adopted here to calculate effective REs in Tables A-3 and A-5.

Table A-3 shows a comparison of REs and effective REs for
compounds where estimates of tropospheric adjustments are
available. It is important to note that uncertainties associated with
effective RE are larger than for RE, and magnitudes of tropospher-
ic adjustments are generally associated with low confidence in
ARG (Forster et al., 2021). GCMs have less sophisticated radiation
schemes than offline radiative transfer models, and unrealistically
strong perturbations in concentrations are often needed to avoid
noise caused by natural variability dominating the climate change
signal, thus not accounting for possible nonlinear effects. The
magnitudes of tropospheric adjustments, particularly for clouds,
vary between different GCMs and between the different radiative
kernel methods needed to separate individual adjustments from
the instantaneous radiative forcing, see Smith et al. (2018) and
Hodnebrog et al. (2020b). Another source of uncertainty arises
because troposphericadjustments are based on GCM simulations
with fixed sea surface temperatures while, ideally, temperatures
over land should also have been held fixed, see Andrews et al.
(2021). In the effective RE estimates here, the radiative response
to land surface temperature change is only partially accounted for,

Annex

see Section 7.3.1in Forster et al. (2021) for further discussion.

The total radiative forcing uncertainty for halogenated com-
pounds is estimated to be ~14% for compounds with lifetimes
>~5 years and ~24% for compounds with lifetimes <~5 years,
see Hodnebrog et al. (2020a). These numbers increase to 19%
and 26%, respectively, for effective RE uncertainty. For CO,, CH,,
and N,O, the effective RE uncertainty is 12%, 20%, and 16%, re-
spectively, from Forster et al. (2021).

A.2.6 Global Warming Potential (GWP)

Absolute Global Warming Potentials (AGWPs). Radiative
metrics reported here (GWPs and global temperature change po-
tentials [GTPs]) are calculated relative to CO, and based ona 2019
CO, abundance of 409.9 ppm. The response of the carbon cycle
to aninstantaneous pulse of CO, emissions, known as the impulse
response function, is unchanged from the last Assessment and
taken from Joos et al. (2013). The CO, AGWPs for the 20-, 100-,
and 500-year time horizons are 2.434 x 104, 8.947 x 104, and
3.138 X 10 W m=2 yr kg™, respectively, and are consistent with
the values reported in IPCC ARG (Forster et al., 2021).

A.2.7 Global Temperature Change Potential
(GTP)

Absolute Global Temperature Change Potentials (AGTPs).
The CO, AGTPs for the 50- and 100-year time horizons are 4.277
x 107 and 3.946 x 107 K kg™, respectively, and are consis-
tent with the values reported in IPCC ARG (Forster et al., 2021).
These values are approximately 30% smaller than those used
in the last Assessment, and this is mainly because of updates to

Table A-4. Comparison of GWP and GTP values for a selection of compounds when climate-carbon feedback is: included for
CO, only asin WMO (2018), excluded for all compounds as in Hodnebrog et al. (2020a), and included for both CO, and non-CO,
compounds. The impulse response function is from Gasser et al. (2017) instead of Joos et al. (2013), to be able to exclude the
climate-carbon feedback for CO,, and the contribution from low-frequency wavenumbers to the RE is not included here. Thus,
the GWP and GTP values with climate-carbon feedback included for all compounds are slightly different from the recommended

values in Table A-5.

Climate-Carbon Feedback

CO, Compound GWP (20) GWP (100) GWP (500) GTP (50) GTP (100)
v - 8110 5910 1980 5950 3270
- - 8370 6360 2230 6450 3620
v v 8290 6210 2100 6340 3520
v - 12,400 11,900 5400 12,500 9700
- - 12,800 12,800 6080 13,600 10,800
v v 12,700 12,500 5720 13,200 10,300
v - 5440 1800 516 633 334
= - 5610 1940 581 687 370
v v 5580 1900 546 742 366
v - 549 152 44 30 27
- - 566 164 49 33 30
v v 565 161 46 37 30
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the global surface temperature response function, see Section
7.6.1.2 in Forster et al. (2021) for details, affecting both the AGTP
for CO, and the AGTPs for the non-CO, compounds.

A.3 CLIMATE-CARBON FEEDBACK

Compounds that warm the surface due to their direct radi-
ative forcing also influence climate indirectly through perturba-
tions of carbon fluxes. When the surface warms, a net flux of CO,
goes into the atmosphere and leads to further warming, known
as the climate-carbon feedback, for example see Gasser et al.
(2017). In the previous Assessment, climate-carbon feedbacks
were included for CO,, while no climate feedbacks were includ-
ed for the other compounds. Here, climate-carbon feedbacks are
included for all components, consistent with IPCC AR6 Section
7.6.1.3 (Forster et al., 2021). Table A-4 shows metric values for
different combinations of climate-carbon feedback and illustrates
the bias introduced when this feedback is included only for CO,
and not for the non-CO, compounds. Excluding the climate-car-
bon feedback completely generally leads to smaller differences
against values with the feedback included for both CO, and non-
CO, compounds.

A.4 INDIRECT EFFECTS

The climate metric values presented in Table A-5 are due
to the direct radiative effect only. This means that the negative
radiative forcing resulting from stratospheric ozone depletion by
ODSs is not included in these estimates. In some cases, these can
be large and potentially offset the direct effect, see Section 7.3.2
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and Table 7A-1 for further information. Indirect effects of meth-
ane (e.g., through production of ozone and stratospheric water
vapor) and nitrous oxide (through methane lifetime reduction
and stratospheric ozone depletion) are also not included here.
Non-methane hydrocarbons generally have small direct radiative
effects, and itis important to note that their indirect effects, mainly
through tropospheric ozone production and changes in methane
lifetime, can be significant as reported by Collins et al. (2002) and
Hodnebrog et al. (2018). There are also indirect effects caused
by degradation of halogenated compounds, see Burkholder et al.
(2015), where some breakdown products have high GWP values
as reported in Jubb et al. (2015) and Bravo et al. (2011a) and dis-
cussed in Section 7.2.5.

A.5 METRIC UNCERTAINTIES

Uncertainties in GWP and GTP values for halogenated com-
pounds depend on several factors: lifetime, radiative efficiency,
global surface temperature response function (for GTP), and
the radiative efficiency and impulse response function for CO,.
Contributions from these factors to the radiative metrics were
explored for four halogenated compounds (CFC-11, PFC-14,
HFC-134a, and HFC-32) in IPCC ARG, and the total uncertainty in
GWP and GTP values typically range from 30% to 60% (5-95%
confidence interval) for the metrics and time horizons considered
here, see Supplementary Tables 7.SM.10-7.SM.13 in Smith et al.
(2021) for details. Note that metrics based solely on theoretically
calculated infrared absorption spectra will, in general, have even
greater uncertainties.
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Table A-5. Atmospheric abundances; lifetimes; radiative efficiencies (REs); direct effect Global Warming Potentials (GWPs) for 20-, 100-,
and 500-year time horizons; and Global Temperature Change Potentials (GTPs) for 50- and 100-year time horizons

Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime

2022
(years)

Carbon dioxide CO, 124-38-9 412.5 ppm

Methane, non-fossil CH, 74-82-8 1879 ppb 12.4 1.8

Methane, fossil CH, 74-82-8 12.4 1.8

Nitrous oxide N,O 10024-97-2 333.0 ppb 123 109

Oxygenated Hydrocarbons

Ethane CH3CH, 74-84-0 76 days 76 days
Ethene CH,=CH, 74-85-1 1.7 days 1.7 days
Acetylene HCCH 74-86-2 0.1days 0.1days
Propene CH,=CHCH;, 115-07-1 0.4 days (0.27-0.50 days) | 0.4 days (0.27-0.50 days) 0.4 days
Propane, R-290 CH,CH,CH;, 74-98-6 15 days (9.9-27 days) 15 days (9.9-27 days) 15 days
n-butane CH,CH,CH,CH, 106-97-8 6.5 days 6.5 days
Isobutane, R-600a (CH,),CHCH, 75-28-5 7 days (5.2-10.7 days) 7.0 days (5.2-10.7 days) 7.0 days
Isobutene (CH3),C=CH, N5-11-7 0.2 days (0.15-0.29 days) | 0.2 days (0.15-0.29 days) 0.2 days
n-pentane CH,CH,CH,CH,CH, 109-66-0 3 days (2.7-6.5 days) 4.0 days (2.7-6.5 days) 4.0days
Isopentane (CH3),CHCH,CH,4 78-78-4 4 days (2.9-6.0 days) 3.9 days (2.9-6.0 days) 3.9 days
Cyclopentane ¢-CH,CH,CH,CH,CH, 287-92-3 3 days (2.2-5.3 days) 3.2 days (2.2-5.3 days) 3.2 days
Benzene Cshls 71-43-2 ~10.0 days 10.0 days
Toluene C,Hg 108-88-3 ~29 days 29 days

Chlorofluorocarbons

Formaldehyde CH,O 50-00-0 - 0.08 days 1.6 days
Ethanol CH,CH,OH 64-17-5 — 4.1 days 4.1 days
Acetaldehyde CH;CHO 75-07-0 - 0.7 days 0.8 days
Methyl formate CH;OCHO 107-31-3 87 days (60-143 days) 86 days 87 days
Acetone CH,C(O)CH, 67-64-1 - 26 days 87 days
Isopropanol (CH3),CHOH 67-63-0 2 days (1.5-2.9 days) 2.4 days (1.5-2.9 days) 2.4 days
Methylal CH;OCH,OCH, 109-87-5 2 days (1.5-2.8 days) 2.6 days (1.5-2.8 days) 2.6 days

butane (TCHFB)

Hydrochlorofluorocarbons

CFC1 CCLF 75-69-4 224 ppt 52 52 -
CFC12 CCLF, 75718 497.2 ppt 102 102 -
CFC13 CCIF, 75729 3.32ppt 640 640 -
CFCI12 CCLFCCLF 76120 0.39 ppt 63.6 63.6 -
CFC112a CCIF,CCl, 76-11-9 0.08 ppt 52 52 -
CFC3 CCLFCCIF, 7613 68.9 ppt 93 93 -
CFC113a CCI,CF, 354-58-5 0.95 ppt 55 55 -
CFC114 CCIF,CCIF, 76142 16.3 ppt 189 189 -
CFC114a CCIL,FCF, 374-07-2 1.1 ppt 105 105 -
CFC15 CCIF,CF, 76-15-3 8.7 ppt 540 540 -
CFC-216ba CCIF,CCIFCF, - 38 ppg 135 135 -
CFC-216ca CCIF,CF,CCIF, - 20 ppqg 135 135 -
]E]'i)ﬁfy"d(c‘)iﬂi‘g“h'°’°hexa' (M1, 2-C,FCl, 3832-15-3 75 75 -
%Zu’;riifyiﬁfﬁ);l;ﬁ;‘i“h'°’°hexa' (211,2--CFiCl, 3934267 N4 N4 _
1,2,3,4-Tetrachlorohexafluoro- C.CLF 375-454 >50 B

HCFC-21

CHFCl,

75-43-4

1.7

1.71

1.82
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Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=2ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
(0] 1.33E-05 1 1 1 1 1 Al, O1,R1
0 3.89E-04 79.7 27 7.25 10.4 4.72 Al, L1, O1,R1
(0] 3.89E-04 82.5 29.8 9.99 13.2 7.46 O1,R1
0.017 3.20E-03 273 273 130 290 233 Al,L1,02,R1

- 0 0.004 1.61E-03 3 <] <] <1 <1 L2,R2
= (0] 0.039 7.75E-04 <<] <<1 <<1 <<] <<] L2, R2

- 0 0.041 5.91E-05 <<1 <<] <<] <<1 <<1 L2, R2
= (0] 0.031 1.65E-04 <<1 <<] <<] <<1 <<1 L2, 01,R3
- 0 0.003 3.96E-04 <<] <<1 <<1 <<] <<] L2, O1,R2
= (0] 0.004 2.60E-04 <<1 <<1 <<1 <<] <<] L2

- 0 0.004 2.87E-04 <<1 <<1 <<1 <<1 <<1 L2, O1,R2
= (0] 0.023 7.38E-05 <<] <<1 <<1 <<] <<] L2, O1,R2
- 0 0.023 2.11E-04 <<] <<1 <<1 <<] <<] L2, 01, R2
= (0] 0.006 2.57E-04 <<1 <<] <<] <<1 <<1 L2, O1,R2
- 0 0.006 1.41E-04 <<] <<1 <<1 <<] <<] L2,01,R2
= (0] 0.003 2.82E-04 <<] <<1 <<1 <<] <<] L3, O1,R2
- 0 0.014 1.54E-03 <1 <<1 <<1 <<] <<] L3, O1,R2

- 0 0.004 4.60E-06 <<] <<1 <<1 <<] <<] L2,01,R3
= (0] 0.044 2.20E-03 <1 <<1 <<1 <<] <<] L2, O1,R2
- 0 0.017 1.80E-04 <<1 <<1 <<1 <<1 <<1 L2, 01, R2
- (0] 0.108 4.90E-02 46 13 4 8 2 L2, O1,R2
- 0.027 6.10E-03 2 <1 <1 <1 <<] L2, R2

- 0.06 1.80E-03 <<1 <<] << <<1 <<1 L2,01,R3

0.169

6.40E-03

‘

L2,01,R2

55 1 0.28 0.299 8560 6410 2150 6540 3640 A2,14,15,R4
103 0.75 0.33 0.358 12,700 12,500 5710 13,200 10,400 A2,14,15,03,04, R4
- 0.3 0.284 0.279 12,400 16,300 17,600 17,100 18,900 A2,16,05,R2
65.4 0.98 0.295 0.281 5600 4600 1670 4800 3010 A2,14,17,06,R5
53.8 0.86 0.258 0.246 4750 3550 1190 3620 2020 A2,14,17,06,R5
94.5 0.82 0.314 0.302 6870 6530 2840 6920 5220 A2,14,15,03, 04, R2
57.5 0.73 0.253 0.241 5110 3930 1350 4030 2320 A2,14,17,06,R5
191 0.53 0.325 0.315 8280 9450 6160 10,000 9430 A2,14,15,03, 04, R2
106.7 0.72 0.309 0.297 7490 7410 3440 7870 6230 A2,14,17,06,R5
664 0.45 0.252 0.247 7430 9630 9910 10,100 11,000 A2,15,18, 03, R2
135 0.35 0.42 0.406 8090 8580 4610 9o 7860 A2,19,07,R6
~135 ~0:35 0.37 0.357 710 7540 4050 8010 6910 A2,19, 07, R6
76 0.46 0.282 0.273 4870 4290 1670 4510 3080 L10, 08, R7
15 0.54 0.31 0.302 5630 5710 2780 6060 4940 L10, 08, R7
- - 0.46 0.439 5640 4140 1370 4200 2280 L3, R6

29.8

0.036

0.176

0.145

578 161 46

36

29

L2,111,09,R2
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Industrial Designation Chemical Formula Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFC-22 CHF,CI 75-45-6 247.8 ppt 1.9 1.6 13
HCFC-31 CH,FCI 593-70-4 0.11 ppt 1.2 1.29 1.33
HCFC-121 CHCI,CCI,F 354-14-3 .1 1.1 117
HCFC-121a CHCIFCCl, 354-11-0 2.67 2.67 2.96
HCFC-122 CHCI,CCIF, 354-21-2 0.9 0.912 0.955
HCFC-122a CHCIFCCLF 354-15-4 3.1 3.1 3.43
HCFC-122b CHF,CCl; 354-12-1 9.31 9.3 12.6
HCFC-123 CHCI,CF; 306-83-2 1.3 1.31 1.38
HCFC-123a CHCIFCCIF, 354-23-4 4 4.03 4.31
HCFC-123b CHF,CCI,F 812-04-4 1.8 1.8 15.1
HCFC-124 CHCIFCF, 2837-89-0 1.1 ppt 59 59 6.28
HCFC-124a CHF,CCIF, 354-25-6 17 17 19
HCFC-131 CHCI,CHCIF 359-28-4 0.76 0.756 0.786
HCFC-131a CH,CICCI,F 811-95-0 2.57 2.57 2.8
HCFC-131b CH,FCCl, 2366-36-1 2.33 2.324 2.55
HCFC-132 CHCIFCHCIF 25915-78-0 1.73 1.73 1.81
HCFC-132a CHCI,CHF, 471-43-2 1.12 1.12 1.18
HCFC-132b CH,CICCIF, 1649-08-7 0.14 ppt 3.5 3.5 3.73
HCFC-132¢ CH,FCCI,F 1842-05-3 4.1 4.08 4.52
HCFC-133 CHCIFCHF, 431-07-2 3.1 3.06 3.21
HCFC-133a CH,CICF; 75-88-7 0.45 ppt 4.6 4.48 4.74
HCFC-133b CH,FCCIF, 421-04-5 7.2 7.2 7.71
HCFC-141 CH,CICHCIF 430-57-9 114 114 1.19
HCFC-141a CH,FCHCI, 430-53-5 0.5 0.497 0.51
HCFC-141b CH,CCI,F 1717-00-6 24.5 ppt 9.4 8.81 10.7
HCFC-142 CH,CICHF, 338-65-8 2.6 2.61 2.73
HCFC-142a CH,FCHCIF 338-64-7 1.58 1.58 1.64
HCFC-142b CH,CCIF, 75-68-3 21.7 ppt 18 17. 19.3
HCFC-151 CH,CICH,F 762-50-5 0.49 0.488 0.5
HCFC-151a CH,CHCIF 1615-75-4 116 116 1.2
HCFC-221aa CHCI,CCI,CCILF 422-28-6 0.93 0.933 0.979
HCFC-221ab CHCIFCCI,CCly 422-26-4 2.67 2.67 2.96
HCFC-221ba CHCI,CCIFCCly 422-40-2 1.1 1.1 1.17
HCFC-221da CCI,CHCICCLLF 431-79-8 3.29 3.29 3.71
HCFC-227ea CCI,CHFCCly = 3.52 L8l 3.99
HCFC-222aa CHCLCCLCCIF, 422-30-0 1.1 11 117
HCFC-222ab CHCIFCCI,CCI,F 147728-31-2 2.67 2.67 2.96
HCFC-222ac CHF,CCI,CCly 422-27-5 9.29 9.28 12.6
HCFC-222ba CHCI,CCIFCCI,F 146254-26-4 .1 1.1 117
HCFC-222bb CHCIFCCIFCCl, 147728-30-1 3.15 3.15 3.54
HCFC-222ca CHCI,CF,CCl, 422-49-1 1.38 1.38 1.47
HCFC-222da CCIFCHCICCI,F 431-82-3 4.48 4.48 5.23
HCFC-222db CCI;,CHCICCIF, 431-80-1 4.62 4.62 5.42
HCFC-222ea CCI,CHFCCI,F 146254-25-3 4.68 4.67 5.49
HCFC-223aa CHCI,CCI,CF, 422-35-5 1.1 1.1 117
HCFC-223ab CHCIFCCL,CCIF, 144909-54-6 3.18 3.18 3.54
HCFC-223ac CHF,CCI,CCIL,F 422-29-7 9.29 9.28 12.6
HCFC-223ba CHCI,CCIFCCIF, 422-41-3 1.39 1.38 1.47
HCFC-223bb CHCIFCCIFCCLF 145599-91-3 3.18 3.18 3.54
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
120 0.038 0.223 0.214 5610 1910 546 744 368 A2, L5,L11,03,R2
36.7 0.019 0.088 0.068 307 85 24 19 15 A2,12,09, R8
20 0.03 0.193 0.147 209 58 17 13 10 L12, 010, R2
27.4 0.066 0.197 0.172 592 165 47 37 30 L12, O10, R9
20 0.022 0.22 0.16 207 57 16 13 10 112, 09, R2
33.8 0.067 0.227 0.203 891 248 71 56 45 L12, 09, R2
35.5 0.17 0.221 0.211 2440 772 220 239 145 L12, O10, R9
25.7 0.02 0.203 0.16 329 91 26 20 17 L2,03,R2
62.9 0.039 0.25 0.228 1430 400 n4 91 73 L2, 09, R2
53.8 0.124 0.248 0.238 3570 1220 349 485 236 L12, 010, R9
105 0.022 0.222 0.207 2060 596 170 143 110 A3, 12,03, R2
161 0.026 0.258 0.251 5140 2080 595 1220 450 L12, 010, R2
20 0.019 0.14 0.097 16 32 9 7 6 L12, 010, R9
31.4 0.056 0.184 0.16 650 181 52 41 33 L12, O10, R9
26.2 0.054 0.145 0.125 460 128 36 29 23 L12, O10, R9
39.1 0.025 0.174 0.147 452 126 36 28 23 L12, 010, R2
23.9 0.02 0.167 0.129 257 71 20 16 13 L12, 010, R2
57.5 0.038 0.214 0.192 1190 332 95 75 61 A2,12,010, R9
41.8 0.062 0.186 0.171 1230 345 98 79 63 L2, 09, R2
67.8 0.017 0.195 0.173 1070 298 85 67 54 L12, O10, R9
82.6 0.019 0.164 0.15 1340 378 108 87 69 A2, 113,09, R10
10 0.024 0.218 0.206 2800 834 238 215 155 L12, O10, R9
29.5 0.022 0.094 0.0745 174 48 14 1 9 L12, 010, R2
20 0.0m 0.095 0.0573 58 16 5 4 3 L12, O10, R9
49.4 0.102 0.168 0.161 2590 808 231 239 152 A2, L5, L11,03,R2
60.1 0.019 0.125 0.109 678 189 54 42 34 L12, 010, R9
42.3 0.015 0.136 0.1m 419 116 33 26 21 L12, O10, R9
148 0.057 0.199 0.194 5400 2190 628 1300 477 A2,L5,L11,03,R2
20 0.008 0.049 0.0295 42 12 3 3 2 L12, O10, R9
33.2 0.015 0.08 0.0617 208 58 16 13 10 L12, O10, R9
20 0.027 0.24 0.175 146 41 12 g 7 L12, O10, R9
27.4 0.069 0.197 0.172 409 na 32 26 21 L12, 010, R9
20 0.032 0.221 0.168 165 46 13 10 8 L12, 010, R9
29 0.083 0.259 0.231 675 189 54 43 34 L12, O10, R9
29.5 0.088 0.238 0.214 666 186 58] 42 34 L12, O10, R9
20 0.028 0.285 0.216 226 63 18 14 n L12, O10,R9
27.4 0.061 0.257 0.224 567 158 45 35 29 L12, O10, R9
35.2 0.191 0.224 0.214 1660 525 150 162 99 L12, O10, R9
20 0.028 0.268 0.204 213 59 17 13 n L12, 010, R9
28.6 0.071 0.217 0.193 576 161 46 36 29 L12, O10, R9
21.6 0.034 0.253 0.201 264 73 21 16 13 L12, O10, R9
31.2 0.097 0.292 0.267 1120 316 90 73 58 L12, O10, R9
31.4 0.1 0.273 0.251 1080 306 87 71 56 L12, O10, R9
31.4 0.101 0.26 0.239 1040 295 84 68 54 L12, O10, R9
20 0.024 0.256 0.194 217 60 17 13 1 L12, O10, R9
31.4 0.059 0.308 0.274 883 246 70 56 45 L12, 010, R9
35.2 0.164 0.297 0.282 2340 739 21 229 139 L12, O10, R9
23.1 0.029 0.316 0.251 352 98 28 22 18 L12, 010, R9
31.4 0.059 0.258 0.23 741 207 59 47 38 L12, 010, R9
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFC-223bc CHF,CCIFCCl, 147728-32-3 10.6 10.6 15.1
HCFC-223ca CHCI,CF,CCI,F 422-52-6 1.38 1.38 1.47
HCFC-223cb CHCIFCF,CCl; 422-50-4 3.88 3.88 4.45
HCFC-223da CCI,FCHCICCIF, 431-83-4 6.48 6.48 7.86
HCFC-223db CCI;,CHCICF, 431-81-2 6.47 6.47 8.02
HCFC-223ea CCI,FCHFCCI,F = 6.28 6.28 7.74
HCFC-223eb CCI,CHFCCIF, 54002-59-4 6.46 6.47 8.02
HCFC-224aa CHCIFCCI,CF; 139754-75-9 3.15 3.15 3.54
HCFC-224ab CHF,CCI,CCIF, 422-32-2 n.3 mn.3 151
HCFC-224ba CHCI,CCIFCF; 422-47-9 1.39 1.39 1.47
HCFC-224bb CHCIFCCIFCCIF, 422-42-4 4. 4.09 4.45
HCFC-224bc CHF,CCIFCCI,F 139754-76-0 1.3 1.3 15.1
HCFC-224ca CHCI,CF,CCIF, 422-54-8 1.79 1.8 1.92
HCFC-224cb CHCIFCF,CCI,F 422-53-7 1.57 1.57 1.64
HCFC-224cc CHF,CF,CCl, 422-51-5 12.5 12.5 19
HCFC-224da CCIF,CHCICCIF, 431-85-6 10.4 10.4 12.3
HCFC-224db CCI,FCHCICF, 431-84-5 9.39 9.4 12
HCFC-224ea CCI,FCHFCCIF, 53063-53-9 9.16 9.15 1.6
HCFC-224eb CCI,CHFCF, 53063-52-8 8.88 8.9 1.9
HCFC-225aa CHF,CCI,CF,4 128903-21-9 1.8 1.8 15.1
HCFC-225ba CHCIFCCIFCF, 422-48-0 4.2 4.2 4.45
HCFC-225bb CHF,CCIFCCIF, 422-44-6 15.9 16 19
HCFC-225¢a CHCILCF,CF, 422-56-0 1.9 1.9 2.03
HCFC-225cb CHCIFCF,CCIF, 507-55-1 59 5.77 6.26
HCFC-225¢cc CHF,CF,CCIF 13474-88-9 14.1 14.1 19
HCFC-225da CCIF,CHCICF, 431-86-7 16.3 16.3 19.5
HCFC-225ea CCIF,CHFCCIF, 136013-79-1 15.3 15.3 18.1
HCFC-225eb CCI,FCHFCF; 51346-64-6 13.4 13.4 17.7
HCFC-226ba CHF,CCIFCF, 422-57-1 17 17 19
HCFC-226ca CHCIFCF,CF; 422-55-9 5.47 5.48 5.8
HCFC-226¢cb CHF,CF,CCIF, 431-87-8 21.6 21.6 24.7
HCFC-226da CF;CHCICF, 359-58-0 27.7 27.7 32.6
HCFC-226ea CCIF,CHFCF; 51346-64-6 24.9 24.8 28.8
HCFC-231aa CHCI,CCI,CHCIF - 0.799 0.805 0.839
HCFC-231ab CH,CICCI,CCIF 1538604-29-3 1.61 1.61 1.73
HCFC-23Tac CH,FCCI,CCly - 2.33 2.32 2.55
HCFC-231ba CHCI,CCIFCHCI, - 0.56 0.569 0.586
HCFC-231bb CH,CICCIFCCly 421-94-3 2.54 2.54 2.8
HCFC-231da CHCI,CHCICCI,F 1538604-31-7 0.54 0.542 0.557
HCFC-231db CHCIFCHCICCI, 1943659-45-7 1.34 1.34 1.43
HCFC-237ea CHCI,CHFCCl, - 0.76 0.768 0.799
HCFC-231fa CClLFCH,CCl, 313696-58-1 6.26 6.26 7.71
HCFC-232aa CHCIFCCI,CHCIF - 1.65 1.65 1.77
HCFC-232ab CHCI,CCI,CHF, 872817-81-7 1.01 1.02 1.07
HCFC-232ac CH,CICCI,CCIF, 1538604-30-6 2.56 2.56 2.8
HCFC-232ad CH,FCCI,CCLF - 2.33 2.32 2.55
HCFC-232ba CHCI,CCIFCHCIF - 0.99 0.989 1.04
HCFC-232bb CH,CICCIFCCI,F 1943659-44-6 2.56 2.56 2.8
HCFC-232bc CH,FCCIFCCl,4 - 3.64 3.63 414
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
35.7 0.185 0.254 0.242 2200 725 207 256 138 L12, O10, R9
21.6 0.029 0.29 0.23 323 90 26 20 16 L12, O10, R9
30.2 0.073 0.259 0.235 919 258 73 59 47 L12, 010, R9
37.1 0.1m 0.321 0.301 1880 551 157 136 102 L12, O10, R9
33.4 07 0.245 0.229 1430 419 19 103 78 L12, O10, R9
33.2 0.114 0.292 0.273 1660 485 138 18 90 L12, O10, R9
33.4 0.n7z 0.271 0.254 1590 464 132 na 86 L12, O10, R9
28.9 0.049 0.278 0.247 847 236 67 58] 43 L12, O10, R9
44.6 0.141 0.314 0.301 3060 1030 295 390 198 L12, O10, R9
24.5 0.023 0.268 0.213 324 90 26 20 16 L12, 010, R9
51.2 0.047 0.304 0.277 1230 344 98 79 63 L12, O10, R9
44.6 0.141 0.318 0.305 3100 1050 299 396 201 L12, O10, R9
27.5 0.028 0.312 0.259 509 142 40 32 26 L12, 010, R9
35 0.022 0.301 0.244 419 116 33 26 21 L12, O10, R9
36.7 0.174 0.322 0.31 3350 180 336 498 229 L12, O10, R9
67.1 0.096 0.36 0.344 3310 1090 310 376 206 L12, 010, R9
43.4 0.119 0.298 0.284 2550 811 231 254 153 L12, O10, R9
43.3 0.117 0.324 0.308 2710 856 244 261 161 L12, O10, R9
35.3 0.126 0.247 0.234 2020 633 180 189 19 L12, 010, R9
53.8 0.094 0.279 0.268 3030 1040 296 412 200 L12, O10, R9
74.3 0.025 0.279 0.254 1250 350 100 80 64 L12, O10, R9
99.5 0.069 0.326 0.315 4210 1650 472 915 347 L12, O10, R9
31.5 0.025 0.262 0.22 494 137 39 31 25 L5, O3, R2
73.3 0.033 0.314 0.294 1930 557 159 133 103 L5, 03, R2
55.2 0.1 0.355 0.342 4280 1580 452 766 318 L12, 010, R9
100 0.071 0.313 0.303 4090 1620 463 914 343 L12, 010, R9
98.7 0.068 0.35 0.339 4430 1700 486 900 351 L12, O10, R9
54.8 0.105 0.299 0.288 3500 1270 362 575, 251 L12, O10, R9
161 0.019 0.278 0.27 4040 1630 468 963 354 L12, O10, R9
98 0.013 0.28 0.26 1780 509 145 120 94 L12, O10, R9
174 0.022 0.351 0.342 5680 2610 753 1890 665 L12, O10, R9
185 0.025 0.28 0.274 4960 2630 774 2230 842 L12, O10, R9
180 0.023 0.317 0.309 5400 2680 782 2140 773 L12, 010, R9
20 0.022 0.173 0.122 101 28 8 6 5 L12, O10, R9
23 0.042 0.212 0.173 285 79 23 18 14 L12, 010, R9
26.2 0.058 0.173 0.148 351 98 28 22 18 L12, O10, R9
20 0.015 0.174 on 64 18 5 4 3 L12, ©10, R9
26.9 0.063 0.18 0.156 405 n3 32 25 21 L12, O10, R9
20 0.015 0.209 0.13 72 20 6 4 4 L12, 010, R9
21.3 0.036 0.172 0.136 187 52 15 n L12, O10, R9
20 0.021 0.184 0.127 100 28 8 6 5 L12, O10, R9
33.2 0.143 0.206 0.193 1180 344 98 84 64 L12, O10, R9
245 0.036 0.208 0.17 309 86 24 19 16 L12, O10, R9
20 0.024 0.188 0.14 157 44 12 10 8 L12, O10, R9
29.4 0.053 0.248 0.216 608 169 48 38 31 L12, 010, R9
26.2 0.05 0.24 0.206 526 146 42 33 27 L12, O10, R9
20 0.023 0.213 0.157 171 48 14 10 9 L12, O10, R9
29.4 0.053 0.247 0.215 605 168 48 38 31 L12, O10, R9
29.7 0.075 0.219 0.197 782 219 62 50 40 L12, 010, R9
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFC-232ca CHCI,CF,CHCI, 112-14-7 0.7 0.711 0.737
HCFC-232cb CH,CICF,CCl, 677-54-3 4.47 4.46 5.21
HCFC-232da CHCI,CHCICCIF, 67879-59-8 0.82 0.824 0.859
HCFC-232db CHCIFCHCICCI,F 1943659-46-8 1.51 1.51 1.61
HCFC-232dc CHF,CHCICCl, - 2.83 2.83 N5
HCFC-232ea CHCI,CHFCCI,F - 0.83 0.836 0.872
HCFC-232eb CHCIFCHFCCl, = 2.04 2.04 2.22
HCFC-232fa CCI,FCH,CCLF 313696-57-0 9.23 9.22 12.5
HCFC-232fb CCI,CH,CCIF, 460-89-9 10.2 10.2 14.4
HCFC-233aa CHCIFCCI,CHF, - 2.63 2.63 2.87
HCFC-233ab CH,CICCI,CF, 7125-83-9 2.57 2.57 2.8
HCFC-233ac CH,FCCI,CCIF, - 3.71 3.7 414
HCFC-233ba CHCIFCCIFCHCIF = 2.1 211 2.23
HCFC-233bb CHCI,CCIFCHF, 13058-99-6 1.27 1.27 1.34
HCFC-233bc CH,CICCIFCCIF, 421-95-4 4.75 4.75 5.21
HCFC-233bd CH,FCCIFCCI,F - 3.71 3.7 414
HCFC-233ca CHCI,CF,CHCIF 131221-36-8 1.27 1.27 1.34
HCFC-233cb CH,CICF,CCI,F 421-99-8 4.57 4.57 5.21
HCFC-233cc CH,FCF,CCl, 131211-71-7 6.26 6.26 7.71
HCFC-233da CHCI,CHCICF, 431-51-6 0.896 0.897 0.939
HCFC-233db CHCIFCHCICCIF, 1943659-38-8 2.37 2.37 2.52
HCFC-233dc CHF,CHCICCIF - 3.55 3.56 3.96
HCFC-233ea CHCI,CHFCCIF, - 0.982 0.981 1.03
HCFC-233eb CHCIFCHFCCI,F 54377-32-1 2.32 2.32 2.51
HCFC-233ec CHF,CHFCCl, 54306-56-8 413 413 4.77
HCFC-233fa CCI,FCH,CCIF, 333-26-6 15.4 15.4 23.3
HCFC-233fb CCI;,CH,CF, 7125-84-0 16.4 16.4 29.3
HCFC-234aa CHF,CCI,CHF, 17705-30-5 6.51 6.51 7.54
HCFC-234ab CH,FCCI,CF, 149329-24-8 3.76 3.76 414
HCFC-234ba CHCIFCCIFCHF, 425-94-5 3.39 3.4 3.61
HCFC-234bb CH,CICCIFCF; 149329-25-9 4.84 4.83 5.21
HCFC-234bc CH,FCCIFCCIF, 149329-26-0 7.01 7.01 7.71
HCFC-234ca CHCIFCF,CHCIF 70341-81-0 2.74 2.74 2.9
HCFC-234cb CHCI,CF,CHF, 4071-01-6 1.65 1.64 1.74
HCFC-234cc CH,CICF,CCIF, 422-00-5 9.46 9.43 10.6
HCFC-234cd CH,FCF,CCI,F 70192-63-1 6.64 6.64 7.71
HCFC-234da CHCIFCHCICF, 146916-90-7 2.67 2.67 2.82
HCFC-234db CHF,CHCICCIF, 1945188-10-2 5.69 5.69 6.18
HCFC-234ea CHCI,CHFCF, 53063-54-0 1.06 1.06 11
HCFC-234eb CHCIFCHFCCIF, 139754-77-1 2.88 2.87 3.04
HCFC-234ec CHF,CHFCCILF - 5.32 5868 6.04
HCFC-234fa CCIF,CH,CCIF, 76140-39-1 31 31 43.4
HCFC-234fb CCI,FCH,CF, 64712-27-2 45 37 97.8
HCFC-235ba CHF,CCIFCHF, 144429-90-3 8.8 8.81 9.5
HCFC-235bb CH,FCCIFCF; 230956-35-1 7.21 7.2 7.71
HCFC-235ca CH,CICF,CF; 28103-66-4 9.82 9.78 10.6
HCFC-235cb CHCIFCF,CHF, 422-02-6 4.45 4.45 4.7
HCFC-235¢cc CH,FCF,CCIF, 679-99-2 14.2 14.2 15.7
HCFC-235da CHF,CHCICF, 134251-06-2 7.55 7.55 8.09
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
20 0.017 0.185 0.125 98 27 8 6 5 L12, O10, R9
31.2 0.09 0.223 0.204 987 278 79 64 51 L12, O10, R9
20 0.019 0.244 0.172 156 43 12 10 8 L12, O10, R9
24 0.033 0.24 0.193 321 89 25 20 16 L12, O10, R9
27.8 0.06 0.204 0.179 556 155 44 85! 28 L12, O10, R9
20 0.019 0.224 0.159 146 41 12 9 7 L12, 010, R9
25.1 0.045 0.209 0.176 395 10 31 25 20 L12, O10, R9
35.2 0.176 0.269 0.256 2280 722 206 222 136 L12, O10, R9
35.6 0.194 0.247 0.236 2260 736 210 250 140 L12, O10, R9
31.6 0.043 0.208 0.182 569 158 45 36 29 L12, 010, R9
31.4 0.042 0.221 0.192 587 163 47 37 30 L12, O10, R9
35.2 0.057 0.277 0.25 1090 306 87 69 56 L12, 010, R9
37.8 0.031 0.233 0.198 497 138 39 31 25 L12, 010, R9
23.3 0.023 0.216 0.168 254 71 20 16 13 L12, O10, R9
3.3 0.057 0.276 0.254 1410 89S n4 92 73 L12, O10, R9
35.2 0.057 0.278 0.251 1100 307 88 70 56 L12, O10, R9
23.3 0.023 0.218 0.17 257 71 20 16 13 L12, O10, R9
37.3 0.069 0.268 0.246 1320 372 106 86 68 L12, O10, R9
33.2 0.1 0.258 0.242 1720 501 143 122 93 L12, O10, R9
20 0.017 0.196 0.142 152 42 12 9 8 L12, 010, R9
40.1 0.034 0.269 0.232 654 182 52 41 23 L12, O10, R9
34.8 0.055 0.266 0.239 1010 282 80 64 51 L12, 010, R9
20.4 0.019 0.239 0.177 207 57 16 13 10 L12, O10, R9
30.2 0.038 0.25 0.215 593 165 47 37 30 L12, O10, R9
30.6 0.068 0.254 0.23 1120 314 90 72 58 L12, O10, R9
45.7 0.207 0.327 0.316 4170 1610 459 856 333 L12, 010, R9
37.3 0.247 0.21 0.204 2780 1100 316 628 235 L12, O10, R9
47.4 0.062 0.211 0.198 1590 464 132 ns 86 L12, O10, R9
40.8 0.039 0.238 0.215 1040 291 83 66 53 L12, 010, R9
56.9 0.028 0.237 0.212 930 260 74 59 47 L12, O10, R9
67 0.035 0.234 0.216 1330 376 107 87 69 L12, O10, R9
77.3 0.045 0.292 0.275 2340 695 198 177 129 L12, 010, R9
51 0.025 0.23 0.202 716 199 57 45 36 L12, 010, R9
29.2 0.02 0.24 0.196 47 16 33 26 21 L12, O10, R9
85.1 0.054 0.278 0.265 2830 900 257 283 170 L12, O10, R9
47.6 0.063 0.297 0.278 2260 665 190 166 123 L12, 010, R9
50.3 0.024 0.234 0.204 705 196 56 44 36 L12, O10, R9
71.6 0.039 0.289 0.268 1910 550 157 131 101 L12, 010, R9
231 0.014 0.213 0.16 220 61 17 14 1 L12, O10, R9
52.4 0.026 0.268 0.236 876 244 70 55 44 L12, O10, R9
451 0.052 0.293 0.272 1830 522 149 123 96 L12, O10, R9
108 0.132 0.353 0.346 6540 3700 1100 3300 1320 L12, O10, R9
59.7 0.35 0.272 0.267 5290 3310 1020 3140 1400 L2, 09, R9
121 0.018 0.235 0.223 2490 777 222 230 146 L12, O10, R9
110 0.017 0.254 0.239 2280 681 194 176 127 L12, O10, R9
126 0.018 0.223 0.212 2550 820 234 266 155 L12, O10, R9
85.2 0.014 0.255 0.2331 1450 410 n7z 94 75 L12, O10, R9
146 0.021 0.289 0.279 4220 1560 447 764 315 L12, 010, R9
12 0.017 0.244 0.23 2280 687 196 182 128 L12, O10, R9
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total = Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFC-235ea CHCIFCHFCF, 134251-06-2 7.36 7.36 7.88
HCFC-235eb CHF,CHFCCIF, 162102-07-0 3.18 3.18 .33
HCFC-235fa CCIF,CH,CF; 677-55-4 61.7 61.8 88.6
HCFC-247aa CH,CICCI,CHCIF - 1.43 1.43 1.52
HCFC-241ab CH,FCCI,CHCI, - 0.77 0.772 0.803
HCFC-24Tac CH,CCILCCLLF 7126-06-9 5.18 5.18 6.18
HCFC-241ba CH,CICCIFCHCI, 3175-26-6 0.79 0.793 0.826
HCFC-241bb CH;CCIFCCl, 3175-25-5 7.76 7.74 10
HCFC-241da CHCI,CHCICHCIF 21981-25-9 0.56 0.565 0.581
HCFC-241db CH,CICHCICCLF 666-27-3 0.53 0.534 0.549
HCFC-241dc CH,FCHCICCI, 84816-05-7 0.75 0.756 0.786
HCFC-247ea CHCI,CHFCHCI, - 0.42 0.42 0.429
HCFC-241eb CH,CICHFCCl; - 1.05 1.05 n
HCFC-241fa CHCI,CH,CCI,F 175897-94-6 0.53 0.54 0.555
HCFC-241fb CHCIFCH,CCl; 23153-22-2 1.48 1.48 1.59
HCFC-242aa CHF,CCILCH,CI - 213 212 2.29
HCFC-242ab CH,FCCI,CHCIF - 1.78 1.78 1.91
HCFC-242ac CH,CCI,CCIF, 7126-05-8 8.09 8.08 10
HCFC-242ba CHCIFCCIFCH,CI 7164-14-9 1.99 2 2.1
HCFC-242bb CHCI,CCIFCH,F = 1.03 1.04 1.09
HCFC-242bc CH;CCIFCCIF 7126-04-7 8.09 8.08 10
HCFC-242ca CHCI,CF,CH,CI = 1.09 1.09 1.15
HCFC-242cb CH,CF,CCl,4 112-05-6 12.3 12.3 18.7
HCFC-242da CHCIFCHCICHCIF - 1.32 1.32 1.38
HCFC-242db CHCI,CHCICHF, 1980063-50-0 0.73 0.733 0.761
HCFC-242dc CH,CICHCICCIF, 431-24-3 1.2 1.2 1.25
HCFC-242dd CH,FCHCICCI,F - 0.83 0.835 0.871
HCFC-242ea CHCI,CHFCHCIF 2106760-91-0 0.72 0.728 0.756
HCFC-242eb CH,CICHFCCI,F - 1.24 1.24 1.31
HCFC-242ec CH,FCHFCCI; - 1.7 1.71 1.84
HCFC-242fa CHCI,CH,CCIF, 460-63-9 0.74 0.74 0.768
HCFC-242fb CHCIFCH,CCI,F 175897-95-7 1.61 1.6 1.71
HCFC-242fc CHF,CH,CCl; 213248-60-3 414 414 4.78
HCFC-243aa CHF,CCI,CH.F 155329-34-3 2.99 2.99 3.25
HCFC-243ab CH;CCI,CF,4 7126-01-4 8.33 8.32 10
HCFC-243ba CHF,CCIFCH,CI - 3.63 3.64 3.88
HCFC-243bb CHFCICCIFCH,F 1379241-46-9 2.67 2.67 2.82
HCFC-243bc CH;CCIFCF,CI 7126-00-3 15.6 15.6 18.7
HCFC-243ca CH,CICF,CHCIF 67406-68-2 2.89 2.96 3.14
HCFC-243cb CHCI,CF,CH,F 70192-70-0 1.46 1.46 1.54
HCFC-243cc CH,CF,CFCl, 7125-99-7 18 18.2 271
HCFC-243da CHF,CHCICHFCI 338-75-0 1.97 1.97 2.07
HCFC-243db CH,CICHCICF, 338-75-0 1.44 1.45 1.51
HCFC-243dc CH,FCHCICF.CI 199171-49-8 2.03 2.03 213
HCFC-243ea CHFCICHFCHFCI 151771-08-3 1.57 1.57 1.64
HCFC-243eb CHCI,CHFCHF, 1081835-90-6 0.9 0.898 0.938
HCFC-243ec CH,CICHFCF,CI 149329-27-1 1.7 1.7 1.78
HCFC-243ed CH,FCHFCFCI, - 2.03 2.03 217
HCFC-243fa CHCI,CH,CF; 460-69-5 0.78 0.781 0.813
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed) Radiative Efficiency L: Lifetime
(Wm=2ppb™)® (Wm=ppb)¢ O: Ozone Depletion Potential
R: Radiative Metrics
m 0.017 0.244 0.229 2230 667 190 174 124 L12, 010, R9
69.4 0.012 0.305 0.272 1230 342 98 77 62 L12, O10, R9
204 0.051 0.306 0.302 7250 5880 2110 6120 3770 L12, O10, R9
23.5 0.035 0.139 0.1m 190 53 15 12 10 L12, 010, R9
20 0.02 0.13 0.0902 84 23 7 5 4 L12, 010, R9
321 0.112 0.201 0.186 130 321 92 75 59 L12, O10, R9
20 0.02 0.168 0.118 12 31 9 7 6 L12, 010, R9
34.3 0.163 0.197 0.186 1590 480 137 129 90 L12, O10, R9
20 0.014 0.151 0.0952 65 18 5 4 3 L12, O10, R9
20 0.014 0.184 0.114 73 20 6 4 4 L12, 010, R9
20 0.019 0.159 o.n 100 28 8 6 5 L12, 010, R9
20 0.011 0.138 0.0778 &9 n 3 2 2 L12, O10, R9
20 0.027 0.159 0.119 150 42 12 9 8 L12, O10, R9
20 0.014 0.173 0.107 69 19 5 4 3 L12, 010, R9
22.2 0.037 0.176 0.1417 252 70 20 16 13 L12, 010, R9
29.3 0.039 0.151 0.128 355 99 28 22 18 L12, 010, R9
27.2 0.034 0.153 0.127 296 82 23 18 15 L12, 010, R9
41.9 0.125 0.236 0.224 2150 658 188 182 123 L12, O10, R9
36.7 0.033 0.176 0.148 387 108 31 24 20 L12, O10, R9
21 0.021 0.174 0.13 177 49 14 n 9 L12, 010, R9
41.9 0.125 0.252 0.239 2300 702 200 194 131 L12, 010, R9
21.6 0.022 0.185 0.14 200 55) 16 12 10 L12, O10, R9
36.3 0.206 0.258 0.248 3180 1mo 316 460 215 L12, 010, R9
29.2 0.024 0.179 0.141 243 68 19 15 12 L12, O10, R9
20 0.015 0.169 0.116 m 31 9 7 6 L12, O10, R9
27.6 0.023 0.214 0.165 259 72 21 16 13 L12, 010, R9
20 0.017 0.217 0.154 168 47 13 10 L12, 010, R9
20 0.015 0.17 0.116 m 31 © 7 6 L12, O10, R9
23 0.025 0.207 0.161 261 73 21 16 13 L12, O10, R9
23.5 0.034 0.205 0.169 378 105 30 23 19 L12, 010, R9
20 0.015 0.214 0.147 142 40 1 9 7 L12, O10, R9
26.1 0.031 0.239 0.195 408 n3 32 25 21 L12, O10, R9
30.6 0.075 0.21 0.191 1020 287 82 66 53 L12, O10, R9
373 0.036 0171 0.151 647 180 51 41 33 L12, 010, R9
49.3 0.085 0.216 0.204 2200 677 193 191 127 L12, 010, R9
58 0.033 0.161 0.145 753 211 60 48 &9 L12, O10, R9
49.7 0.027 0.179 0.156 597 166 47 37 30 L12, O10, R9
94.2 0.088 0.269 0.26 4170 1620 462 873 336 L12, O10, R9
52.4 0.035 0.204 0.18 763 213 61 48 39 L12, O10, R9
27.3 0.02 0.181 0.145 304 85 24 19 15 L12, 010, R9
55.3 0.19 0.293 0.285 4920 2060 591 1300 464 L2,09,R9
41.9 0.022 0.189 0.159 450 125 36 28 23 L12, O10, R9
34.5 0.018 0.174 0.139 290 80 23 18 15 L12, O10, R9
42.6 0.023 0.236 0.199 580 161 46 36 29 L12, 010, R9
36.3 0.019 0.207 0.168 379 105 30 23 19 L12, 010, R9
20.8 0.014 0.192 0.139 179 50 14 n € L12, O10, R9
38.3 0.02 0.214 0.176 430 19 34 27 22 L12, 010, R9
31.9 0.026 0.248 0.209 609 169 48 38 31 L12, O10, R9
20 0.012 0.174 0.122 137 38 1 8 7 L12, 010, R9
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Industrial Designation

Chemical Formula

Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric

or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)

HCFC-243fb CHFCICH,CF,CI 139754-78-2 2.24 2.24 2.36
HCFC-243fc CHF,CH,CFCl, 213248-61-4 5.07 5.07 5.73
HCFC-244ba CH,FCCIFCHF, 149329-28-2 517 5.18 5.49
HCFC-244bb CH;CCIFCF, 421-73-8 16.6 16.6 18.7
HCFC-244ca CH,CICF,CHF, 679-85-6 6.39 6.39 6.82
HCFC-244cb CH,FCF,CHFCI 67406-66-0 4.02 4.02 4.24
HCFC-244cc CH,CF,CF,Cl 421-75-0 31.2 31.2 38.1
HCFC-244da CHF,CHCICHF, 19041-02-2 3.88 3.88 4.09
HCFC-244db CH,FCHCICF, 117970-90-8 2.44 2.43 2.54
HCFC-244ea CHF,CHFCHFCI 149447-91-6 2.39 2.39 2.5
HCFC-244eb CH,CICHFCF, 151771-09-4 2.04 2.04 2.12
HCFC-244ec CH,FCHFCF,CI 149448-09-9 2.88 2.88 3.01
HCFC-244fa CHFCICH,CF, 149329-29-3 2.37 2.38 2.48
HCFC-244fb CHF,CH,CF,CI 2730-64-5 7.76 7.76 8.35
HCFC-257aa CH,FCCI,CH,CI 70192-89-1 1.26 1.27 1.34
HCFC-25Tab CH,CCI,CHFCI - 1.73 1.73 1.85
HCFC-251ba CH,CICCIFCH,CI 7126-16-1 1.34 1.34 1.4
HCFC-25Tbb CH;CCIFCHCI, 3175-24-4 1.02 1.02 1.07
HCFC-251da CH,CICHCICHFCI 339202-89-0 0.69 0.694 0.719
HCFC-251db CH,FCHCICHCI, - 0.4 0.408 0.416
HCFC-251dc CH;CHCICFCI, 421-41-0 0.52 0.521 0.535
HCFC-25Tea CH,CICHFCHCI, 76937-36-5 0.47 0.477 0.489
HCFC-251eb CH,CHFCCl, 1448144-70-4 0.68 0.685 0.709
HCFC-251fa CHCIFCH,CCILH 2106760-90-9 0.33 0.333 0.339
HCFC-251fb CH,CICH,CCI,F 818-99-5 0.45 0.456 0.467
HCFC-251fc CH,FCH,CCl, 2035078-31-8 0.65 0.654 0.676
HCFC-252aa CH,FCCI,CH,F 154193-88-1 1.94 1.94 2.07
HCFC-252ab CH,CCI,CHF, - 4.4 4.4 4.93
HCFC-252ba CH,CICCIFCH,F 70192-74-4 2.19 2.2 2.31
HCFC-252bb CH;CCIFCHCIF 362631-58-1 2.87 2.87 3.04
HCFC-252ca CH,CICF,CH,CI 1112-36-3 2.47 2.47 2.61
HCFC-252cb CH,CF,CHCI, 1112-01-2 1.19 119 1.25
HCFC-252da CH,CICHCICHF, 82578-00-5 1 1 1.04
HCFC-252db CH,FCHCICHCIF - 1.15 115 1.2
HCFC-252dc CH;CHCICCIF, 7126-15-0 0.77 0.771 0.799
HCFC-252ea CH,CICHFCHCIF 111483-26-2 1.02 1.02 1.06
HCFC-252eb CH,FCHFCHCI, - 0.65 0.648 0.67
HCFC-252ec CH,CHFCCI,F 151771-10-7 0.84 0.845 0.882
HCFC-252fa CHCIFCH,CHCIF 1378824-14-6 115 1.14 1.19
HCFC-252fb CHCI,CH,CHF, 131404-17-6 0.66 0.661 0.684
HCFC-252fc CH,CICH,CCIF, 819-00-1 0.94 0.936 0.972
HCFC-252fd CH,FCH,CCLF 121612-64-4 0.7 0.706 0.732
HCFC-253ba CH,FCCIFCH,F 151771-11-8 3.66 3.67 3.86
HCFC-253bb CH;CCIFCHF, 69202-10-4 7.85 7.85 8.46
HCFC-253ca CH,CICF,CH,F 56758-54-4 4.23 4.23 4.47
HCFC-253cb CH,;CF,CHCIF 70192-76-6 3.48 3.48 3.66
HCFC-253da CH,FCHCICHF, - 1.67 1.67 1.74
HCFC-253db CH;CHCICF, 421-47-6 1.02 1.02 1.06
HCFC-253ea CH,CICHFCHF, 121612-65-5 1.44 1.44 1.5
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

451 0.024 0.266 0.228 733 204 58 46 37 L12, O10, R9
44 0.056 0.281 0.259 1840 524 150 122 96 L12, O10, R9
90.5 0.017 0.183 0.169 1360 388 m 91 71 L12, 010, R9
148 0.027 0.249 0.241 4420 1770 505 1020 378 L12, O10, R9
101 0.018 0.184 0.172 1670 487 139 19 90 L12, O10, R9
78.6 0.015 0.195 0.177 1120 315 90 72 58 L12, 010, R9
173 0.039 0.28 0.274 6370 3620 1080 3240 1300 L12, O10, R9
77 0.015 0.201 0.182 1120 313 89 71 57 L12, O10, R9
57.4 0.012 0.19 0.164 634 177 50 40 32 L12, O10, R9
56.6 0.012 0.22 0.19 723 201 57 45 37 L12, 010, R9
50.8 0.01 0.18 0.152 494 137 39 31 25 L12, O10, R9
64 0.013 0.254 0.223 1020 284 81 64 52 L12, O10,R9
56.3 0.012 0.217 0.187 708 197 56 44 36 L12, 010, R9
m 0.02 0.301 0.284 3220 976 278 263 182 L12, ©10, R9
23.3 0.028 0.091 0.071 131 36 10 8 7 L12, O10, R9
26.9 0.037 0.129 0.106 266 74 21 16 13 L12, 010, R9
29.4 0.027 0.118 0.0927 180 50 14 n 9 L12, O10, R9
20.8 0.023 0.143 0.107 158 44 13 10 8 L12, O10, R9
20 0.016 0.117 0.079 80 22 6 5 4 L12, O10, R9
20 0.009 0.107 0.0598 35 10 2 2 L12, 010, R9
20 0.012 0.192 0.118 89 25 5 4 L12, O10, R9
20 0.01 0.125 0.0744 52 14 3 3 L12, 010, R9
20 0.016 0.194 0.13 129 36 10 8 6 L12, 010, R9
20 0.008 0.138 0.071 34 10 3 2 2 L12, O10, R9
20 0.01 0.173 0.101 67 19 5 4 3 L12, O10, R9
20 0.015 0.149 0.0985 93 26 7 6 5 L12, 010, R9
31 0.029 0.117 0.0978 305 85 24 19 15 L12, O10, R9
419 0.056 0.163 0.149 1040 294 84 67 54 L12, O10, R9
44 0.027 0.112 0.096 340 95 27 21 17 L12, O10, R9
50.9 0.032 0.164 0.145 668 186 53 42 34 L12, O10, R9
47 0.029 0.142 0.123 488 136 39 30 25 L12, O10, R9
24.4 0.019 0.188 0.145 278 77 22 17 14 L12, 010, R9
26.7 0.016 0.119 0.0883 142 40 1 9 7 L12, O10, R9
29.4 0.017 0.127 0.0974 180 50 14 n 9 L12, O10, R9
22.2 0.013 0.211 0.146 181 50 14 1 9 L12, O10, R9
27.2 0.016 0.146 0.109 179 50 14 n 9 L12, 010, R9
20 0.01 0.136 0.0895 93 26 7 6 5 L12, O10, R9
20 0.015 0.24 0171 233 65 18 14 12 L12, 010, R9
29.4 0.017 0.182 0.139 255 71 20 16 13 L12, O10, R9
20 0.0m 0.168 0.1m 18 33 9 7 6 L12, O10, R9
25.5 0.015 0.203 0.148 223 62 18 14 n L12, O10, R9
20 0.012 0.223 0.151 172 48 14 1 9 L12, 010, R9
72.9 0.017 0.139 0.126 831 233 66 53 43 L12, O10, R9
108 0.024 0.194 0.183 2380 722 206 196 135 L12, O10, R9
79.3 0.018 0.147 0.134 1010 285 81 65 52 L12, O10, R9
70.8 0.017 0.204 0.182 140 319 91 72 58 L12, O10, R9
43.6 0.012 0.14 0.115 348 97 28 21 18 L12, O10, R9
30.2 0.009 0.16 0.12 222 62 18 14 n L12, O10,R9
39.2 0.01 0.14 0.112 292 81 23 18 15 L12, O10, R9
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFC-253eb CH,FCHFCHCIF 151771-12-9 1.5 1.5 1.56
HCFC-253ec CH;CHFCCIF, 134251-05-1 1.13 1.13 117
HCFC-253fa CHCIFCH,CHF, 149329-30-6 1.83 1.82 1.9
HCFC-253fb CH,CICH,CF; 460-35-5 1.05 1.05 1.09
HCFC-253fc CH,FCH,CCIF, 83124-56-5 1.48 1.48 1.54
HCFC-26Taa CH,;CCI,CH,F = 1.06 1.06 11
HCFC-261ba CH3CCIFCH.CI 420-97-3 2.19 2.19 2.31
HCFC-261da CH,CICHCICH,F 453-01-0 0.45 0.452 0.462
HCFC-261db CH,;CHCICHCIF 7799-55-5 0.47 0.467 0.478
HCFC-261ea CH,CICHFCH,CI 816-38-6 0.54 0.539 0.554
HCFC-261eb CH;CHFCHCI, 53074-31-0 0.31 0.31 0.315
HCFC-261fa CH,CICH,CHCIF 83124-60-1 0.57 0.574 0.591
HCFC-261fb CH,FCH,CHCI, 53074-30-9 0.33 0.333 0.339
HCFC-261fc CH5CH,CCI,F 7799-56-6 0.61 0.618 0.638
HCFC-262ba CH;CCIFCH,F 362631-59-2 3.4 3.41 3.59
HCFC-262ca CH,CF,CH,CI 420-99-5 3.2 317 3.33
HCFC-262da CH,FCHCICH,F 102738-79-4 0.92 0.924 0.956
HCFC-262db CH;CHCICHF, 430-93-3 0.64 0.642 0.662
HCFC-262ea CH,FCHFCH.CI 37161-81-2 0.83 0.828 0.856
HCFC-262eb CH3CHFCHFCI 430-96-6 0.66 0.664 0.685
HCFC-262fa CH,CICH,CHF, 83124-57-6 0.8 0.801 0.828
HCFC-262fb CH,FCH,CHFCI 151771-13-0 0.87 0.872 0.902
HCFC-262fc CH4CH,CF,Cl 421-02-3 1.2 1.2 1.24
HCFC-271ba CH5CCIFCH,4 420-44-0 5 5.04 5.37
HCFC-271da CH3CHCICH,F 20372-78-5 0.27 0.274 0.278
HCFC-271ea CH3CHFCH,CI 430-46-6 0.3 0.298 0.302
HCFC-271fa CH,CICH,CH.F 462-38-4 0.34 0.339 0.345
HCFC-271fb CH;CH,CHCIF 430-55-7 0.49 0.494 0.506

Hydrofluorocarbons

HFC-23 CHF, 75-46-7 33.7 ppt 228 228 243
HFC-32 CH,F, 75-10-5 23.2 ppt 5.4 5.27 5.47
HFC-41 CH,F 593-53-3 2.8 2.8 2.92
HFC-125 CHF,CF, 354-33-6 32.6 ppt 30 30.7 32.3
HFC-134 CHF,CHF, 359-35-3 10 10 10.5
HFC-134a CH,FCF, 811-97-2 113.0 ppt 14 13.5 141
HFC-143 CH,FCHF, 430-66-0 36 3.57 3.7
HFC-143a CH,CF, 420-46-2 25.6 ppt 51 51.8 57.2
HFC-152 CH,FCH,F 62472-6 172 days (114-335 days) | 0.473 (114-335 days) 0.485
HFC-152a CH.CHF, 75-37-6 7.1 ppt 1.6 1.5 1.55
HFC-161 CH,CH,F 353-36-6 80 days (51-154 days) 0.217 (51-154 days) 0.219
HFC-227ca CF.CF,CHF, 2252-84-8 30 32.2 33.7
HFC-227ea CF,CHFCF, 431-89-0 1.7 ppt 36 35.8 375
HFC-236ca CHF,CF,CHF, 680-00-2 .4 n.8
HFC-236cb CH,FCF,CF, 677-56-5 13.4 13.4 14
HFC-236ea CHF,CHFCF, 431-63-0 .4 .4 .9
HFC-236fa CF,CH,CF, 690-39-1 0.20 ppt 213 213 253
HFC-245ca CH,FCF,CHF, 679-86-7 6.6 6.61 6.88
HFC-245cb CF4CF,CH, 1814-88-6 39.9 39.8 42.9
HFC-245¢a CHF,CHFCHF, 24270-66-4 3.2 3.26 3.37
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Stratospheric Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

40.4 0.0m 0.153 0.123 334 93 26 21 17 L12, O10, R9
32.7 0.009 0.237 0.18 368 102 29 23 19 L12, O10, R9
46.4 0.012 0.207 0.172 566 157 45 35 29 L12, 010, R9
30.8 0.009 0.164 0.123 234 65 19 14 12 L12, O10, R9
39.9 0.0m 0.239 0.192 514 143 41 32 26 L12, O10, R9
227 0.02 0.092 0.0687 133 37 n 8 7 L12, O10, R9
43.6 0.031 0.095 0.0808 324 90 26 20 16 L12, O10, R9
20 0.009 0.055 0.0319 26 7 2 2 1 L12, O10, R9
20 0.009 0.102 0.06 51 14 4 3 3 L12, 010, R9
20 0.01 0.075 0.0464 46 13 4 3 2 L12, 010, R9
20 0.006 0.121 0.0599 34 9 3 2 2 L12, O10, R9
20 0.01 0.114 0.0726 76 21 6 5 4 L12, O10, R9
20 0.006 0.104 0.0534 33 9 3 2 2 L12, 010, R9
20 0.012 0.206 0.134 152 42 12 9 8 L12, O10, R9
68.6 0.02 0.136 0.122 867 242 69 55 44 L12, O10, R9
65.6 0.019 0.131 0.116 767 214 61 48 39 L12, 010, R9
27.7 0.009 0.074 0.0538 104 29 6 5 L12, O10, R9
20.8 0.007 0.12 0.0788 106 29 6 5 L12, O10, R9
25.4 0.009 0.09 0.0639 m 31 9 7 6 L12, 010, R9
21.3 0.007 0.144 0.0958 133 37 n 8 7 L12, O10, R9
24.8 0.008 0.121 0.0851 143 40 n 9 7 L12, O10, R9
26.5 0.009 0.134 0.096 175 49 14 1 9 L12, O10, R9
33.7 0.0m 0.214 0.165 415 15 33 26 21 L12, O10, R9
83.4 0.028 0.113 0.104 1270 362 103 84 67 L12, O10, R9
20 0.004 0.051 0.0237 16 1 <1 <] L12, O10, R9
20 0.004 0.066 0.032 24 2 1 1 L12, 010, R9
20 0.004 0.053 0.0272 23 2 1 1 L12, O10, R9
20 0.007 0.105 0.0633 78 22 6 5 4 L12, O10, R9

3,636 0 0.193 0.192 12,400 14,700 10,600 15,500 15,200 A4,L5,01,R2
146 0 0.12 om 2620 749 214 175 138 A4,15,01,R2
68.5 0 0.028 0.025 492 137 89 31 25 L2, 111, O1, R2
665 0 0.239 0.234 6790 3820 1140 3400 1350 A4,L15,11, 01, R2
243 0 0.203 0.204 4110 1330 380 443 252 L2, O1,R2
313 0 0.173 0.167 4060 1470 420 679 292 A4,15,111, 01, R2
101 0 0.142 0.129 1310 365 104 83 67 L2, O1,R2
548 0 0171 0.169 7900 5900 1980 6020 3340 A4,15,01,R2
20 0 0.077 0.047 81 22 6 5 4 L2,01,R2
443 0 0.125 0.101 550 153 44 34 28 A4,L15,11, 01, R2
20 0 0.038 0.016 17 5 1 1 <1 O1, R2
694 0 0.269 0.265 5500 3180 955 2890 1180 L14, 01, R2
754 0 0.278 0.273 5830 3580 1090 3370 1470 A4,15, 115,01, R2
268 0.318 0.305 4500 1520 435 581 293 14, O1, RN
304 0 0.24 0.232 3770 1360 389 623 270 L14, O1, R2
268 0 0.277 0.267 3940 1330 381 509 256 L14, 01, R12
136 0 0.253 0.263 7820 9120 6340 9650 9310 L14, O1, R2
166 0 0.255 0.266 2980 874 249 217 162 L14, O1,RI3
551 0 0.255 0.249 6920 4510 1410 4370 2050 L14, O1, R2
93.2 0 0.18 0.172 999 279 80 63 51 L14, O1, R14
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HFC-245eb CH,FCHFCF, 431-31-2 3.2 3.2 3.32
HFC-245fa CHF,CH,CF, 460-73-1 3.2 ppt 7.9 7.74 8.16
HFC-254ca CH,FCF,CH,F 813752 2.56 2.65
HFC-254ch CH;CF,CHF, 40723-63-5 10.8 1.4
HFC-254ea CH,FCHFCHF, 24270-68-6 1.94 2.01
HFC-254eb CH;CHFCF; 421-48-7 2.25 2.33
HFC-254fa CHF,CH,CHF, 66794-30-7 3.99 414
HFC-254fb CH,FCH,CF; 460-36-6 1.38 1.43
HFC-263ca CH,CF,CH,F 811-94-9 3.67 3.81
HFC-263ea CH,FCHFCH,F 66794-36-3 0.533 0.547
HFC-263eb CH;CHFCHF, 66794-35-2 1.09 1.12
HFC-263fa CH,FCH,CHF, 24270-67-5 1.07 1.1
HFC-263fb CH,CH,CF, 421-07-8 1.1 112 116
HFC-272ca CH,CF,CH, 420-45-1 9 9.21 9.7
HFC-272ea CH;CHFCH,F 62126-90-3 0.374 0.381
HFC-272fa CH,FCH,CH,F 462-39-5 0.186 0.188
HFC-272fb CH3CH,CHF, 430-61-5 0.706 0.727
HFC-281ea CH;CHFCH; 420-26-8 27 days (19-46 days) 0.075 (19-46 days) 0.076
HFC-281fa CH;CH,CH,F 460-13-9 0.131 0.132
HFC-329p CHF,CF,CF,CF, 375177 32 31.5 33
HFC-329me CF,CHFCF,CF; 680-17-1 48.2 50.9
HFC-338q CH,FCF,CF,CF, 662-35-1 14.6 15.3
HFC-338mce CHF,CHFCF,CF; 119450-58-7 9.27 9.66
HFC-338mec CHF,CF,CHFCF, 35230-11-6 n7 12.2
HFC-338pcc CHF,CF,CF,CHF, 377-36-6 13.5 13.5 14
HFC-338mf CF;CH,CF,CF, 2924-29-0 184 214
HFC-338mee CF;CHFCHFCF, 75995-72-1 1n.4 1.9
HFC-347mcc CH;CF,CF,CF; 662-00-0 36.8 39.5
HFC-347mce CH,FCHFCF,CF, 75995-85-6 3.35 3.47
HFC-347mec CH,FCF,CHFCF, 53005-35-9 4.22 4.38
HFC-347pcc CH,FCF,CF,CHF, 119450-61-2 8.7 9.08
HFC-347mcf CHF,CH,CF,CF, 161791-36-2 8.64 9.02
HFC-347mee CHF,CHFCHFCF; 151868-61-0 5 5.2
HFC-347pce CHF,CHFCF,CHF, 119450-64-5 6.43 6.7
HFC-347mfc CHF,CF,CH,CF; 119450-65-6 14.6 15.4
HFC-347mef CF;CH,CHFCF, 86884-16-4 8.53 8.9
HFC-356mce CH;CHFCF,CF, 161791-32-8 2.25 2.33
HFC-356mec CH,CF,CHFCF, 76523-97-2 13.8 14.6
HFC-356pcc CH4CF,CF,CHF, 119450-66-7 10.8 n.4
HFC-356mcf CH,FCH,CF,CF, 161791-33-9 1.2 1.22 1.26
HFC-356mee CH,FCHFCHFCF, 119450-67-8 2.21 2.28
HFC-356pce CH,FCHFCF,CHF, 119450-68-9 2.87 2.98
HFC-356mfc CH,FCF,CH,CF; 76546-55-9 4.84 5.03
HFC-356pec CH,FCF,CHFCHF, 114810-03-6 2.83 2.93
HFC-356mef CHF,CH,CHFCF; 158421-88-6 2.71 2.81
HFC-356mfe CHF,CHFCH,CF, 76523-98-3 3.05 3.16
HFC-356pcf CHF,CH,CF,CHF, 119450-69-0 5.43 5.66
HFC-356pee CHF,CHFCHFCHF, 392-45-0 317 3.29
HFC-356mff CF;CH,CH,CF; 407-59-0 8.47 8.86
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Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
91.9 0 0.23 0.215 1230 342 98 77 62 L14, O1, R13
153.8 0 0.259 0.251 3190 966 276 260 180 A4, L5, O1,R13
74.5 0 0.17 0.148 782 218 62 49 40 L14, O1, R11
227 0 0.214 0.205 3830 1270 363 457 242 L14, O1,R1
59.2 0 0.201 0.168 673 187 53 42 34 L14, O1,R1
67.1 0 0.21 0.18 836 233 66 52 42 L14, O1, R11
107 0 0.259 0.235 1920 538 154 123 99 L14, O1, R11
44.3 0 0.186 0.148 422 nz 33 26 21 L14, O1,R1N
97.8 0 0.153 0.138 1230 344 98 78 63 L14, O1, R11
20 0 0.107 0.066 86 24 7 5 4 L14, O1, R11
35.7 0 0.15 0.114 304 84 24 19 15 L14, O1,R11
351 0 0.157 0.118 309 86 24 19 16 L14, O1, R
36.7 0 0.13 0.1 274 76 22 17 14 L14, O1,R14
183 0 0.084 0.085 2060 651 186 200 123 L16, O1,R2
20 0 0.101 0.054 61 17 5 4 3 L14, O1,R11
20 0 0.094 0.036 20 6 2 1 1 L14, O1, R1
24.3 0 0.102 0.069 146 41 12 9 7 L14, O1,R11
20 0 0.054 0.01 3 <1 <1 <] <] L14, O1,R1N
20 0 0.051 0.016 8 2 <1 <1 <1 L14, O1,R11
714 0 0.319 0.325 5180 2960 885 2660 1080 17,01, R2
886 0 0.339 0.334 5890 4240 1390 4280 2270 L14, O1, R11
325 0 0.28 0.271 3470 1300 372 656 265 L14, O1, R11
228 0 0.319 0.303 2930 926 264 286 174 L14, O1, RN
274 0 0.341 0.327 3690 1260 360 495 243 L14, O1,R1
360 0 0.341 0.328 4020 1460 417 673 289 L14, O1,R11
1289 0 0.309 0.306 6790 7720 4950 8180 7650 L14, O1, R11
269 0 0.366 0.351 3900 1320 377 503 253 L14, O1, R11
529 0 0.252 0.247 4910 3060 939 2910 1290 L14, O1,R1
95.4 0 0.257 0.23 999 279 80 63 51 L14, O1,R1
16 0 0.292 0.266 1450 406 16 93 75 L14, O1,R1
205 0 0.304 0.288 2920 907 259 265 170 L14, O1,R1
204 0 0.341 0.323 3250 1010 288 294 189 L14, O1, R11
133 0 0.328 0.303 1930 549 156 127 101 L14, O1, R11
162 0 0.308 0.288 2290 671 191 165 124 L14, O1,RMN
300 0 0.322 0.311 4370 1640 469 826 88! L14, O1, R
202 0 0.344 0.326 3250 1010 287 290 189 L14, O1, R11
67.1 0 0.229 0.196 636 177 50 40 32 L14, O1,R11
268 0 0.262 0.253 3820 1400 400 662 279 L14, O1,R11
227 0 0.276 0.264 3440 1140 326 412 218 L14, O1,R11
39.6 0 0.268 0.208 367 102 29 23 18 L14, O1,R1N
65.9 0 0.258 0.22 701 195 56 44 85! L14, O1,R1
82.1 0 0.247 0.218 901 251 72 56 46 L14, O1, R11
125 0 0.272 0.25 1710 486 139 12 89 L14, O1,R11
81 0 0.257 0.226 921 257 73 58 47 L14, O1,R1
78.3 0 0.303 0.265 1030 288 82 65 52 L14, O1, R11
86.4 0 0.298 0.264 1160 323 92 73 59 L14, O1,R1
137 0 0.293 0.271 2060 591 168 139 109 L14, O1,R1
89.1 0 0.28 0.249 1140 317 90 71 58 L14, O1,R11
191 0 0.32 0.303 3330 1030 294 295 193 L14, O1, RN
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Annex

Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HFC-356qcc CH,FCF,CF,CH,F 114810-02-5 7.03 7.34
HFC-365mcf CH;CH,CF,CF; 37826-35-0 1.64 1.69
HFC-365mee CH;CHFCHFCF, 161791-22-6 1.09 112
HFC-365pce CH;CHFCF,CHF, 158421-89-7 4.35 4.52
HFC-365pec CH;CF,CHFCHF, 119450-71-4 5.44 5.67
HFC-365qcc CH4CF,CF,CH,F 119450-72-5 10.1 10.6
HFC-365mfc CH,CF,CH.CF, 406-58-6 1.1 ppt 8.9 8.86 9.3
HFC-365mef CH,FCH,CHFCF, 161791-23-7 1.07 1.1
HFC-365pcf CH,FCH,CF,CHF, 161791-25-9 1.26 13
HFC-365mfe CH,FCHFCH,CF, 161791-24-8 0.841 0.867
HFC-365qee CH,FCHFCHFCHF, 157016-17-6 1.96 2.03
HFC-365pfc CH,FCF,CH,CHF, 119450-76-9 3.28 3.4
HFC-365qce CH,FCF,CHFCH,F 119450-75-8 2.07 215
HFC-365mff CHF,CH,CH,CF; 161879-85-2 3.32 3.44
HFC-365pef CHF,CH,CHFCHF, 119450-77-0 214 2.22
HFC-374mef CF,CHFCH,CH, 161791-15-7 0.629 0.648
HFC-374mfe CF;CH,CHFCH, 86884-13-1 0.492 0.504
HFC-374mff CF;CH,CH,CH,F 83234-21-3 0.212 0.214
HFC-374pcf CHF,CF,CH,CH, 143969-51-1 0.788 0.812
HFC-374pee CHF,CHFCHFCH,4 161791-16-8 0.908 0.936
HFC-374pef CHF,CHFCH,CH,F 161791-17-9 0.862 0.889
HFC-374pfc CHF,CH,CF,CH, 625-09-2 3 3.119
HFC-374pfe CHF,CH,CHFCH,F 161791-18-0 0.75 0.772
HFC-374qce CH,FCF,CHFCH,4 161791-20-4 1.54 1.59
HFC-374qec CH,FCHFCF,CH, 161791-19-1 2.29 2.37
HFC-374qcf CH,FCF,CH,CH,F 161791-21-5 1.07 111
HFC-374qee CH,FCHFCHFCH,F 119382-47-7 1.2 1.24
HFC-374scc CH;CF,CF,CH; 421-74-9 17.6 18.8
HFC-374pff CHF,CH,CH,CHF, 161879-84-1 1.38 1.43
HFC-383m CH3CH,CH,CF; 460-34-4 0.192 0.194
HFC-383pe CHF,CHFCH,CH, 66675-41-0 0.483 0.495
HFC-383pfe CHF,CH,CHFCH, 66675-42-1 0.445 0.455
HFC-383pff CHF,CH,CH,CH,F 66587-70-0 0198 0.2
HFC-383qcf CH,FCF,CH,CH; 66587-71-1 1.22 1.26
HFC-383qee CH,FCHFCHFCH, 66587-72-2 0.365 0.372
HFC-383qef CH,FCHFCH,CH,F 66587-73-3 0.491 0.503
HFC-383qfc CH,FCH,CF,CH, 66587-74-4 1 114
HFC-383sce CH;CF,CHFCH,; 66587-75-5 1.19 1.23
HFC-392pff CH,CH,CH,CHF, 2358-38-5 0.166 0.167
HFC-392qef CH3CH,CHFCH,F 686-65-7 0.275 0.279
HFC-392gfe CH;CHFCH,CH,F 691-42-9 0.31 0.316
HFC-392qff CH,FCH,CH,CH,F 372-90-7 0.106 0.106
HFC-392scf CH4CH,CF,CH, 353-81-1 0.779 0.803
HFC-392see CH3;CHFCHFCH, 666-21-7 0.279 0.283
HFC-3-10-1q CH4CH,CH,CH,F 2366-52-1 0.081 0.081
HFC-3-10-1se CH,CH,CHFCH, 359-01-3 0.103 0.104
HFC-b-329my CHF,CF(CF;)CF, 59571-40-3 23.7 24.8
HFC-b-329mz CF,CH(CF,)CF, 382-24-1 589 740
HFC-b-338mz CHF,CH(CF,)CF, 382-20-7 15.2 15.9

464



Annex

Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

167 0 0.252 0.237 2250 669 191 171 124 L14, O1, RN
50.4 0 0.229 0.187 497 138 &9 31 25 L14, O1,R11
35.6 0 0.233 0.176 31 86 25 19 16 L14, O1, R11
12 0 0.22 0.201 1400 394 12 90 72 L14, O1,R11
132 0 0.226 0.209 1790 512 146 120 94 L14, O1,RMN
205 0 0.233 0.222 3110 1010 288 339 191 L14, O1, R11

188 0 0.24 0.243 3100 969 276 288 182 A4,114,01,R2
85! 0 0.244 0.184 319 89 25 20 16 L14, O1,R11
40.3 0 0.231 0.18 367 102 29 23 18 L14, O1, R1
28.5 0 0.232 0.165 225 62 18 14 1 L14, O1,R11
58.8 0 0.206 0.173 549 153 44 34 28 L14, O1,R1N
89.4 0 0.232 0.207 1090 306 87 69 56 L14, O1,R11
61.6 0 0.192 0.162 543 151 43 34 27 L14, O1, R11
90.3 0 0.276 0.246 1320 368 105 83 67 L14, O1, R11
63.2 0 0.248 0.211 731 203 58 45 37 L14, O1,R1
22 0 0.209 0.136 158 44 12 10 8 L14, O1,R1
20 0 0.209 0.125 n3 32 9 7 6 L14, O1,R1
20 0 0.182 0.075 29 8 2 2 1 L14, O1,R11
26.8 0 0.189 0.132 192 53 15 12 10 L14, O1,R11
30.2 0 0.169 0.122 204 57 16 13 10 L14, O1,R11
28.9 0 0.189 0.135 215 60 17 13 n L14, O1,R1N
81.6 0 0.201 0.177 976 272 78 61 50 L14, O1, R11
25.6 0 0.176 0.121 167 47 13 10 8 L14, O1,R1N
47.2 0 0.171 0.139 395 10 31 24 20 L14, O1, R11
65.7 0 0.174 0.149 628 175 50 39 32 L14, O1,RM
34.8 0 0.174 0.131 259 72 20 16 13 L14, O1,R11
38.4 0 0.147 0.114 252 70 20 16 13 L14, O1,R1N
268 0 0.221 0.215 4690 1930 558} 1180 426 L14, O1, R11
43.3 0 0.21 0.167 425 n8 34 26 21 L14, O1, R11
20 0 0.166 0.064 26 7 2 2 1 L14, O1,R11
20 0 0.147 0.088 91 25 7 6 5 L14, O1, R
20 0 0.16 0.093 89 25 7 5 4 L14, O1,R11
20 0 0.248 0.098 42 12 3 3 2 L14, O1,R1
38.4 0 0.137 0.106 277 77 22 17 14 L14, O1,R1
20 0 0.119 0.064 50 14 4 3 3 L14, O1,R1
20 0 0.115 0.069 73 20 6 4 4 L14, O1,R11
35.3 0 0.14 0.106 250 69 20 15 13 L14, O1,R1N
37.8 0 0.151 0.116 295 82 23 18 15 L14, O1,R11
20 0 0.094 0.034 14 4 1 <1 <1 L14, O1, R11
20 0 0.078 0.037 26 7 2 2 1 L14, O1,R11
20 0 0.087 0.043 34 9 3 2 2 L14, O1,R1N
20 0 0.098 0.026 7 2 <1 <1 <1 L14, O1,R11
26.1 0 0.114 0.08 159 44 13 10 8 L14, O1,R1N
20 0 0.094 0.044 31 9 2 2 2 L14, O1,R1
20 0 0.05 0.011 3 <] <] <1 <1 L14, O1, RN
20 0 0.051 0.013 4 1 <1 <1 <1 L14, O1,R11
523 0 0.319 0.311 4530 2200 637 1700 606 L14, O1,R1N
2879 0 0.313 0.312 6600 8600 9080 9010 9890 L14, O1,R11
334 0 0.342 0.33 4320 1650 472 868 340 L14, O1,R1
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HFC-b-338py CHF,CF(CF3)CHF, 65781-21-7 1n.4 1.8
HFC-b-338mym CH,FCF(CF;)CF,4 65781-19-3 14.6 15.3
HFC-b-347mym CH,CF(CF,)CF,4 662-00-0 36.8 39.5
HFC-b-347mzm CH,FCH(CF,)CF, 279416-3 466 4.83
HFC-b-347myp CH,FCF(CF,)CHF, 65781-22-8 8.7 9.08
HFC-b-347mzp CHF,CH(CF,)CHF, 65781-25-1 7.04 7.33
HFC-b-347pyp CHF,CF(CHF,)CHF, 65781-24-0 7.39 7.71
HFC-b-356mzm CH5CH(CF,)CF,4 382-09-2 12 12.6
HFC-b-356myp CH4CF(CF,)CHF, 65781-20-6 10.8 n.4
HFC-b-356mzp CH,FCH(CF,)CHF, 32931-17-2 3.52 3.65
HFC-b-356myq CH,FCF(CF;)CH,F 161791-34-0 7.03 7.34
HFC-b-356pzp CHF,CH(CHF,)CHF, 138507-15-0 4.58 4.76
HFC-b-356pyp CH,FCF(CHF,)CHF, 35274-04-5 6.15 6.41
HFC-b-365mzp CH;CH(CF;)CHF, 381-95-3 3.52 3.65
HFC-b-365myq CH4CF(CF;)CH,F 119450-80-5 3.67 3.81
HFC-b-365pyp CH,CF(CHF,)CHF, 65781-23-9 6.25 6.53
HFC-b-365mzq CH,FCH(CF;)CH,F 161791-30-6 0.698 0.718
HFC-b-365pzp CH,FCH(CHF,)CHF, 32864-57-6 2.6 2.69
HFC-b-365pyq CHF,CF(CH,F)CH,F 65781-27-3 4.01 417
HFC-b-374my CF,CF(CH,)CH, 154381-59-6 6.42 6.72
HFC-b-374mz CF;CH(CH,)CFH, 161791-27-1 0.969 1
HFC-b-374py CHF,CF(CH5)CH,F 65781-26-2 2.92 3.03
HFC-b-374pzp CHF,CH(CH,)CHF, 161791-28-2 1.93 2
HFC-b-374qyq CH,FCF(CH,F)CH,F 65781-28-4 4.59 478
HFC-b-374pzq CHF,CH(CH,F)CH,F 161791-29-3 1.64 1.7
HFC-b-383mz CF,CH(CH,)CH, 1550-49-8 0.988 1.02
HFC-b-383py CHF,CF(CH5)CH; 66587-76-6 3.8 3.96
HFC-b-383pz CHF,CH(CH,)CH,F 66587-77-7 0.678 0.699
HFC-b-383qy CH,FCF(CH5)CH,F 161791-26-0 2.36 2.44
HFC-b-383q2q CH,FCH(CH,F)CH,F 66675-40-9 1.02 1.05
HFC-b-392qy CH,FCF(CH5)CH, 62126-92-5 1.2 1.24
HFC-b-392qz CH,FCH(CH-)CH,F 62126-93-6 0.33 0.336
HFC-b-392pz CHF,CH(CH,)CH, 62126-91-4 0.308 0.313
HFC-b-3-10-1q CH,FCH(CH5)CH, 359-00-2 0.088 0.089
HFC-b-3-10-1sy CH5CF(CH,)CH, 353-61-7 1.2 1.25
HFC-43-10mee CF,CHFCHFCF,CF, 138495-42-8 0.30 ppt 17 17 17.9
HFC-458mfcf CF,CH,CF,CH,CF, - 23.8 23.8 25.4
11,2,2,3,3 4-heptafluorocyclo- |\ ok cF,CF,CHFCH,- 15290-77-4 315 3.26
pentane
trans-1H, 2Hoctafluorocyclopen” | trans- cyclo-CF,CF,CF,CHFCHF- | 15838918-5 3.69 3.82
1-Fluorohexane n-CgH,5F 373-14-8 28.5 33
Fluorobenzene CgHsF 462-06-6 0.059 0.059
HFC-55-10mcff CF,CF,CH,CH,CF,CF, - 7.7 7.66 8
HFC-52-13p CHF,CF,CF,CF,CF,CF, 355-37-3 35.2 35.] 37
41223, 3 hexafluorocyclopen™ | ¢, cio CFCF,CF,CH,CH,- 123768-18-3 1.79 1.85
HFC-72-17p CHF,CF,CF,CF,CF,CF,CF,CF, - 23.8 23.8 24.9

Unsaturated Hydrofluorocarbons

HFO-1141

CH,=CHF

75-02-5

2.5 days (1.4-3.1 days)

2.5 days (1.4-3.1 days)
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Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

268 0 0.333 0.319 3540 1200 342 458 230 L14, O1,R1
325 0 0.285 0.275 3520 1320 378 665 268 L14, O1,R1
529 0 0.306 0.3 5960 3720 140 3530 1570 L14, 01, R11
125 0 0.295 0.271 1620 457 130 105 84 L14, O1,R1N
205 0 0.24 0.269 2720 847 242 248 159 L14, O1, R1
174 0 0.356 0.334 2870 851 243 217 158 L14, O1, R1
181 0 0.333 0.314 2800 840 240 220 156 L14, O1, R11
244 0 0.287 0.275 3830 1320 378 535 256 L14, O1,RMN
227 0 0.315 0.301 3930 1300 372 469 249 L14, O1,R11
96.9 0 0.291 0.261 1320 369 105 84 67 L14, O1,R1
167 0 0.264 0.248 2360 700 200 178 130 L14, O1, R11
120 0 0.328 0.301 1960 553 158 127 102 L14, O1,RM
151 0 0.281 0.263 2230 649 185 157 120 L14, O1, R11
94.5 0 0.275 0.246 1390 390 m 88 71 L14, O1,R1N
97.8 0 0.24 0.216 1270 357 102 81 65 L14, O1,R11
147 0 0.278 0.259 2500 729 208 177 135 L14, O1,R1
24.2 0 0.214 0.144 163 45 13 10 8 L14, O1,R11
741 0 0.273 0.238 1000 279 79 62 51 L14, O1,R1
105 0 0.206 0.187 1200 338 96 77 62 L14, O1, R11
144 0 0.224 0.209 2350 687 196 169 127 L14, O1,R1N
32 0 0.195 0.144 257 71 20 16 13 L14, O1,R11
79.7 0 0.189 0.167 896 250 71 56 46 L14, O1,R1
57.2 0 0.222 0.186 661 184 52 41 33 L14, O1, R11
13 0 0.152 0.14 170 329 94 76 60 L14, O1,R1N
49.9 0 0.177 0.145 438 122 65! 27 22 L14, O1,R11
32.2 0 0.184 0.136 288 80 23 18 14 L14, O1, R11
95.4 0 0.162 0.146 1180 330 94 75 60 L14, O1,R11
23.3 0 0.142 0.095 138 38 n 8 7 L14, O1,RM
66 0 0.127 0.109 550 153 44 34 28 L14, O1,R11
33.1 0 0.105 0.079 172 48 14 n 9 L14, O1,R1
7.3 0 0.093 0.072 220 61 17 14 1 L14, O1,R11
20 0 0.075 0.038 32 9 3 2 2 L14, O1, R11
20 0 0.139 0.069 54 15 4 3 3 L14, O1, R11
20 0 0.039 0.009 2 <1 <1 <1 <] L14, O1,R1N
37.4 0 0.05 0.039 147 41 12 9 7 L14, O1,R11

360 0 0.369 0.359 3980 1610 460 948 348 A4,12,01,R2
372 0 0.521 0.508 7550 3670 1060 2850 1020 L2, 01, R6
90.7 0 0.28 0.253 971 271 77 61 49 L18, O1,R15
106 0 0.29 0.266 1090 306 87 69 56 L18, O1,R15
209 0 0.041 0.041 1340 723 213 622 238 L19, O1,R2
20 0 0.065 0.012 2 <1 <1 <1 <<] L3, 01, R2
178 0 0.59 0.557 3540 1070 305 286 199 L2, O1,R6
659 0 0.593 0.582 6570 3990 1210 3730 1610 L2, O1, R6
55.2 0 0.248 0.21 506 141 40 31 26 L20, O1,R16
52:5) 0 0.765 0.746 5700 2770 804 2150 768 L2, O1, R6

= 0 0.089 2.47E-03 << <<1 <<1 << <<l L2, O1,R2
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
(eEt)hz:S 132, (ER, Zdifluere- () crp=cr - 1.3days 1.3days
(ezt)h'g':eo'mz' (211, 2-difluoro- (2)-CHF=CHF = 1.6 days 1.6 days
HFO-1132a CH,=CF, 75-38-7 4.6 days (3-5.7 days) 4.6 days (3-5.7 days) 4.6 day
HFO-1123 CHF=CF, 359-11-5 1.4 days 1.5 days 1.5 days
HFO-1261yf CH,=CFCH, - 0.7 days 0.7 days
HFO-1261zf, 3-fluoro-1-propene | CH,FCH=CH, 818-92-8 0.8 days (0.5-1.0 days) 0.9 days (0.5-1.0 days) 0.9 days
HFO-12432f CF,CH=CH, 677-21-4 9 days (5.5-11 days) 9 days (5.5-11 days) 9 days
(E)-HFO-1234ye (E)-CHF=CFCHF, - <5days 19 days 19 days
(2)-HFO-1234ye (Z2)-CHF=CFCHF, - <5 days 10 days 10 days
(E)-HFO-1234ze (E)-CF,CH=CHF 29188-24-9 0.023 ppt 19 days (12.8-24 days) 19 days (12.8-24 days) 19 days
(2)-HFO-1234ze (2)-CF,CH=CHF 29118-25-0 10.0 days 9.6 days 9.6 days
HFO-1234zc CF,=CHCHF, = <5days 5days 5 days
HFO-1234yf CF,CF=CH, 754-12-1 0.026 ppt 12 days (8.4-16 days) 12 days (8.4-16 days) 12 days
HFO-1234yc CF,=CFCH,F - ~2 days 2 days 2 days
3,3,4 4-tetrafluorocyclobutene c-CH=CHCF,CF,- 2714-38-7 84 days 83 days 83 days
§'3_'3_'4'4""9”taf'”°r°°y°'°' c-CH=CFCF,CF,- 374-31-2 270 days 258 days 268 days
ut-1-ene
(E)-HFO-1225ye (E)-CF,CF=CHF 5595-10-8 5.7 days (3.7-6.9 days) 5.7 days (3.7-6.9 days) 5.7 days
(2)-HFO-1225ye (2)-CF,CF=CHF 5528-43-8 10 days (6.2-12 days) 10 days (6.2-12 days) 10 days
HFO-1225yc CF,=CFCHF, - 1.6 days 1.6 days
HFO-1225z¢c CF,=CHCF, 690-27-7 ~2 days 2 days 2 days
HFO-1345zfc C,FsCH=CH, 374-27-6 9 days (5.8-11.4 days) 9 days (5.8-11.4 days) 9 days
(E)-HFO-1336mzz (E)-CF,CH=CHCF, = 122 days 121 days 121 days
(2)-HFO-1336mzz (2)-CF,CH=CHCF, 692-49-9 27 days (16.3-32 days) 27 days (16.3-32 days) 27 days
13_';3;;‘:';”’°'2'(t”ﬂ”°’°methy')' (CF.),C=CH, 38210-5 17 days 17 days
HFO-1447f CH,=CHCF,CF,CF, 355-08-8 9 days (6-10 days) 33 days 33days
1.3.3,4.4,5,5-heptafluorocyclo- | o\ . o, cF,CF,CF=CH- 1892031 254 days 263 days
pentene
(E)-HFO-1438mzz (E)-CF,CH=CHCF,CF, - 122 days 120 days 122 days
(E)-HFO-1438ezy (E)-(CF,),CFCH=CHF 14149-41-8 43 days 43 days 43 days
‘;’éi'_f_':r;z'5'6'6'6'”°"aﬂ”°r°' C.FsCH=CH, 19430-93-4 9 days 9 days 9 days
:&i':;;‘c'f_fégf(ﬁggigﬁt‘,’jf‘z’fca' CoF1sCH=CH, 25291-17-2 9 days 9 days 9days
3,3,4,4,5,56,6,7,7,8,8,9,9,
10,10,10-heptadecafluoro- CgF,,CH=CH, 21652-58-4 9days 9 days 9 days
dec-1-ene (HFO-194-17fz)
Methyl chloroform CH,CCl, 71-55-6 1.4 ppt 5 5 6.1
Carbon tetrachloride CCl, 56-23-5 77.6 ppt 32 30 -
Methyl chloride CH,CI 74-87-3 549.4 ppt 0.9 0.9 1.57
Methylene chloride CH,Cl, 75-09-2 45.7 ppt 180 days (95-1070 days) | 176 days (95-1070 days) 181 days
Chloroform CHCl, 67-66-3 8.7 ppt 183 days (97-1145 days) | 178 days (97-1145 days) 183 days
1,2-dichloroethane CH,CICH,CI 107-06-2 1oaresy | B2days@i-s55days) | 813days(1-555days) | 821 days
Chloroethane CH,CH.CI 75-00-3 48 days (26-280days) | 47.6 days (26-280 days) 47.8 days
1,1-dichloroethane CH5CHCI, 75-34-3 134 days 134 days
1,1,2-trichloroethane CH,CICHCI, 79-00-5 83 days 84 days
1,1,1,2-tetrachloroethane CH,CICCly 630-20-6 3.39 3.85
1,1,2,2-tetrachloroethane CHCI,CHCI, 79-34-5 145 days 148 days
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Annex

Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
- 0 0.157 2.46E-03 <<] <<1 <<1 <<] <<] L21,O1,R6
- 0 0.115 2.09E-03 <<] <<1 <<1 <<] <<] L21, O1, R6
- 0 0.09 4.32E-03 <] <<1 <<1 <<] <<] L2, O1,R17
- 0 0.117 2.10E-03 <<] <<1 <<1 <<] <<] L2, O1,R18
- 0 0.093 8.32E-04 <<] <<1 <<1 <<] <<] L22,01,R6
= 0 0.059 6.75E-04 <<] <<1 <<1 <<] <<] L22, 01, R2
- 0 0.177 0.0152 <1 <1 <<1 <<] <<] L2, 01, R2
= 0 0.242 0.0399 4 1 <1 <1 <1 L23, O1, R6
- 0 0.204 0.0187 1 <1 <<1 <<] <<] L23,01,R6
- 0 0.284 0.0459 5 1 <1 <1 <1 A4,12,01,R2
- 0 0.209 0.0191 1 <1 <<1 <<] <<] L2, O1,R2
= 0 0.231 0.0121 <1 <<] <<] <<1 <<1 L24, O1, R6
- 0 0.238 0.0268 2 <1 <1 <1 <<] A4,12,01,R2
- 0 0.202 4.61E-03 <<] <<1 <<1 <<] <<] L24, O1, R6
- 0 0.231 0.101 44 12 3 3 2 L2, O1,R19
20 0 0.297 0.205 241 67 e 15 12 L2, O1, R19
- 0 0.259 0.0152 <1 <1 <<1 <<1 <<1 L2, 01, R2
- 0 0.265 2.48E-02 1 <1 <<1 <<] <<] L2, O1,R2
- 0 0.207 3.79E-03 <<1 <<] <<] <<1 <<1 L25, O1,R6
= 0 0.371 8.47E-03 <<] <<1 <<1 <<] <<] L24, O1, R6
- 0 0.356 0.0168 <1 <1 <<1 <<] <<] L2, O1,R6
= 0 0.376 0.193 94 26 7 6 5 L2, O1, R20
- 0 0.393 0.0809 9 2 <1 <1 <1 L2, 01, R21
- 0 0.341 0.0509 3 <1 <1 <1 <1 L26, O1, R2
- 0 0.396 0.0962 1 3 <1 <1 <1 L27,01,R22
20 0 0.33 0.224 193 54 15 12 10 L28, O1,R23
- 0 0.564 0.289 107 30 8 7 5 L29, O1,R6
= 0 0.325 0.0931 12 3 <1 <1 <1 L30, O1,R24
- 0 0.354 0.0314 <1 <1 <<1 <<] <<] L31, 01, R2
- 0 0.396 0.0354 <1 <1 <<1 <<] <<] L31, O1, R2
. 0 0.444 0.0397 <1 <1 <<1 <<1 <<1 L31,O1,R2
38 0.12 0.07 0.0655 576 164 47 38 30 A2,L5,L11,03,R2
44 0.87 0.176 0.172 3870 2150 638 1890 744 A2, 111,132, 03, 04, R2
30.4 0.015 0.00645 4.66E-03 20 6 2 1 1 A2,L5,L11,03,R2
= - 0.048 0.0287 39 n 3 2 2 A2,12,R2
- - 0.122 0.0731 72 20 6 4 4 A2,12,R2
- - 0.02 8.64E-03 5 1 <1 <1 <1 A3,L2,R2
- - 0.01 3.43E-03 2 <1 <1 <1 <<] L2,R2
= = 0.028 0.0154 14 4 1 <1 <1 L3, R2
- - 0.05 0.0219 9 2 <1 <1 <1 L33,R2
28 - 0.103 0.0953 459 128 37 2% 23 L34, R2
- - 0.096 0.0543 31 9 2 2 2 L34,R2

469



Annex

Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
1-chloropropane CH5CH,CH,CI 540-54-5 16 days (10-80 days) 16.5 days (10-80 days) 16.5 days
2-chloropropane CH,CHCICH, 75-29-6 22 days (13-95 days) 22 days (13-95 days) 22 days
1,3-dichloropropane CH,CICH,CH,CI 142-28-9 17.5 days 17.5 days
1-chloro-2-methylpropane (CH,),CHCH,CI 513-36-0 7.0 days 7.0 days
1-chlorobutane CH,(CH,),CH,CI 109-69-3 5.9 days 5.9 days
T-chloropentane CH,(CH,);CH,CI 543-59-9 0.8 days 0.8 days

Unsaturated Chlorocarbons and Hydrochlorocarbons

benzene (DCTCB)

Chloroethene (vinyl chloride) CH,=CHCI 75-01-4 1.7 days (0.9-2.2 days) 1.7 days (0.9-2.2 days) 1.7 days
1,1-dichloroethene CH,=CCl, 75-35-4 1 days (0.5-1.3 days) 1 day (0.5-1.3 days) 1day
(E)-1,2-dichloroethene (E)-CCIH=CCIH 156-60-5 5.5 days (3.2-6.7 days) 5.5 days (3.2-6.7 days) 5.5day
(2)-1,2-dichloroethene (2)-CCIH=CCIH 156-59-2 5.2days (3.2-6.7 days) | 5.2 days(3.2-6.7 days) 5.2 days
Trichloroethene CHCI=CCl, 79-01-6 0.3 ppt 5.6 days (3.3-7.1 days) 5.6 days (3.3-7.1 days) 5.6 days
Perchloroethene CCl,=CCl, 127-18-4 1.13 ppt 110 days (66-245 days) | 109 days (66-245 days) 110 days
3-chloro-1-propene CH,=CHCH,CI 107-5-1 1.4 days 1.4 days
3-chloro-1-propyne CH,CICCH 624-65-7 1.4 days 1.4 days
2,3-dichloropropene CH,CICCI=CH, 78-88-6 1.0day 1.0day
1,2-dichloropropene CHCI=CCICH, 563-54-2 1.4 days 1.4 days
1,3-dichloropropene (E) (E)-CHCI=CHCH,CI 10061-02-6 1.6 days 1.6 days
1,3-dichloropropene (Z) (2)-CHCI=CHCH,CI 10061-01-5 0.95 days 0.95 days
3,4-dichloro-1-butene CH,CICHCICH=CH, 760-23-6 0.94 days 0.94 days
Hexachloro-1,3-butadiene CCl,=CCICCI=CCl, 87-68-3 1.4 days 1.4 days
Hexachloro-1,3-cyclopentadiene | CsClg 77-47-4 1.4 days 1.4 days
Chlorobenzene C¢Hs-Cl 108-90-7 22.8 days 22.8 days
1,4-dichlorobenzene p-CI-C¢H,-Cl 106-46-7 42 days 43 days
1,3-dichlorobenzene m-CI-CgH,-Cl 541-73-1 18.9 days 19 days
1,2-dichlorobenzene 0-CI-C¢H,Cl 95-50-1 32.4 days 32.5days
1-chloro-4-methylbenzene p-Cl-C¢H,-CH; 106-43-4 27.2 days 27.3 days
T-chloro-3-methylbenzene m-CI-CgH,-CH5 108-41-8 27.2 days 27.3 days
T-chloro-2-methylbenzene 0-Cl-CgH,-CH, 95-49-8 27.2 days 27.3 days
Benzyl chloride CgHs-CH.CI 100-44-7 45.2 days 45.6 days
1,2-dichloro-3-(trichloromethyl)- CH,Cl, 84613-97-8 134 days Rk

Unsaturated Chlorofluorocarbons and Hydrochlorofluorocarbons

pene (2); (2)-HCFO-1224yd

CFO-1113 Chlorotrifluoroethene | CF,=CFClI 79-38-9 1.5 days (0.8-2.1 days) 1.5 days (0.8-2.1 days) 1.5 days
(E)-1,2-fluorochloroethene (E)-CHCI=CHF 2268-32-8 2.2 days 2.2 days
(Z)-1,2-fluorochloroethene (2)-CHCI=CHF 2268-31-7 2.2 days 2.2 days
ZE)Z'd'Ch"’“"] 2-difluoroethylene | ) opci—crcy 598-88-9 4.9 days 4.9 days
zi)z'd":h'°’°‘1 2-difluoroethylene | 7 crcj—crcy 598-88-9 4.7 days 4.7 days
1,1-dichloro-2,2-difluoro-ethene CCl,=CF, 79-35-6 2.7 days 2.7 days
fluorotrichloroethylene CCl,=CCIF 359-29-5 2.7 days 2.7 days
3-chloro-1,1,3-trifluoro propene (E) | (E)-CHF,CF=CHCI - 5.0 days 5.1days
3-chloro-1,1,3-trifluoro propene (Z) | (2)-CHF ,CF=CHCI - 2.7 days 2.7 days
(E)-HCFO-1233zd (E)-CF,CH=CHCl 102687-65-0 0.047 ppt 42.5 days (34-64 days) | 41.9 days (34-64 days) 41.9 days
(2)-HCFO-1233zd (2)-CF,CH=CHCI 99728-16-2 13 days 13 days 13 days

T-chloro-2,3,3,3-tetrafluoropro- | _ e

pene (E); (E)-HCFO-1224yd (E)-CF,CF=CHCI 3110-38-1 10 days 10 days

I-chloro-2,3,3,3tetrafluoropro- | ) o cp—cpy 3110-38-1 12 days 12 days
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Annex

Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

- - 0.0195 2.83E-03 <1 <1 <<1 <<] <<] L2, R6

- - 0.0293 3.67E-03 <1 <1 <<1 <<] <<] L2, R6

= = 0.02 4.40E-03 <1 <1 <<] <<1 <<1 L35,R2

- - 0.029 1.42E-03 <<] <<1 <<1 <<] <<] L36,R2

- - 0.02 9.83E-04 <<] <<1 <<1 <<] <<] L36, R2

- 0.016 1.66E-04 <<1 <<1 <<1 <<1 <<1 L37,R2

- - 0.041 7.91E-04 <<] <<1 <<1 <<] <<] L2, R2

= = 0.086 1.17E-03 <<] <<1 <<1 <<] <<] L2, R6

- <0.0003 0.091 5.15E-03 <1 <<1 <<1 <<1 <<1 L2, 011, R2
- <0.0003 0.043 2.63E-03 <<] <<1 <<1 <<] <<] L2, O11, R3
- <0.004 0.099 5.77E-03 <1 <<1 <<1 <<] <<] A3, L2,011,R2
= = 0.107 0.0522 23 6 2 1 1 A2,12,R2
- 0.046 7.44E-04 <<1 <<1 <<1 << <<1 L3,R2

= 0.024 4.22E-04 <<] <<1 <<1 <<1 <<1 L3,R2

- 0.052 6.37E-04 <<1 <<1 <<1 <<1 <<1 L38,R2
- 0.025 4.15E-04 <<] <<1 <<1 <<] <<] L3, R2

- 0.056 1.11E-03 <<] <<1 <<1 <<] <<] L39,R2
= 0.061 7.15E-04 <<] <<1 <<1 <<] <<] L39, R2
- 0.055 6.40E-04 <<] <<1 <<1 <<] <<] L38,R2
- 0.144 2.31E-03 <<] <<1 <<1 <<] <<] L3, R2

- o.n 1.77E-03 <<] <<1 <<1 <<] <<] L3,R2

- 0.039 7.71E-03 1 <1 <<] <<1 <<1 L40, R2
- 0.075 0.0226 4 1 <1 <1 <1 L41,R2
= 0.08 0.013 1 <1 <<] <<1 <<] 142, R2
- 0.046 0.0115 2 <] <] <1 <<] L42,R2
- 0.05 0.0115 2 <1 <1 <<] <<] L3, R2

- 0.054 o.on7z 2 <1 <1 <1 <<] L3,R2

- 0.036 8.02E-03 1 <1 <<1 <<] <<] L3, R2

- 0.024 7.32E-03 2 <] <] <1 <<] L3,R2

= 0.134 0.0743 25 7 2 2 1 R6

= = 0.114 2.03E-03 <<] <<1 <<1 <<] <<] 143, R2

- 0.044 1.08E-03 <<] <<1 <<1 <<] <<] L43,R25
= 0.044 1.11E-03 <<] <<] <<] <<] <<] L44,R25
- 0.013 5.99E-03 <1 <<1 <<1 <<] <<] L43, L44,R25
= 0.013 5.74E-03 <1 <<] <<] <<1 <<1 L44,R25
- 0.007 2.65E-03 <<] <<1 <<1 <<] <<] 143, R25
= 0.13 3.92E-03 <<] <<1 <<1 <<] <<] L3, R2

- 0.232 0.0124 <1 <<1 <<] <<] <<] L45, R6

= 0.174 0.0052 <<] <<] <<1 <<] <<] L45, R6

- <0.0004 0.229 0.0651 14 4 1 <1 <1 L2, 01, R26
- <0.0004 0.213 0.0254 2 <1 <1 <1 <<] L2, O11, R26
. 0.366 0.0357 2 <] <] <<] <<] L45, R6

= 0.31 0.0335 2 <1 <1 <1 <<] L45, R6
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Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HCFO-1233xf (2-chloro-3,3,3- _ ~ ~ ~
fluoro-oropenc) CF,CCI=CH, 42.5 days (34-64 days) | 42.3 days (34-64 days) 42.5 days
CFO-1215yc (3-chloro-1,1,2,3,3- _ _ » R _ R »
A A" CF,=CFCF,Cl 5 days ~(3-7 days) 5 days ~(3-7 days) 5 days
3,3-dichloro-1,1,1,2-tetrafluoro- CCl,=CFCF, _ 14 days 14 days
propene
1,2-dichloro-3,3, 3trifluoro- (2)-CFCCl=CHCI 43127-6 28 4 days 28.4 days
propene (2)
CFO-1316yff (4,4-dichloro- _ 5 (2 5 (2 5
11,233, 4-fluoro-1-butene) CF,=CFCF,CFCl, - 5 days ~(3-7 days) 6 days ~(3-7 days) 6 days
p-chlorobenzotrifluoride CICsH,CF; 98-56-6 60 days 60.7 days

Bromocarbons, Hydrobromocarbons, and Halons

Unsaturated Bromofluorocarbons

Methy! bromide CH4Br 74-83-9 6.68 ppt 0.8 0.8 1.8
Methylene bromide CH,Br, 74-95-3 0.9 ppt(0.6-1.7) | 150 days (80-890 days) | 147 days (80-890 days) 150 days
Bromoform CHBry 75-25-2 1.2 ppt (0.4-4.0) 16 days (8-23 days) 13 days (8-23 days) & dzy;y(:)S—SS
Halon-1201 CHBrF, 1511-62-2 4.9 4.85 5.68
Halon-1202 CBr,F, 75-61-6 0.009 ppt 2.5 2.5 122
Halon-1211 CBrCIF, 353-59-3 3.1 ppt 16 16 1.45E+04
Halon-1301 CBrF; 75-63-8 3.32 ppt 72 72 2.10E+04
Bromochloromethane CH,BrCl 74-97-5 (oogs_gﬁtz) 165 days (89-1050 days) | 162 days (89-1050 days) 165 days
Bromodichloromethane CHBrCl, 75274 |03ppt(01-09)| 66days(38-250days) | 66days(38-250days) | > 9! (yi?“"ﬁo
Dibromochloromethane CHBr,Cl 124-48-1 0.3 ppt(0.1-0.8) | 59 days (28-225 days) 49 days (28-225 days) 71 dalésa(yt?_325
Bromoethane CH,CH,Br 74-96-4 50 days (30-260 days) 50 days (30-260 days) 50 days
1,2-dibromoethane CH,BrCH,Br 106-93-4 89 days (44-590 days) 89 days (44-590 days) 89 days
n-bromopropane CH,CH,CH,Br 106-94-5 15 days (9-65 days) 15 days (9-65 days) 15 days
Iso-bromopropane CH;CHBrCH, 75-26-3 20 days (12-88 days) 20 days (12-88 days) 20 days
Halon-2301 CH,BrCF; 421-06-7 3.2 29 .25
Halon-2311/ Halothane CHBrCICF, 151-67-7 0.010 ppt 1 1 1.08
Halon-2401 CHFBrCF, 124-72-1 29 2.83 BNIS
Halon-2402 isomer CF;CFBr, - 2.5 28 2.10E+04
Halon-2402 CBrF,CBrF, 124-73-2 0.40 ppt 28 28 2.10E+04

Unsaturated Bromochlorofl

4-bromo-3-chloro-3,4,4-trifluoro-
T-butene

Fully Fluorinated Species

uorocarbons

CH,=CHCCIFCBIF,

374-25-4

4.5 days

Bromoethene CH,=CHBr 593-60-2 34 days 35days
Bromothrifluoroethene CFBr=CF, 598-73-2 1.6 days (0.9-2.0 days) 1.6 days (0.9-2.0 days) 1.6 days
1-bromo-2,2-fluoroethene CHBr=CF, 359-08-0 2.7 days (1.5-3.4 days) 2.7 days (1.5-3.4 days) 2.7 days
3-bromo-1-propene CH,=CHCH,Br 106-95-6 20 days 20 days
2-bromo-3,3,3-flucro-1-propene | CH,=CBrCF, 1514-82-5 3.2 days (1.8-3.9 days) 3.2 days (1.8-3.9 days) 3.2 days
ij:;’:o'3'3'4'4'4'f'”°r°']' CH,=CBICF,CF, 68318-95-6 3.7 days (2.0-4.6days) | 3.7 days (2.0-4.6 days) 3.7 days
4-bromo-3,3,4,4-fluoro-1-butene | CH,=CHCF,CF,Br 18599-22-9 7.5 days (4.7-9.5 days) 7.5 days (4.7-9.5 days) 7.5 days
Benzyl bromide CgHs-CH,Br 100-39-0 14 days 14 days

4.4 days

4.4 days

Nitrogen trifluoride NF; 7783-54-2 2.3 ppt 569 569 -
Perfluorotriethylamine N(C,Fs); 359-70-6 >1000 >3000 -
Perfluorotripropylamine N(CsF,)s 338-83-0 >1000 >3000 -
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Annex

Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=2ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
- - 0.263 0.075 16 4 1 <1 <1 L46, R6
= - 0.362 0.021 <1 <] <<1 <<] <<] L47, R6
- 0.343 0.0419 2 <1 <1 <1 <1 L3, R6
- 0.318 0.0684 8 2 <1 <1 <1 L48, R6
- - 0.399 0.0231 <1 <] <<] <<] <<] L47, R6
- 0.314 0.115 25 7 2 2 1 L49
26.3 0.57 0.006 4.21E-03 9 2 <1 <1 <1 A2, L5, L11,03,R2
- 3-4 0.017 9.33E-03 5 1 <1 <1 <1 A3,L2,011,R2
= 55 0.018 2.13E-03 <<] <<1 <<1 <<] <<] A3, L2, O11,R2
34 0.165 0.152 1320 375 107 87 69 L2, R2
36 1.8 0.313 0.271 773 215 61 48 8S) A2,12,L5, 03, R2
41 71 0.32 0.31 5080 1990 570 1mo 420 A2,12,L5,03,R4
73.5 17 0.313 0.309 8580 7430 2840 7800 5220 A2,12,L5,03, R2
- - 0.035 0.0202 17 5 1 1 <1 A3,L2,R2
- - 0.061 0.023 6 2 <1 <1 <1 A3,12,R6
- - 0.04 0.0125 2 <] <] <1 <<] A3,L2,R6
- <0.46 0.018 5.67E-03 2 <1 <1 <1 <<1 L2, O11, R2
. - 0.027 1.20E-02 4 1 <] <1 <1 L2, R2
= <0.17 0.018 2.43E-03 <1 <<1 <<1 <<1 <<] L2, O11, R2
- - 0.026 4.32E-03 <1 <1 <<1 <<] <<] L2, R2
= = 0.152 0.135 575! 160 46 36 29 L2, R2
- ~1.6 0.18 0.134 163 45 13 10 8 A3,L2,012,R2
28 - 0.214 0.189 707 197 56 44 36 L2, R2
32 - 0.346 0.339 4420 2360 695 2010 763 L2,L50, R6
41 15.6 0.332 0.325 4240 2260 666 1930 732 A2, L5, L11, 03, R2
- - 0.041 0.01 2 <1 <1 <1 <1 L51, R2
- - 0.161 0.003 <<] <<1 <<1 <<] <<] L2, R6
- - 0.123 0.004 <<1 <<] << <<1 <<] L2, R6
- 0.04 0.007 <1 <1 <<1 <<] <<] L52,R2
= <0.05 0.246 0.009 <1 <<1 <<1 <<] <<] L2, O11, R6
- - 0.334 0.013 <1 <<1 <<1 <<] <<] L2, R6
- - 0.348 0.026 <1 <1 <<] <<1 <<1 L2, R6
- - 0.032 0.004 <1 <<1 <<1 <<] <<] L3,R2
- 0.329 0.015 <1 <<1 <<1 <<] <<] L2,R6
740 0 0.209 0.208 13,600 17,700 18,500 18,600 20,300 A2,L5,L53,01,R2
>3000 (0] 0.686 0.69 8770 12,100 16,300 12,500 14,600 L3, Ol, R27
>3000 0 0.809 0.816 7390 10,200 13,700 10,600 12,300 L3, O1,R27
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
Perfluorotributylamine N(C4Fs)s 311-89-7 >1000 >3000 -
Perfluorotripentylamine N(CsFy)5 338-84-1 >1000 >3000 -
Sulfur hexafluoride SFe 2551-62-4 10.3 ppt 3200 850-1280 -
g;g'r‘i’gemmethy')su'f”r penta- SF.CF, 373-80-8 0.155 ppt 650-950 650-950 -
PFC-14 (Perfluoromethane) ClFy 75-73-0 86.4 ppt 50,000 50,000 -
PFC-116 (Perfluoroethane) C,Fs 76-16-4 4.94 ppt 10,000 10,000 -
PFC-c216 (Perfluorocyclopropane) | c-C;Fg 931-91-9 3000 3000 -
PFC-218 (Perfluoropropane) C,Fq 76-19-7 0.7 ppt 2600 2600 -
PFC-c316 (Perfluorocyclobutene) | c-C,Fg 697-11-0 1.2 1.2 1.205
PFC-c318 (Perfluorocyclobutane) | c-C,Fq 115-25-3 1.82 ppt 3200 3200 -
PFC-31-10 (Perfluorobutane) n-C,Fo 355-25-9 2600 2600 -
PFC-c418 (Perfluorocyclopentene) | c-CsFq 559-40-0 1.1 1.06 1.063
PFC-41-12 (Perfluoropentane) n-CsF,, 678-26-2 0.148 ppt 4100 4100 -
PFC-51-14 (Perfluorohexane) n-CeFyy 355-42-0 0.22 ppt 3100 3100 -
PFC-61-16 (Perfluoroheptane) n-C,Fg 335-57-9 3000 3000 -
PFC-71-18 (Perfluorooctane) n-CgFig 307-34-6 3000 3000 -
PFC-91-18 (isomer mixture) CioFis 306-94-5 2000 2000 -
PFC-c91-18(Z) (Perfluorodecalin(Z)) | (2)-C\oFs 60433-12-7 2000 2000 -
PFC-c91-18(E) (Perfluorodecalin(E)) | (E)-C,oF s 60433-11-6 2000 2000 -
PFC-1114 CF,=CF, 16-14-3 1.2 days (0.7-1.6 days) 1.2 days (0.7-1.6 days) 1.2 days
PFC-1216 CF,CF=CF, 116-15-4 5.5 days (3.3-7.1 days) 5.5 days (3.3-7.1 days) 5.5days
Perfluorobuta-1,3-diene CF,=CFCF=CF, 685-63-2 1.1 days 1.1 days 1.1days
Perfluorobut-1-ene CF;CF,CF=CF, 357-26-6 6 days 6.6 days 6.6 days
Perfluoroisobutene (CF,),C=CF, 382-21-8 14 days 14 days
(E)-Perfluoro-2-butene (E)-CF,CF=CFCF, 360-89-4 22 days 22 days 22 days
(Z)-Perfluoro-2-butene (2)-CF,CF=CFCF, 1516-15-9 35 days 35 days 35days
Perfluoro(2-methyl-2-pentene) (CF;),C=CFCF,CF, 1584-03-8 192 days 0.527 0.527
Hexafluorobenzene CeFs 392-56-3 15 days 15 days
PFPHP- Perfluoroperhydrophen- CoFn 306-91-2 >1000 _

anthrene (Vitreon, Flutec PP 11)

Halogenated Ethers

HFE-125 CHF,OCF; 3822-68-2 135 101.7 147
HFE-134 (HG-00) CHF,OCHF, 1691-17-4 26.9 25.4 28.4
HFE-143a CH;OCF; 421-14-7 4.9 4.82 5.05
HFE-152a CH,OCHF, 359-15-9 1.8 1.78 1.85
HFE-227ea CF,CHFOCF, 2356-62-9 54.8 48.4 58.1
1,1,2,2-tetrafluoro-1-(trifluoro- CF.OCF,CF,H 2356-61-8 153 16.6
methoxy)ethane

HCFE-235ca2 (enflurane) CHF,OCF,CHFCI 13838-16-9 4.42 4.38 4.58
HCFE-235daz2 (isoflurane) CHF,OCHCICF, 26675-46-7 0.11 ppt 3.5 3.48 3.7
HFE-236ca CHF,OCF,CHF, 32778-11-3 22 18.9 23.2
HFE-236ea2 (desflurane) CHF,OCHFCF, 57041-67-5 0.37 ppt 14. 13.7 14.8
HFE-236fa CF,CH,OCF, 20193-67-3 ~7.5 7.56 8
HFE-245cb2 CF,;CF,0OCH,4 22410-44-2 5 4.99 5.24
HFE-245fal CHF,CH,OCF; 84011-15-4 ~6.7 6.64 7
HFE-245fa2 CHF,OCH,CF; 1885-48-9 5.5 5.49 5.77
HFE-254cb]1 CH,OCF,CHF, 425-88-7 2.5 2.52 2.62
HFE-254eb2 CH,OCHFCF, - 110 days (69-200 days) | 107 days (69-200 days) 110 days
HFE-263mf CF,CH,OCH, 460-43-5 28 days (19-47 days) 28 days (19-47 days) 29 days
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Stratospheric ODP Radiative Recommended GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 100-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics
>3000 0.924 0.938 6590 9070 12,200 9430 11,000 L3, O1,R2
>3000 1.05 1.06 6090 8370 11,300 8710 10,200 L3, O1,R27
- 0.574 0.574 18,400 24,700 29,800 25,800 29,300 A2,154,01,R2
650-950 0 0.596 0.594 14,200 18,800 21,400 19,600 22,000 A2,155,01,R2
50,000 0 0.099 0.1 5380 7490 10,700 7770 9180 A2,16, O1,R2
10,000 0 0.263 0.264 9040 12,600 17,700 13,000 15,400 A2,16, O1,R2
3000 0 0.74 0.747 23,500 32,300 43,600 33,600 39,200 L56, O1, R6
2600 0 0.274 0.276 6920 9500 12,700 9880 11,500 A2,156, 01, R2
1.2 0 0.33 0.255 453 126 36 28 23 L57, 01, R19
3200 0 0.318 0.328 7740 10,600 14,400 11,100 12,900 A2,16, O1,R2
2600 0 0.374 0.375 7430 10,200 13,600 10,600 12,300 L56, O1, R2
>1000 0 0.363 0.275 330 92 26 20 17 L58, O1,R28
4100 0 0.412 0.415 6800 9390 12,900 9760 11,400 A3, L6, O1,R2
3100 0 0.455 0.459 6410 8810 11,900 9160 10,700 A2, L6, O1,R2
3000 0 0.51 0.515 6260 8610 11,600 8950 10,400 L56, O1, R2
3000 0 0.565 0.572 6160 8470 11,400 8810 10,300 L56, O1, R2
2000 0 0.545 0.547 5580 7620 9950 7930 9170 L56, O1, R2
2000 0 0.519 0.536 5460 7460 9750 7770 8990 L56, O1, R2
2000 0 0.569 0.583 5940 8120 10,600 8450 9780 L56, O1, R2
- 0 0.126 0.002 <<] <<1 <<1 <<] <<] L2,0O1,R2
- 0 0.239 0.014 <1 <<] <<] <<1 <<1 L2, O1,R2
- 0 0.244 0.003 <<1 <<] <<] <<1 <<1 L2,01,R2
- 0 0.307 0.021 <1 <1 <<1 <<] <<] L2, O1,R2
- 0 0.336 0.041 <1 <1 <1 <<1 L3, 01, R2
- 0 0.304 0.055 4 1 <1 <1 <1 L2, O1,R2
- 0 0.304 0.076 2 <1 <] <] L2, O1,R2
= 0 0.774 0.478 202 56 16 12 10 L2, 01, R6
- 0 0.153 0.077 31 9 2 2 2 L59, O1,R2
>1000 0 0.961 0.984 7390 9900 11,800 10,300 1,700 L3, O1,R6

330 0 0.42 0.416 13,100 12,900 5880 13,700 10,700 L2, 01,R2
241 0 0.459 0.454 12,600 6370 1860 5150 1880 L2,01,R2
104 0 0.205 0.189 2140 607 173 140 12 L2, 01, R2
50.6 0 0.201 0.168 874 243 69 54 44 L2,01,R2
288 0 0.466 0.46 9600 6930 2280 7000 3720 L2, O1,R2
197 0 0.687 0.665 9480 3640 1040 1920 751 L60, O1, R6
96.6 0.04 0.448 0.415 2330 657 187 151 120 L2, 012, R2
58.4 0.03 0.475 0.426 1920 536 153 121 98 A2,12,012,R2
103 0 0.654 0.638 11,100 4750 1360 3090 1100 L2, O1,R6
188 0 0.482 0.466 6930 2530 722 1190 504 A2,12,01,R2
138 0 0.393 0.378 3770 1,30 323 300 21 L3, O1,R2
107 0 0.365 0.34 2650 754 215 175 139 L2,01,R2
128 0 0.335 0.322 3230 950 271 236 176 L3, O1,R2
13 0 0.388 0.361 3070 880 251 208 162 L2,01,R2
66 0 0.3 0.262 1200 J3 5 7 61 L2,01,R2
- 0 0.362 0.176 94 26 7 6 5 L2,01,R6
= 0 0.216 0.046 7 2 <1 <1 <1 L61, O1, R2
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Industrial Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
or Chemical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
HFE-263m1 CF,OCH,CH, 690-22-2 ~145 days 143 days 0.4
1,1,2-trifluoro-2-(trifluoromethoxy)- CHF,CHFOCF, 84011-06-3 9 8.75 93
ethane
Perfluoro ethyl vinyl ether C,FsOCF=CF, - 3.9days 0.011
HFE-329mcc2 CHF,CF,OCF,CF, 134769-21-4 ~25 22.6 25
1,1,1,3,3,3-hexafluoro trifluoro- CF,OC(CF)H B 84.6 114.8
methoxy
HFE-338mmz1 (CF;),CHOCHF, 26103-08-2 22.3 21.3 23.5
HFE-338mcf2 CF;CH,OCF,CF, 156053-88-2 ~7.5 7.56 8
HFE-338mec3 CF;CFHCF,OCF,H 56860-85-6 9.4 10
HFE-347mmz]1 (Sevoflurane) (CF;),CHOCH,F 28523-86-6 0.16 ppt 1.9 1.4 1.46
HFE-347mcc3 (HFE-7000) CH,OCF,CF,CF; 375-03-1 51 5.07 5.32
HFE-347mcf2 CHF,CH,OCF,CF; 171182-95-9 ~6.7 6.64 7
HFE-347pcf2 CHF,CF,OCH,CF, 406-78-0 6.1 5.99 6.31
HFE-347mmy1 (CF5),CFOCH, 22052-84-2 3.7 3.66 3.83
HFE-347mcf CHF,OCH,CF,CF; 56860-81-2 5.8 5.73 6.03
HFE-356mec3 CH,OCF,CHFCF, 382-34-3 2.5 2.87 3
HFE-356mff2 CF,CH,OCH,CF; 333-36-8 128 days (79-270 days) 126 days (79-270 days) 128 days
HFE-356pcf2 CHF,CH,OCF,CHF, 50807-77-7 ~6 57 6
HFE-356pcf3 CHF,OCH,CF,CHF, 35042-99-0 3.5 3.52 3.67
HFE-356pcc3 CH,OCF,CF,CHF, 160620-20-2 2.5 2.87 3
HFE-356mmz1 (CF;),CHOCH, 13171-18-1 65 days (49-128 days) 67 days (49-128 days) 66 days
HFE-365mcf3 CF,CF,CH,OCH, 378-16-5 25 days (17-42 days) 25 days (17-42 days) 26 days
HFE-365mcf2 CF,CF,OCH,CH, 22052-81-9 219 days 0.573 0.59
HFE-374pc2 CHF,CF,OCH,CH, 512-51-6 76 days (49-128 days) | 76 days (49-128 days) 77 days
11,2, 2-tetrafluoro-3-methoxy- | cpie o c,0CH, 60598-17-6 26 days 26 days 26 days
propane
HFE-43-10pcccl24 (H-Galden
1040x. HGA) CHF,OCF,0C,F,OCHF, 188690-77-9 14.1 13.7 14.7
HFE-449s1 (HFE-7100) C,FsOCH, 219484-64-7 4.8 5.05 53
n-HFE-7100 n-C,FsOCH, 163702-07-6 4.8 5.05 53
i-HFE-7100 i-C,FsOCH; 163702-08-7 4.8 5.05 53
T-ethoxy-11,2,3,3,3-hexafluoro- | o ~iecr ocH,CH, 380-34-7 147 days 147 days 150 days
propane
1,1,1,2,2,3,3-Heptafluoro-3-
(1,2,2,2-tetrafluoroethoxy)- CF,CF,CF,OCHFCF; 3330-15-2 59.4 51.1 62
propane
HFE-54-11mecf CF,CHFCF,OCH,CF,CF, 1000-28-8 9.1 0.95 0.98
:Ii:XE)-569sf2 (HFE-7200, isomer C.FOC,Hs _ 0.8 0.784 0.808
n-HFE-7200 n-C,FsOC,H; 163702-05-4 0.8 0.784 0.808
i-HFE-7200 i-C4FsOC;H;5 163702-06-5 0.63 0.63 0.649
n-HFE-7300 n-C,FsCF(OCH;)CF(CF;), 132182-92-4 4.99 5.23
n-HFE-7500 n-C4F,CF(OC,H:)CF(CFs), 297730-93-9 0.348 0.354
HFE-236c¢al2 (HG-10) CHF,OCF,OCHF, 78522-47-1 26.5 251 28
HFE-338pcc13 (HG-01) CHF,OCF,CF,OCHF, 188690-78-0 13.4 13 14
HG-02 (1,1"-oxybis[2-(difluoro-
methoxy)-1,1,2,2-tetrafluoro- HF,C(OCF,CF,),OCF,H 205367-61-9 26.9 25.4 28.4
ethane)
HG-03(1,1,3,3,4,4,6,6,7,7,9,9,
10,10,12,12-hexadecafluoro- HF,C(OCF,CF,);OCF,H 173350-37-3 26.9 25.4 28.4
2,5,8,11-tetraoxadodecane)
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Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

- 0 0.227 0.125 103 29 8 6 5 L3, O1,R2
150 0 0.371 0.356 3970 1240 352 363 232 L62, O1,R2
- 0 0.596 0.025 <] <<1 <<1 <<] <<] L63, O1,R6
241 0 0.559 0.555 7410 3490 1010 2620 925 L3, 01, R2
321 0 0.692 0.686 12,300 11,300 4670 11,900 8630 L64, O1, R6
226 0 0.464 0.458 6470 2950 851 2120 743 L2, O1,R2
138 0 0.481 0.461 3540 1070 304 282 198 L65, O1,R2
156 0 0.712 0.682 6170 1960 558 613 369 L3, O1, R6

41.9 0 0.369 0.299 505 140 40 31 25 A2,12,01,R2
108 0 0.367 0.343 2040 579 165 135 107 L2, O1,R2
128 0 0.46 0.44 3310 973 278 242 180 L66, O1, R2
120 0 0.516 0.483 3330 964 275 232 178 L2, O1,R13
86.6 0 0.353 0.321 1400 391 12 89 72 L2, 01, R2
16 0 0.55 0.517 3430 987 282 235 182 L2, O1, R6
66 0 0.333 0.297 1120 312 89 70 57 L67,O1,R2
- 0 0.363 0.19 87 24 7 5 4 L2, O1,R2
116 0 0.406 0.388 2810 810 231 192 149 L68, O1, R2
84 0 0.421 0.393 1810 506 144 15 93 L2, O1,R2
66 0 0.349 0.314 1180 330 94 74 60 L67, O1,R2
- 0 0.336 0.127 31 9 2 2 2 L2, O1,R2
- 0 0.294 0.058 6 2 <1 <1 <1 L69, O1, R2
= 0 0.486 0.309 259 72 21 16 13 L2, 01, R6
- 0 0.325 0.132 45 13 4 3 2 L70, O1,R2
- 0 0.256 0.052 6 2 <1 <1 <1 L71,01,R2
188 0 1.068 1.03 8580 3130 894 1470 624 L2, 01,R2
108 0 0.391 0.362 1710 487 139 n3 90 L2, O1,R2
108 0 0.462 0.428 2020 576 164 134 106 L2, O1,R2
108 0 0.371 0.343 1620 462 132 107 85 L2, 01, R2
- 0 0.347 0.195 96 27 8 6 5 L62, O1,R2
292 0 0.6 0.594 8140 6040 2020 6150 3390 L62, O1,R2
30.4 0 0.778 0.575 437 121 35 27 22 L2, O1,R6
25.9 0 0.653 0 <<] <<1 <<1 <<] <<] L72, O1,R6
25.9 0 0.429 0.3 214 59 17 13 n L72,01,R2
21.5 0 0.33 0.216 124 34 10 8 6 L72, 01, R2

107 0 0.572 0.536 1790 509 145 ns 94 L73,01,R29

- 0 0.616 0.332 67 19 5 4 8 L73, 01, R29
240 0 0.663 0.669 11,900 5950 1740 4780 1730 L2, O1,R2
183 0 0.904 0.92 9540 3400 972 1500 669 L2, O1,R2

241 0 118 1.167 10,900 5520 1610 4460 1630 L74, O1,R30

241 0 1.46 1.451 10,200 5160 1500 4170 1520 L74, 01, R30
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CASRN WMO (2018) Total

Lifetime

WMO (2022) Total
Lifetime

Tropospheric
(OH Reactive

Chemical Formula Atmospheric

Abundance?

Industrial Designation
or Chemical Name

HG-04 (1,1,3,3,4,4,6,6,7,7,9,9,
10,10,12,12,13,13,15,15-eicosa-

(years)

(years)

Loss) Lifetime
2022
(years)

fuored5.8.11 Mpentaoe, HCF,O(CF,CF,0),CF,H 173350-38-4 26.9 25.4 28.4
pentadecane)

HG-20 HF,C(OCF,),0OCF,H 249932-25-0 26.5 251 28
HG-21 HF,COCF,CF,OCF,OCF,OCF,H 249932-26-1 13.4 13 14
HG-30 HF,C(OCF,);OCF,H - 26.5 251 28
T-ethoxy-11,2,2,3,3,3-heptafluoro | - ~r ¢ ey ch, 22052-86-4 0.75 0.728 0.75
-propane

Fluoroxene CF;CH,OCH=CH, 406-90-6 3.6 days 3.6 days 3.6 days
l’l}’l)zétzi;;?fﬂ“°r°']'(ﬂ“°’°meth' CH,FOCF,CF,H 37031-31-5 6.2 5.89 6.2
2-ethoxy-3,3,4,4,5-pentafluoro-

}Iit;l;y]d(rtflffuirg';[ltﬁylz)ezt;;ﬁra CHsFe0, 920979-28-8 0.81 0.806 0.83
furan

Fluoro(methoxy)methane CH,OCH,F 460-22-0 73 days 72 days 73 days
Fluoro(fluoromethoxy)methane CH,FOCH,F 462-51-1 0.9 0.872 0.9
Difluoro(fluoromethoxy)methane | CH,FOCHF, 461-63-2 3.2 317 3.3
Trifluoro(fluoromethoxy)methane | CH,FOCF, 2261-01-0 4.2 4.2 4.4
HG'-01 CH;OCF,CF,0OCH; 73287-23-7 1.7 1.68 1.74
HG'-02 CH,O(CF,CF,0),CHs 485399-46-0 1.7 1.68 1.74
HG'-03 CH,O(CF,CF,0):CH, 485399-48-2 17 1.68 1.74
HFE-329me3 CF,CFHCF,OCF; 428454-68-6 33.6 31 35.3
Zchlorol 1, 2-trfluero-Hmethoxy™ | ey, oer,CHEC 425-87-6 143 1.44 149
Octafluorooxolane c-C,FO 773-14-8 0.074 ppt - >3000 -

iF; ';Pp“:‘c';f,f:t’:;3'°p°'ymethy" CF,OCF(CF.)CF,OCF,0CF, 1309353-34-1 800 370 -
HFE-216 CF,OCF=CF, 1187-93-5 1.6 days 4.7 days 4.7 days

Fluoroesters

Trifluoromethyl formate HC(O)OCF, 85358-65-2 <3.5 BES5 3.71
Perfluoroethyl formate HC(O)OCF,CF; 313064-40-3 <3.6 3.57 3.73
Perfluoropropyl formate HC(O)OCF,CF,CF, 271257-42-2 <2.6 2.62 2.73
Perfluorobutyl formate HC(O)OCF,CF,CF,CF,4 197218-56-7 <2.6 2.6 2.7
2,2, 2-trifluoroethyl formate HC(O)OCH,CF, 32042-38-9 200 days 0.54 0.56
3,3, 3-trifluoropropyl formate HC(O)OCH,CH,CF; 1344118-09-7 99 days 108 days 110 days
1,2,2,2-tetrafluoroethyl formate HC(O)OCHFCF, 481631-19-0 3.1 3.2 3.25
:c')]r'rl] 'j’t':'3'hexaﬂ“°r°p’°pa”'2'y" HC(O)OCH(CF,), 856766-70-6 3.1 3.07 3.2
Perfluorobutyl acetate CH,C(O)OCF,CF,CF,CF; 209597-28-4 22 days 22 days 22 days
Perfluoropropyl acetate CH,C(O)OCF,CF,CF, 1344118-10-0 22 days 22 days 22 days
Perfluoroethyl acetate CH,C(O)OCF,CF4 343269-97-6 22 days 22 days 22 days
Trifluoromethyl acetate CH,C(O)OCF, 74123-20-9 22 days 22 days 22 days
Methyl carbonofluoridate FCOOCH; 1538-06-3 1.8 1.74 1.81
1,1-difluoroethyl carbonofluoridate | FC(O)OCF,CH, 1344118-11-1 10 days 108 days 110 days
l’!éf;‘:';”methy' 2,2,2Arifluoro- | o ~()0CF,CH, - 110 days 119 days 120 days
Ethyl 2,2, 2-trifluoroacetate CF,C(O)OCH,CH, 383-63-1 22 days 69 days 70 days
2,2 2-rfluoroethy| 2,2, 2:41flU0r0" | CE C(O)OCH,CF, - 180 days 176 days 180 days
Methyl 2,2, 2-trifluoroacetate CF,C(O)OCH, 431-47-0 1 0.98 1.01
Methyl 2,2-diflucroacetate HCF,C(O)OCH;, 433-53-4 124 days 122 days 124 days
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Stratospheric
Lifetime 2022

(years)

oDP

Radiative
Efficiency
(well mixed)
(Wm=2ppb-)*©

Recommended
Adjusted Effective
Radiative Efficiency

(Wm=ppb)©

GWP
100-yr

GWP
500-yr

GTP
50-yr

Annex

GTP

100-yr

Footnotes
A: Atmospheric Abundance
L: Lifetime
O: Ozone Depletion Potential
R: Radiative Metrics

241 0 1.5 1.493 8420 4250 1240 3430 1250 L74,01,R30
240 1.181 1.159 15,200 7590 2210 6090 2210 L75, 01, R6
183 1.822 1.763 11,700 4170 1190 1840 820 L74, 01, R6
240 1.601 1.572 16,300 8150 2370 6540 2370 L75, 01, R6
24.3 0 0.516 0.354 289 80 23 18 14 L70, O1,R6
= 0 0.3 0.012 <1 <<1 <<1 << << L70, O1, R31
19 0 0.468 0.44 3980 1150 328 276 213 L70, O1,R6
26.5 0 0.66 0.467 167 46 13 10 8 L76, O1,R32
- 0 0.191 0.076 56 16 4 3 3 L77,01, R6
28.3 0 0.191 0.222 566 157 45 85 28 L78, O1, R6
78 0 0.25 0.315 2380 665 190 150 121 L78, 01, R6
95 0 0.308 0.389 3280 923 263 21 169 L78, O1, R6
48 0 0.352 0.291 723 201 57 45 36 L79,O1,R2
48 0 0.683 0.563 816 227 65 50 41 L79, 01, R2
48 0 0.927 0.763 780 217 62 48 39 L79, O1,R2
256 0 0.499 0.5 7400 4190 1250 3740 1500 L80, O1, R2
43 0 0.313 0.251 584 162 46 36 29 L81, O1, R6
>3000 0 0.469 0.469 10,200 14,100 19,000 14,600 17,100 A5, 182,01, R32
370 0 0.653 0.656 7830 9830 8860 10,300 10,900 L83, O1, R2
= 0 0.491 0.024 <1 <1 <<1 <<I <<I L84, O1, R6

110 0 0.347 0.313 2320 650 185 147 19 L85, O1, R34
10 0 0.504 0.456 2370 662 189 150 121 L86, O1, R34
83 0 0.222 0.194 569 158 45 36 29 L86, O1, R34
83 0 0.613 0.54 1270 354 101 79 65 187,01, R34
= 0 0.278 0.176 178 49 14 n © L88, O1, R34
- 0 0.277 0.138 69 19 5 4 3 L89, O1, R34
77 0 0.396 0.354 1810 504 144 N4 92 L90, O1, R34
76 0 0.373 0.335 1250 350 100 79 64 L89, O1, R34
= 0 0.706 0.125 7 2 <1 <1 <1 L91, O1, R34
- 0 0.571 0.101 6 2 <1 <] <1 192, O1,R34
= 0 0.572 0.101 8 2 <1 <l <l 192, O1, R34
- 0 0.404 0.071 8 2 <1 <1 <] 192, O1,R34
50 0 0.085 0.071 380 106 30 23 19 L90, O1, R34
- 0 0.352 0171 95 26 8 6 5 L93, O1, R34
= 0 0.533 0.271 19 3 9 7 6 L89, O1, R34
- 0 0.315 0.122 39 n 3 2 2 194, O1,R2
- 0 0.428 0.257 152 42 12 © 8 L94, O1, R34
31 0.267 0.201 369 103 29 23 19 L94, O1,R35
- 0.193 0.101 74 20 6 4 L94, O1, R34
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al Designation Chemical Formula CASRN Atmospheric  WMO (2018) Total WMO (2022) Total Tropospheric
mical Name Abundance? Lifetime Lifetime (OH Reactive
(years) (years) Loss) Lifetime
2022
(years)
Difluoromethyl 2,2, 2-trifluoro- CF,C(O)OCHF, 2024-86-4 110 days 108 days 110 days
acetate
Vinyl 2,2, 2-trifluoroacetate CF,C(O)OCH=CH, 433-28-3 1.7 days 1.7 days
Allyl 2,2, 2-trifluoroacetate CF,C(O)OCH,CH=CH, 383-67-5 1.5 days 1.5 days

Halogenated Alcohols

pentanol

Halogenated Ketones

3,3, 3-trifluoropropan-1-ol CF,CH,CH,OH 2240-88-2 15 days 16 days 16 days
2,2,3,3,3-pentafluoropropan-1-ol | CF;CF,CH,OH 422-05-9 172 days 168 days 172 days
4,4,4-trifluorobutan-1-ol CF4(CH,),CH,OH 461-18-7 5.4 days 5.4 days 5.4 days
2SS S Ui e e e | e i, 16621-87-7 110 days 1915 days 19.5 days
pentanol

1,1,1,3,3,3-hexafluoropropan-2-ol | (CF;),CHOH 920-66-1 1.9 1.88 1.95
3,3,4,4,5,5,6,6,7,7,7-undeca-

A CF4(CF,),CH,CH,OH 185689-57-0 17 days 17 days 17.4 days
3,3,4,4,55,6,6,778,8,9,9,9- .

pentadecafluorononan-1-ol CF4(CF2)sCH,CH;OH 755-022 17 days 17 days 17.4 days
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,

10,11,11,11-nonadecafluoro- CF54(CF,)sCH,CH,OH 87017-97-8 17 days 13 days 12.8 days
undecan-1-ol

2,2.3,3,4,4,4-heptafluoro- CF,CF,CF,CH,0H 375-01-9 0.55 0.46 0.472
butan-1-ol

2,2,3,3-tetrafluoro-1-propanol CHF,CF,CH,OH 76-37-9 93 days 92.4 days 93.6 days
2,2,3,4,4,4-hexafluoro-1-butanol | CF;CHFCF,CH,OH 382-31-0 134 days (85-280 days) 132 days (85-280 days) 134 days
2-fluoroethanol CH,FCH,OH 371-62-0 16 days 16.2 days 16.2 days
2,2-difluoroethanol CHF,CH,OH 359-13-7 61 days 60.8 days 61.4 days
2,2, 2-trifluoroethanol CF,CH,OH 75-89-8 167 days 163 days 167 days
2,2:3,3,4,4,5,5,5-fluoro-1- CF,CF,CF,CF,CH,OH - 172 days (111-330days) | 168 days (111-330days) | 172 days

petanal

1-fluoropropan-2-one CH,C(O)CH,F 430-51-3 16 days 136 days
1,1, 1-trifluoropropan-2-one CF,C(O)CH, 421-50-1 16 days 136 days
]21 1.3,3,3-hexafluoropropan- | g co)cr, 684-16-2 18 days -
one

1,1,1-trifluorobutan-2-one CF,C(O)CH,CH, 381-88-4 0.8 days 13.5 days
Q‘Sxif';lfg%ef‘f;ig:;)(Perﬂ“°r° CF,CF,C(O)CF(CF.), 756-13-8 7 days (7-14 days) 7 days (7-14 days) -
Dadmetylpenansong | CF-CFIOCHCE), - - 7 eys -
Perfluoro(2-methyl-3-hexanone) | CF;CF,CF,C(O)CF(CF;), - - 7 days -
Chloroacetone CH,C(O)CH,CI 78-95-5 1day 32 days
Bromoacetone CH,C(O)CH,Br 598-31-2 <2 hours 15 days
Trifluoroacetaldehyde CF,CHO 75-90-1 2.7 days 31days
Trifluoroacetyl fluoride CF,CFO 354-34-7 6.9 days =
Oxalyl fluoride FC(O)C(O)F 359-40-0 5.1days -
3,3, 3-trifluoro-propanal CF;CH,CHO 460-40-2 5days 2.7 days 5.5days
2,2,3,3,3-pentafluoropropanal CF,CF,CHO 422-06-0 1.4 days 13.5 days
Difluoromalonyl fluoride FC(O)CF,C(O)F 5930-67-6 6.9 days -
4,4, 4-trifluorobutanal CF;CH,CH,CHO 406-87-1 1.8 days 2.6 days
2,2,3,3,4,4,4-heptafluorobutanal | CF;CF,CF,CHO 375-02-0 1.1 days 13.5 days
Tetrafluorosuccinyl fluoride FC(O)CF,CF,C(O)F 679-13-0 6.9 days -
EZEAAADDSTETES | e @ @ o e 375-53-1 1.1 days 13.5 days
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Stratospheric ODP Radiative Recommended GWP GWP GWP GTP GTP Footnotes
Lifetime 2022 Efficiency Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr A: Atmospheric Abundance
(years) (well mixed)  Radiative Efficiency L: Lifetime
(Wm=2ppb™)® (Wm=ppb™)c© O: Ozone Depletion Potential
R: Radiative Metrics

- 0 0.471 0.23 100 28 8 6 5 L89, O1, R34

- [0] 0.261 0.009 <<] <<1 <<1 <<] <<] L95, O1, R2

- 0 0.334 0.008 <<] <<1 <<1 <<] <<] L95, O1, R2

- 0 0.221 0.032 3 <1 <1 <1 <1 L2, O1,R2
= 0 0.289 017 125 35 10 8 6 L2, O1,R2
- 0 0116 0.007 <1 <<1 <<1 <<1 <<1 L96, O1, R2
= 0 0.319 0.054 3 < <1 <1 <1 L97, 01, R2
53 0 0.334 0.294 789 219 63 49 40 L97, 01, R2
= 0 0.371 0.058 2 <1 <1 <1 <1 198, O1, R2
- 0 0.412 0.065 2 <1 <1 <1 <<1 198, O1,R2
= 0 0.312 0.04 <1 <1 <<1 <<1 <<1 L98, O1, R2
- 0 0.321 0.197 109 30 9 7 5 199, O1, R2
= 0 0.257 0122 56 16 4 3 3 1100, O1, R2
- 0 0.424 0.227 108 30 9 5 L2, O1,R2
= 0 0.087 0.012 2 <1 <1 <1 <<1 L2, O1,R2
- 0 0127 0.045 22 6 2 1 1 L2, O1,R2
= 0 0.202 0.1 107 30 8 7 5 L2, O1,R2
- 0 0.529 0.045 20 6 2 1 <1 L2, O1, R6

- 0 0.046 0.026 4 <1 <1 <1 <1 L3, O1,R2

- 0 0.205 0.099 9 3 <1 <1 <1 L3, O1,R2

- 0 0.289 0.147 10 3 <1 <1 <] L3, O1,R2

- 0 0.205 0.0994 <1 <1 <<] <<] <<] L3, O1,R2

- 0 0.407 0.133 2 <] <] <1 <<] 101, O1,R2

= (0] 0.802 0.264 3 <1 <1 <1 <1 L101, L102, O1, R6
- 0 0.768 0.253 3 <1 <] <] <] L101, L1102, O1, R6
= 0.038 4.60E-04 <<1 <<1 <<1 <<] <<] 1103, O1, R2

- 0.045 5.00E-05 <<] <<1 <<1 <<] <<] L104, O1,R6

. 0 0.167 0.00481 <<] <<1 <<1 <<] <<] L105, L106, O1, R2
= 0 0.274 0.0188 <1 <1 <<1 <<1 <<1 L106, O1, R6

- 0 0.188 0.00988 <1 <<1 <<1 <<] <<] L106, O1, R6

= (0] 0.173 0.00515 <<] <<1 <<1 <<] <<] L106, L107, O1, R2
- 0 0.202 0.00331 <<] <<1 <<1 <<] <<] L3, L1106, O1,R2
- (0] 0.29 0.0198 <1 <1 <<1 <<] <<] L106, O1, R6

- 0 0.163 0.00336 <<] <<1 <<1 <<] <<] L3, L1106, O1, R2
- 0 0.25 0.00328 <<1 <<] <<] <<1 <<1 L3, 1106, O1, R2
- 0 0.375 0.0257 <1 <1 <<1 <<] <<] L106, O1, R6

- [0] 0.286 0.00376 <<1 <<1 <<1 <<] <<] L3, 1106, O1, R2
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CASRN

WMO (2018) Total
Lifetime
(years)

WMO (2022) Total
Lifetime
(years)

Industrial Designation Chemical Formula

or Chemical Name

Atmospheric
Abundance?

Tropospheric
(OH Reactive
Loss) Lifetime

lodocarbons

2022
(years)

Methyl iodide CH,l 74-88-4 0.8 ppt(0.3-2.1) | <14 days (3.5-14 days) <14 days (3.5-14 days) 269 days
Bromoiodomethane CH,Brl 557-68-6 <60 mins <60 mins 150 days
Chloroiodomethane CH.CII 593-71-5 <100 mins <100 mins 150 days
Diiodomethane CH,l, 75-11-6 <5mins <5mins 3.8 days
Trifluoroiodomethane CF,l 2314-97-8 <5 days (0.7-5 days) <5 days (0.7-5 days) 3
lodoethane CH,CHl 75-03-6 <4 days (2.4-13.9days) | <4 days (2.4-13.9days) | >2 dzy:;;f‘g“
n-iodopropane CH;CH,CH,l 107-08-4 <2days <2days 14.6 days
i-iodopropane CH;CHICH, 75-30-9 <1 day <1 day 12.7 days
3-iodo-1-propene CH,=CHCH,I 556-56-9 <1.2 days 1.4 days
l-iodo-heptafluoropropane CF,CF,CF,l 754-34-7 <2 days <2 days 3
Tert-butyl iodide (CH,),ClI 558-17-8 <5days 13.6 days

Special Compounds

Carbonyl fluoride COF, 353-50-4 7 days (5-10 days) 7 days (5-10 days)

Phosphorus tribromide PBrs 7789-60-8 <0.01 days <0.1day

Ammonia NH, 7664-41-7 (few days) (few days) 10 days
Carbonyl Sulfide COS 463-58-1 505 ppt 2 2 -
Sulfuryl fluoride SO,F, 699-79-8 2.6 ppt 36 36 >300
Trifluoroacetic acid (TFA) CF,C(O)OH 76-05-1 5 days 116 days
gﬁgi:: R C.CLEN 1737-93-5 - -
Heptafluorobutyronitrile (CF,),CFCN 375-00-8 32.7 58.3
Chlorine nitrate CIONO, 14545-72-3 14 days -
Bromine nitrate BrONO, 40423-14-1 ~2 hours -

Table Heading Footnotes:

2 Atmospheric abundances were taken from Chapter 1, Chapter 2, and WMO (2018) for the year 2020 or 2016, as noted in the footnotes.

® Values in this column include molecule dependent stratospheric temperature adjustment (see Section A.2.5.2) and assumes that compounds are well mixed
in the atmosphere (note that this assumption leads to overestimation of RE for molecules that have an inhomogeneous atmospheric distribution).

¢ Values in this column include molecule dependent stratospheric temperature adjustment (see Section A.2.5.2), lifetime adjustment (Section A.2.5.3), low-fre-
quency infrared absorption adjustment (Section A.2.5.4), and tropospheric adjustments when relevant (Section A.2.5.5).

Abundance Footnotes:

Al Year 2020 value was taken from the Global Monitoring Laboratory (GML) database (gml.noaa.gov/ccgg/trends).
A2 Taken from Chapter 1 for the year 2020.

A3 Taken from WMO (2018) for the year 2016. Values in parentheses represent a potential range of values.

A4 Taken from Chapter 2 for the year 2020.

A5 Taken from Chapter 1.

Lifetime Footnotes:

L1 Perturbation total lifetime reported in IPCC (2022) used to evaluate climate metrics. The lifetime for CH, based on a budget analysis is 9.1 years.
L2  OH rate coefficient was taken from Burkholder et al. (2019).

L3 Estimated OH radical rate coefficient and/or total lifetime.

L4 Tropospheric photolysis partial lifetimes have been included in the total lifetime analysis; see Section A.T Introduction.

L5 Atmospheric lifetimes taken from the recommendations given in the SPARC (2013) lifetime report. Note that in some cases there are slight differences
between the combination of the partial lifetimes and the recommended total atmospheric lifetime, which was derived from multi-model results and
field observations.

L6 Total lifetime is the best estimate taken from Ravishankara et al. (1993) that includes mesospheric loss due to Lyman-a. (121.567 nm) photolysis.

L7 Stratospheric partial lifetime was taken from the 2-D model calculations in Davis et al. (2016). These values are in agreement with the values reported
in Laube et al. (2014): 59 (43-95) years for CFC-112, 51 (32-113) years for CFC-112a, and 59 (31-305) years for CFC-113a (scaled to a CFC-11 lifetime of
52 years), but of higher precision.

L8 The total lifetime includes mesospheric loss due to Lyman-a. (121.567 nm) photolysis.
L9 Lifetime was taken from Kloss et al. (2014).
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Recommended GWP GWP GWP GTP GTP
Adjusted Effective 20-yr 100-yr 500-yr 50-yr 100-yr
Radiative Efficiency

(Wm-=2ppb-)©

Footnotes
A: Atmospheric Abundance
L: Lifetime
O: Ozone Depletion Potential

REL [ETH
Efficiency
(well mixed)

Stratospheric
Lifetime 2022
(years)

(Wm=2ppb™)®

R: Radiative Metrics

- <0.42 0.009 0.004 <1 <<1 <<1 <<1 <<1 A3, L2, L108, L109, L110, O11, R2
- <0.02 0.031 2.00E-05 <<1 <<1 <<1 <<1 <<1 L108, L111, L112, O14, R6

- <0.07 0.035 4.00E-05 <<1 <<1 <<1 <<1 <<1 L108, L111, L112, O11, R6

- <0.02 0.038 2.00E-06 <<1 <<] <<] <<1 <<1 L108, L111, L113, O14, R2

- <0.09 0.283 0.067 1 <1 <<1 <<1 <<1 108, L109, L110, O11, R6

- <0.02 0.021 0.004 <<1 <<1 <<1 <<1 <<1 1108, L110, L111, L114, O14, R2
- <0.02 0.0248 5.60E-04 <<1 <<1 <<1 <<1 <<1 L108, L111, L114, O14, R6

- >0.02 0.043 5.20E-04 <<1 <<] <<] <<1 <<1 L108, L114, O14, R2

- - 0.042 6.00E-04 <<1 << << <<] <<1 L3, 1115, R2

- <0.09 0.427 9.69E-03 <<1 <<] <<] <<1 <<1 L108, L116, O15, R6

- - 0.032 0.008 <1 <<1 <<1 <<1 <<1 L3, L115, R6

- - 0.123 0.008 <1 <1 <<1 <<1 <<1 L106, R2
- - 0.038 <0.001 <<1 <<] <<] <<1 <<1 L106, R6
- - 0.061 0.0014 <1 <<1 <<1 <<1 <<1 L2, 1106, R2
60 - 0.016 0.0137 109 30 9 7 6 A3, L17,R2
630 0.203 0.2 7130 4390 1340 4140 1820 A2,12,1118, 01, R2
- 0.359 0.019 <1 <1 <<1 <<1 <<1 L106, L119, O1, R2
- - o8 - - - - - - R6
74 0 0.223 0.221 4020 2350 705 2140 884 L120, O1, R37
- - 0.086 0.0108 1 <1 <<1 <<1 <<1 L121, R2
- - 0.102 1.09E-04 <<1 <<] <<] <<1 <<1 L121, R2

L10  Stratospheric partial lifetime was taken from 2-D model calculations in Papadimitriou et al. (2013b).
L11 Ocean and soil loss partial lifetimes have been included in the total lifetime analysis; see Section A.1 Introduction.

L12  Lifetimes were taken from Papanastasiou et al. (2018), where k(OH) was calculated using the structure activity relationship (SAR) of DeMore (1996) and
stratospheric lifetime estimated as described in the Section A.T Introduction.

L13  Stratospheric lifetime was taken from the 2-D model simulation reported in McGillen et al. (2015).
L14  OH radical rate coefficient was taken from Burkholder et al. (2020).

L15 Stratospheric partial lifetime was calculated using a 2-D model with OH and O('D) rate coefficients recommended in SPARC (2013) lifetime report, see
Chapter 3.

L16  OH radical reactivity was calculated using the structure activity relationships of DeMore (1996) with an assumed E/R of 1700 K.
L17  OH radical reactivity calculated using the room temperature rate coefficient reported by Young et al. (2009) with an assumed E/R of 1700 K.
L18  OH radical rate coefficient was taken from Zhang et al. (2015).

L19  OH radical rate coefficient was assumed to be the same as for HFC-329p.

L20 OH radical rate coefficient was taken from Guo et al. (2019).

L21  OH radical rate coefficient data were taken from Tokuhashi et al. (2018a).

L22  OH radical rate coefficient data were taken from Tokuhashi et al. (2021).

L23  OH radical rate coefficient was assumed to be similar to that of HFO-1234ze.

L24  Alifetime upper limit was estimated based on reactivity trends.

L25 OH radical rate coefficient was taken from Tokuhashi et al. (2021).

L26 OH radical rate coefficient was taken from Papadimitriou et al. (2015).

L27 OH radical rate coefficient was taken from Jiménez et al. (2016).

L28 OH radical rate coefficient was taken from Liu et al. (2016).

L29 The lifetime estimated to be similar to that of (E)-CF;,CH=CHCF;.

L30 OH radical rate coefficient was taken from Papadimitriou and Burkholder (2016).

L31 OH radical rate coefficient was calculated using the room temperature rate coefficient reported by Sulbaek Andersen et al. (2005a) with an E/R of
-170K.

L32 Partial lifetimes, other than ocean uptake (see Section A.1 Introduction), were taken from recommendations in the SPARC (2016) CCl, report.
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L33
L34
L35
L36
L37
L38
L39
L40
L41

L42
L43
L44
L45
L46
L47
L48
L49
L50
L51

L52
L53
L54

L55

L56

L57
L58
L59
L60
L61

L62
L63
L64
L65
L66
L67
L68
L69
L70
L71

L72

L73
L74
L75
L76

L77
L78
L79

L80

L81

L82
L83
L84
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OH radial rate coefficient was taken from Taylor et al. (1992).

OH radial rate coefficient was taken from Jiang et al. (1993).

OH radial rate coefficient was taken from Donaghy et al. (1993).

OH radial rate coefficient was taken from Loison et al. (1998).

OH radial rate coefficient was taken from Markert and Nielsen (1992).

OH radial rate coefficient was taken from Zhang et al. (2017).

OH radial rate coefficient was taken from Tuazon et al. (1988).

OH radial rate coefficient was taken from Bryukov et al. (2009).

OH radial rate coefficient was taken from the studies of Arnts et al. (1989) and Wahner and Zetzsch (1983).
OH radial rate coefficient was taken from Wahner and Zetzsch (1983).

OH radial rate coefficient was taken from Barrera et al. (2015).

OH radial rate coefficient was taken from the studies of Tokuhashi et al. (2019) and Barrera et al. (2015).
OH radial rate coefficient was taken from Tokuhashi et al. (2018b).

Local lifetime was estimated to be similar to that of (E)-CF;CH=CHCI.

Local lifetime was estimated to be similar to that of CF;CF=CF,.

OH radical rate coefficient was taken from Tokuhashi et al. (2021).

OH radical rate coefficient was taken from the studies of Atkinson (1985) and Young et al. (2008).
Lifetime was estimated to be similar to that of CBr,F,.

OH radical rate coefficient was taken from Perry et al. (1977).

OH radical rate coefficient was taken from Albaladejo et al. (2003).

Tropospheric (84,150 years) and mesospheric (2531 years) lifetimes were taken from the 2-D model calculations in Papadimitriou et al. (2013a).

Lifetime range derived from the modeling studies of Kovacs et al. (2017), with a reported lifetime of 1278 years, and Ray et al. (2017), with a reported
lifetime of 850 years.

Total lifetime range was taken from Takahashi et al. (2002), which included mesospheric loss due to Lyman-o. (121.567 nm) photolysis, dissociative
electron attachment, and solar proton event loss processes.

Total lifetime was estimate based on the increase in Lyman-a. (121.567 nm) absorption cross section (increased photolysis rate) with increasing number
of —CF,- groups in the perfluorocarbon.

OH radical rate coefficient was taken from Jia et al. (2013).

OH radical rate coefficient was taken from Zhang et al. (2017).

OH radical rate coefficient was taken from Mcllroy and Tully (1993).

OH radical reaction rate coefficient was taken from Sulbaek Andersen et al. (2005b).

OH radical rate coefficient was taken from the room temperature value from Oyaro et al. (2005) with an assumed E/R of 500 K.
OH radical rate coefficient was taken from the room temperature value from Oyaro et al. (2005) with an assumed E/R of 1500 K.
OH radical reaction rate coefficient was taken from Srinivasulu et al. (2018).

OH radical reaction rate coefficient was taken from Sulbaek Andersen et al. (2005b).

The OH radical reactive loss partial lifetime was estimated to be the same as for CF;OCH,CF.

OH radical reaction rate coefficient was assumed to be the same as CHF,CH,OCF,.

The OH radical reactive loss partial lifetime was estimated to be the same as for CH,;OCF,CHF,.

The OH radical reactive loss partial lifetime was estimated from the sum of the OH partial lifetimes of CF;CF,OCF,CHF, and CF;CF,OCH,CHF,.
OH radical rate coefficient was taken from the room temperature value from Oyaro et al. (2004) with an assumed E/R of 500 K.
The OH radical partial lifetime was taken from the value in Bravo et al. (2011b).

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Oyaro et al. (2004) with an assumed
E/Rof 1000 K.

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Christensen et al. (1998) with an
assumed E/R of 1000 K.

OH radical reaction rate coefficient was taken from Rodriguez et al. (2014).
OH radical reaction rate coefficient was taken from Sulbaek Andersen et al. (2010).
OH radical reaction rate coefficient was assumed to be similar to HG-10.

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Javadi et al. (2007) with an assumed E/R
of 1000 K.

The OH radical reactive loss partial lifetime was calculated using the structure activity relationship estimated OH rate coefficient in Urata et al. (2003).
OH radical rate coefficient was taken from the theoretically calculated value in Blowers et al. (2008).

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Sulbaek Andersen et al. (2004) with an
assumed E/R of 1000 K.

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Wallington et al. (2004) with an as-
sumed E/R of 1000 K.

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Tokuhashi et al. (1999).
Total lifetime estimated in Vollmer et al. (2019).
Total lifetime estimated in Young et al. (2006).

The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Mashino et al. (2000) with an assumed
E/R of -400 K.



Annex

L85 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Chen et al. (2004b).

L86 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Chen et al. (2004a).

L87 OH radical rate coefficient was assumed to be similar to that of perfluoropropyl formate (HC(O)OCF,CF,CF;).

L88 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Oyaro et al. (2004) with an assumed
E/R of 500 K.

L89 Total lifetime was taken from the estimate in Bravo et al. (2011a).

L90 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Chen et al. (2006).

L91 The OH radical reactive loss partial lifetime was taken from the estimate in Christensen et al. (1998), which was based on comparison with Cl atom
reactivity.

L92 OH radical rate coefficient was assumed to be the same as for perfluorobutyl acetate (CH,C(O)OCF,CF,CF,CF;).

L93 OH radical rate coefficient was assumed to be the same as for ethyl 2,2, 2-trifluoroacetate (CF;C(O)OCH,CH,).

L94 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Blanco and Teruel (2007) with an
assumed E/R of 1000 K.

L95 OH radical reaction rate coefficient was taken from Rodriguez et al. (2016).

L96 OH radical reaction rate coefficient was taken from Antifolo et al. (2011).

L97 OH radical reaction rate coefficient was estimated by comparison with other fluoroalcohols; see Ellis et al. (2003).

L98 The OH radical reactive loss partial lifetime was calculated using the room temperature OH rate coefficient from Ellis et al. (2003) with an assumed E/R
of 1000 K.

L99 OH radical rate coefficient was assumed to be the same as CF;CF,CH,OH.

L100 OH radical rate coefficient was taken from Antifiolo et al. (2012).

L101 Tropospheric photolysis is the dominant loss process for perfluoroketones; see Taniguchi et al. (2003)and Jackson et al. (2011).

L102 OH radical rate coefficient was assumed to be similar to that of NOVEC-1230.

L103 OH radical reaction rate coefficient was taken from Carr et al. (2003); UV photolysis is the primary loss process, and the lifetime was taken from Burk-
holder et al. (2002).

L104 UV photolysis is the primary loss process, and the lifetime was taken from Burkholder et al. (2002).

L105 OH radical reaction rate coefficient was taken from Sellevag et al. (2004).

L106 Heterogeneous uptake is most likely the predominant loss process.

L107 OH radical reaction rate coefficient was taken from Antifolo et al. (2010).

L108 Total lifetime is primarily determined by UV photolysis with a decreasing local lifetime with increasing altitude.

L109 Lifetime estimates were taken from the 3-D model simulations of Youn et al. (2010).

L110 Lifetime range represents a likely variation in local photolysis partial lifetime with time and location of emissions.

L1171 Photolysis lifetimes were taken from Méssinger et al. (1998) for CH,Brl and Roehl et al. (1997) for CH,CII, CH,CH,l, CH,CH,CH,l, and CH,CHICH;.

L1712 OH radical reaction rate coefficient was assumed to be similar to that of CH,Br,.

L113 OH radical reaction rate coefficient was taken from Zhang et al. (2011).

L114 OH radical reaction rate coefficient was taken from Zhang et al. (2012).

L115 UV photolysis rate coefficient was assumed to be the same as for CF,l.

L1716 Photolysis and OH reactivity assumed the same as for CF;l.

L117 Lifetime was taken from Briihl et al. (2012).

L118 Lifetimes were taken from Papadimitriou et al. (2008) and Miihle et al. (2009).

L119 OH radical reaction rate coefficient was taken from Carr et al. (1994).

L120 OH radical reaction rate coefficient was taken from Blazquez et al. (2017).

L1217 Formed in the stratosphere with a predominant UV photolysis loss. UV absorption spectra are recommended in Burkholder et al. (2019).

ODP Footnotes:

O1  Negligible and assigned a value of zero.

02 Value was taken from Ravishankara et al. (2009).

O3  Value was taken from Chapter 7.

04 ,(Agre)ater ODP value was reported from the 2-D model calculations in Davis et al. (2016): 0.95 (CFC-113), 0.78 (CFC-114), 1.01 (CFC-12), and 1.06
CCl,).

O5  Value was taken from the Montreal Protocol.

06  ODP was taken from the 2-D model calculations in Davis et al. (2016). The semiempirical ODP reported in Laube et al. (2014) is consistent with the
Davis et al. (2016) value but has a larger uncertainty range.

O7 ODP was taken from Kloss et al. (2014).

08 ODP was taken from the 2-D model calculations in Papadimitriou et al. (2013b).

09 Ser(niem;;irical ODP was calculated using an empirical relationship of the fractional release factor with stratospheric lifetime given in Papanastasiou et
al. (2018).

O10 ODP was taken from Papanastasiou et al. (2018).

O11  Upper limit of ODPs of short-lived substances reported in the studies of Brioude et al. (2010) for C,HsBr, CH,CBrCF;, n-C;H,Br, C,HCl,, CCl,CHO, CH;l,

CF;l, C5F,1, CH,CII, and CHBr;; Wuebbles et al. (2009) for C;H,Br, C,HCl;, and C,Cl,; Patten et al. (2010) for HFO-1233zd and E-CHCI=CHCI; Youn et
al. (2010) for CF;l and CH,l; and Tegtmeier et al. (2012) for CH,Br, and CHBr;. The derived ODPs in these studies were shown to be strongly depen-
dent on the region and season of the substance emissions, with the greatest values obtained for emissions in the Indian subcontinent.
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012 ODP was taken from Langbein et al. (1999).
014 ODP was assumed to be <0.02 for surface emissions.

O15 ODP was assumed to be the same as for CF;l.

RE, GWP, and GTP Footnotes:

GWP and GTP values that are less then 0.1 are reported as “<<1” in the table. GWP and GTP values that are between 0.1and 1
are reported as “<1” in the table.

R1
R2

R3

R4
R5

R6
R7

R8

R9

R10
RT1

R12

R13

R14

R15

R16

R17

R18

R19

R20
R21

R22

R23

R24
R25

R26
R27
R28

R29
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Radiative efficiency and climate metrics were taken from IPCC (2022).

Radiative efficiency was taken from the recommendation given in Hodnebrog et al. (2020a), which was based on a combination of literature review of
experimental data and reanalysis. Climate metrics were calculated here.

Radiative efficiency was calculated using the room temperature infrared absorption spectrum reported in the Pacific Northwest National Laboratory
(PNNL) database (secure2.pnl.gov/nsd/nsd.nsf). Sharpe et al. (2004).

Radiative efficiency was taken from the recommendation given in Hodnebrog et al. (2020a) with +12% added due to tropospheric adjustments.
Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Davis et al. (2016) and the lifetime report-
ed here.

Radiative efficiency and climate metrics were calculated using the theoretically calculated infrared absorption spectrum and lifetimes given here.
Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Papadimitriou et al. (2013b) and the
lifetime reported here.

An instantaneous radiative efficiency was reported in Charmet et al. (2013), which was increased by +10% here to approximately account for the
stratospheric temperature adjustment.

Radiative efficiency and climate metrics were calculated using the theoretically calculated infrared absorption spectrum in Papanastasiou et al. (2018)
and lifetimes given here.

Radiative efficiency metrics were calculated using the infrared spectrum reported in McGillen et al. (2015).

Radiative efficiency and climate metrics were calculated using the theoretically calculated infrared absorption spectrum reported in Burkholder et al.
(2020).

Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Gierczak et al. (1996) and the lifetime
reported here.

Radiative efficiency was taken from recommendation given in Hodnebrog et al. (2013), which was based on a combination of literature review of
experimental and theoretical data and reanalysis.

Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Rajakumar et al. (2006) and the lifetime
reported here.

Zhang et al. (2015) reported an instantaneous radiative efficiency value, using the Oslo LBL-Pinnock method. In the absence of an experimental spec-
trum, a +10% stratospheric temperature adjustment was applied here to obtain the radiative efficiency.

Guo etal. (2019) reported an “instantaneous radiative efficiency” value, using the Pinnock method. In the absence of an experimental spectrum, a
+10% stratospheric temperature adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Baasandorj et al. (2010) and the lifetime
reported here.

Radiative efficiency and climate metrics were calculated using the infrared absorption spectrum reported in Baasandorj et al. (2016) and the lifetime
reported here.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Jai et al. (2013), which was calculated
using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature adjust-
ment was applied to obtain the radiative efficiency here.

Radiative efficiency and climate metrics were based on the infrared spectrum reported in Baasandorj et al. (2018).

Radiative efficiency and climate metrics were based on an average of the instantaneous radiative efficiencies reported in Baasandorj et al. (2011) and
Osterstrem et al. (2017), which were calculated using the Pinnock method, and the lifetimes reported here. In the absence of experimental spectra, a
+10% stratospheric temperature adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Jiménez et al. (2016), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Liu et al. (2016), which was calculated
using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature adjustment
was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the infrared spectrum from Papadimitriou and Burkholder (2016).

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Barrera et al. (2015), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the infrared spectrum in Gierczak et al. (2014).

Radiative efficiency and climate metrics were calculated using the infrared spectrum in Bernard et al. (2018).

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Zhang et al. (2017), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Rodriguez et al. (2014), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Sulbaek Andersen et al. (2010), which
was calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric tem-
perature adjustment was applied here to obtain the radiative efficiency.



R31

R32
R33

R34

R35

R36
R37
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Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Bravo et al. (2013), which was cal-
culated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the infrared spectrum in Vollmer et al. (2019).

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in Javadi et al. (2007), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

Radiative efficiency and climate metrics were calculated using the recommendation given in Hodnebrog et al. (2013), which was based on the Bravo
etal. (2011a) theoretically calculated infrared absorption spectra.

Radiative efficiency and climate metrics were calculated using the instantaneous radiative efficiency reported in @sterstrom et al. (2015), which was
calculated using the Pinnock method, and the lifetimes reported here. In the absence of an experimental spectrum, a +10% stratospheric temperature
adjustment was applied here to obtain the radiative efficiency.

An OH radical reaction vertical profile lifetime adjustment was applied for very short-lived compounds lost by UV photolysis.

Radiative efficiency and climate metrics were calculated using the radiative efficiency reported in Sulbaek Andersen (2017), which was calculated
using the Pinnock method, with a +10% stratospheric temperature adjustment applied, and the lifetimes reported here.

487




Annex

REFERENCES

Albaladejo, J., B. Ballesteros, E. Jiménez, Y. Diaz de Mera, and E. Martinez, Gas-
Phase OH Radical-Initiated Oxidation of the 3-halopropenes studied by PLP-LIF in
the temperature range 228-388 K, Atmos. Environ., 37, 2919-2926, doi:10.1016/
$1352-2310(03)00297-8, 2003.

Andrews, T., C.J. Smith, G. Myhre, P.M. Forster, R. Chadwick, and D. Ackerley,
Effective radiative forcing in a GCM with fixed surface temperatures, J. Geophys.
Res., 126, doi:10.1029/2020JD033880, 2021.

Antinolo, M., S. Gonzélez, B. Ballesteros, . Albaladejo, and E. Jiménez, Laboratory
studies of CHF,CF,CH,OH and CF,CF,CH,OH: UV and IR absorption cross sections
and OH rate coefficients between 263 and 358K, J. Phys. Chem. A, 116, 6041-6050,
doi:10.1021/jp2111622, 2012.

Antinolo, M., E. Jiménez, and ]. Albaladejo, Temperature effects on the removal of
potential HFC replacements, CF;CH,CH,OH and CF,(CH,),CH,OH, initiated by OH
radicals, Environ. Sci. Technol., 45, 4323-4330, doi:10.1021/es103931s, 2011.

Antinolo, M., E. Jiménez, A. Notario, E. Martinez, and ]. Albaladejo, Tropospheric
photooxidation of CF;CH,CHO and CF5(CH,),CHO initiated by Cl atoms and OH
radicals, Atmos. Chem. Phys., 10, 1911-1922, doi.org/10.5194/acp-10-1911-2010,
2010.

Arnts, R.R., R.L. Seila, and ].J. Bufalini, Determination of room temperature OH rate
constants for acetylene, ethylene dichloride, ethylene dibromide, p-dichloroben-
zene and carbon disulfide, J. Air Pollut. Control Assoc., 39, 453-460, doi:10.1080
/08940630.1989.10466544, 1989.

Atkinson, R., S.M. Aschmann, A.M. Winer, and J.N. Pitts, Atmospheric gas phase
loss processes for chlorobenzene, benzotrifluoride, and 4-chlorobenzotrifluoride,
and generalization of predictive techniques for atmospheric lifetimes of aromatic
compounds, Arch. Environ. Contam. Tox., 14, 417-425, doi:10.1007/BF01055527,
1985.

Baasandorj, M., and |.B. Burkholder, Rate coefficient for the gas-phase OH +
CHF=CF, reaction between 212 and 375 K, Int. . Chem Kinet., 48, 714-723,
doi:10.1002/kin.21027, 2016.

Baasandorj, M., E.L. Fleming, C.H. Jackman, and ].B. Burkholder, O('D) kinetic study
of key ozone depleting substances and greenhouse gases, J. Phys. Chem. A, 117,
2434-2445, doi:10.1021/j312781¢, 2013.

Baasandorj, M., G. Knight, V.C. Papadimitriou, R.K. Talukdar, A.R. Ravishankara, and
J.B. Burkholder, Rate coefficients for the gas-phase reaction of the hydroxyl radical
with CH,=CHF and CH,= CF, J. Phys. Chem. A, 114, 4619-4633, doi:10.1021/
jp1005272, 2010.

Baasandorj, M., P. Marshall, A.R. Ravishankara, and J.B. Burkholder, Rate coefficient
measurements and theoretical analysis of the OH + (E)-CF;CH=CHCF; reaction, J.
Phys. Chem. A, 122, 4635-4646, doi:10.1021/acs.jpca.8b02771, 2018.

Baasandorj, M., A.R. Ravishankara, and J.B. Burkholder, Atmospheric chemistry of
(2)-CF,CH=CHCF;: OH radical reaction rate coefficient and global warming poten-
tial, J. Phys. Chem. A, 115,10539-10549, doi:10.1021/jp206195g, 2011.

Barrera, J.A., P.R. Dalmasso, J.P.A. Abrate, R.A. Taccone, and S.I. Lane, Kinetic study
of the OH and Cl-initiated oxidation, lifetimes and atmospheric acceptability indices
of three halogenated ethenes, RSC Advances, 5, 73501, doi:10.1039/c5ra13589c,
2015.

Bernard, F., M.R. McGillen, E.L. Fleming, C.H. Jackman, and ].B. Burkholder, CBrF;
(Halon-1301): UV absorption spectrum between 210 and 320 K, atmospheric life-
time, and ozone depletion potential, J. Photochem. and Photobio. A: Chem., 306,
13-20, doi:10.1016/j.jphotochem.2015.03.012, 2015.

Bernard, F., D.K. Papanastasiou, V.C. Papadimitriou, and ].B. Burkholder, Infrared
absorption spectra of N(C,F.,.,)s, x = 2-5 perfluoroamines, J. Quant. Spectrosc. Rad.
Trans., 211,166-171, doi:10.1016/j.jgsrt.2018.02.039, 2018.

Blanco, M.B., and M.A. Teruel, Atmospheric degradation of fluoroesters (FESs):
Gas-phase reactivity study towards OH radicals at 298 K, Atmos. Environ., 41,
7330-7338, doi:10.1016/j.atmosenv.2007.05.013, 2007.

488

Bldzquez, S., M. Antifiolo, O.). Nielsen, |. Albaladejo, and E. Jiménez, Reaction kinet-
ics of (CF5),CFCN with OH radicals as a function of temperature (278-358 K): A good
replacement for greenhouse SF¢?, Chem. Phys. Lett., 687, 297-302, doi:10.1016/j.
cplett.2017.09.039, 2017.

Blowers, P., K.F. Tetrault, and Y. Trujilo-Morehead, Global warming potential pre-
dictions for hydrofluoroethers with two carbon atoms, Theor. Chem. Account, 119,
369-381, doi:10.1007/500214-007-0394-3, 2008.

Bravo, ., Y. Diaz-de-Mera, A. Aranda, E. Moreno, D.R. Nutt, and G. Marston,
Radiative efficiencies for fluorinated esters: indirect global warming potentials of
hydrofluoroethers, Phys. Chem. Chem. Phys., 13, 17185-17193, doi:10.1039/
clcp21874c, 2011a.

Bravo, I., G. Marston, D.R. Nutt, and K.P. Shine, Radiative efficiencies and global
warming potentials using theoretically determined absorption cross-sections for
several hydrofluoroethers (HFEs) and hydrofluoropolyethers (HFPEs), . Quant.
Spectrosc. Rad. Trans., 112,1967-1977, doi:10.1016/j.jgsrt.2011.05.001, 2011b.

Bravo, I., A. Rodriguez, D. Rodriguez, Y. Diaz-de-Mera, A. Notario, and A. Aranda,
Atmospheric chemistry and environmental assessment of inhalational fluroxene,
ChemPhysChem, 14, 3834-3842, doi:10.1002/cphc.201300559, 2013.

Brioude, J., RW. Portmann, ].S. Daniel, O.R. Cooper, G.J. Frost, K.H. Rosenlof, C.
Granier, A.R. Ravishankara, S.A. Montzka, and A. Stohl, Variations in ozone de-
pletion potentials of very short-lived substances with season and emission region,
Geophys. Res. Lett., 37,119804, doi:10.1029/2010GL044856, 2010.

Brahl, C., J. Lelieveld, P.J. Crutzen, and H. Tost, The role of carbonyl suphide as a
source of stratospheric sulphate aerosol and its impact on climate, Atmos. Chem.
Phys., 12,1239-1253, doi:10.5194/acp-12-1239-2012, 2012.

Bryukov, M.G., V.D. Knyazev, W.M. Gehling, and B. Dellinger, Kinetics of the gas-
phase reaction of OH with chlorobenzene, J. Phys. Chem. A, 113, 10452-10459,
doi:10.1021/jp9049186, 2009.

Burkholder, J.B., R.A. Cox, and A.R. Ravishankara, Atmospheric Degradation of
Ozone Depleting Substances, Their Substitutes, and Related Species, Chem. Rev.,
115, 3704-3759, doi:10.1021/cr5006759, 2015.

Burkholder, .B., M.K. Gilles, T. Gierczak, and A.R. Ravishankara, The atmospheric
degradation of 1-bromopropane (CH;CH,CH,Br): The photochemistry of bromoac-
etone, Geophys. Res. Lett., 29, doi:10.1029/2002GL014712, 2002.

Burkholder, .B., P. Marshall, P.P. Bera, J.S. Francisco, and T.. Lee, Climate metrics for
C1-C4 hydrofluorocarbons (HFCs), J. Phys. Chem. A, 124, 4793-4800, doi:10.1021/
acs.jpca.0c02679, 2020.

Burkholder, J.B., S.P. Sander, ]. Abbatt, J.R. Barker, C. Cappa, J.D. Crounse, T.S.
Dibble, R.E. Huie, C.E. Kolb, M.J. Kurylo, V.L. Orkin, C.J. Percival, D.M. Wilmouth,
and P.H. Wine, “Chemical Kinetics and Photochemical Data for Use in Atmospheric
Studies, Evaluation No. 19,” JPL Publication 19-5, Jet Propulsion Laboratory,
Pasadena, 2020 http://jpldataeval.jpl.nasa.gov., 2019.

Carr, S., D.E. Shallcross, C.E. Canosa-Mas, J.C. Wenger, HW. Sidebottom, |J.).
Treacy, and R.P. Wayne, A kinetic and mechanistic study of the gas-phase reactions
of OH radicals and Cl atoms with some halogenated acetones and their atmospheric
implications, Phys. Chem. Chem. Phys., 5, 3874-3883, doi:10.1039/b304298g,
2003.

Carr, S., J.J. Treacy, HW. Sidebottom, R.K. Connell, C.E. Canosa-Mass, R.P. Wayne,
and J. Franklin, Kinetics and mechanisms for the reaction of hydroxyl radicals with
trifluoroacetic acid under atmospheric conditions, Chem. Phys. Lett., 227, 39-44,
doi:10.1016/0009-2614(94)00802-7, 1994.

Charmet, A.P., P. Stoppa, N. Tasinato, S. Giorgianni, V. Barone, M. Biczysko, J.
Bloino, C. Cappelli, I. Carnimeo, and C. Puzzarini, An integrated experimental and
quantum-chemical investigation on the vibrational spectra of chlorofluoromethane,
J. Chem. Phys., 139, 15, doi: 10.1063/1.4825380, 2013.

Chen, L., S. Kutsuna, K. Tokuhashi, and A. Sekiya, Kinetics study of the gas-phase
reactions of C,FsOC(O)H and n-C;F,OC(O)H with OH radicals at 253-328 K, Chem.
Phys. Lett., 400, 563-568, doi:10.1016/j.cplett.2004.11.019, 2004a.



Chen, L., S. Kutsuna, K. Tokuhashi, and A. Sekiya, Kinetics of the gas-phase reaction
of CF;OC(O)H with OH radicals at 242-328 K, Int. J. Chem. Kinet., 36, 337-344,
doi:10.1002/kin.20004, 2004b.

Chen, L., S. Kutsuna, K. Tokuhashi, and A. Sekiya, Kinetics and mechanisms of
CF,CHFOCH,, CF,CHFOC(O)H, and FC(O)OCH, reactions with OH radicals, J.
Phys. Chem. A, 110, 12845-12851, doi:10.1021/jp064917h, 2006.

Christensen, L.K., J. Sehested, O.]. Nielsen, M. Bilde, T.]. Wallington, A. Guschin,
LT. Molina, and M.]. Molina, Atmospheric chemistry of HFE-7200 (C,F;OC,H,):
Reaction with OH radicals and fate of C,FeOCH,CH,O(*) and C,FOCHO(*)CH, rad-
icals, J. Phys. Chem. A, 102, 4839-4845, doi:10.1021/jp981128u, 1998.

Collins, W.J., R.G. Derwent, C.E. Johnson, and D.S. Stevenson, The oxidation of or-
ganic compounds in the troposphere and their global warming potentials, Climatic
Change, 52, 453-479, doi:10.1023/a:1014221225434, 2002.

Davis, M.E., F. Bernard, M.R. McGillen, E.L. Fleming, and ].B. Burkholder, UV and
infrared absorption spectra, atmospheric lifetimes, and ozone depletion and global
warming potentials for CCI,FCCI,F (CFC-112), CCIl,CCIF, (CFC-112a), CCI,CF, (CFC-
113a), and CCI,FCF; (CFC-114a), Atmos. Chem. Phys., 16, 8043-8052, doi:10.5194/
acp-16-8043-2016, 2016.

DeMore, W.B., Experimental and estimated rate constants for the reactions of
hydroxyl radicals with several halocarbons, J. Phys. Chem., 100, 5813-5820,
doi:10.1021/jp953216+, 1996.

Donaghy, T., I. Shanahan, M. Hande, and S. Fitzpatrick, Rate constants and atmo-
spheric lifetimes for the reactions of OH radicals and Cl atoms with haloalkanes, Int.
J. Chem. Kinet., 25, 273-284, doi:10.1002/kin.550250407, 1993.

Ellis, D.A., JW. Martin, S.A. Mabury, M.D. Hurley, M.P. Sulbaek Andersen, and T.J.
Wallington, Atmospheric lifetime of fluorotelomer alcohols, Environ. Sci. Technol.,
37,3816-3820, doi:10.1021/es034136j, 2003.

Forster, P., T. Storelvmo, K. Armour, W. Collins, J.-L. Dufresne, D. Frame, D.]. Lunt,
T. Mauritsen, M.D. Palmer, M. Watanabe, M. Wild, and H. Zhang, The Earth’s
Energy Budget, Climate Feedbacks, and Climate Sensitivity, Chapter 7 In Climate
Change 2021: The Physical Science Basis. Contribution of Working Group | to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, ed-
ited by Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger,
N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell, E. Lonnoy,
J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou,
Cambridge University Press, United Kingdom and New York, NY, USA, 131 pp.,
doi:10.1017/9781009157896.009, 2021.

Gasser, T., G.P. Peters, ].S. Fuglestvedt, W.]. Collins, D.T. Shindell, and P. Ciais,
Accounting for the climate-carbon feedback in emission metrics, Earth Syst.
Dynam., 8, 235-253, doi:10.5194/esd-8-235-2017, 2017.

Gierczak, T., M. Baasandorj, and J.B. Burkholder, OH + (E)- and (2)-1-chloro-
3,3,3-trifluoropropene-1 (CF;CH=CHCI) reaction rate coefficients: Stereoisomer-
dependent reactivity, J. Phys. Chem. A, 118,11015-11025, doi:10.1021/jp509127h,
2014.

Gierczak, T., R.K. Talukdar, J.B. Burkholder, RW. Portmann, |.S. Daniel, S. Solomon,
and A.R. Ravishankara, Atmospheric fate and greenhouse warming potentials of
HFC 236fa and HFC 236ea, J. Geophys. Res., 101, 12905-12911, doi:10.1029/
96jd00059, 1996.

Guo, Q., N. Zhang, T. Uchimaru, L. Chen, H. Quan, and J. Mizukado, Atmospheric
chemistry for gas-phase reactions of cyc-CF,CF,CF,CH,CH,- (X = H or F) with OH rad-
icals in the temperature range of 253-328 K, Atmos. Environ., 215, 8, doi:10.1016/j.
atmosenv.2019.116895, 2019.

Hodnebrog, &., B. Aamaas, J.S. Fuglestvedt, G. Marston, G. Myhre, C.J. Nielsen, M.
Sandstad, K.P. Shine, and T.J. Wallington, Updated global warming potentials and
radiative efficiencies of halocarbons and other weak atmospheric absorbers, Rev.
Geophys., 58, 30, doi:10.1029/2019rg000691, 2020a.

Hodnebrog, @., S.B. Dalsoren, and G. Myhre, Lifetimes, direct and indirect radiative
forcing, and global warming potentials of ethane (C,Hy), propane (C;Hg), and bu-
tane (C4H,0), Atmos. Sci. Lett., 19, 7, doi:10.1002/asl.804, 2018.

Hodnebrog, &., M. Etminan, J.S. Fuglestvedt, G. Marston, G. Myhre, C.]. Nielsen,
K.P. Shine, and T.J. Wallington, Global warming potentials and radiative efficiencies
of halocarbons and related compounds: A comprehensive review Rev. Geophys. ,
51,300-378, doi:10.1002/rog.20013, 2013.

Hodnebrog, &., G. Myhre, R.J. Kramer, K.P. Shine, T. Andrews, G. Faluvegi, M.
Kasoar, A. Kirkevag, J.-F. Lamarque, J. Milmenstadt, D. Olivié, B.H. Samset, D.
Shindell, C.J. Smith, T. Takemura, and A. Voulgarakis, The effect of rapid adjustments

Annex

to halocarbons and N,O on radiative forcing, Clim. Atmos. Sci., 3, 43, doi:10.1038/
s41612-020-00150-x, 2020b.

Hu, L. The role of the ocean in the atmospheric budgets of methyl bromide, methyl
chloride and methane. Doctoral dissertation, Texas A&M University, College Station,
TX, U.S.A., 2012.

Hu, L., S.A. Yvon-Lewis, |.H. Butler, .M. Lobert, and D.B. King, An improved oce-
anic budget for methyl chloride, J. Geophys. Res., 118, 715-725, doi:10.1029/
2012JC008196, 2013.

Hu, L., S.A. Yvon-Lewis, Y. Liu, and T.S. Bianchi, The ocean in near equilibrium
with atmospheric methyl bromide, Global Biogeochem. Cycles, 26, GB3016,
doi:10.1029/2011GB004272, 2012.

IPCC (Intergovernmental Panel on Climate Change), Climate Change 2013: The
Physical Science Basis, ontribution of Working Group 1 to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by T.F. Stocker,
D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex
and P.M. Midgley, Cambridge University Press, Cambridge, United Kingdom, 1535
pp., 2013.

IPCC (Intergovenmental Panel on Climate Change), Climate Change 2021:
The Physical Science Basis, Contribution of Working Group | to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, edited
by V. Masson-Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou, Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, In press,
doi:10.1017/9781009157896, 2022.

Jackson, D.A., C.J. Young, M.D. Hurley, TJ. Wallington, and S.A. Mabury,
Atmospheric degradation of perfluoro-2-methyl-3-pentanone: Photolysis, hydroly-
sis and hydration, Environ. Sci. Technol., 45, 8030-8036, doi:10.1021/es104362g,
2011.

Javadi, M.S., O.J. Nielsen, T.]. Wallington, M.D. Hurley, and ].G. Owens, Atmospheric
chemistry of 2-ethoxy-3,3,4,4,5-pentafluorotetrahydro-2,5-bis[1,2,2, 2-tet-
rafluoro-1-(trifluoromethyl)ethyl]-furan: Kinetics, mechanisms, and products of Cl
atom and OH radical initiated oxidation, Environ. Sci. Technol., 41, 7389-7395,
doi:10.1021/es071175c¢, 2007.

Jia, X., L. Chen, J. Mizukado, S. Kutsuna, and K. Tokuhashi, Rate constants for the
gas-phase reactions of cyclo-CX=CXCF,CF,- (X = H, F) with OH radicals at a tem-
perature range of 253-328 K, Chem. Phys. Lett., 572, 21-25, doi:10.1016/j.
cplett.2013.04.020, 2013.

Jiang, Z., P.H. Taylor, and B. Dellinger, Laser photolysis/laser-induced fluorescence
studies of the reaction of OH with 1,1,1,2- and 1,1,2,2-tetrachloroethane over
an extended temperature range, J. Phys. Chem., 97, 5050-5053, doi:10.1021/
j100121a033, 1993.

Jiménez, E., S. Gonzdlez, M. Cazaunau, H. Chen, B. Ballesteros, V.r. Daéle, |.
Albaladejo, and A. Mellouki, Atmospheric degradation initiated by OH radicals
of the potential foam expansion agent, CF;(CF,),CH=CH, (HFC-1447z): Kinetics
and formation of gaseous products and secondary organic aerosols, Environ. Sci.
Technol., 50,1234-1242, doi:10.1021/acs.est.5b04379, 2016.

Joos, F., R.Roth, J.S. Fuglestvedt, G.P. Peters, |.G. Enting, W. von Bloh, V. Brovkin, E.].
Burke, M. Eby, N.R. Edwards, T. Friedrich, T.L. Frolicher, P.R. Halloran, P.B. Holden,
C. Jones, T. Kleinen, F. Mackenzie, K. Matsumoto, M. Meinshausen, G.K. Plattner, A.
Reisinger, |. Segschneider, G. Shaffer, M. Steinacher, K. Strassmann, K. Tanaka, A.
Timmermann, and A.]. Weaver, Carbon dioxide and climate impulse response func-
tions for the computation of greenhouse gas metrics: a multi-model analysis, Atmos.
Chem. Phys., 13, 2793-2825, doi:10.5194/acp-13-2793-2013, 2013.

Jubb, A.M., M.R. McGillen, RW. Portmann, J.S. Daniel, and ].B. Burkholder, An atmo-
spheric photochemical source of the persistent greenhouse gas CF,, Geophys. Res.
Lett., 42, doi:10.1002/2015GL066193, 2015.

Kloss, C., M.J. Newland, D.E. Oram, P.J. Fraser, C.A.M. Brenninkmeijer, T. R6ckmann,
and ].C. Laube, Atmospheric abundances, trends and emissions of CFC-216ba, CFC-
216ca and HCFC-225ca, Atmosphere, 5, 420-434, doi:10.3390/atmos5020420,
2014.

Ko, M.KW., P.A. Newman, S. Reimann, S.E. Strahan, R.A. Plumb, R.S. Stolarski, J.B.
Burkholder, W. Mellouki, A. Engel, E.L. Atlas, M. Chipperfield, and Q. Liang Lifetimes
of stratospheric ozone-depleting substances, their replacements, and related spe-
cies, 2013.

Kovacs, T., W. Feng, A. Totterdill, ].M.C. Plane, S. Dhomse, J.C. Gémez-Martin,
G.P. Stiller, FJ. Haenel, C. Smith, P.M. Forster, R.R. Garcia, D.R. Marsh, and M.P.

489




Annex

Chipperfield, Determination of the atmospheric lifetime and global warming poten-
tial of sulfur hexafluoride using a three-dimensional model, Atmos. Chem. Phys., 17,
883-898, doi:10.5194/acp-17-883-2017, 2017.

Langbein, T., H. Sonntag, D. Trapp, A. Hoffmann, W. Malms, E.-P. R6th, V. Mérs,
and R. Zellner, Volatile anaesthetics and the atmosphere: atmospheric lifetimes and
atmospheric effects of halothane, enflurane, isoflurane, desflurane and sevoflurane,
Brit. J. Anaesth, 82, 66-73, doi:10.1093/bja/82.1.66, 1999.

Laube, J.C., M.J. Newland, C. Hogan, C.A.M. Brenninkmeijer, P.)J. Fraser, P.
Martinerie, D.E. Oram, C.E. Reeves, T. Rdckmann, J. Schwander, E. Witrant, and W.T.
Sturges, Newly detetecd ozone-depleting substances in the atmosphere, Nature
Geoscience, 7, 266-269, doi:10.1038/ngeo2109, 2014.

Liu, D., S. Qin, W. Li, D. Zhang, and Z. Guo, Atmospheric chemistry of
1H-Heptafluorocyclopentene (cyc-CF,CF,CF,CF=CH-): Rate constant, products,
and mechanism of gas-phase reactions with OH radicals, IR absorption spectrum,
photochemical ozone creation potential, and global warming potential, J. Phys.
Chem. A, 120, 9557-9563, doi:10.1021/acs.jpca.6b10348, 2016.

Loison, J.C., L. Ley, and R. Lesclaux, Kinetic study of OH radical reactions with chlo-
robutane isomers at 298 K, Chem. Phys. Lett., 296, 350-356, doi:10.1016/S0009-
2614(98)01058-6, 1998.

Markert, F., and O.). Nielsen, The reactions of OH radicals with chloralkanes in the
temperature range 295-360 K, Chem. Phys. Lett., 194,123-127, doi:10.1016/0009-
2614(92)85753-W, 1992.

Mashino, M., Y. Ninomiya, M. Kawasaki, T.J. Wallington, and M.D. Hurley,
Atmospheric chemistry of CF;CF=CF,: Kinetics and mechanism of its reactions with
OH radicals, Cl atoms, and ozone, J. Phys. Chem. A, 104, 7255-7260, doi:10.1021/
jp000498r, 2000.

McGillen, M.R., F. Bernard, E.L. Fleming, and J.B. Burkholder, HCFC-133a
(CF;CH,CI): OH rate coefficient, UV and infrared absorption spectra, and atmospher-
icimplications, Geophys. Res. Lett., 42, 6098-6105, doi:10.1002/2015GL064939,
2015.

Mcllroy, A., and F.P. Tully, Kinetic study of OH reactions with perfluoropropene and
perfluorobenzene, J. Phys. Chem., 97, 610-614, doi:10.1021/j100105a013, 1993.

Modak, A., G. Bala, K. Caldeira, and L. Cao, Does shortwave absorption by methane
influence its effectiveness?, Climate Dynamics, 1-20, doi:10.1007/s00382-018-
4102-x, 2018.

Montzka, S.A., S. Reimann, (Coordinating Lead Authors) A. Engel, K. Kriiger, S.
O’Doherty, and WLT. Sturges, , Ozone-Depleting Substances (ODSs) and Related
Chemicals, Chapter 1 in Scientific Assessment of Ozone Depletion: 2010, Global
Ozone Research and Monitoring Project-Report No. 52, World Meteorological
Organization, Geneva, Switzerland, 2011.

Méssinger, J.C., D.E. Shallcross, and R.A. Cox, UV-VIS absorption cross-sections and
atmospheric lifetimes of CH,Br,, CH,l, and CH,Brl, J. Chem. Soc., Faraday Trans.,
94,1391-1396, doi:10.1039/A709160E, 1998.

Mdihle, J., J. Huang, R.F. Weiss, R.G. Prinn, B.R. Miller, P.K. Salameh, C.M. Harth,
P.J. Fraser, LW. Porter, B.R. Greally, S. O'Doherty, and P.G. Simonds, Sulfuryl
fluoride in the global atmosphere, J. Geophys. Res., 114, D0O5306, doi:10.1029/
2008)D011162, 2009.

Orkin, V.L., V.G. Khamaganoy, E.E. Kasimovskaya, and A.G. Guschin, Photochemical
properties of some Cl containing halogenated alkanes, J. Phys. Chem. A, 117, 5483~
5490, doi:10.1021/jp400408y, 2013.

Osterstrom, F.F., S.T. Andersen, T.I. Solling, O.]. Nielsen, and M.P.S. Andersen,
Atmospheric chemistry of Z- and E-CF;CH=CHCF;, Phys. Chem. Chem. Phys., 19,
735-750, doi:10.1039/C6CP07234H, 2017.

Osterstrom, F.F., T.). Wallington, M.P.S. Andersen, and O.]. Nielsen, Atmospheric
chemistry of (CF,),CHOCHj (CF,),CHOCHO, and CF,C(O)OCH,;, J. Phys. Chem. A,
119,10540-10552, doi:10.1021/acs.jpca.50b08204, 2015.

Oyaro, N., S.R. Sellevag, and C.J. Nielsen, Study of the OH and Cl-initiated oxida-
tion, IR absorption cross-section, radiative forcing, and global warming potential
of four C,-hydrofluoroethers, Environ. Sci. Technol., 38, 5567-5576, doi:10.1021/
es0497330, 2004.

Qyaro, N., S.R. Sellevag, and C.J. Nielsen, Atmospheric chemistry of hydrofluo-
roethers: Reaction of a series of hydrofluoroethers with OH radicals and Cl atoms,
atmospheric lifetimes, and global warming potentials, J. Phys. Chem. A, 109, 337-
346, doi:10.1021/jp047860c, 2005.

Papadimitriou, V.C., and .B. Burkholder, OH radical reaction rate coefficients, infra-
red spectrum, and global warming potential of (CF5),CFCH=CHF (HFO-1438ezy(E)),

490

J. Phys. Chem. A, 120, 6618-6628, doi:10.1021/acs.jpca.6b06096, 2016.

Papadimitriou, V.C., M.R. McGillen, E.L. Fleming, C.H. Jackman, and ].B. Burkholder,
NF;: UV absorption spectrum temperature dependence and the atmospheric and
climate forcing implications, Geophys. Res. Lett., 40, 1-6, doi:10.1002/grl.50120,
2013a.

Papadimitriou, V.C., M.R. McGillen, S.C. Smith, A.M. Jubb, RW. Portmann, B.D.
Hall, E.L. Fleming, C.H. Jackman, and J.B. Burkholder, 1,2-Dichlorohexafluoro-
cyclobutane (1,2-c-C,F¢Cl,, R-316c) a potent ozone depleting substance and
greenhous gas: Atmospheric loss processes, lifetimes, and ozone depletion and
global warming potentials for the (E) and (Z) sterecisomers, J. Phys. Chem. A, 117,
11049-11065, doi:10.1021/jp407823k, 2013b.

Papadimitriou, V.C., RW. Portmann, DW. Fahey, |. Mihle, R.F. Weiss, and |.B.
Burkholder, Experimental and theoretical study of the atmospheric chemistry
and global warming potential of SO,F,, J. Phys. Chem. A, 112, 12657-12666,
doi:10.1021/jp806368u, 2008.

Papadimitriou, V.C., C.S. Spitieri, P. Papagiannakopoulos, M. Cazaunau, M. Lendar,
V. Daéleb, and A. Mellouki, Atmospheric chemistry of (CF;),C=CH,: OH radicals, Cl
atoms and O, rate coefficients, oxidation end-products and IR spectra, Phys. Chem.
Chem. Phys., 17, 25607, doi:10.1039/c5cp03840e, 2015.

Papanastasiou, D.K., A. Beltrone, P. Marshall, and J.B. Burkholder, Global warming
potential estimates for C,-C; hydrochlorofluorocarbons (HCFCs) included in the
Kigali amendment to the Montreal Protocol, Atmos. Chem. Phys., 18, 6317-6330,
doi:10.5194/acp-18-6317-2018, 2018.

Papanastasiou, D.K., S.A. McKeen, and J.B. Burkholder, The very short-lived ozone
depleting substance CHBr; (bromoform): revised UV absorption spectrum, atmo-
spheric lifetime and ozone depletion potential, Atmos. Chem. Phys., 14, 3017-
3025, doi: 10.5194/acpd-13-32963-2013, 2014.

Papanastasiou, D.K., N. Rontu Carlon, J.A. Neuman, E.L. Fleming, C.H. Jackman,
and|.B. Burkholder, Revised UV absorption spectra, ozone depletion potentials, and
global warming potentials for the ozone-depleting substances CF,Br,, CF,CIBr, and
CF,BrCF,Br, Geophys. Res. Lett., 40, doi:10.1002/GRL.50121, 2013.

Patten, K.O., and D.]. Wuebbles, Atmospheric lifetimes and Ozone Depletion
Potentials of trans-1-chloro-3, 3, 3-trifluoropropylene and trans-1,2-dichloroethylene
in a three-dimensional model, Atmos. Chem. Phys., 10, 10867-10874, doi:10.5194/
acp-10-10867-2010, 2010.

Perry, R.A., R. Atkinson, and J.N. Pitts, Rate constants for the reaction of OH radicals
with CH,=CHF, CH,=CHCI, and CH,=CHBr over the temperature range 299-426
°K, J. Chem. Phys., 67, 458-462, doi:10.1063/1.434889, 1977.

Pinnock, S., M.D. Hurley, K.P. Shine, T.J. Wallington, and T.J. Smyth, Radiative forcing
of climate by hydrochlorofluorocarbons and hydrofluorocarbons, J. Geophys. Res.,
100, 23227-23238, doi:10.1029/95jd02323, 1995.

Prinn, R.G., J. Huang, R.F. Weiss, D.M. Cunnold, P.|. Fraser, P.G. Simmonds, A.
McCulloch, C. Harth, S. Reimann, P. Salameh, S. O'Doherty, R.H.]. Wang, LW.
Porter, B.R. Miller, and P.B. Krummel, Evidence for variability of atmospheric hy-
droxyl radicals over the past quarter century, Geophys. Res. Lett., 32, LO7809,
doi:10.1029/2004GL022228, 2005.

Rajakumar, B., R. W. Portmann, J. B. Burkholder, and A. R. Ravishankara, Rate coef-
ficients for the reactions of OH with CF,CH,CH; (HFC-263fb), CF;CHFCH,F (HFC-
245eb), and CHF,CHFCHF, (HFC-245ea) between 238 and 375 K, J. Phys. Chem.
A, 110, 6724-6731, doi:10.1021/jp056248y, 2006.

Ravishankara, A.R., J.S. Daniel, and RW. Portmann, Nitrous oxide (N,O): The domi-
nant ozone-depleting substance emitted in the 21st century, Science, 326,123-125,
doi: 10.1126/science.1176985, 2009.

Ravishankara, A.R., S. Solomon, A.A. Turnipseed, and R.F. Warren, Atmospheric
lifetimes of long-lived halogenated species, Science, 259, 194-199, doi:10.1126/
science.259.5092.194, 1993.

Ray, E.A., FL. Moore, |W. Elkins, K.H. Rosenlof, ].C. Laube, T. Réckmann, D.R.
Marsh, and A.E. Andrews, Quantification of the SF; lifetime based on mesospheric
loss measured in the stratospheric polar vortex, J. Geophys. Res., 122, doi:10.1002/
2016)D026198., 2017.

Rhew, R.C., and J.D. Happell, The atmospheric partial lifetime of carbon tetrachlo-
ride with respect to the global soil sink, Geophys. Res. Lett., 43, 2889-2895,
doi:10.1002/2016GL067839, 2016.

Rodriguez, A., |. Bravo, D. Rodriguez, M. Tajuelo, Y. Diaz-de-Mera, and A. Aranda,
The environmental impact of unsaturated fluoroesters: atmospheric chemistry to-
wards OH radicals and Cl atoms, radiative behavior and cumulative ozone creation,
RSC Advances, 6, 21833-21843, doi:10.1039/C6RA00630B, 2016.



Rodriguez, A., D. Rodriguez, A. Moraleda, |. Bravo, E. Moreno, and A. Notario,
Atmospheric chemistry of HFE-7300 and HFE-7500: Temperature dependent kinet-
ics, atmospheric lifetimes, infrared spectra and global warming potentials, Atmos.
Environ., 96,145-153, doi:10.1016/j.atmosenv.2014.07.033, 2014.

Roehl, C.M., J.B. Burkholder, G.K. Moortgat, A.R. Ravishankara, and P.]. Crutzen,
Temperature dependence of UV absorption cross sections and atmospheric impli-
cations of several alkyl iodides, J. Geophys. Res., 102, 12819-12829, doi:10.1029/
97)D00530, 1997.

Sellevag, S.R., T. Kelly, H. Sidebottom, and C.J. Nielsen, A study of the IR and UV-
Vis absorption cross sections, photolysis and OH-initiated oxidation of CF;CHO and
CF,;CH,CHO, Phys. Chem. Chem. Phys., 6, 1243-1252, doi:10.1039/b315941h,
2004.

Sharpe, SW., T.J. Johnson, R.L. Sams, P.M. Chu, G.C. Rhoderick, and P.A. Johnson,
Gas-phase databases for quantitative infrared spectroscopy, Applied Spectrosc.,
58,1452-1461, 2004.

Shine, K.P., and G. Myhre, The spectral nature of stratospheric temperature adjust-
ment and its application to halocarbon radiative forcing, J. Adv. in Model. Earth
Syst., 12,16, doi:10.1029/2019ms001951, 2020.

Smith, C.J., R.J. Kramer, G. Myhre, K. Alterskjeer, W. Collins, A. Sima, O. Boucher,
J.-L. Dufresne, P. Nabat, M. Michou, S. Yukimoto, ]. Cole, D. Paynter, H. Shiogama,
F.M. O’Connor, E. Robertson, A. Wiltshire, T. Andrews, C. Hannay, R. Miller, L.
Nazarenko, A. Kirkevag, D. Olivié, S. Fiedler, A. Lewinschal, C. Mackallah, M. Dix, R.
Pincus, and P.M. Forster, Effective radiative forcing and adjustments in CMIP6 mod-
els, Atmos. Chem. Phys., 20, 9591-9618, doi:10.5194/acp-20-9591-2020, 2020.

Smith, C.J., R.J. Kramer, G. Myhre, P.M. Forster, B.J. Soden, T. Andrews, O. Boucher,
G. Faluvegi, D. Flaschner, @. Hodnebrog, M. Kasoar, V. Kharin, A. Kirkevag, J.F.
Lamarque, J. Mulmenstadt, D. Olivié, T. Richardson, B.H. Samset, D. Shindell, P.
Stier, T. Takemura, A. Voulgarakis, and D. Watson-Parris, Understanding rapid
adjustments to diverse forcing agents, Geophys. Res. Lett., 45, 12023-12031,
doi:10.1029/201891079826, 2018.

Smith, C., Z.R.J. Nicholls, K. Armour, W. Collins, P. Forster, M. Meinshausen, M.D.
Palmer, and M. Watanabe, The Earth’s Energy Budget, Climate Feedbacks, and
Climate Sensitivity Supplementary Material. In Climate Change 2021: The Physical
Science Basis. Contribution of Working Group | to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A.
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis,
M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O.
Yelekgi, R. Yu, and B. Zhou (eds.)]. Available from https://www.ipcc.ch/, 2021.

SPARC (Stratosphere-troposphere Processes And their Role in Climate), SPARC
Report on the Lifetimes of Stratospheric Ozone-Depleting Substances, Their
Replacements, and Related Species, edited by M.KW. Ko, P.A. Newman, S.
Reimann, and S.E. Strahan, SPARC Report No. 6, WCRP-15/2013, [available at:
https://www.sparc-climate.org/fileadmin/customer/6_Publications/SPARC _re-
ports_PDF/6_SPARC_LifetimeReport_Web.pdf], 2013.

SPARC (Stratosphere-troposphere Processes And their Role in Climate), SPARC
Report on the Mystery of Carbon Tetrachloride, edited by Q. Liang, P.A. Newman,
and S. Reimann, SPARC Report No. 7, WCRP-13/2016, [available at: https://www.
werp-climate.org/WCRP-publications/2016/SPARC_Report7_2016.pdf], 2016.

Srinivasulu, G., A.J.C. Bunkan, D. Amedro, and ].N. Crowley, Absolute and rela-
tive-rate measurement of the rate coefficient for reaction of perfluoro ethyl vinyl ether
(C,FsOCF=CF,) with OH, Phys. Chem. Chem. Phys., 20, 3761-3767, doi:10.1039/
c7cp08056¢, 2018.

Sulbaek Andersen, M.P., V.F. Andersen, O.]. Nielsen, S.P. Sander, and T.]. Wallington,
Atmospheric chemistry of HCF,O(CF,CF,0),CF,H (x = 2-4): Kinetics and mecha-
nisms of the chlorine-atom-initiated oxidation, ChemPhysChem, 11, 4035-4041,
doi:10.1002/cphc.201000438, 2010.

Sulbaek Andersen, M.P., M.D. Hurley, T.J. Wallington, F. Blandini, N.R. Jensen, V.
Librando, J. Hjorth, G. Marchionni, M. Avataneo, M. Visca, F.M. Nicolaisen, and
O.J. Nielsen, Atmospheric chemistry of CH;O(CF,CF,0),CH; (n=1-3): Kinetics and
mechanism of oxidation initiated by Clatoms and OH radicals, IR spectra, and global
warming potentials, J. Phys. Chem. A, 108, 1964-1972, doi:10.1021/jp036615a,
2004.

Sulbaek Andersen, M.P., M. Kyte, S.T. Andersen, C.]. Nielsen, and O.]. Nielsen,
Atmospheric chemistry of (CF,),CFCN: A replacement compound for the most
potent industrial greenhouse gas, SFs, Environ. Sci. Technol., 51, 1321-1329,
doi:10.1021/acs.est.6b03758, 2017.

Sulbaek Andersen, M.P., O.]. Nielsen, A. Toft, T. Nakayama, Y. Matsumi, R.L.
Waterland, R.C. Buck, M.D. Hurley, and T.J. Wallington, Atmospheric chemistry

Annex

of C,F,wCH=CH, (x=1, 2, 4, 6, and 8): Kinetics of gas-phase reactions with Cl
atoms, OH radicals, and O, J. Photochem. and Photobio. A: Chem., 176, 124-128,
doi:10.1016/j.jphotochem.2005.06.015, 2005a.

Sulbaek Andersen, M.P., O.]. Nielsen, T.J. Wallington, M.D. Hurley, and W.B.
DeMore, Atmospheric chemistry of CF;OCF,CF,H and CF;OC(CF;),H: Reaction
with Clatoms and OH radicals, degradation mechanism, global warming potentials,
and empirical relationship between k(OH) and k(Cl) for organic compounds, J. Phys.
Chem. A, 109, 3926-3934, doi:10.1021/jp044635m, 2005b.

Suntharalingam, P., E. Buitenhuis, L.J. Carpenter, ].H. Butler, M.]. Messias, S.).
Andrews, and S.C. Hackenberg, Evaluating oceanic uptake of atmospheric CCl,: A
combined analysis of model simulations and observations, Geophys. Res. Lett., 46,
472-482, doi:10.1029/2018GL080612, 2019.

Takahashi, K., T. Nakayama, Y. Matsumi, S. Solomon, T. Gejo, E. Shigemasa,
and T.J. Wallington, Atmospheric lifetime of SF;CF;, Geophys. Res. Lett., 29,
doi:10.1029/2002GL015356, 2002.

Taniguchi, N., T.J. Wallington, M.D. Hurley, A.G. Guschin, LT. Molina, and M.J.
Molina, Atmospheric chemistry of C,F;C(O)CF(CF;),: Photolysis and reaction with Cl
atoms, OH radicals, and ozone, J. Phys. Chem. A, 107, 2674-2679, doi:10.1021/
jp0220332, 2003.

Taylor, P.H., Z. Jiang, and B. Dellinger, Laser photolysis/laser-induced fluorescence
studies of the reaction of hydroxyl with 1,1,2-trichloroethane over an extended tem-
perature range, J. Phys. Chem., 96, 1293-1296, doi:10.1021/j100182a050, 1992.

Tegtmeier, S., K. Kriiger, B. Quack, E.L. Atlas, I. Pisso, A. Stohl, and X. Yang, Emission
and transport of bromocarbons: From the West Pacific ocean into the stratosphere,
Atmos. Chem. Phys., 12,10633-10648, doi:10.5194/acp-12-10633-2012, 2012.

Tokuhashi, K., A. Takahashi, M. Kaise, and S. Kondo, Rate constants for the reac-
tions of OH radials with CH;OCF,CHFCI, CHF,OCF,CHFCI, CHF,OCHCICF;,
and CH;CH,OCF,CHF,, J. Geophys. Res., 104, 18681-18688, doi:10.1029/
1999|D900278, 1999.

Tokuhashi, K., K. Takizawa, and S. Kondo, Rate constants for the reactions of OH
radicals with fluorinated ethenes: Kinetic measurements and correlation between
structure and reactivity, J. Phys. Chem. A, 122, 4593-4600, doi:10.1021/acs.jp-
ca.7b11653, 2018a.

Tokuhashi, K., K. Takizawa, and S. Kondo, Rate constants for reactions of OH ra-
dials with (2)-CF,CCI=CHCI, CHF,CF=CF,, (E)}-CF,CH=CHF, (2)-CF,CH=CHF,
CH,CF=CH,, and CH,FCH=CH,, Atmos. Environ., 255, 118428, doi:10.1016/].
atmosenv.2021.118428, 2021.

Tokuhashi, K., T. Uchimaru, K. Takizawa, and S. Kondo, Rate constants for the reac-
tions of OH radical with the (E)/(2) isomers of CF;,CF=CHCI and CHF,CF=CHCI, J.
Phys. Chem. A, 122, 3120-3127, doi:10.1021/acs.jpca.7b11923, 2018b.

Tokuhashi, K., T. Uchimaru, K. Takizawa, and S. Kondo, Rate constants for the reac-
tions of OH radicals with the (E)/(2) isomers of CFCI=CFCl and (E)-CHF=CHF, J. Phys.
Chem. A, 123, 4834-4843, doi:10.1021/acs.jpca.9b02454, 2019.

Tuazon, E.C., R. Atkinson, S.M. Aschmann, M.A. Goodman, and A.M. Winer,
Atmospheric reactions of chloroethenes with the OH radical, Int. J. Chem Kinet., 20,
241-265, doi:10.1002/kin.550200305, 1988.

Urata, S., A. Takada, T. Uchimaru, and A.K. Chandra, Rate constants estimation for
the reaction of hydrofluorocarbons and hydrofluoroethers with OH radicals, Chem.
Phys. Lett., 368, 215-223, doi:10.1016/S0009-2614(02)01718-9, 2003.

Vial, J., J.-L.L. Dufresne, and S. Bony, On the interpretation of inter-model spread
in CMIP5 climate sensitivity estimates, Climate Dynamics, 41, 3339-3362,
doi:10.1007/s00382-013-1725-9, 2013.

Vollmer, M.K., F. Bernard, B. Mitrevski, L.P. Steele, C.M. Trudinger, S. Reimann,
R.L. Langenfelds, P.B. Krummel, P.J. Fraser, D.M. Etheridge, M.A.J. Curran, and J.B.
Burkholder, Abundances, emissions, and loss processes of the long-lived and po-
tent greenhouse gas octafluorooxolane (octafluorotetrahydrofuran, c-C,F¢O) in the
atmosphere, Atmos. Chem. Phys., 19, 3481-3492, doi:10.5194/acp-19-3481-2019,
2019.

Wabhner, A., and C. Zetzsch, Rate constants for the addition of OH to aromatics
(benzene, p-chloroaniline, and o-, m-, and p-dichlorobenzene) and the unimolec-
ular decay of the adduct. Kinetics into a quasi-equilibrium. 1, J. Phys. Chem., 87,
4945-4951, doi:10.1021/j150642a036, 1983.

Wallington, T.J., M.D. Hurley, O.J. Nielsen, and M.P. Sulbaek Andersen, Atmospheric
chemistry of CF;CFHCF,OCF; and CF;CFHCF,OCF,H: Reaction with Cl atoms and
OH radicals, degradation mechanism, and global warming potentials, J. Phys.
Chem. A, 108, 11333-11338, doi:10.1021/jp046454q, 2004.

491




Annex

WMO (World Meteorological Organization), Scientific Assessment of Ozone
Depletion: 2014, Global Ozone Research and Monitoring Project-Report No. 55,
416 pp., Geneva, Switzerland, 2014.

WMO (World Meteorological Organization), Scientific Assessment of Ozone
Depletion: 2018, Global Ozone Research and Monitoring Project-Report No. 58,
588 pp., Geneva, Switzerland, 2018.

Wuebbles, D.J., D. Youn, K. Patten, D. Wang, and M. Martinez-Aviles, Metrics for
Ozone and Climate: Three-Dimensional Modeling Studies of Ozone Depletion
Potentials and Indirect Global Warming Potentials, in Twenty Years of Ozone Decline:
Proceedings of the Symposium for the 20th Anniversary of the Montreal Protocol,
edited by C. Zerefos, G. Contopoulos, and G. Skalkeas, Springer, Dordrecht,
Netherlands, 297-326 pp., doi:10.1007/978-90-481-2469-5_23, 2009.

Youn, D., K.O. Patten, D.J. Wuebbles, H. Lee, and C.-W. So, Potential impact of io-
dinated replacement compounds CF;l and CH;l on atmospheric ozone: a three-di-
mensional modeling study, Atmos. Chem. Phys., 10, 10129-10144, doi:10.5194/
acp-10-10129-2010, 2010.

Young, C.J., R.F. Gémez Biagi, M.D. Hurley, T.]. Wallington, and S.A. Mabury, Paint
solvent to food additive: An environmental route of dehalgenation for 4-chloroben-
zotrifluoride, Environ. Tox. Chem., 27, 2233-2238, doi:10.1897/08-051.1, 2008.

Young, C.J., M.D. Hurley, T.J. Wallington, and S.A. Mabury, Atmospheric lifetime
and global warming potential of a perfluoropolyether, Environ. Sci. Technol., 40,
2242-2246, doi:10.1021/es052077z, 2006.

Young, C.J., M.D. Hurley, T.J. Wallington, and S.A. Mabury, Atmospheric chemistry
of CF;CF,H and CF;CF,CF,CF,H: Kinetics and products of gas-phase reactions with
Cl atoms and OH radicals, infrared spectra, and formation of perfluorocarboxylic
acids, Chem. Phys. Lett., 473, 251-256, doi:10.1016/j.cplett.2009.04.001, 2009.

492

Yvon-Lewis, S.A., and J.H. Butler, Effect of oceanic uptake on atmospheric lifetimes
of selected trace gases, J. Geophys. Res., 107, 4414, doi:10.1029/2001)D001267,
2002.

Zhang, M., and Y. Huang, Radiative forcing of quadrupling CO,, J. Climate, 27,
2496-2508, doi:10.1175/jcli-d-13-00535.1, 2014.

Zhang, N., L. Chen, T. Uchimaru, F. Qing, J. Mizukado, H. Quan, and H. Suda,
Kinetics of gas-phase reactions of cyc-CF,CF,CF,CHFCH, and trans-cyc-CF,CF-
,CF,CHFCHF with OH radicals between 253 and 328 K, Chem. Phys. Lett., 639,
199-204, doi:10.1016/j.cplett.2015.09.020, 2015.

Zhang, N., T. Uchimaru, Q. Guo, F. Qing, L. Chen, and J. Mizukado, Atmospheric
chemistry of perfluorocyclopentene (cyc-CF,CF,CF,CF=CF-): Kinetics, products and
mechanism of gas-phase reactions with OH radicals, and atmospheric implications,
Atmos. Environ., 160, 46-54, doi:10.1016/j.atmosenv.2017.04.012, 2017.

Zhang, Q., C.Y., S. Tong, M. Ge, ]. Shenolikar, M.S. Johnson, Y. Wang, N.T. Tsona, A.
Mellouki, and L. Du, Atmospheric oxidation of selected chlorinated alkenes by O,
OH, NO,and Cl, Atmos. Environ., 170,12-21,doi:10.1016/j.atmosenv.2017.09.031,
2017.

Zhang, S., R. Strekowski, L. Bosland, A. Monod, and C. Zetzsch, Kinetic study of the
reaction of OH with CH,l,, Phys. Chem. Chem. Phys., 13,11671-11677, doi:10.1039/
clcp20885¢c, 2011.

Zhang, S., R. Strekowski, A. Monod, L. Bosland, and C. Zetzsch, Temperature-
dependent kinetics study of the reactions of OH with C,H;l, n-C5H;l, and iso-C5H,l,
J. Phys. Chem. A, 116, 9497-9506, doi:10.1021/jp300575f, 2012.



Appendix A

APPENDIX A:
CHEMIcAL FORMULAE AND NOMENCLATURE

Reactive Halogen-Containing Species

Cl atomic chlorine Br atomic bromine
Cl, total inorganic chlorine Br, total inorganic bromine
Cl, molecular chlorine Br, molecular bromine
ClO chlorine monoxide BrO bromine monoxide
ClO, (CIO + 2 CIOOCI) Br,O dibromine monoxide
Cl,0,, CIOOCI dichlorine peroxide (CIO dimer) BrO, (Br, BrO, BrONO,, HOBr, ...)
CIONO,, CINO, chlorine nitrate BrONO,, BrNO, bromine nitrate
HCI hydrogen chloride (hydrochloric acid) HBr hydrogen bromine
HOCI hypochlorous acid HOBr hypobromous acid
F atomic fluorine | atomiciodine
F, molecular fluorine I, molecular iodine
F, total inorganic fluorine l, total inorganic iodine
HF hydrogen fluoride (hydrofluoric acid) (@) jodine monoxide
FO, F+FO 10, iodine radicals
Other Reactive Species
O atomic oxygen H atomic hydrogen
OP) atomic oxygen (ground state) H, molecular hydrogen
o('D) atomic oxygen (first excited state) OH hydroxyl radical
0O, molecular oxygen HO, hydroperoxyl radical
O, ozone H,O water
O, odd oxygen (O, O('D), O,) HO, odd hydrogen (H, OH, HO,, H,0,)
N atomic nitrogen HNO,, HONO nitrous acid
N, molecular nitrogen HOONO pernitrous acid
N,O nitrous oxide HNO; nitric acid
NO nitric oxide HNO,, HOONO, peroxynitric acid
NO, nitrogen dioxide NH, ammonia
NO, nitrogen trioxide, nitrate radical NH,NO, ammonium nitrate
N,Os dinitrogen pentoxide NO, nitrogen oxides (NO + NO,)
HNO;*3H,0 nitric acid trihydrate condensate (NAT) NO, total reactive nitrogen (NO, NO,, NO;,
N,O;, CIONO,, HNO,, HNO;)
S atomic sulfur
SO, sulfur dioxide H,S hydrogen sulfide
H,SO, sulfuric acid CS, carbon disulfide
CH3SCH;, dimethyl sulfide (DMS) COS, OCSs carbonyl sulfide
C carbon atom
CcO carbon monoxide CO, carbon dioxide
CH;, methyl radical CH5CH; ethane
CH, methane CH,CH,CH, propane
CH,OH methyl alcohol, methanol CH;CH,CH,CH;  butane
CF,C(O)OH, CF,CO,H trifluoroacetic acid (TFA) CH,O formaldehyde
CaCO, calcite, calcium carbonate
TiO, titanium dioxide
AlL,O, aluminum oxide

Note: Table A-5 in the Annex provides an extensive listing of chemical names and formulas, including many ozone depleting substances, their replace-
ments, and other substances of interest to the Montreal Protocol.
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Appendix B

APPENDIX B:

2022 OzoNE AsSSESSMENT ACRONYM DICTIONARY

A

A5

AAO
ACCESS
ACCMIP
ACE-FTS
AEAP
AerChemMIP
AGAGE
AGTP
AGWP
Al

AIMS
AMSU
ANY

AO

AoA
AOD
APEEP
AR5
AR6
ARISE
ASOPOS
ATom
ATTREX

BASIC
BC
BDC
BECCS
BNN
BU
BUV

C

CALIOP
CALIPSO
CAM-Chem

CanESM
CAO
CARIBIC

CASRN
CAST
CAVA
CcCl
CCM

Article 5 countries of the Montreal Protocol

Antarctic oscillation

Australian Community Climate and Earth System Simulator

Atmospheric Chemistry and Climate Model Intercomparison Project

Fourier Transform Spectrometer instrument on the Atmospheric Chemistry Experiment satellite
Atmospheric Effect of Aviation Project

Aerosol and Chemistry Model Intercomparison Project

Advanced Global Atmospheric Gases Experiment (atmospheric monitoring surface sites)
absolute global temperature change potential

absolute global warming potential

artificial intelligence

Atmospheric chemical lonization Mass Spectrometer

Advanced Microwave Sounding Unit (satellite-based instrument)

Australian New Year (fire event January 2020)

Arctic oscillation

age of stratospheric air

aerosol optical depth

Ap-driven energetic electron precipitation (model)

IPCC Fifth Assessment Report

IPCC Sixth Assessment Report

Assessing Responses and Impacts of Solar climate intervention on the Earth system
ASsessment of Operating Procedures for Ozone Sondes

Atmospheric Tomography Mission (aircraft-based field campaign)

Airborne Tropical TRopopause Experiment (aircraft-based field campaign)

BAyeSian Integrated and Consolidated composite ozone time-series (data product)
black carbon aerosol

Brewer-Dobson circulation

bioenergy with carbon capture and storage

Bayesian neural network

bottom-up (estimate based on observations)

Backscatter Ultraviolet (satellite-based instrument)

Cloud-Aerosol Lidar with Orthogonal Polarization (satellite-based instrument)

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (satellite-based instrument)

Community Atmosphere Model with Chemistry (CAM-chem), a component of the NCAR Community Earth System
Model (CESM)

Canadian Earth System Model

cold air outbreak

Civil Aircraft for the Regular Investigation of the Atmosphere Based on an Instrument Container (aircraft-based
observational campaign)

Chemical Abstracts Service registry number

Coordinated Airborne Studies in the Tropics (aircraft-based field campaign)

Central American Volcanic Arc

Climate Change Initiative of the European Space Agency

chemistry-climate model
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CCMI
CCMVal
CCT
CDM
CDR
CESM
CFCs
CFSR
CGAA
CGTP
Cl
CLaMS
CMEs
CMIP
CNRM
CONTRAST
coP
COS
CPT
CR-AVE
CSIRO
CT™M
CUE

D

DJF
DLM
DMS
DOE
DU

E

ECMWF
ECS
EDC
EECI
EEMD
EEP
EESBnC
EESC
EHF
EMAC
ENSO
EOF
EPA
EPP
ERA
ERF
ESM

EU

F

FDH
FIREBIRD
FRF

FTIR

FZH
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Chemistry-Climate Model Initiative

Chemistry-Climate Model Validation Activity (e.g. CCMVal-2 = Phase 2 of CCMVal)
cirrus cloud thinning

Clean Development Mechanism of the Kyoto Protocol

carbon dioxide removal

Community Earth System Model

chlorofluorocarbons

NCEP Climate Forecast System Reanalysis (data product)

Cape Grim Air Archive (atmospheric monitoring surface sites)

combined global temperature change potential

climate intervention

Chemical Lagrangian Model of the Stratosphere

coronal mass ejections

Climate Model Intercomparison Project (e.g. CMIP6 = Phase 6 of CMIP)

National Centre for Meteorological Research (France)

Convective Transport of Active Species in the Tropics (aircraft-based field campaign)
Conference Of the Parties of the United Nations Framework Convention on Climate Change (UNFCCC)
carbonyl sulfide

cold point tropopause

Costa Rica Aura Validation Experiment (aircraft-based field campaign)
Commonwealth Scientific and Industrial Research Organisation (Australia)
chemistry transport model

critical use exemption

December-January-February
dynamic linear model

dimethyl sulfide

Department of Energy (United States)
Dobson Units

European Centre for Medium-Range Weather Forecasts (forecast model)
equilibrium climate sensitivity

ethylene dichloride

equivalent effective chlorine

ensemble empirical model decomposition

energetic electron precipitation

Equivalent Effective Stratospheric Benchmark-normalized Chlorine
equivalent effective stratospheric chlorine

eddy heat flux

ECHAM/MESSy Atmospheric Chemistry

El Nifo-Southern Oscillation

empirical orthogonal function

Environmental Protection Agency (United States)

energetic particle precipitation

ECMWEF Re-Analysis (a global atmospheric reanalysis data product)
effective radiative forcing

Earth system model

European Union

fixed dynamical heating

Focused Investigations of Relativistic Electron Burst Intensity, Range, and Dynamics (CubeSat dual satellite mission)

fractional release factor
Fourier transform infrared
Forschungszentrum Jilich institute (Germany)



G

GAW
GC-ECD
GCM
GDP
GEISA

GeoMIP
GEOSCCM
GFDL-EM
GHG
GISSTEMP
GLENS
GLORIA
GloSSAC
GMI
GOME
GOMOS
GOZCARDS
GPS

GR
GSFC2D
GSG
GtCO,-eq
GTO

GTP

GWP

H

HadGEM
HadISST
HALO
HALOE
HBFO
HCFC
HCFO
HF

HFC
HFE
HFO
HFP
HIAPER
HIPPO
HITRAN
HSCT
HST
HTOC

IAGOS
IASI
ICR
IEA
IGAC
IHD
ILT
10D
103C
IPCC

Appendix B

Global Atmosphere Watch programme of WMO

gas chromatography-electron capture detection (instrument)

global circulation model

gross domestic product

Gestion et Etude des Informations Spectroscopiques Atmosphériques / Management and Study of Atmospheric
Spectroscopic Information

Geoengineering Model Intercomparison Project

Goddard Earth Observing System Chemistry Climate Model

Geophysical Fluid Dynamics Laboratory (of NOAA) Earth system Model
greenhouse gas

Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (data product)
Geoengineering Large ENSemble project

Global Limb Radiance Imager for the Atmosphere (satellite-based instrument)
Global Space-based Stratospheric Aerosol Climatology (data product)

Global Modeling Initiative

Global Ozone Monitoring Experiment spectrometer (satellite-based instrument)
Global Ozone Monitoring by Occultation of Stars (satellite-based instrument)
Global OZone Chemistry And Related trace gas Data records for the Stratosphere
global positioning system

growth rate

Goddard Space Flight Center 2-D model

GOME-SCIAMACHY-GOME-2 merged dataset

gigatonnes of carbon dioxide equivalent

GOME-type Total Ozone column ozone product

global temperature change potential

global warming potential

Hadley Centre Global Environment Model

Hadley Centre Sea Ice and Sea Surface Temperature (data product)
High-Altitude and LOng range (research aircraft)

HALogen Occultation Experiment (satellite-based instrument)
hyrobromofluoroolefin

hydrochlorofluorocarbon

hydrochlorofluoroolefin

hydrogen fluoride/hydrofluoric acid

hydrofluorocarbon

halogenated ether

hydrofluoroolefin

hexafluoropropylene

High-performance Instrumented Airborne Platform for Environmental Research
HIAPER Pole-to-Pole Observations (aircraft-based field campaign)
high-resolution transmission molecular absorption database

High Speed Civil Transport (category of aircraft)

hypersonic transport (category of aircraft)

Halon Technical Options Committee

In-service Aircraft for a Global Observing System

Infrared Atmospheric Sounding Interferometer (satellite-based instrument)
industrial and commercial refrigeration

International Energy Agency

International Global Atmospheric Chemistry project

interhemispheric difference

independent linear trend

integrated ozone depletion

International Ozone Commission

Intergovernmental Panel on Climate Change
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IRF instantaneous radiative forcing

ISS International Space Station

ITCZ intertropical convergence zone

J

JJA June-July-August

JRA-55 the 55-year Japanese ReAnalysis project conducted by the Japan Meteorological Agency (JMA)
L

LBL line-by-line

LOTUS Long-term Ozone Trends and Uncertainties in the Stratosphere (a SPARC activity)
LS lower stratosphere

Lw longwave (radiation wavelength range)

LZRH level of zero radiative heating

M

MAC mobile air conditioner

MAGICC Model for the Assessment of Greenhouse Gas Induced Climate Change
MAM March-April-May

MBL marine atmospheric boundary layer

MCB marine cloud brightening

MEGRIDOP MErged GRIdded Dataset of Ozone Profiles

MERRA Modern Era Retrospective-analysis for Research and Applications (e.g. MERRA-2 = version 2 of MERRA)
MF mole fraction

MIPAS Michelson Interferometer for Passive Atmospheric Sounding

ML machine learning

MLF Montreal Protocol’s Multilateral Fund

MLR multiple linear regression

MLS Microwave Limb Sounder (satellite-based instrument)

MMM multi-model mean

MRI-ESM Meteorological Research Institute (of Japan) Earth System Model

MSR Multi-sensor reanalysis

MSU Microwave Sounding Unit (satellite-based instrument)

N

NAM northern annular mode

NAO North Atlantic oscillation

NASA National Aeronautics and Space Administration (United States)

NAT nitric acid trihydrate

NCAR National Center for Atmospheric Research (United States)

NCEP National Centers for Environmental Prediction (United States)

NDACC Network for the Detection of Atmospheric Composition Change

NH Northern Hemisphere

NIES National Institute for Environmental Studies (Japan)

NIWA-BS National Institute of Water and Atmospheric Research - Bodeker Scientific (dataset)
NOAA National Oceanic and Atmospheric Administration (United States)
NTCF near-term climate forcer

O

OCS carbonyl sulfide (also COS)

ODP ozone depletion potential

oDSs ozone-depleting substance

OECD the Organization for Economic Cooperation and Development

OHP Observatorie de Haute-Provence (observatory in France)
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OoLP
OMD
OMI
OMPS
OMPS-LP
ORM
OSIRIS

P

PAR
PCE
PFC

PFP

PG

PGI

PNE
POSIDON
Pre-AVE
PSC
PTFE
PWT
PWLT
pyroCb

Q

QBO
QPs

R

RAOBCORE
RCP

RE

RF

RICH

RSS

S

S2S

SABER
SAD

SAGE

SAI

SAM

SAOZ

SAP

SARF

SBUV
SBUV MOD
SBUV COH
SCIAMACHY
SCISAT
SEANY

SG

SGI

SH

SHIVA

SIC
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ozone loss potential

ozone mass deficit

Ozone Monitoring Instrument (satellite-based instrument)

Ozone Mapping Profiler Suite (satellite-based instrument)

OMPS Limb Profiler (satellite-based instrument)

Ozone Research Managers of the parties to the Vienna Convention

Optical Spectrograph and InfraRed Imaging System (satellite-based instrument)

photosynthetically active radiation

perchloroethylene, also known as tetrachloroethylene
perfluorocarbon

PSC formation potential

product gas

product gas injection

Pacific Northwest Event (2017 wildfire event)

Pacific Oxidants, Sulfur, Ice, Dehydration, and cONvection (aircraft-based field campaign)
Pre-Aura Validation Experiment (aircraft-based field campaign)
polar stratospheric cloud
polytetrafluoroethylene/polytetrafluoroethene

piecewise trend

piecewise linear trend

pyrocumulonimbus cloud

Quasi-Biennial Oscillation
quarantine and pre-shipment

RAdiosone OBservation COrrection using REanalyses (data product)
Representative Concentration Pathway scenario (used by IPCC)

radiative efficiency

radiative forcing

Radiosonde Innovation Composite Homogenization reanalysis (data product)
Remote Sensing Systems renanlysis (data product)

sub-seasonal to seasonal

Sounding of the Atmosphere using Broadband Emission Radiometry (satellite-based instrument)
aerosol surface area density

Stratospheric Aerosol and Gas Experiment (satellite-based instrument)

stratospheric aerosol injection

southern annular mode

Systéme D’Analyse par Observations Zénithales (type of spectrometer instrument)

UNEP Scientific Assessment Panel to the Parties of the Montreal Protocol
stratospheric-temperature-adjusted radiative forcing

Solar Backscatter Ultraviolet (satellite-based instrument)

SBUV Merged Ozone Data (MOD) product

SBUV Cohesive dataset (COH)

SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (satellite-based instrument)
SClence SATellite

Southeast Australia New Year (2020 wildfire event)

source gas

source gas injection

Southern Hemisphere

Stratospheric ozone Halogen Impacts in a Varying Atmosphere (field campaign)

sea ice concentration
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SLIMCAT
SLP

SMR
SODP
SON
SORCE
SPARC
SPE
SRES
S-RIP
SRM
SSA

SSi

SSP

SST
SSTA
SSuU
SSW
STAR
STE

STS

STT
Suomi NPP
SwW
SWOOSH
sSwv

-

TACTS
TC4

TCE
TCO
TEAP
TFA

TFE

TOA
TOAR
TOMCAT
TOMS
TORERO

TOVS/ATOVS
P

TROPOMI
TSI

I

U

UAH
UARS
UBDC
UcCli
UEA
UKCA
UKESM
UNEP
UNFCCC
USA
uT
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Single-Layer Isentropic Model of Chemistry and Transport
sea level pressure

Sub-Millimetre Radiometer (satellite-based instrument)
stratospheric ozone depletion potential
September-October-November

SOlar Radiation and Climate Experiment

Stratospheric Processes And their Role in Climate (project of WCRP)
solar proton event

Special Report on Emissions Scenarios (used by IPCC)
SPARC Reanalysis Intercomparison Project

solar radiation modification

stratospheric sulfuric acid aerosols

solar spectral irradiance

Shared Socioeconomic Pathway scenarios (used by IPCC)
sea surface temperature or supersonic transport (aircraft)
SST anomaly

Stratospheric Sounding Unit (satellite-based instrument)
sudden stratospheric warming

The NOAA Center for Satellite Applications and Research
stratosphere-troposphere exchange

supercooled ternary solution
stratosphere-to-troposphere transport

Suomi National Polar-orbiting Partnership (satellite)
shortwave (radiation wavelength range)

Stratospheric Water and OzOne Satellite Homogenized (merged data record)
stratospheric water vapor

Transport and Composition in the UT/LMS (aircraft-based field experiment)

Tropical Composition, Cloud and Climate Coupling (aircraft-based field experiment)
trichloroethene

total column ozone

UNEP Technology and Economic Assessment Panel to the Parties of the Montreal Protocol
trifluoroacetic acid

tetrafluoroethylene/ tetrafluoroethene

top of the atmosphere

Tropospheric Ozone Assessment Report

Toulouse Off-line Model of Chemistry and Transport

Total Ozone Mapping Spectrometer (satellite-based instrument)

Tropical Ocean tRoposphere Exchange of Reactive halogen species and Oxygenated VOC (aircraft-based field
experiment)

TIROS Operational Vertical Sounder / Advanced TOVS (satellite-based instrument)
tropopause pressure

TROPOspheric Monitoring Instrument (satellite-based instrument)

total solar irradiance

tropical tropopause layer

University of Alabama Huntsville

Upper Atmosphere Research Satellite

upper branch of the Brewer-Dobson Circulation (BDC)
University of California Irvine

University of East Anglia

United Kingdom Chemistry and Aerosols model
United Kingdom Earth System Model

United Nations Environment Programme

United Nations Framework Convention on Climate Change
United States of America

upper troposphere
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UTLS upper troposphere/lower stratosphere

uv ultraviolet (wavelength range)

\"

VCM vinyl chloride/vinyl chloride monomer

VDC 1,1-dichlorothene

VIRGAS Volcano-plume Investigation Readiness and Gas-phase and Aerosol Sulfur (field campaign)

VIS/Vis visible-wavelength radiation

VolMIP Volcanic Forcings Model Intercomparison Project

VSLSG very short-lived source gas

VSLS very short-lived substance

\

WACCM Whole Atmosphere Community Climate Model

WCRP World Climate Research Programme

WDCGG World Data Centre for Greenhouse Gases (a World Data Centre (WDC) operated by the Japan Meteorological
Agency (JMA) under WMO-GAW)

WISE Wave-driven ISentropic Exchange (aircraft-based field campaign)

WMO World Meteorological Organization

WOuDC World Ozone and Ultraviolet Radiation Data Centre of WMO/GAW
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