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ODSs and Other Gases of Interest

SCIENTIFIC SUMMARY

Changes in the global atmospheric abundance of a substance are determined by the balance between its
emissions and removal. Declines observed for ozone-depleting substances (ODSs) controlled under the
Montreal Protocol are due to global emission reductions that have made emissions smaller than removals.
Most ODSs are potent greenhouse gases. As the majority of ODSs have been phased out, demand for
hydrochlorofluorocarbon (HCFC) and hydrofluorocarbon (HFC) substitutes for the substances controlled
under the Montreal Protocol has increased; these are also greenhouse gases. HCFCs deplete much less
ozone per kilogram emitted than chlorofluorocarbons (CFCs), while HFCs essentially deplete no ozone.

The amended and adjusted Montreal Protocol has continued to reduce emissions and atmospheric
abundances of most controlled ozone-depleting substances. By 2012, the total combined abundance
of anthropogenic ODSs in the troposphere (measured as Equivalent Chlorine) had decreased by
nearly 10% from its peak value in 1994.

The contributions to the overall decline in tropospheric chlorine (Cl) and bromine (Br) from
substances and groups of substances controlled and not controlled under the Montreal Protocol
have changed since the previous Assessment. The observed declines in total tropospheric Cl and Br
from controlled substances during the 5-year period 2008—2012 were 13.4 £ 0.9 parts per trillion (ppt) yr'
and 0.14 = 0.02 ppt yr’, respectively.'

Substances controlled under the Montreal Protocol

~13.5+ 0.5 ppt Cl yr”' from chlorofluorocarbons (CFCs)

e —4.1+0.2 ppt Clyr" from methyl chloroform (CH;CCls)

e —4.9+0.7 ppt Clyr" from carbon tetrachloride (CCl,)

e —0.07£0.01 ppt Cl yr' from halon-1211

e +9.2+0.3 ppt Cl yr' from hydrochlorofluorocarbons (HCECs)
e —0.06 £ 0.02 ppt Br yr"' from halons

* —0.08 £ 0.02 ppt Br yr"' from methyl bromide (CH;Br)

Substances not controlled under the Montreal Protocol
e —1.7+ 1.3 ppt Clyr’" from methyl chloride (CH;CI)
* +1.3+0.2 ppt Clyr" from very short-lived chlorine compounds (predominantly dichloromethane, CH,Cl,)

Tropospheric Chlorine

Total tropospheric chlorine from ODSs continued to decrease between 2009 and 2012 to 3300 parts
per trillion (ppt) in 2012. The observed decline in controlled substances of 13.4 £ 0.9 ppt Cl yr' during
2008-2012 was in line with the A1 (baseline) scenario of the 2010 Assessment.

Of total tropospheric Cl in 2012:
* CFCs, consisting primarily of CFC-11, -12, and -113, accounted for 2024 = 5 ppt (about 61%)
and are declining. Their relative contribution is essentially unchanged from the 2010 Assessment
(62% in 2008).

* CCly accounted for 339 = S ppt (about 10%). While our current understanding of the budget of
CCly is incomplete, mole fractions of CCly declined largely as projected based on prior observations
and the A1 scenario of the 2010 Assessment during 2009-2012.

* HCFCs accounted for 286 = 4 ppt (8.7%). In total, the rate of increase for the sum of HCFCs has
slowed by 25% since 2008 and has been lower than projected in the 2010 Assessment.

' All uncertainties are one standard deviation unless otherwise specified.
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* CH;CCl;, the largest contributor to the decrease in total tropospheric chlorine until around
2005, accounted for only 16 = 1 ppt (0.5%). This is 50% less than in 2008 (32 ppt) and a 95%
reduction from its mean contribution to the total Cl decline during the 1980s. The fraction is
declining in line with the A1 scenario of the 2010 Assessment.

* CH;CI accounted for 540 = 5 ppt (about 16%) and has remained essentially constant since
2008. This gas is emitted predominantly from natural sources.

* Very short-lived compounds (VSLS) contribute approximately 3%.

Global emissions of HCFCs remain substantial, but relative emissions of individual constituents
have changed notably since the last Assessment. Emissions of HCFC-22 have stabilized since 2008 at
around 370 gigagrams per year (Gg yr'l). HCFC-142b emissions decreased in the same period. In contrast
emissions of HCFC-141b have increased since the last Assessment, in parallel with reported production
and consumption in Article 5 Parties.

Estimated sources and sinks of CCl; remain inconsistent with observations of its abundance. The
estimate of the total global lifetime (26 years) combined with the observed CCl, trend in the atmosphere
(—1.1 to —1.4 ppt yr" in 2011-2012) implies emissions of 57 (40-74) Gg yr”', which cannot be reconciled
with estimated emissions from net reported production. New evidence indicates that other poorly quantified
sources, unrelated to reported production, could contribute to the currently unaccounted emissions.

Three CFCs (CFC-112, -112a, -113a) and one HCFC (HCFC-133a) have recently been detected in
the atmosphere. These four chlorine-containing compounds are listed in the Montreal Protocol and
contribute about 4 ppt or ~ 0.1% toward current levels of total chlorine, currently adding less than 0.5 ppt
Clyr'. Abundances of CFC-112 and CFC-112a are declining and those of CFC-113a and HCFC-133a are
increasing. The sources of these chemicals are not known.

Stratospheric Inorganic Chlorine and Fluorine

Hydrogen chloride (HCI) is the major reservoir of inorganic chlorine (Cl,) in the mid- to upper strat-
osphere. Satellite-derived measurements of HCI (S0°N—-50°S) in the mid- to upper stratosphere show a
mean decline of 0.6% = 0.1% yr"' between 1997 and 2012. This is consistent with the measured
changes in controlled chlorinated source gases. Variability in this decline is observed over shorter time
periods based on column measurements above some ground-based sites, likely due to dynamic variability.

Measured abundances of stratospheric fluorine product gases (HF, COF,, COCIF) increased by
about 1% yr" between 2008 and 2012. This is consistent with increases in measured abundances of
fluorinated compounds and their degradation products. The increase was smaller than in the beginning of
the 1990s, when the concentrations of fluorine-containing ODSs were increasing more rapidly.

Tropospheric Bromine

Total organic bromine from controlled ODSs continued to decrease in the troposphere and by 2012
was 15.2 = 0.2 ppt, approximately 2 ppt below peak levels observed in 1998. This decrease was close to
that expected in the Al scenario of the 2010 Assessment and was primarily driven by declines in methyl
bromide (CH;3Br), with some recent contribution from an overall decrease in halons. Total bromine from
halons had stopped increasing at the time of the last Assessment, and a decrease is now observable.

CH;Br mole fractions continued to decline during 2008-2012, and by 2012 had decreased to 7.0 =
0.1 ppt, a reduction of 2.2 ppt from peak levels measured during 1996-1998. These atmospheric
declines are driven primarily by continued decreases in total reported consumption of CH;Br from
fumigation. As of 2009, reported consumption for quarantine and pre-shipment (QPS) uses, which are
exempted uses (not controlled) under the Montreal Protocol, surpassed consumption for controlled (non-
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QPS) uses. As a result of the decrease in atmospheric CH;Br, the natural oceanic source is now
comparable to the oceanic sink.

Stratospheric Inorganic Bromine

Total inorganic stratospheric bromine (Br,), derived from observations of bromine monoxide
(Br0O), was 20 (16-23) ppt in 2011, and had decreased at ~0.6 = 0.1% yr'1 between peak levels
observed in 2000-2001 and 2012. This decline is consistent with the decrease in total tropospheric
organic Br based on measurements of CH;Br and the halons.

Equivalent Effective Stratospheric Chlorine (EESC)

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

By 2012, EESC had declined by about 10% in polar regions and about 15% in midlatitudes from their
peak values, with CH;CCl;, CH;Br, and CFCs contributing approximately equally to these declines.
This drop is about 40% of the decrease required for EESC in midlatitudes to return to the 1980 benchmark
level, and about 20% of the decrease required for EESC in polar regions to return to the 1980 benchmark level.

Very Short-Lived Halogenated Substances (VSLS)

VSLS are defined as trace gases whose local lifetimes are comparable to, or shorter than,
interhemispheric transport timescales and that have non-uniform tropospheric abundances. These local
lifetimes typically vary substantially over time and space. As in prior Assessments, we consider species
with annual mean lifetimes less than approximately 6 months to be VSLS. Of the VSLS identified in the
current atmosphere, brominated and iodinated species are predominantly of oceanic origin, while the
chlorinated species have significant industrial sources. These compounds will release their halogen
atoms nearly immediately once they enter the stratosphere. The current contribution of chlorinated VSLS
to Equivalent Chlorine (ECI) is about one-third as large as the contribution of VSLS brominated gases.
lodine from VSLS likely makes a minor contribution to ECI.

Total chlorinated VSLS source gases increased from 84 (70-117) ppt in 2008 to 91 (76-125) ppt in
2012 in the lower troposphere. Dichloromethane (CH,Cl,), a VSLS that has predominantly anthro-
pogenic sources, accounted for the majority of this change, with an increase of ~60% over the last decade.

The estimated contribution of chlorinated VSLS to total stratospheric chlorine remains small. A
lack of data on their concentrations in the tropical tropopause layer (TTL) limits our ability to quantify
their contribution to the inorganic chlorine loading in the lower stratosphere. Current tropospheric
concentrations of chlorinated VSLS imply a source gas injection of 72 (50-95) ppt, with 64 ppt from
anthropogenic emissions (e.g., CH,Cl,, CHCl;, 1,2 dichloroethane (CH,CICH,Cl), tetrachloroethene
(CCLCCL)). The product gases are estimated to contribute 0-50 ppt giving a total of ~ 95 ppt (50-145
ppt) against a total of 3300 ppt of chlorine from long-lived ODSs entering the stratosphere.

There is further evidence that VSLS contribute ~5 (2—8) ppt to a total of ~20 ppt of stratospheric
bromine. Estimates of this contribution from two independent approaches are in agreement. New data
suggest that previous estimates of stratospheric Br, derived from BrO observations may in some cases
have been overestimated, and imply a contribution of ~5 (2—8) ppt of bromine from VSLS. The second
approach sums the quantities of observed, very short-lived source gases around the tropical tropopause
with improved modeled estimates of VSLS product gas injection into the stratosphere, also giving a total
contribution of VSLS to stratospheric bromine of ~5 (2—8) ppt.

1.3



Chapter 1

Updated Lifetime Estimates

The uncertainties of estimated lifetimes for key long-lived ozone-depleting and related substances
are better quantified following the SPARC Lifetimes Assessment (Stratosphere-troposphere
Processes And their Role in Climate, 2013). Of note is the change in the estimated lifetime of CFC-11
(revised from 45 yr to 52 yr). The estimate of the total global lifetime of CCly (26 yr) remains unchanged
from the previous Assessment, although estimates of the relative importance of the multiple loss
processes have been revised.

Other Trace Gases That Directly Affect Ozone and Climate

The emissions of CFCs, HCFCs, and HFCs in terms of their influence on climate (as measured by
gigatonnes of carbon dioxide (CO;)-equivalent emissions) were roughly equal in 2012. However, the
emissions of HFCs are increasing rapidly, while the emissions of CFCs are going down and those of
HCFCs are essentially unchanged. The 100-year GWP-weighted emissions for the sum of CFC, HCFC,
and HFC emissions was 2.2 Gt CO,-equivalent in 2012. The sum of GWP-weighted emissions of CFCs
was 0.73 £ 0.25 Gt CO,-equivalent yr' in 2012 and has decreased on average by 11.0 + 1.2% yr' from
2008 to 2012. The sum of HCFC emissions was 0.76 + 0.12 Gt CO,-equivalent yr”' in 2012 and has been
essentially unchanged between 2008 and 2012. Finally, the sum of HFC emissions was 0.69 + 0.12 Gt
CO,-equivalent yr' in 2012 and has increased on average by 6.8 £ 0.9% yr"' from 2008 to 2012. The HFC
increase partially offsets the decrease by CFCs. Current emissions of HFCs are, however, are less than
10% of peak CFC emissions in the early 1990s (>8 Gt CO,-equivalent yr™).

From 2008 to 2012 the global mean mole fraction of nitrous oxide (N,O), which leads to ozone
depletion in the stratosphere, increased by 3.4 parts per billion (ppb), to 325 ppb. With the
atmospheric burden of CFC-12 decreasing, N,O is currently the third most important long-lived
greenhouse gas contributing to radiative forcing (after CO, and methane (CHy)).

Methane (CH,) is an important greenhouse gas and influences stratospheric ozone. In 2012 the average
background global mole fraction of CH,4 was 1808 ppb, with a growth rate of 56 ppb yr™ from 2008 to
2012. This is comparable to the 2006-2008 period when the CH4 growth rate began increasing again after
several years of near-zero growth. The renewed increase is thought to result from a combination of
increased CH4 emissions from tropical and high-latitude wetlands together with increasing anthropogenic
(fossil fuel) emissions, though the relative contribution of the wetlands and fossil fuel sources is uncertain.

Hydrofluorocarbons (HFCs) used as ODS substitutes are increasing in the global atmosphere. The
most abundant HFC, HFC-134a, reached a mole fraction of nearly 68 ppt in 2012 with an increase of 5
ppt yr' (7.6%) in 2011-2012. HFC-125, -143a, and -32 have similar or even higher relative growth rates
than HFC-134a, but their current abundances are considerably lower.

Worldwide emissions of HFC-23, a potent greenhouse gas and by-product of HCFC-22 production,
reached a maximum of ~15 Gg in 2006, decreased to ~9 Gg in 2009, and then increased again to reach
~13 Gg yr" in 2012. While efforts in non-Article 5 Parties mitigated an increasing portion of HFC-23 emis-
sions through 2004, the temporary decrease in emissions after 2006 is consistent with destruction of HFC-23
in Article 5 Parties owing to the Clean Development Mechanism (CDM) of the Kyoto Protocol. The average
global mole fraction of HFC-23 reached 25 ppt in 2012, with an increase of nearly 1 ppt yr'1 in recent years.

Mole fractions of sulfur hexafluoride (SFg), nitrogen trifluoride (NF3), and sulfuryl fluoride (SO,F;)
increased in recent years. Global averaged mole fractions of SF¢ reached 7.6 ppt in 2012, with an annual
increase of 0.3 ppt yr' (4% yr'). Global averaged mole fractions of NF; reached 0.86 ppt in 2011, with an
annual increase of 0.1 ppt yr' (12% yr’'). Global averaged mole fractions of SO,F, reached 1.8 ppt in
2012, with an annual increase of 0.1 ppt yr'' (5% yr'). The considerable increases for these entirely
anthropogenic, long-lived substances are caused by ongoing emissions.
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1.1 SUMMARY OF THE PREVIOUS OZONE ASSESSMENT

Chapter 1 of the 2010 Assessment report (Montzka and Reimann et al., 2011) provided evidence
of continued reductions of the atmospheric abundance of most ozone-depleting substances (ODSs),
resulting from phase-out of controlled ODS production and consumption under the Montreal Protocol.
Total tropospheric chlorine and bromine from long-lived chemicals continued to decrease between 2005
and 2008. The atmospheric reservoir for methyl chloroform (CH3;CCl;) had reduced to the point that its
contribution to the chlorine decline was surpassed by the chlorofluorocarbons (CFCs). Mole fractions of
CFC-12, the single largest contributor to the atmospheric chlorine loading, declined for the first time in
this period. The total tropospheric chlorine decline was however slower than expected because the sum of
the CFC mole fractions did not drop as rapidly as projected and increases in hydrochlorofluorocarbons
(HCFCs) were larger than anticipated. The stratospheric chlorine burden declined in accordance with the
tropospheric decrease, within expected uncertainties. Chlorine-containing very short-lived substances
(VSLS) and their degradation products contributed approximately 80 ppt (parts per trillion) of chlorine to
the stratosphere, which was about 2% of the contribution from the longer-lived ODSs.

Chapter 1 of the 2010 Assessment documented the continued discrepancy between emissions of car-
bon tetrachloride (CCly) inferred from observed global trends with the much lower and more variable emissions
derived from data reported to the United Nations Environment Programme (UNEP). These differences could
not solely be explained by scaling the atmospheric lifetime. For other important ODSs (e.g., CFC-11), there
was evidence that atmospheric lifetimes might be longer than reported in previous Assessments.

Tropospheric mole fractions of hydrofluorocarbons (HFCs), used as non-ozone-depleting ODS
substitutes, continued to increase, which was reflected by an increase in column abundances of hydrogen
fluoride (HF), one of their major degradation products. In total the sum of HFC emissions used as ODS
replacements, weighted by direct, 100-year Global Warming Potentials (GWPs), increased by nearly 10%
yr'! from 2004 to 2008. In addition, emissions of the very potent greenhouse gas HFC-23 (CHF;), which
was mainly released from the production of HCFC-22 and therefore not labeled as an ODS replacement,
had increased despite efforts to curb HFC-23 emissions.

The only regulated bromine compound still not decreasing in 2008 was halon-1301. The total
tropospheric bromine levels from long-lived ODSs, however, continued to decrease because of the declining
abundance of methyl bromide (CH;Br) and because the sum of halons had stopped increasing. For the first
time, measurements of stratospheric bromine showed a slight decrease over this period. Slightly more than
50% of the atmospheric bromine stemmed from sources not controlled by the Montreal Protocol (i.e., from
natural sources and from quarantine and pre-shipment (QPS) uses of CH3Br). The contribution from mostly
natural short-lived compounds such as dibromomethane (CH,Br,) and tribromomethane (CHBr3) and their
degradation products to stratospheric bromine was estimated to be 1-8 ppt, which contributed substantially
to the estimated total of 22.5 ppt of bromine in the stratosphere in 2008.

Equivalent Effective Stratospheric Chlorine (EESC) represents the overall influence on stratospheric
ozone levels from the sum of the tropospheric abundances of chlorine and bromine ODSs. A discussion of the
EESC concept can be found in Box 8-1 of the 2006 Assessment (Daniel and Velders, 2007). By the end of
2008, the EESC abundance in the midlatitude stratosphere had decreased by about 11% from its peak value in
1997. This represented 28% of the decrease required for EESC in the midlatitude stratosphere to return to the
1980 benchmark level. In the polar stratosphere, EESC had decreased by about 5% from its peak value in
2002, which is 10% of the decrease required for EESC in polar regions to return to the 1980 benchmark level.

1.2 LONGER-LIVED HALOGENATED SOURCE GASES

1.2.1 Updated Observations, Lifetimes, and Emissions

Global tropospheric observations of ODSs have been performed and updated by independent
groups using both in situ and flask measurements as early as the late 1970s (Figure 1-1, Table 1-1). Data
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from networks with global coverage (AGAGE: Advanced Global Atmospheric Gases Experiment;
NOAA: National Oceanic and Atmospheric Administration; UCI: University of California, Irvine) are
discussed primarily, except for substances where data from only one global network are available. For
some ODSs, surface observations have been complemented with trends of total column measurements
using satellite- and ground-based remote sensing techniques (Table 1-2).

Global steady-state lifetime estimates of the main ODSs and related substances appear in Table 1-
3. Most are taken directly from SPARC (2013) and were derived from a weighted average of the lifetimes
using different methods. Global steady-state lifetimes are derived from a combination of partial lifetimes
for tropospheric hydroxyl radical (OH) reactive loss, stratospheric loss, and ocean and soil loss.
Furthermore, updates to atmospheric budgets (emissions and sinks) of ODSs are discussed. Global mean
mole fractions, trends, and emissions were calculated by combining the global network data with a two-
dimensional model (Rigby et al., 2013, 2014).

1.2.1.1 CHLOROFLUOROCARBONS (CFCS)

Observations

The global surface mean dry air mole fractions of the three most abundant chlorofluorocarbons
(CFC-12 (CCl,yF,), CFC-11 (CCI5F), and CFC-113 (CCLLFCCIF,)) continued to decline since the last
Assessment (Figure 1-1 and Table 1-1). Between 2008 and 2012 the trends observed for these three ODSs
are consistent (within uncertainties) with those anticipated in the A1-2010 scenario (Daniel and Velders et
al., 2011). For these three ODSs, differences in global abundances estimated by the three global networks
in Table 1-1 were less than 1% in 2011-2012. This is comparable to differences of 1-2% for the
measurement of these substances evaluated within the International Halocarbons in Air Comparison
Experiment (IHALACE) (Hall et al., 2014). Differences between the global networks are used not only
for estimating the uncertainty of the measurement data themselves, but also for assessing the accuracy and
reliability of global emission estimates, which make use of these data.

Recent changes in the Northern Hemisphere abundances of CFC-11, CFC-12, and CFC-113
measured by ground-based infrared solar absorption spectroscopy (e.g., Zander et al., 2008) and space-
based instruments (Brown et al., 2011; Kellmann et al., 2012) are largely consistent (within uncertainties)
with those measured at the surface between 2004 and 2010 (Figure 1-2 and Table 1-2). Only CFC-113
from Atmospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) (Brown et al.,
2011) shows a faster decrease than the ground-based measurements, which could be caused by
measurement issues in the space-based instrument for this compound.

Global mole fractions of both CFC-114 (CCIF,CCIF,) and CFC-115 (CCIF,CF5) have remained
nearly constant since 2008 (Table 1-1). Measurements of CFC-114 include a fraction due to CFC-114a
(CCILFCF3;), which is estimated to be around 10%, based on measurements in the 1990s (Oram, 1999).
Furthermore, CFC-112 (CCLFCCIL,F), -112a (CCIF,CCl;), -113a (CCl;CF3), and HCFC-133a (CH,CICF3)
(Section 1.2.1.5) were recently determined to be present in the atmosphere, with mole fractions of less
than 1 ppt in 2010 (Laube et al., 2014). Abundances of CFC-112 and CFC-112a are declining but those of
CFC-113a (and HCFC-133a) are increasing. These newly detected ODSs are listed in the Montreal
Protocol and contribute about 4 ppt or ~ 0.1% toward current levels of total chlorine, currently adding less
than 0.5 ppt Cl yr™.

Lifetimes and emissions

For CFC-11, a longer steady-state lifetime of 52 (43—67) years was recommended by SPARC
(2013) compared with the 45-year lifetime used in the previous Assessments. Since the SPARC (2013)
evaluation, a new CFC-11 UV absorption spectrum data set was reported by McGillen et al. (2013) that
significantly reduced the overall estimated uncertainty in the CFC-11 spectrum from ~20%, as reported in
SPARC (2013), to ~4%. This leads to a substantially reduced contribution to the CFC-11 lifetime
uncertainty due to uncertainties in CFC-11 photolysis. The recommended CFC-11 steady-state lifetime of
SPARC (2013) and its estimated uncertainty range, however, do not change significantly as a result. In
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SPARC (2013) the lifetime and its range were primarily determined by the differences between
observational data and various 3-D model calculations.

Another notable change discussed in SPARC (2013) was for CFC-115, for which the total
lifetime was revised from 1020 to 540 years based on new O('D) + CFC-115 reaction rate data from
Baasandorj et al. (2013).

Results since SPARC (2013) include a suggested revision of the CFC-113a lifetime from ~45 to 59
(31-305) years by Laube et al. (2014), although uncertainties of the new estimate include the old number.

Global top-down emissions of CFC-11 derived from atmospheric observations, considering its
new lifetime of 52 years, have been declining slowly over the past decade and are estimated to have been
57 (46—68) Gg in 2012 (Figure 1-3). Bottom-up estimated emissions are only available until 2003 and
averaged 73 Gg yr’' in the period 2000-2003 (UNEP, 2006). This was 19 Gg yr'' smaller than estimated
emissions using measurement-based top-down methods and a 52-year lifetime (Figure 1-3). The increase
of the lifetime estimate from 45 years to 52 years considerably reduces the gap for CFC-11 emission
estimates by the two methods from the previous Assessment (Montzka and Reimann et al., 2011).

Global CFC-12 emissions have been declining more rapidly than those of CFC-11. Top-down
estimates (Figure 1-3) indicate emissions of CFC-12 were decreasing at a rate of ~7 Gg yr”' in recent
years to 40 (26-54) Gg in 2012. Global CFC-113 emissions have been consistently lower than 5 Gg yr
over recent years.

Emissions of the newly detected CFC-113a were estimated at 2 Gg in 2012 (Figure 1-3) and they
could be caused by its usage as an intermediate in agrochemical production (Laube et al., 2014) or as a
feedstock for HFC-125 (CHF,CF;) and HFC-134a (CH,FCF3) production (UNEP, 2013a). Although
global production numbers for these HFCs are not available, the rapid increases in mole fractions and
global emissions of HFC-125 and HFC-134a in the atmosphere (Figures 1-24, 1-25, and Table 1-14)
indicate the potential for increasing releases of CFC-113a.

Measurements within specific regions and meteorological models are used to estimate emissions
of ODSs and other halocarbons on regional scales. These regional source estimates are prone to
considerable uncertainties due to inaccuracies in meteorological data, transport models, and in some
instances, seasonal variations of emission. The summed effect of the errors in these parameters and their
extrapolations can lead to large uncertainties for estimated regional emissions (see, e.g., Figure 1-4). When
studied regions are substantially different from national scales, additional errors can be introduced by
extrapolation of the regional estimates to national scales, which are often compared to national inventory-
based estimates. Regional emissions of CFC-11, -12, and -113 were predominantly estimated to be from
East Asia in recent years, due to the phase-out of these compounds in important Article 5 countries in
2010. In Figure 1-4 historical and projected bottom-up emissions in China (Wan et al., 2009) are compared
with top-down regional emissions derived from atmospheric measurements (Palmer et al., 2003; Vollmer
et al., 2009; Kim et al., 2010; An et al., 2012; Fang et al., 2012). The concurrent decline of emissions seen
by both independent methods (top-down and bottom-up) shows the success of the Montreal Protocol in
substantially decreasing CFC emissions in China. In 2000 CFC-12 top-down emission estimates were more
than a factor of two higher than inventory-based estimates, but both estimates compare better in most
recent years. Whereas CFC-11 emissions are still substantial but also declining, both top-down and
bottom-up emissions of CFC-113, which was mostly used as a solvent, were found to be consistently small
in recent years. However, measurements of these CFCs in urban environments in China, for example in the
Pearl River Delta (Shao et al., 2011; Wu et al., 2014), still show mole fraction enhancements above
background levels, indicating ongoing emissions from in-use equipment.

Recent estimates of emissions of CFC-11 and CFC-12 in the U.S. and Europe (Millet et al., 2009;
Miller et al., 2012; Keller et al., 2012) were still comparable to those in China, although new production
of CFCs for use was restricted in the U.S. and Europe in 1996/1995 (i.e., 14/15 years ahead of restrictions
in China). For CFC-113, enhancements above background levels were not detected in the U.S. by Gentner
et al. (2010) or Millet et al. (2009), suggesting very low emissions in this region of the world. In a source-
specific study, Hodson et al. (2010) found that landfills were only small sources of CFC-11, CFC-12, and
CFC-113 in the U.S. and in the United Kingdom.
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Figure 1-1. Mean global surface mole fractions (expressed as dry air mole fractions in parts per trillion or
ppt) of ozone-depleting substances from independent sampling networks and from scenario A1 of the
previous Ozone Assessments (Daniel and Velders et al., 2007, 2011) over the past 22 years (1990-2012).
Measured global surface annual means are shown as red lines (NOAA data), black lines (AGAGE data),
and blue lines (University of East Anglia (UEA) Southern Hemisphere (S.H.) data,
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(Figure 1-1, continued) using Cape Grim archived air). Mole fractions from scenario A1 from the previous
assessment (green lines) were derived to match observations in years before 2009 (Daniel and Velders et
al,, 2011). The scenario A1-2010 results shown in years after 2008 are projections made for 2009. Mole
fractions from scenario A1 from the 2006 Assessment (green-dashed lines) were derived to match
observations in years before 2005 (Daniel and Velders et al., 2007). The scenario A1-2006 results shown in
years after 2004 are projections made in 2005.
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Table 1-1. Measured mole fractions and changes of ozone-depleting gases from ground-based
sampling networks.

Chemical Common or Annual Mean Change
Formula Industrial Name Mole Fraction (ppt) (2011-2012) Network, Method
2008 2011 2012 eptyr") (% yr")
CFCs
CCLF CFC-11 243.4 237.6 235.5 -2.1 -0.9 AGAGE, in situ '
244.8 238.6 236.3 -23 -1.0 NOAA, flask & in situ
244.2 237.9 235.3 -2.6 -1.1 UCl, flask
CCLF, CFC-12 537.5 530.4 527.5 -2.9 -0.5 AGAGE, in situ
535.3 527.2 524.4 -2.9 -0.5 NOAA, flask & in situ
532.6 525.3 522.5 -2.8 -0.5 UCl, flask
CCLFCCLF CFC-112 0.45 0.45 0.44 -0.01 =2 UEA, flask (Cape Grim)
CCIL;CCIF, CFC-112a 0.065 0.066 0.064 —0.002 -3 UEA, flask (Cape Grim)
CCLFCCIF, CFC-113 76.7 74.4 73.6 -0.8 -1.1 AGAGE, in situ
76.5 74.5 73.8 -0.6 -0.8 NOAA, flask & in situ
77.1 74.9 74.2 -0.7 -0.9 UCl, flask
CCI1;CF5 CFC-113a 0.39 0.44 0.48 0.04 10 UEA, flask (Cape Grim)
CCIF,CCIF, CFC-114° 16.46 16.37 16.33 —-0.04 -0.2 AGAGE, in situ
15.95 15.77 15.75 —0.02 —0.1 NIES, in situ (Japan)
CCIF,CF; CFC-115 8.38 8.39 8.40 0.01 0.2 AGAGE, in situ
8.32 8.44 8.48 0.04 0.5 NIES, in situ (Japan)
HCEFCs
CHCIF, HCFC-22 191.8 214.2 219.8 5.6 2.6 AGAGE, in situ
190.9 212.7 218.0 5.3 2.5 NOAA, flask
188.3 209.0 214.5 5.5 2.6 UCl, flask
CHCIFCF; HCFC-124 1.48 1.34 1.30 —-0.04 -3 AGAGE, in situ
CH,CICF; HCFC-133a 0.275 0.313 0.365 0.052 17 UEA, flask (Cape Grim)
CH;CCLF HCFC-141b 19.5 214 22.5 1.1 5.1 AGAGE, in situ
19.3 21.3 22.3 1.0 4.4 NOAA, flask
18.8 20.8 21.8 1.0 4.8 UCl, flask
CH;CCIF, HCFC-142b 19.0 21.5 22.0 0.5 2.4 AGAGE, in situ
18.5 20.9 21.3 0.4 2.0 NOAA, flask
18.0 21.0 21.8 0.8 3.8 UCl, flask
Halons
CBn,F, halon-1202 0.026 0.020 0.019 —0.001 -5 UEA, flask (Cape Grim)
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Chemical Common or Annual Mean Change
Formula Industrial Name Mole Fraction (ppt) (2011-2012) Network, Method

2008 2011 2012 eptyr") (% yr")

Table 1-1, continued.

CBrCIF, halon-1211 4.29 4.09 4.01 —0.08 -2.0 AGAGE, in situ
4.20 4.00 3.92 —0.08 -2.0 NOAA, flask *
4.25 4.03 3.96 -0.07 -1.7 NOAA, in situ
4.24 4.18 4.14 —0.04 -1.0 UCI, flask

CBrF; halon-1301 3.20 3.27 3.30 0.03 0.9 AGAGE, in situ
3.12 3.18 3.22 0.04 1.1 NOAA, flask

CBrF,CBrF, halon-2402 0.47 0.45 0.44 —0.01 -1.3 AGAGE, in situ *
0.47 0.45 0.44 -0.01 -1.4 NOAA, flask
0.41 0.394 0.387 —0.007 -2 UEA, flask (Cape Grim)

Chlorocarbons

CH;C1 methyl chloride 544.2 530.3 537.1 6.8 1.3 AGAGE, in situ
546.6 537.1 542.2 5.0 0.9 NOAA, flask
546 - - - - NOAA, in situ

CCly carbon 88.6 85.2 84.2 -1.1 -1.2 AGAGE, in situ

tetrachloride

90.5 86.4 85.1 -1.4 -1.6 NOAA, flask & in situ
91.5 87.8 86.7 -1.1 -1.3 UCI, flask

CH;CCl; methyl 10.6 6.26 5.20 -1.06 -17 AGAGE, in situ

chloroform

10.8 6.31 5.25 -1.06 -17 NOAA, flask
11.5 6.8 5.7 -1.1 -16 UCI, flask

Bromocarbons

CH;Br methyl bromide 7.47 7.14 7.07 —0.11 -1.0 AGAGE, in situ
7.33 7.07 6.95 —0.12 -1.7 NOAA, flask

Mole fractions in this table represent independent estimates measured by different groups for the years indicated. Results in bold
text are estimates of global surface mean mole fractions. Regional data from relatively unpolluted sites are shown (in italics)
where global estimates are not available, where global estimates are available from only one network, or where data from global
networks do not represent independent calibration scales (e.g., halon-2402). Absolute changes (ppt yr'l) are calculated as the
difference in annual means; relative changes (% yr') are the same difference relative to the 2011 value. Small differences
between values from previous Assessments are due to changes in calibration scale and methods for estimating global mean mole
fractions from a limited number of sampling sites.

These observations are updated from the following sources: Rowland et al. (1982); Butler et al. (1998); Fraser et al. (1999);
Montzka et al. (1999); Oram (1999); Montzka et al. (2000); Prinn et al. (2000); Montzka et al. (2003); O’Doherty et al. (2004);
Yokouchi et al. (2006); Simpson et al. (2007); Miller et al. (2008); Montzka et al. (2009); Newland et al. (2013); Laube et al.
(2014). AGAGE, Advanced Global Atmospheric Gases Experiment (http://agage.eas.gatech.edu/); NOAA, National Oceanic and
Atmospheric Administration, U.S. (http://www.esrl.noaa.gov/gmd/dv/site/); UEA, University of East Anglia, United Kingdom
(http://www.uea.ac.uk/environmental-sciences/research/marine-and-atmospheric-sciences-group); UCI, University of California,
Irvine, U.S. (http:/ps.uci.edu/~rowlandblake/research _atmos.html); NIES, National Institute for Environmental Studies, Japan
(http://db.cger.nies.go.jp/gem/moni-e/warm/Ground/st01.html). Cape Grim: Cape Grim Baseline Air Pollution Station, Australia.

Notes: 'Global mean estimates from AGAGE are calculated using atmospheric data and a 12-box model (Cunnold et al., 1983;
Rigby et al., 2013). AGAGE calibrations as specified in CDIAC (2014) and related primary publications. “Measurements of
CFC-114 are a combination of CFC-114 and the CFC-114a isomer, with an assumed relative contribution of 10% CFC-114a
(Oram, 1999). *The NOAA halon-1211 data have been updated following an instrument change in 2009. “AGAGE halon-2402
data are on the NOAA scale.
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Table 1-2. Comparison of annual trends of ODSs, HFC-23, CF,, and SF¢ from in-situ measure-
ments vs. remote sensing measurements. Relative trends in ODSs and halogenated greenhouse
gases for the common 2004-2010 time period (except when specified) derived from in-situ surface
measurements and remote sensing observations from the ground and from space. Surface trends were
derived from monthly mean mole fractions, weighted by surface area in the region 30°N—90°N. Shown are
the average and standard deviation of trends derived independently from NOAA and AGAGE data (% yr'1
relative to 2007 annual mean). For CF, and HFC-23, only AGAGE data were used, and the uncertainty
was derived from uncertainties (one standard deviation) in the slope and 2007 annual mean. For HFC-23,
global mean data were used from 2007 through 2010, supplemented with data from Miller et al. (2010) for
2004-2007. Ground-based remote sensing trends were derived from daily mean total column measure-
ments performed at Jungfraujoch (46.5°N). The ACE-FTS trends were determined using tropical occulta-
tions (30°N-30°S), after averaging the mixing ratios in molecule-dependent altitude ranges (Brown et al.,
2011). For HFC-23, the 40°N-40°S occultations were considered in the 10-25 km altitude range. For
MIPAS CFC-11 and -12, mean rates of change for the 20°N-20°S and 10-15 km altitude range are pro-
vided, including observations between 2002 and 2011 (Kellmann et al., 2012). For SF, the trend charac-
terizes the 2006—-2009 time period between 17.5°N—17.5°S latitude and 9—15 km altitude (Stiller et al., 2012).

Substance Annual Trend 2004-2010 Data Sources
(% yr' relative to 2007)
In-situ Remote sensing Remote sensing
30°N-90°N ground satellite
(total columns)
CFC-11 -0.84 £0.09 -0.99+0.10 MIPAS: NOAA, AGAGE
—1.03+0.09 Zander et al., 2008
Kellmann et al.,
ACE-FTS: 2012
-0.9£0.1 Brown et al., 2011
CFC-12 -0.39 £ 0.05 —0.38 £ 0.07 MIPAS: NOAA, AGAGE
—0.51+0.09 Zander et al., 2008
Kellmann et al.,
ACE-FTS: 2012
—-0.4£0.1 Brown et al., 2011
CFC-113 —0.93 £0.02 ACE-FTS: NOAA, AGAGE
-1.2+£0.1 Brown et al., 2011
CCly -1.35+0.08 -1.31+0.15 ACE-FTS NOAA, AGAGE
-1.2+£0.1 Rinsland et al., 2012
Brown et al., 2011
HCFC-22 3.97 £0.06 3.52+0.08 ACE-FTS NOAA, AGAGE
3.7£0.1 Zander et al., 2008
Brown et al., 2011
HCFC-141b 2.57+£0.07 ACE-FTS NOAA, AGAGE
0.74+£0.5 Brown et al., 2011
HCFC-142b 5.44+0.03 ACE-FTS NOAA, AGAGE
7.0£0.4 Brown et al., 2011
HFC-23 42+0.2 ACE-FTS AGAGE
39+1.2 Harrison et al., 2012
CF, 0.86+0.01 1.02 £ 0.05 ACE-FTS AGAGE
0.74 = 0.04 Mabhieu et al., 2014
Brown et al., 2011
SFs 427 +0.07 4.14 £ 0.32 MIPAS NOAA, AGAGE
4.3 Zander et al., 2008
ACE-FTS: Stiller et al., 2012
42 +0.1 Brown et al., 2011
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Table 1-3. Steady-state lifetimes for selected long-lived halocarbons (total lifetimes greater than 0.5 years).
Total and partial lifetimes are defined in Box 1-1. Compounds included in the SPARC (2013) lifetime report are given in
bold with the total lifetimes calculated using the SPARC (2013) atmospheric partial lifetime recommendation and the
ocean and soil partial lifetimes reported here; stratospheric partial lifetimes for these compounds were taken from the
SPARC (2013) model-mean unless noted otherwise. The footnotes contain specific details for each compound in the
table. See Table 1-5 in Section 1.3 for local lifetime estimates for very short-lived substances (VSLS) and Table 1-11 in
Section 1.3 for lifetimes of potential ODS replacement compounds.

Industrial Chemical WMO New SPARC (2013) Tropo- Strato- Ocean Notes
Designation Formula (2011) Total Atmospheric Partial spheric spheric Partial
or Total Life- Lifetime & Estimated OH Partial Partial Lifetime
Common Name Lifetime time * Uncertainty Range " Lifetime © Lifetime (years) *
(years) (years) (years) (years) (years)

Halogenated Methanes
HFC-41 CHsF 2.8 2.8 29 ~65 1340 1,2
HFC-32 CH,F, 52 5.4 5.4 [4.0-8.2] 5.5 124 1
HFC-23 CHF; 222 228 228 [160-394] 243 4420 1
PFC-14 (Carbon CF, >50,000 >50,000 3
tetrafluoride)
Methyl chloride CH;Cl 1.0 0.9 1.3 [0.9-2.0] 1.57 304°¢ 12 4-7
Carbon CClL 26 26 44 (36-58) [33-67] 447 94 7
tetrachloride
HCFC-31 CH,CIF 1.3 1.2 1.3 ~35 1,2,8
HCFC-22 CHCIF, 11.9 11.9 12 [9.3-18] 13.0 161 1174 4
HCFC-21 CHCLF 1.7 1.7 1.8 ~35 673 1,2,8
CFC-11 CCLF 45 52 52 (43-67) [35-89] 55 9
CFC-12 CCLF, 100 102 102 (88-122) [78-151] 95.5 9
CFC-13 CCIF; 640 640 3
Methyl bromide CH;Br 0.8 0.8 1.5[1.1-2.3] 1.8 26.3¢ 3.1 4,7,10
Halon-1201 CHBrF, 52 5.1 6.0 ~35 1,2,8
Halon-1301 CBrF; 65 72 72 (61-89) [58-97] 73.5 9
Halon-1211 CBrCIF, 16 16 16 [10-39] 41 11
Halon-1202 CBr,F, 2.9 2.5 2.5[1.5-7.3] 36 11
Halogenated Ethanes
HFC-152a CH;CHF, 1.5 1.6 1.6 [1.2-2.2] 1.55 39 1958 1
HFC-143 CH,FCHF, 3.5 3.5 3.70 ~75 1,2
HFC-143a CH;CF; 47.1 51 51 [38-81] 57 612 1
HFC-134 CHF,CHF, 9.7 9.7 10.5 ~135 1,2
HFC-134a CH,FCF; 13.4 14 14 [10-21] 14.1 267 5909 4
HFC-125 CHF,CF; 28.2 31 31 [22-48] 32 351 10650 1
PFC-116 CF;CF; >10,000 >10,000 3
(Perfluoroethane)
Methyl chloroform | CH;CCl; 5.0 5.0¢ 6.1 [4.7-5.4] 6.1" 38 94 12
HCFC-141b CH;CCLF 9.2 9.4 9.4 [7.2-18] 10.7 72.3 9190 1
HCFC-142b CH;CCIF, 17.2 18 18 [14-25] 19.3 212 122200 1
HCFC-133a CH,CICF; 43 4.0 4.5 41 1,2,13
HCFC-123 CHCLCF; 1.3 1.3 1.35 36 1,14
HCFC-123a CHCIFCEF,C1 4.0 4.0 43 ~65 1,2,8
HCFC-123b CHF,CCLF 6.2 ~6 ~7 ~50 2,8,15
HCFC-124 CHCIFCF; 59 5.9 6.3 111 1855 1,14

(continued next page)
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Industrial Chemical WMO New SPARC (2013) Tropo- Strato- Ocean Notes
Designation Formula (2011) Total Atmospheric Partial spheric spheric Partial
or Total Life- Lifetime & Estimated OH Partial Partial Lifetime
Common Name Lifetime time * Uncertainty Range " Lifetime © Lifetime (years) *
(years) (years) (years) (years) (years)

HCFC-124a CHF,CCIF, 9.1 ~9.2 ~10 ~120 2,16
CFC-112 CCLFCCLF 59 59 13
CFC-112a CCIF,CCl; 51 51 13
CFC-113 CCLFCCIF, 85 93 93 (82-109) [69-138] 88.4 9,17
CFC-113a CCL;CF; ~45 59 59 13
CFC-114 CCIF,CCIF, 190 189 189 [153-247] 191 9,17
CFC-114a CCLFCF; ~100 ~100 ~100 18
CFC-115 CCIF,CF; 1020 540 540 [404-813] 664 19
Halon-2311 CHBrCICF; 1.0 1.0 1.1 ~16 1,2,8
(Halothane)
Halon-2402 CBrF,CBrF, 20 28 28 [20-45] 41 11
Halogenated Propanes
HFC-263fb CH;CH,CF; 1.2 1.1 1.16 ~40 1,2
HFC-245ca CH,FCF,CHF, 6.5 6.5 6.9 ~105 1,2
HFC-245ea CHF,CHFCHF, 3.2 3.2 34 ~70 1,2
HFC-245¢eb CH,FCHFCF; 3.1 3.2 33 ~70 1,2
HFC-245fa CHF,CH,CF; 7.7 7.9 7.9 [5.5-14] 8.2 149 1
HFC-236¢cb CH,FCF,CF; 13.1 ~13 ~14 ~240 20
HFC-236ea CHF,CHFCF; 11.0 11.0 11.9 ~145 1,2
HFC-236fa CF;CH,CF; 242 222 253 ~1800 1,21
HFC-227ea CF;CHFCF; 38.9 36 36 [25-61] 37.5 673 4,22
PFC-218 CF;CF,CF; 2,600 ~7,000 23
(Perfluoropropane)
PFC-c216 c-CsFs ~3,000 ~4,000 23
(Perfluorocyclo-
propane)
HCFC-243cc CH;CF,CCLF 19.5 19.5 27.1 ~70 1,2,8
HCFC-234fb CF;CH,CCLF 49 ~45 98 ~85 1,2,8
HCFC-225ca CHCLCF,CF; 1.9 1.9 2.0 44 1,14
HCFC-225¢cb CHCIFCEF,CCIF, 5.9 59 6.3 101 1,14
Halogenated Higher Alkanes
HFC-365mfc CH;CF,CH,CF; 8.7 8.7 9.3 ~125 1,2
HFC-356mcf CH,FCH,CF,CF; 1.3 1.2 1.26 ~40 1,2
HFC-356mff CF;CH,CH,CF; 8.3 83 8.9 ~120 1,2
HFC-338pcc CHF,CF,CF,CHF, 12.9 12.9 14.0 ~160 1,2
HFC-329p CHF,CF,CF,CF; 28.4 ~30 ~34 ~260 2,24
PFC-C318 c-C4Fy 3,200 3,200 3
(Perfluorocyclo-
butane)
PFC-31-10 C4Fo 2,600 ~5,000 23
(Perfluorobutane)
(E)-R316¢ ((E)-1,2- | (E)-1,2-c-C4F¢Cl, 75 76 9,25
dichlorohexafluoro-
cyclobutane)
(Z)-R316¢ ((2)-1,2- | (2)-1,2-c-C4FcCL, 114 115 9,25
dichlorohexafluoro-
cyclobutane)
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Industrial Chemical WMO New SPARC (2013) Tropo- Strato- Ocean Notes
Designation Formula (2011) Total Atmospheric Partial spheric spheric Partial
or Total Life- Lifetime & Estimated OH Partial Partial Lifetime
Common Name Lifetime time * Uncertainty Range " Lifetime © Lifetime (years) *
(years) (years) (years) (years) (years)
HFC-43-10mee CF;CHFCHFCF,CF; 16.1 16.1 17.9 157 1,14
HFC-458mfcf CF;CH,CF,CH,CF; 22.9 22.9 25.5 ~225 1,2
PFC-41-12 CsF, 4,100 4,100 3
(Perfluoropentane)
HFC-55-10mcff CF;CF,CH,CH,CF,CF3 7.5 7.5 8.0 ~115 1,2
HFC-52-13p CHF,CF,CF,CF,CF,CF; 322 32.7 37.0 ~280 2,26
PFC-51-14 CeF 14 3,100 3,100 3
(Perfluorohexane)
PFC-61-16 C7F6 ~3,000 ~3,000 23
(Perfluoroheptane)
PFC-71-18 C.F ~3,000 23
(Perfluorooctane) s
Perfluorodecalin CioF1s, (E)- and (Z)-isomers ~2,000 ~2,000 23
Fluorinated Alcohols
1,1,1,3,3,3-hexa- (CF;),CHOH 1.9 1.9 2.0 ~50 1,2
fluoroisopropanol

Halogenated Ethers

HFE-143a CH;0CF; 4.8 4.8 5.1 ~90 1,2
HFE-134 CHF,0CHF, 244 254 28.4 ~240 1,2
HFE-125 CHF,0CF; 119 119 147 ~620 1,2
HFE-227ea CF;0CHECF; 51.6 46.7 54 ~345 1,2
HCFE-235da2 CHF,0CHCICF; 3.5 3.5 3.7 ~55 1,2,27
(Isoflurane)

HFE-236ea2 CHF,0OCHEFCF; 10.8 10.8 11.7 ~145 1,2
(Desflurane)

HFE-236fa CF;0CH,CF; 7.5 ~1.5 ~8 ~115 2,28
HFE-245fal CF;0CH,CHF, 6.6 ~6.6 ~7 ~105 2,29
HFE-245fa2 CHF,0CH,CF; 5.5 5.5 5.8 ~95 1,2
HFE-245cb2 CH;0CF,CF; 4.9 5.0 5.24 ~90 1,2
HFE-254cb2 CH;0CF,CHF, 2.5 2.5 2.62 ~60 1,2
HFE-236ca CHF,OCF,CHF, 20.8 20.8 23.1 ~210 1,2
HFE-235ca2 CHF,0CF,CHFC1 43 43 4.62 ~70 2,8,30
(Enflurane)

HFE-329mcc2 CF;CF,0OCF,CHF, 22.5 ~25 23-34 ~220 2,31
HFE-338mcf2 CF;CF,OCH,CF; 7.5 ~1.5 ~8 ~130 2,32
HFE-347mcc3 CH;0CF,CF,CF; 5.0 5.0 53 ~90 1,2
HFE-347mcf2 CF;CF,OCH,CHF, 6.6 ~6.6 ~7 ~105 2,33
HFC-347mcf CHF,0CH,CF,CF; 5.7 5.6 6.0 ~95 1,2
HFE-347pcf2 CF;CH,OCF,CHF, 6.0 5.9 6.3 ~100 1,2
HFE-356mec3 CH;0CF,CHFCF; ~3 ~3 ~3 ~65 2,34
HFE-356pcc3 CH;0CF,CF,CHF, ~3 ~3 ~3 ~65 2,34
HFE-356pcf2 CHF,CH,OCF,CHF, 5.7 ~6 ~6 ~95 2,35
HFE-356pct3 CHF,0CH,CF,CHF, 3.5 3.5 3.7 ~75 1,2
HFE-347mmz1 (CF;),CHOCH,F 22 ~2 ~2 ~50 2,36
(Sevoflurane)

HFE-338mmz1 (CF;),CHOCHF, 212 21.2 235 ~215 1,2

(continued next page)
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Industrial Chemical WMO New SPARC (2013) Tropo- Strato- Ocean Notes
Designation Formula (2011) Total Atmospheric Partial spheric spheric Partial
or Total Life- Lifetime & Estimated OH Partial Partial Lifetime
Common Name Lifetime time * Uncertainty Range " Lifetime © Lifetime (years) *
(years) (years) (years) (years) (years)
Perfluoroisopropyl (CF;),CFOCH; 3.7 3.6 3.8 ~75 1,2
methyl ether
HFE-7100 CH;30(CF,);CF5 4.7 4.7 5.0 ~85 1,2
HFE-54-11mecf CF;CHFCF,0OCH,CF,CF3 8.8 8.8 9.5 ~125 2,37
HFE-569sf2 CH;3CH,0O(CF>);CF; 0.8 ~0.8 ~0.8 ~30 2,38
HFE-236c¢cal2 CHF,0CF,OCHF, 25.0 25.0 28.0 235 1,2
HFE-338pccl3 CHF,OCF,CF,OCHF, 12.9 12.9 14.0 ~160 1,2
HFE—43-10pcce CHF,OCF,OCF,CF,OCHF, 13.5 13.5 14.7 ~165 1,2
Trifluoromethyl CF;0C(O)H <3.5 <3.5 3.7 ~75 2,39,
formate 40
Perfluoroethyl C,FsOC(O)H <3.5 <3.5 3.7 ~75 2,40,
formate 41
Perfluoro-n-propyl n-C;F,0C(O)H <2.6 <2.6 2.7 ~60 2,40,
formate 41
Other Fluorinated Compounds
Trifluoromethyl- SF;sCF; 650-950 650-950 42
sulfurpentafluoride
Sulfur hexafluoride SFs 3,200 3,200 3
Nitrogen NF; 500 569 740 43
trifluoride
Sulfuryl fluoride SO,F, 36 36 >300 630 40 44

Total lifetime includes tropospheric OH and Cl atom reaction and photolysis loss, stratospheric loss due to reaction (OH and O('D)) and photolysis, and ocean and

soil uptake as noted in the table.

The lifetimes given in parenthesis () represent the “most likely” lifetime range, while the lifetimes given in brackets [] represent the “possible” lifetime range, see

SPARC (2013).

¢ Lifetime for tropospheric loss due to reaction with OH calculated relative to the lifetime for CH;CCls, (6.1 years) and a temperature of 272 K (see Box 1-1).

¢ Ocean lifetimes were taken from Yvon-Lewis and Butler (2002) unless noted otherwise.

¢ Stratospheric lifetime from Chapter 5 of SPARC (2013).

T Stratospheric lifetime from SPARC (2013) was based on both tracer (40 years) and model-mean (49 years) derived lifetimes.

¢ The value of ton of 6.1 years for methyl chloroform was derived from its measured overall lifetime of 5.0 years (Prinn et al., 2005; Clerbaux and Cunnold et al.,

2007), taking into account an ocean partial lifetime of 94 years and stratospheric partial lifetime of 38 years.

Notes

1. OH rate coefficient data taken from Sander et al. (2011).

2. Stratospheric reactive loss (O('D) and OH) partial lifetime estimate was based on an empirical correlation derived from data reported in Naik et al. (2000);

log(Stratospheric reactive partial lifetime) = 1.537 + 0.5788*log(Tropospheric OH partial lifetime). This correlation was used in WMO (2011).

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

OH rate coefficient data taken from SPARC (2013) Chapter 3.

Lifetime due to reaction with Cl atom of 259 years taken from the SPARC (2013) Chapter 5 model-mean.

Ocean lifetime taken from Hu et al. (2013).

Total lifetime also includes soil uptake partial lifetimes: 4.2 years for CH;Cl (Hu, 2012), 195 years for CCl, (Montzka and Reimann et al., 2011), and 3.35 years

for CH;Br (Montzka and Reimann et al., 2011).

8. Stratospheric photolysis lifetime was estimated using the empirical relationship given in Orkin et al. (2013a).

9.  Tropospheric UV photolysis partial lifetime: 1870 years for CFC-11, 11600 years for CFC-12, 4490 years for halon-1301, 7620 years for CFC-113, 19600 years
for CFC-114, 3600 years for (E)-R316¢, and 10570 years for (Z)-R316c.

10. Ocean lifetime taken from Hu et al. (2012).

11. Lifetimes from 2-D model calculations using cross section data from Papanastasiou et al. (2013). The total lifetime includes a tropospheric photolysis partial
lifetimes: 27.2 years for halon-1211, 2.74 years for halon-1202, and 85.5 years for halon-2402.

12.  Tropospheric OH partial lifetime calculated from an overall lifetime of 5.0 years derived from the AGAGE and NOAA networks using a stratospheric partial
lifetime of 38 years and an ocean partial lifetime of 94 years (Prinn et al., 2005).

13. Stratospheric partial lifetime of 51 (27-264) years taken from Laube et al. (2014) and scaled to a CFC-11 lifetime of 52 years.

14. Stratospheric partial lifetime taken from Naik et al. (2000).

15. Tropospheric OH partial lifetime estimated from that for CHF,CF; taking into account the effects of chlorine substitution on the rate coefficients for CH;CF; and
CH;CFCL.

16. Tropospheric OH partial lifetime estimated from that for CHF,CF; taking into account the effects of chlorine substitution on the rate coefficients for CH;CF; and
CH;CF,ClI; stratospheric photolysis estimated to be the same as for CF;CF,Cl of 1590 years from SPARC (2013) Chapter 5 model mean.

17. The revised O('D) rate coefficient recommended in SPARC (2013) Chapter 3 would decrease the model calculated stratospheric partial lifetime slightly.

18. UV photolysis is the expected predominant stratospheric loss process, however, no UV absorption spectrum data are available. Lifetimes assumed to be similar to

CFC-12.

-
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Stratospheric partial lifetime from 2-D model calculations using O('D) rate coefficient data from Baasandorj et al. (2013). The total lifetime includes mesospheric
loss due to Lyman-a (121.567 nm) photolysis.

Lifetimes estimated to be similar to that of HFC-134a (CH,FCF3).

Stratospheric partial lifetime estimated based on a reactivity comparison with CH,F, and CF;CHFCF;.

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

Total lifetime estimated based on the increase in Lyman-a (121.567 nm) cross section with increasing number of —CF,— groups in the perfluorocarbon.

OH rate coefficient from Young et al. (2009) and an assumed temperature dependence the same as for CHF,CF;.

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

OH rate coefficient data taken from Atkinson et al. (2008).

Stratospheric partial lifetime assumed to be the same as for HCFC-133a (CH,CICF3).

Tropospheric OH partial lifetime estimated from that for CF;CH,OCF,CHF, by adjusting for the reactivity contribution of -CF,CHF, determined from the
reactivity of CF;CF,OCF,CHF,.

Tropospheric OH partial lifetime estimated from those for CF;O0CH; and CHF,CH,CF;.

OH rate coefficient taken from Tokuhashi et al. (1999).

Tropospheric OH partial lifetime estimated as being greater than that of CHF,CF,OCHF, and less than that of CHF,CF,CF,CF.

Tropospheric OH partial lifetime assumed to be the same as that of CF;OCH,CFs.

Tropospheric OH partial lifetime assumed to be the same as for CHF,CH,OCF;.

Tropospheric OH partial lifetime assumed to be approximately that of CH;OCF,CHF,.

Tropospheric OH partial lifetime estimated from the sum of the OH reaction loss of CF;CF,OCF,CHF, and CF;CF,OCH,CHF,.

OH rate coefficient from the 298 K studies of Langbein et al. (1999) and Sulbaek Andersen et al. (2012) and an assumed E/R of 1500 K.

OH rate coefficient from Chen et al. (2005a).

OH rate coefficient from the 295 K study of Christensen et al. (1998) and an assumed E/R of 1000 K.

OH rate coefficient taken from Chen et al. (2004b).

Ocean loss for perfluoro esters has been estimated from hydrolysis and solubility data for non-fluorinated and partially fluorinated esters by Kutsuna et al. (2005).
These authors suggest that the ocean sink can be comparable to the tropospheric reaction sink for perfluoro esters, thereby reducing the total lifetimes given in this
table by as much as a factor of 2.

OH rate coefficient from Chen et al. (2004a).

Total lifetime taken from Table 1-4 in Clerbaux and Cunnold et al. (2007).

Lifetimes calculated based on 2-D model from Papadimitriou et al. (2013a); total lifetime includes tropospheric (84150 years) and mesospheric (2531 years)
partial lifetimes.

From Papadimitriou et al. (2008) and Miihle et al. (2009).
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Figure 1-2. Time evolution of monthly-mean total vertical column abundances (in molecules per square
centimeter) for CFC-12, CFC-11, CCls, and HCFC-22 above the Jungfraujoch station, Switzerland,
through 2012 (updated from Zander et al. (2008), using the bootstrap resampling tool described by
Gardiner et al. (2008) for the trend evaluations and Rinsland et al. (2012)). Note the discontinuity in the
vertical scale. Solid blue lines show polynomial fits to the columns measured in June to November only so
as to mitigate the influence of variability caused by atmospheric transport and tropopause subsidence
during winter and spring (open circles) on derived trends. Dashed green lines show nonparametric least-
squares fits (NPLS) to the June to November data.

1.17



Chapter 1

-1

Global annual emissions (Gg yr )

400
— AGAGE CFC-11
— NOAA
300 4 + UNEP (2006)
200 . 2012 emissions (Gg)
57 (46-68)
100 —
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1980 1985 1990 1995 2000 2005 2010
300
CFC-113 204
250 — 154
104
200 \
5
150 — 0, r T T
2000 2004 2008 2012
100 —
1.5 (0-7)
50 —
0

T[T T[T rrrr[rrrr|rrrr

1980 1985 1990 1995 2000 2005 2010

25
— AGAGE Halon-1211
—— NOAA
20 o [ == UEA (S.H.)
+ UNEP (2011)

0 |||||||||||||||||||||||||||||||~|~

1980 1985 1990 1995 2000 2005 2010

6 — +4 Halon-1301

1.7 (1.4-2.0)

0 LI L N L L L L L LB

1980 1985 1990 1995 2000 2005 2010

700

CFC-12
600 —|

500 —
400 —
300 -

200 1;

100
T

40 (26-54)

0 LIS L L L L L L L I LB

1980 1985 1990 1995 2000 2005 2010
800

CH3CCI3

404
304

600 —
20
104
O-I T T

400 — 2000 2005 2010

200 2 (0-5)

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIF

1980 1985 1990 1995 2000 2005 2010

200

CCl4

57 (40-74)
100 —

50 —

0 LINL I L N L L L L L L L L L L L Y LB

1980 1985 1990 1995 2000 2005 2010

3.0
Halon-2402
2.5 1

2.0 0.8 (0.3-1.2)

0.0 ||||||||||||||||||||||||||||T|||
1980 1985 1990 1995 2000 2005 2010

Figure 1-3. Top-down and bottom-up global emissions estimates (Gg yr') for ozone-depleting
substances. Top-down emissions from AGAGE (black) and NOAA (red) atmospheric data were calculated
using a global 12-box model (Cunnold et al., 1983; Rigby et al., 2013). (continued next page)
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-

Global annual emissions (Gg yr )

(Figure 1-3, continued)
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Additionally, for CFC-112, CFC-113a, HCFC-133a, and halons the emissions

were calculated using UEA data from the Southern Hemisphere (S.H.) (Cape Grim archived air (blue);
Laube et al., 2014). Lifetimes and ranges were taken from Newland et al. (2013), Laube et al. (2014), and
SPARC (2013). Shaded bands indicate overall uncertainties derived from uncertainties in measurement,
lifetimes, and prior emissions estimates. Mean values given in the text, and shown in figures for 2012,
were calculated as the mean of AGAGE and NOAA estimates (when available). Ranges were taken from
AGAGE data as shown in this figure unless AGAGE and NOAA ranges differed by more than 10%, in
which case an average range was reported (e.g., CFC-113). CFC-11 emissions were also calculated
using an older lifetime estimate of 45 years instead of 52 years (dashed violet line). Bottom-up estimates
include UNEP (2006) (green) and UNEP (2011b) (violet). Note the x-axis ranges are not the same for all
panels.
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Figure 1-4. Regional emission
estimates of CFC-11, CFC-12, and
CFC-113 from China. Top-down

estimates in years indicated were
taken from 'Palmer et al. (2003),
*Volimer et al. (2009), *Kim et al.
(2010), “An et al. (2012), and 5Fang
et al. (2012). Bottom-up estimates
(solid and dashed lines) are from
Wan et al. (2009).
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Box 1-1. Lifetimes and Removal Processes

The total lifetime (trot) Of a trace species is defined as the ratio of its global atmospheric burden (Cgiobar)
to its total global loss rate (Lrotar)

TTotal = CGlobal/LTotal

where L, is the sum of the loss rates for various removal processes

Ltotal = Latm + Lsoil + Locean T ***Lx

Lam represents the loss rate for processes occurring in the atmosphere (gas-phase reaction and photolysis), Lsoil
is the loss rate due to soil uptake, and Locean 1S the rate for loss to the oceans (additional loss rates are
represented by Lx). Lifetimes are not constant values because they depend on the abundance of a chemical
relative to the distribution of its sinks (and hence can vary with emission magnitude and location). Steady-state
lifetimes refer to a lifetime when the emission and removal rates of a species are equal. A discussion of
lifetimes and methods for defining their uncertainties is given in SPARC (2013).

Loss rates are associated with partial lifetimes such that

Ltotal = Cglobal/Ttotal = Caglobal X (1/Tatm + 1/Tson + 1/Tocean + ** 1/7x)
1 1 1 1 1
= 4= 4= A= wan =

TTotal TAtm TSoil TQcean TxX

where (Tatm)™' = (Ton) ™' + (T0,) ™" + () ™' + (Tno,) ™' + (:To.[j1D3|:)_1 + (!

The atmospheric lifetime can also be separated into partial troposphere, stratosphere, and mesosphere
lifetimes using the total global atmospheric burden and the loss rate integrated over the different atmospheric
regions such that

1 1 1 1
= + +

TAtm TTrop Tstrat TMeso

Species with total lifetimes greater than ~0.5 years are well-mixed in the troposphere and, for the
purposes of this Assessment, are considered long-lived. In this case, T 1S considered to be independent of
the location of emission, and is considered to be a global lifetime that represents the compound’s persistence in
the Earth’s atmosphere. The lifetime of a long-lived species due to reaction with tropospheric OH radicals is
estimated relative to the corresponding tropospheric OH partial lifetime of methyl chloroform (CH;CCls,
MCF) such that

_RH _ KkMmcr(272K) MCF

OH ™ kpu(272K) ~ "OH

where ng is the OH partial lifetime for compound RH, Arp(272 K) and kycp(272 K) are the rate coefficients

for the reactions of OH with RH and MCF at 272 K, respectively, and Tgi}_({:F = 6.1 years (see Table 1-3).

Very short-lived substances (VSLS) (i.e., compounds with atmospheric lifetimes less than ~0.5 years)
typically have non-uniform tropospheric distributions, because this time period is comparable to or shorter
than the characteristic time of mixing processes in the troposphere. Local atmospheric lifetimes of VSLS,
therefore, depend on where and when the compound is emitted, as well as local atmospheric conditions (Table
1-5, page 1.35). The concept of a single global lifetime, an Ozone Depletion Potential (ODP), or a Global
Warming Potential (GWP) is inappropriate for VSLS, as discussed in Chapter 5.

Since the last Assessment, SPARC (Stratosphere-Troposphere Processes And their Role in Climate)—a
core project of the World Climate Research Programme (WCRP)—initiated a study of the “Lifetimes of
Stratospheric Ozone-Depleting Substances, Their Replacements, and Related Species” (SPARC, 2013). The
study included 27 long-lived key ozone-depleting substances (ODSs), replacement compounds, and green-
house gases (see Table 1-3). Including CFC-11 was of particular importance since it is the reference species
used in defining the ODPs of other ODSs. The lifetime evaluation was warranted because of advancements in
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(Box 1-1, continued)

the ability of models to simulate atmospheric circulation (leading to better estimates of age of air) and new
measurement data from ground-based networks, high-altitude sampling, and satellite observations. The
recommended steady-state atmospheric lifetimes were derived using results from state-of-the art models and
measurement-based estimates. The report also provides an in-depth analysis of the uncertainties in these
lifetimes. The SPARC-recommended atmospheric steady-state lifetimes and estimated range of lifetimes given
in Table 1-3 were obtained from a weighted average of the lifetimes derived from different methods, as
described in SPARC (2013).

1.2.1.2 HALONS

Observations

Halon-1211 (CBrClF;), halon-2402 (CBrF,CBrF;), and halon-1202 (CBr,F,) mole fractions
continued to decline from peak values observed in the early and mid-2000s (Table 1-1; Figure 1-1;
Newland et al., 2013). Recent trends in halon-1211, halon-1301, and halon-2402 agree with those
anticipated in the A1-2010 scenario (Daniel and Velders et al., 2011). Although globally averaged mole
fractions of halon-1301 (CF;Br) continued to increase (reaching 3.26 ppt in 2012), the summed
contribution of halons to total atmospheric bromine peaked around 2007. A decrease in global total
bromine from halons was not evident at the time of the last Assessment, but is now significant, with an
average rate of decline of —0.06 ppt yr' between 2008 and 2012.

Over the 2008-2012 period, estimates of the global abundances of halon-1301 and -1211 varied
by 1-2% among global networks (Table 1-1). For halon-2402, Southern Hemispheric mole fractions from
the University of East Anglia (UEA; Newland et al., 2013) were 7.5% lower than the NOAA scale.

Lifetimes and emissions

The new recommended steady-state lifetime of halon-1301 is 72 years (increased from 65 years)
(SPARC, 2013). Revised lifetimes for halon-1202, halon-1211, and halon-2402, obtained using a 2-D
model, are reported in this Assessment based on UV absorption cross section measurements made since
the SPARC (2013) assessment (Papanastasiou et al., 2013). These halons are removed exclusively by
photolysis in the troposphere and stratosphere. The lifetime uncertainty due solely to the uncertainty in
the new cross section data for these substances (Table 1-3) is considerably smaller than reported in
SPARC (2013), where the uncertainties were derived by averaging various 3-D approaches and
observational data.

Global emission estimations derived from measured global mole fractions peaked around 1988
for halon-1301, 1993 for halon-2402, and 1995-1998 for halon-1211 (Figure 1-3). Emissions of halon-
1211 and halon-2402 have been decreasing in recent years, while those of halon-1301 have remained
approximately constant (Figure 1-3). This is broadly consistent with emission estimates from inventories
(UNEP, 2011b). Continued emissions of halons are expected from banks (Box 5-1), since the primary use
for these chemicals is in fire extinguishers. Therefore any impact of the 2010 global phase-out of halon
production will likely not be observed in the atmosphere immediately. Top-down and bottom-up
emissions estimates agree reasonably well for halon-1211 and halon-1301, but a large discrepancy
continues to exist for halon-2402, which was predominantly produced and used in the former Soviet
Union (McCulloch, 1992).

In 2010 halon banks were estimated by the Halons Technical Options Committee (HTOC);
(UNEP, 2011b) as 43 Gg for halon-1301 and as 65 Gg for halon-1211. For the same year Newland et al.
(2013) estimated an identical bank size for halon-1301, but only 37 Gg for halon-1211. The difference for
halon-1211 may be partially explained by the relatively large uncertainty in the halon-1211 lifetime range
(10-39 years), which translates into large uncertainties in emissions and bank sizes. With banks likely
much larger than current emissions, it may take decades before halon-1211 and halon-1301 banks are
depleted.
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1.2.1.3 CARBON TETRACHLORIDE (CCl,)

Observations

The global surface mean mole fraction of carbon tetrachloride (CCly) continued to decline from
2008 to 2012 (Table 1-1). The AGAGE and UCI networks report rates of decline of 1.2-1.3% from
2011-2012, whereas the rate of decline reported by the NOAA network was 1.6%. These relative declines
in mole fractions at Earth’s surface are comparable to declines in column abundances from remote
sensing instruments of 1.2—1.3% yr™' (Table 1-2).

Lifetimes and emissions

Historically, CCls was used as a solvent and as a feedstock for production of CFCs and their
replacements. Current production is limited to feedstock, process agent use (e.g., in chlor-alkali
production plants), and minor other essential uses (UNEP, 2013b; Fraser et al., 2014). Sinks for CCl4
include loss in the stratosphere (Sander, 2011; SPARC, 2013), degradation in the oceans (Krysell et al.,
1994; Yvon-Lewis and Butler, 2002; Lee et al., 2012), and degradation in soils (Happell and Roche,
2003; Liu, 2006; Rhew et al., 2008; Mendoza et al., 2011). A revised best estimate of the partial lifetime
with respect to stratospheric loss, including the results of Laube et al. (2013) and Volk et al. (1997), is 44
years (SPARC, 2013), updated from 35 years. The partial lifetime with respect to oceanic uptake is still
94 (82-191) years (Yvon-Lewis and Butler, 2002). The soil sink partial lifetime is estimated to be
approximately 195 (108-907) years (Montzka and Reimann et al., 2011). The sum of these three updated
partial loss rates results in a total lifetime estimate of 26 years, which is unchanged from the previous
Assessment (Montzka and Reimann et al., 2011). If the soil sink was negligible this would result in total
lifetime of ~30 years.

Since the last Assessment, the discrepancy between bottom-up and top-down CCly emission
estimates has not been resolved. Global emissions determined from AGAGE and NOAA atmospheric
data, using a total lifetime of 26 years, averaged 57 (40-74) Gg in 2012. After 2005 these top-down
emission estimates are considerably higher than bottom-up emissions (derived from reported production
minus feedstock use and destruction) (Figure 1-6).

A further indication of ongoing CCls emissions (mostly in the Northern Hemisphere) is provided
by the difference in mean mole fraction between hemispheres (Northern Hemisphere minus Southern
Hemisphere, or NH—SH), which has been virtually stable at about 1.3 ppt since 2006. This is between the
NH-SH difference of CFC-11 (~2 ppt), with annual emissions of 57 (46—-68) Gg (410 (330-490) Mmol)
in 2012, and CFC-113, with virtually no interhemispheric gradient and only small annual emissions of 1.5
(0-7) Gg (9 (0-40) Mmol) in 2012 (Figure 1-5). This suggests that significant sources of CCly remain in
the NH, although the higher oceanic sink in the SH, caused by the larger ocean area, may also account for
some of this difference (Montzka and Reimann et al., 2011).

Emissions of CCly could potentially arise from old industrial sites and from feedstock usage. The
magnitude of emissions from CCl, feedstock uses are highly uncertain (UNEP, 2012) but have been
estimated to be approximately 0.5%—2% of the feedstock production (1-4 Gg yr' in 2012, Figure 1-6).
Emissions from CCly used as a process agent have also been suggested (UNEP, 2013b; Fraser et al.,
2014). Fraser et al. (2014) detected enhanced abundances of CCly; downwind of industrial waste sites in
Melbourne (Australia) and provided evidence that significant amounts of CCly could be emitted from
contaminated soils, toxic waste treatment facilities, and possibly chlor-alkali production plants. This
finding is also supported by de Blas et al. (2013), who observed similar enhancements at an industrial site
in Spain. On the other hand, UNEP (2013b) reported that CCly emissions from process agent use are
small and declining (<1 Gg yr'"). Although it is possible that unreported fugitive emissions (e.g., in the
manufacture of polymers) exist (UNEP, 2013b), it is unlikely that these sources can explain the 30-70 Gg
yr'' discrepancy between the top-down and bottom-up emission estimates.

The contributions of regional CCl, sources to global emissions are not well known. This is par-
ticularly true for developing countries, since the density of long-term surface measurements in these
countries is still low. For North America, CCl emissions between 0 and 0.4 Gg yr" were derived from regional
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Figure 1-5. Trends in mean hemispheric mole fraction differences (NH minus SH ppt) for CFC-11 and
CFC-113 (upper panel, NOAA data) and CCl, (lower panel; AGAGE data: blue symbols and blue line;
NOAA data: gray symbols and black line). The red line is a fit to the AGAGE data.
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Figure 1-6. CCl, emissions derived from
atmospheric measurements (red line and
shading) and potential emissions estimated
from production data (green lines). The
lower potential emissions estimate (lower
green line) was derived from the difference
between total CCl,; production reported to
UNEP (solid black line labeled “P”) and the
sum of feedstock and amounts destroyed
(dotted blue line labeled “F&D”), and also
includes estimates of underreported
feedstock production. The upper potential
emissions estimate (upper green line) was
derived similarly, but was augmented by
fugitive emissions of 2% of reported CCl4
feedstock use, and assuming an efficiency
of only 75% for reported destruction. Pro-
duction magnitudes related to feedstock

alone are indicated with the dashed blue line labeled “F”. Top-down estimates (red line) were derived
using AGAGE data and a 12-box model as in Figure 1-2. The shaded region represents the uncertainty in
the top-down emissions resulting from measurement uncertainty, prior emissions, and a range of
lifetimes. A range of partial lifetimes with respect to stratospheric loss, loss to soils, and loss to the oceans,
was considered. The mean total lifetime for CCl, was 26 years and the range was 22—-32 years.
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campaigns and extrapolated to the entire U.S. by Hurst et al. (2006), Millet et al. (2009), and Miller et al.
(2012) between 2003 and 2009. Xiao et al. (2010a) used monthly means and their uncertainties from
globally distributed sites and a global transport model to estimate emissions for several regions,
constrained by the global total. They estimated CCly emissions of 4.9 + 1.4 Gg yr'1 for North America
during 1995-2004. More significantly, their study indicated that S.E. Asia was responsible for ~53% (37—
42 Gg yr'l) of the average global CCl, emissions from 1996-2004. Palmer et al. (2003) (with a campaign
downwind of China) and Vollmer et al. (2009) (with high-frequency observations at a site near Beijing)
found that emissions from China in the early to mid-2000s were in the range of 15.0~17.6 Gg yr', which
is 20-25% of the global emissions estimated by top-down methods during that period. Furthermore, based
on measurements at Cape Grim (Tasmania), Xiao et al. (2010a) and Fraser et al. (2014) estimated
Australian CCly emissions of 0.3—-0.4 Gg in the late 1990s, declining to 0.1-0.2 Gg in the early 2010s.

In summary, the mismatch between bottom-up inventories and global top-down estimates of CCl4
is still unresolved. There are, however, indications that some of the discrepancy could be explained by
additional sources unrelated to reported production, such as contaminated soils and industrial waste
(Fraser et al., 2014), although their global significance is highly uncertain. Additional explanations could
include underreported emissions and incorrect partial lifetimes (stratosphere, ocean, or soil).

1.2.1.4 METHYL CHLOROFORM (CH3CCl3)

Observations

The global mole fraction of methyl chloroform (1,1,1-trichloroethane, CH;CCl;) has been
declining steadily since reaching a maximum in the early 1990s (Figure 1-1). At ~5.4 + 0.3 ppt in 2012,
the global mean mole fraction is only 4% of its maximum. Thus, the contribution of CH;CCl; to future
changes in total Cl will likely be small. Atmospheric CH3;CCl; continues to be used to study the
variability of the OH radical (Prinn et al., 2005; Montzka et al., 2011).

Lifetimes and emissions

Using atmospheric data and a global lifetime of 5.0 years (SPARC, 2013), global emissions of
CH;CCl; are estimated to have been < 10 Gg yr™' since 2005 and decreased to ~2 Gg in 2012 (Figure 1-3).
This behavior is consistent with the historical uses of this controlled chemical as a solvent, with generally
rapid release to the atmosphere. However, small remaining banks and potential emissions from its
feedstock usage could lead to ongoing emissions. Small but non-zero emissions have been reported for
different years during the last decade for the U.S. (2.4-2.8 Gg yr'") by Millet et al. (2009) and Miller et al.
(2012) as well as for China (1.7-3.3 Gg yr'") by Vollmer et al. (2009) and Li et al. (2011).

1.2.1.5 HYDROCHLOROFLUOROCARBONS (HCFCSs)

Observations

The global surface mean mole fractions of the three most abundant hydrochlorofluorocarbons
(HCFC-22, CHCIF,; HCFC-141b, CH;CCl,F; HCFC-142b, CH;CCIF;) continue to increase (Table 1-1).
However, the growth rates in 2012 differed significantly from those in 2008 (Figures 1-1, 1-7). Between
2008 and 2012 the growth rate declined by ~30% for HCFC-22 and by nearly 60% for HCFC-142b. In
contrast, recent trends in HCFC-141b show a substantial increase (~70%) in the growth rate since 2008.
Whereas the increase in HCFC-141b was anticipated under the A1-2010 scenario (Figure 1-1), the slower
increases of HCFC-22 and HCFC-142b were not.

Trends in total column HCFC-22 are also available from remote sensing instruments (updated
from Gardiner et al., 2008; Zander et al., 2008; Brown et al., 2011) and are similar to those derived from
surface data (Table 1-2). On the other hand, trends for HCFC-142b and HCFC-141b derived from satellite
observations (ACE-FTS) do not agree with those measured at the surface (Table 1-2). For HCFC-141b,
the ACE-FTS column measurements are subject to interference from other trace gases, such as CFC-114
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and HFC-23, particularly at lower altitudes (Brown et al., 2011), which may explain some of the
discrepancy.

For HCFC-124 (CHCIFCF3;) AGAGE measurements indicate a 9% decline in the global mole
fraction between 2009 and 2012 (update of Prinn et al., 2000 and Miller et al., 2008). Laube et al. (2014)
reported first measurements of HCFC-133a (CH,CICF;), which is used in the production of
pharmaceuticals and is an intermediate in HFC-134a production (Miller and Batchelor, 2012; UNEP,
2012). Mole fractions of HCFC-133a in the Southern Hemisphere increased slowly from the 1970s to
2003, then increased more rapidly from 2004 to 2008, and after a period of little change from 2008-2010,
increased rapidly again to 0.365 ppt in 2012 (Laube et al., 2014; Figure 1-1 and Table 1-1).
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Lifetimes and emissions

With a large bank of HCFC-22 thought to exist in refrigeration systems, emissions are expected
to continue, but should decline as new refrigerants are being adopted as a consequence of the freeze of
HCFC production and consumption for dispersive uses in 2013 in developing (Article 5) countries.
Global emissions of HCFC-22, calculated using surface measurements of HCFC-22, peaked in 2010 at
381 (331-431) Gg and were 366 (316-416) Gg in 2012 (Figure 1-3) (i.e., stable within the uncertainties).

The estimated lifetime of HCFC-142b was revised from 17.2 to 18.0 years (+5%) since the
previous Assessment (SPARC, 2013). Global HCFC-142b emissions peaked at 39 (34—44) Gg yr' in
2008 and have since declined by 27% to 29 (23-34) Gg in 2012. This decline in emissions follows
reduced production and consumption in non-Article 5 (non-A5) countries and a leveling off of production
and consumption in Article 5 (AS5) countries (Figure 1-8) (UNEP, 2014). Total global production in 2011
was only half that of 2009. On the other hand, feedstock use of HCFC-142b has increased markedly in
recent years in both A5 and non-A5 countries. Emissions estimated from feedstock use vary, but are
generally thought to be low (UNEP, 2013Db).
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Figure 1-8.

History of  production,
consumption, and feed-
stock use of HCFC-
22, -142b, and -141b in
Article 5 countries (red)
and non-Article 5 countries
(black) (UNEP, 2014).
Total production (non-
A5+A5) (blue) does not
include feedstock produc-
tion. Feedstock data for
HCFC-141b are not shown
because HCFC-141b feed-
stock use (15 Gg in 2010;
UNEP, 2012) is thought to
be small compared to that
of HCFC-22 and HCFC-
1990 142b.
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Current global HCFC-141b emissions are approaching the same level they were during peak
production in the early 2000s (Figure 1-8). While production has decreased in non-A5 countries over the
last decade, it has increased substantially in A5 countries since 2005 (UNEP, 2014). Regional studies
indicate that China was responsible for about 15-30% of global HCFC-141b emissions in 2008-2009
(Wan et al., 2009; Stohl et al., 2010; Li et al., 2011; Fang et al., 2012).

Global and regional studies suggest a shift of HCFC emissions from midlatitudes to lower
latitudes. Montzka et al. (2009) found a trend toward smaller intrahemispheric gradients as global
emissions increased for HCFC-22, -141b, and -142b from 1996 to 2007. An updated gradient analysis
using data through 2012 shows similar patterns to those described by Montzka et al. (2009), suggesting
that recent shifts of production and consumption from non-AS5 countries to A5 countries (Figure 1-8),
which mostly are at lower latitudes, continue to be mirrored by higher emissions in these regions.

Recently, Saikawa et al. (2012) estimated regional HCFC-22 emissions between 1995 and 2009
using globally distributed surface data. They found a distinctive increase in emissions from Article 5
countries in Asia in recent years. A number of regional studies, along with bottom-up emission estimates
and consideration of total HCFC production trends, suggest an increase in HCFC-22 emissions
particularly from China in recent years (Figure 1-9) (Yokouchi et al., 2006; Stohl et al., 2010; Vollmer et
al., 2009; Liet al., 2011; An et al., 2012; Fang et al., 2012). Apart from Vollmer et al. (2009) the temporal
increase of the Chinese bottom-up emissions estimate from Wan et al. (2009) is consistent with several
measurement-based studies (Figure 1-9). An et al. (2012) used an extension of the data set used by
Vollmer et al. (2009) and found emissions that were comparable to those from Wan et al. (2009) (Figure
1-9). The reason for the difference between
200 these two studies could be due to improve-
ments in the regional transport simulation and
in the inversion method used by An et al.
(2012).

wn
o
I

o
o
I

Figure 1-9. HCFC-22 emissions from China
estimated by bottom-up (solid line; Wan et al.,
2009) and top-down methods (filled squares):
'Stohl et al. (2009); *Yokouchi et al. (2006);
*Stohl et al. (2010); *Vollmer et al. (2009); °Li
et al. (2011); °An et al. (2012); "Fang et al.
' ' ' (2012).
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1.2.1.6 METHYL CHLORIDE (CHsCl)

Observations

The global surface mean mole fraction of methyl chloride (CH;Cl) determined by the NOAA and
AGAGE global networks was 540 ppt with a range from 537.1 to 542.2 ppt in 2012 (Table 1-1) and
contributed ~16% to the total tropospheric chlorine. Only small changes were observed since the last
Assessment, showing an enhanced interannual variability from 2011 to 2012 but an overall decline from
2008 to 2012 (Table 1-1, Figure 1-1).

Spatial and temporal variations in the distribution of CH;3Cl in the upper troposphere and
stratosphere were assessed by Santee et al. (2013) using 8 years of Microwave Limb Sounder (MLS)
satellite data. They found a correlation of enhanced CH;Cl levels with regional biomass burning events,
giving additional evidence for the importance of this highly fluctuating anthropogenically influenced
source on the CH;ClI budget.
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Sources and sinks

While production and consumption of this primarily natural compound are not controlled by the
Montreal Protocol, CH3;Cl shares many natural sources and sinks with CH;Br, which is controlled.
Sources of CH;Cl include the ocean, biomass burning, fungi, salt marshes, wetlands, rice paddies,
mangroves, and tropical forests (Table 1-4). As with CH;Br, the budget for CH;Cl remains unbalanced,
with sinks outweighing sources (Table 1-4).

Since the last Assessment, the magnitude of the tropical source has been better defined.
Individual studies have shown that tropical sources of CH;Cl are significant. Saito et al. (2013) used an
isotope tracer technique to separate the production of CH;ClI from the degradation associated with tropical
plants. They confirmed earlier studies (Yokouchi et al., 2002, 2007; Blei et al., 2010; Saito et al., 2008;
Gebhardt et al., 2008) suggesting that tropical plants are a substantial net source of CH3Cl. The modeling
results of Xiao et al. (2010b) also suggest a substantial CH;Cl source from the tropics. These studies
together suggest an average tropical terrestrial flux of 2040 + 610 Gg yr”' (Table 1-4).

Sinks of CH;Cl include reaction with hydroxyl radicals, uptake by soils, degradation in oceans,
and photolysis in the stratosphere (Tables 1-3 and 1-4). Recently, Hu (2012) estimated a global soil
uptake rate for CH;Cl of 1058 (664—1482) Gg yr'. This rate was determined by scaling with the soil
uptake rate for CH;Br, as suggested by Rhew et al. (2011). The oceanic uptake and emission of CH;Cl
were recently revised by Hu et al. (2013) (Table 1-4), where the coastal ocean uptake and emissions were
explicitly considered along with the open ocean fluxes and more degradation rate constant measurements.

1.2.1.7 METHYL BROMIDE (CH;Br)

Observations

The global surface mean mole fraction of methyl bromide (CH;3Br) continued to decline since the
last Assessment. The surface global mean mole fractions determined by NOAA and AGAGE networks
was 7.0 £ 0.1 pptin 2012 (Table 1-1). This represents a decline of around 25% from the 9.2 ppt observed
in the mid-1990s (Yvon-Lewis et al., 2009). When data from ice core measurements from Butler et al.
(1999), Saltzman et al. (2004), Trudinger et al. (2004), and Saltzman et al. (2008) are averaged, a natural
background in the Southern Hemisphere of 5.5 = 0.2 ppt results, which is consistent with the previous
Assessment. Under the assumption that no natural interhemispheric gradient existed, this would signify
that mole fractions of around 7 ppt in 2012 are still 27% above the natural background.

Sources and sinks

CH;Br has both natural and anthropogenic sources. Our estimate of global sinks and sources for
CH;Br is not balanced, with known sinks outweighing known sources (Table 1-4). This imbalance
persists from pre-phase-out (1995-1998) through the most recent years (Hu et al., 2012).

The primary anthropogenic source of CH;Br has been from its use as a fumigant. Non-quarantine
and pre-shipment (non-QPS) fumigation uses (mainly in agriculture) were the dominating anthropogenic
source of atmospheric CH;Br in the past, but are subject to phase-out and currently only limited amounts
are still allowed for applications in critical-use exemptions. Quarantine and pre-shipment (QPS) uses,
which are mainly related to pest control during transport and storage, are exempted from the phase-out
and consumption from QPS uses was approximately stable in the last two decades (UNEP, 2014).
Therefore, the declining atmospheric abundance of CH;Br is the result of reductions in consumption for
non-QPS uses (Figure 1-10). Accordingly, the non-QPS consumption became lower than the QPS
consumption in 2009 and by 2012 it was only 43% of the QPS consumption, or 30% of the total
fumigation use (Figure 1-10). Estimated emissions from non-QPS uses became lower than QPS uses after
2006, as emission factors are higher for QPS uses (84%) than for non-QPS uses (65%) (UNEP, 2007).
These QPS/non-QPS uses do not include consumption as a chemical feedstock (Montzka and Reimann et
al., 2011) or the application of CH;Br as a transient in the conversion of methane to fuel (Ding et al.,
2013), as CH;Br is assumed to be released only in minor quantities from these processes.
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Table 1-4. Sources and sinks for atmospheric CH;Cl and CH3Br in Gg yr" (adapted from Hu, 2012).

The best values are shown with their possible ranges in parentheses. n.q.

not quantified. QPS =

quarantine and pre-shipment. For CH3Cl, figures represent the current knowledge. For CH3;Br changes in
anthropogenic sources between 1995-1998 and 2012 are derived from reported information.

Source / Sink CH;Cl (Gg yr™) CH;Br (Gg yr™)
1995 — 1998 2012
SOURCES
Anthropogenic Sources
Leaded Gasoline n.q. 3 (0.6-6)"*? 0-3
Coal Combustion; 162 (29-295)' n.q. n.q.
Waste Incineration;
Industrial Activity
Fumigation — QPS * n.q. 8.1 (7.5-8.7) 7.4 (6.9-7.8)
Fumigation — non-QPS b n.q. 39.9 (28.2-55.9) 2.5(1.7-3.5)
Biomass Burning — 113 (56-169) 6 (3-9) 6 (3-9)
Indoor Biofuel Use °
Biomass Burning — 355 (142-569) 17 (7-27) ¢ 17 (7-27)

Open Field Burning ©
Ocean
Terrestrial sources
Tropical and
Subtropical Plants;
Tropical Leaf Litter ©
Mangroves
Rapeseed
Fungus
Salt Marshes
Wetland
Rice Paddies
Shrublands

Subtotal (Sources)

Reaction with OH "
Loss in Soil

Loss in Ocean

Loss in Stratosphere

Subtotal (Sinks)

Net (Sources — Sinks)

700 (510-910)°

2040 (1430-2650)*°

12 (11-12)"°
ng.
145 (128-162)""
85 (1.1-170)'%"
27 (5.5-48)*1
3.7 (2.7-4.9)'¢
15 (921"

3658

SINKS &

2832 (2470-3420)
1058 (664—1482)
370 (296-445)*

146

4406

—748

32 (22-44)*

n.q.

1.3 (1.2-1.3)"°
4.9 (3.8-5.8)"
2.2 (1-5.7)"*
7 (0.6-14)*
0.6 (-0.1-1.3)*
0.7 (0.1-1.7)*
0.7 (0.5-0.9)"7

123

74 (63-83)

40 (25-54)

43 (27-58)*
5

162

-39

32 (22-44)*

n.q.

1.3 (1.2-1.3)"
5.1 (4.0-6.1)%
2.2 (1-5.7)"*
7 (0.6-14)*
0.6 (-0.1-1.3)*
0.7 (0.1-1.7)*
0.7 (0.5-0.9)"

84

56 (48-63)
30 (19-41)
33 (20-44) %

a. Data for fumigation — QPS consumptions of CH;Br were downloaded from UNEP

(http://ozone.unep.org/Data Reporting/Data Access) and the emission ratio is 84% (78%-90%) from UNEP

(2007).

b. Data for fumigation — non-QPS consumptions of CH;Br were downloaded from UNEP
(http://ozone.unep.org/Data_Reporting/Data_Access) and the emission ratio is 65% (46%-91%) from UNEP

(2007) and UNEP (201 1c).

(continued next page)
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Table 1-4, continued.

c. Emissions of indoor biofuel use were estimated based on the total dry matter burned for indoor biofuel use in
1995 (Yevich and Logan, 2003) and emission factors from Andreae and Merlet (2001).

d. Average biomass burning emissions were determined using the dry matter burned (van der Werf et al., 2010)
and emission factors from Andreae and Merlet (2001).

e. Mean of observations with range of +1c.

f.  Average value from Hu (2012).

g. For sinks, partial lifetimes from Table 1-3 were used. For the calculation of the atmospheric burden (B,) the

following equation was used: B,= X, ny/r, where X, is the sea-level mole fraction (CH3Cl 540 ppt in 2012;
CH;Br 9.2 ppt in 1995-1998 and 7.0 ppt in 2012), n, is the number of moles in the troposphere (1.446 x 10%°
moles), and r is the fraction of the total amount of the substance that resides in the troposphere (r = 0.95 for

CH;Br and 0.887 for CH;Cl; Lal et al., 1994).
h. The sink due to the reaction with Cl-radicals is not included.

'McCulloch et al. (1999), *Hu et al. (2013), *Yokouchi et al. (2007), “Blei et al. (2010), *Saito et al. (2008),
%Gebhardt et al. (2008), "Lee-Taylor et al. (2001), *Xiao et al. (2010b), *Yoshida et al. (2004), '"Manley et al. (2007),
"Watling and Harper (1998), “Rhew et al. (2000), “Cox et al. (2004), *Varner et al. (1999), "Dimmer et al.
(2001), "*Lee-Taylor and Redeker (2005), "Rhew et al. (2001), '®Thomas et al. (1997), ’Chen et al. (1999), *’Baker
et al. (1998), *'Bertram and Kolowich (2000), 2 adapted from Hu et al. (2012) according to footnote g, “Mead et al.
(2008), ** Lee-Taylor and Holland (2000), **Montzka and Reimann et al. (2011).

Figure 1-10. Upper panel: Trends since 1995 in methyl
bromide (upper) mole fractions with NH (®) SH (®) and
global (A) NOAA data (Montzka et al., 2003, updated).
Middle panel: Interhemispheric differences (NH-SH) as
monthly means () and as a running average (==). Lower
panel: consumption (dashed lines) as reported in the
UNEP database (UNEP, 2014) for non-QPS uses (- - -),
QPS uses (- - -) and total (- - -)., and emission (solid lines)
from non-QPS uses (=), QPS uses (=) and total (==).
Soil fumigation emission rates estimated as 65% (46—
91%) of reported consumption rates (UNEP 2007). QPS
emission rates estimated as 84% (78-90%) of reported
consumption rates (UNEP 2007).
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The total controlled and non-controlled fumigation emission is estimated to have accounted for 30
(22-40)% of the total global CH;Br emissions during 1996-1998, before industrial production and con-
sumption were reduced. By 2012, the total fumigation-related emissions, from controlled and non-controlled
uses of CH;Br, is estimated to have been reduced to 8 (7—10)% of the total global CH;Br emissions.

Other anthropogenic sources of CH;Br include the combustion of leaded gasoline, biomass burning,
and emissions from certain crop species (e.g., canola/rapeseed, rice, mustard and cabbage) (references in
Table 1-4). Biomass burning emissions are separated into open field burning, which can be anthropogenic or
natural and indoor biofuel combustion (Yvon-Lewis et al., 2009; Hu, 2012). The combined burning
emissions from these sources are comparable to the estimates in the previous Assessment (Table 1-4).

Natural sources of CH;Br include the ocean, freshwater wetlands, fungus, tropical plants and leaf
litter, and coastal saltmarshes (Table 1-4). Individual studies have shown that tropical sources are small or
not significant (Gebhart et al., 2008; Blei et al., 2010). These studies were confirmed recently by Saito et al.
(2013), who showed that the uptake of CH;Br associated with tropical plants was nearly equal to its
emission, resulting in only a small net source for CH3;Br from tropical plants. The variability in the
magnitude of these tropical plant emissions has made them difficult to quantify over the global tropical
region and they are therefore not included in the Table 1-4. An updated distribution of net fluxes from open
and coastal oceans and of degradation rate constants has resulted in ocean emissions being revised
downward from 42 Gg yr'1 (Montzka and Reimann et al., 2011) to 33 (20—44) Gg yr’' (Table 1-4).

Since sink rates scale with the atmospheric burden, the rates of uptake by oceans, reaction with OH,
photolysis, and soil microbial degradation continue to decline as the atmospheric concentrations have
decreased (Table 1-4). In a recent study, Nilsson et al. (2013) proposed a significantly (~60%) faster
reaction rate of CH;Br with OH radicals than was recommended in SPARC (2013). However, due to the
significant difference between the new reaction rate constant and the consistent values in the existing
literature, no major change in the recommended rate constant could be justified. The rate constant
recommended in SPARC (2013) is only slightly different from that used in previous Assessments. The
partial CH;Br lifetime with respect to reaction with OH and photolysis is 1.8 years, vs. 1.7 years in the
previous Assessment. The partial lifetime for soil uptake, estimated at 3.35 years in the last Assessment, has
been substantiated by results of Rhew et al. (2010) and Rhew (2011). The partial lifetime with respect to
oceanic uptake has been revised upward to 3.1 (2.3-5.0) years (Hu et al., 2012) from the 2.2-2.4 years
reported in the last Assessment based on Yvon-Lewis et al. (2009). However, when combined with the
small reduction in the partial lifetime with respect to reaction with OH (discussed above) and the unchanged
soil sink from the last Assessment, the overall lifetime remains unchanged at 0.8 years.

The reduction in the atmospheric abundance of CH;Br since the time that the oceanic uptake rate
was re-examined results in a lower uptake rate in Table 1-4 than that reported above by Hu et al. (2012).
As a result of the decrease in atmospheric CH3Br, the natural oceanic source is now comparable to the
oceanic sink; this is consistent with the model prediction reported by Butler (1994) and Yvon-Lewis et
al. (2009) and the near-equilibrium conditions observed in 2010 and reported by Hu et al. (2012).

1.3 VERY SHORT-LIVED HALOGENATED SUBSTANCES (VSLS)

As in previous Assessments, we consider VSLS to include very short-lived halogenated source
gases (SGs), halogenated organic and inorganic product gases (PGs) arising from SG degradation, and
other sources of tropospheric inorganic halogens.

Various lines of evidence suggest that VSLS may be transported from the boundary layer into the
stratosphere, where they contribute to stratospheric halogen loading (Gettelman et al., 2009; Brioude et al.,
2010; Montzka and Reimann et al., 2011; Marecal et al., 2012). Evaluating this contribution requires
knowledge of VSLS tropospheric degradation and removal (Box 1-2), and the spatial and temporal variability
of emissions, loss processes (Table 1-5), and transport processes (Box 1-3). These factors have consequences
for the calculation of Ozone Depletion Potentials (ODPs) for VSLS, as the traditional concept of a single,
geographically independent and time-independent value does not apply (Chapter 5: Section 5.3, Table 5-4).
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Box 1-2. Atmospheric Chemistry of Very Short-Lived Ozone-Depleting Substances

For very short-lived (VSL) source gases (SGs), sinks include radical oxidation and
photochemistry, resulting in typical mean local lifetimes of <6 months near Earth’s surface (see Table 1-
5). Photolysis of chlorinated SGs is slow and OH oxidation dominates tropospheric loss. Brominated SGs
are removed by both OH oxidation and photolysis, with the latter more important for SGs containing
multiple Br atoms (e.g., CHBr3;). Oxidation of SGs by Cl atoms is also possible but given the relatively
low tropospheric abundance of Cl atoms (~10°-10* molecules cm™) (Lawler et al., 2009), it is likely to be
a relatively minor loss process for most SGs. Ultimately, the actual mean lifetime of a VSLS emission
varies due to emission location/season, the distribution of tropospheric oxidants (e.g., Rex et al., 2014),
and background conditions (e.g., temperature and solar flux). As SG lifetimes can be comparable to
tropospheric transport timescales, the seasonal/spatial variability of transport processes (e.g., Aschmann
et al., 2009) is also a key factor controlling stratospheric source gas injection (SGI).

Degradation of VSL SGs leads to a range of product gases (PGs), which may themselves be
transported to the stratosphere via product gas injection (PGI). The breakdown of brominated and
chlorinated SGs can lead to carbonyl compounds (e.g., CX,0, CHXO) and minor products such as
halogenated hydroperoxides (e.g., CHX,0O0H) or peroxynitrates (e.g., CHX,0,NO,), where X=Br or Cl,
the relative yield of which depends on background HO, and NOy loading (Krysztofiak et al., 2012). Once
inorganic halogens are released, both gas-phase and heterogeneous reactions partition species among
reactive (e.g., XO) and reservoir (e.g., HX) forms, controlling the fraction available for ozone destruction
cycles or subject to tropospheric (dry/wet) deposition processes. Figure 1 highlights the principal
reactions involved in the degradation of a typical tri-halogen SG, such as bromoform (CHBr3). In global
models, organic PG chemistry is generally bypassed as many of these species are short lived with respect
to their parent SG. For example, CBr,O and CHBrO have tropospheric lifetimes of ~7 and 2 days in the
tropics, respectively (Hossaini et al., 2010). Therefore, instantaneous production of inorganic products is a
reasonable approximation in the case of bromine (Sinnhuber and Folkins, 2006; Warwick et al., 2006a;
Hossaini et al., 2010). PGI due to inorganic halogens may be enhanced by both multi-phase and
heterogeneous reactions in/on liquid and frozen substrates (Crowley et al., 2010) that speciate halogens
into radical form and thereby extend their lifetime against deposition processes (Aschmann and
Sinnhuber, 2013).

Organic PG chemistry Inorganic PG chemistry gy -
X=Bror|  Y=BrorCl Box 1-2, Figure 1.
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Box 1-3. Transport of Ozone-Depleting Substances to the Stratosphere in the Tropics

Ozone-depleting substances (ODSs) are transported to the stratosphere primarily in tropical
regions where ascent through the troposphere is dominated by convection (Figure 1). Outflow from
convective clouds, typically between 12—14 km (Folkins and Martin, 2005), can inject boundary layer air
that may be rich in ODSs into the tropical tropopause layer (TTL) (e.g., Gettelman and Forster, 2002;
Fueglistaler et al., 2009; Randel and Jensen, 2013). Here, over several kilometers, a transition occurs from
the well-mixed, convectively dominated troposphere to a region of slow ascent controlled by the
ascending branch of the stratospheric Brewer-Dobson circulation. The TTL is here defined as the layer
between the level of maximum convective outflow (~12 km altitude, 345K potential temperature) and the
cold-point tropopause (CPT, ~17 km, 380K). The level of zero radiative heating (LZRH) marks the
transition from clear-sky radiative cooling to clear-sky radiative heating (Qgjear, ~15 km, 360K), and above
which (in the “upper TTL”) air masses may cross the CPT to enter the “tropical stratosphere” or
“stratospheric overworld.” For long lived and thus well-mixed halogenated source gases (see Section 1.2),
the details of their troposphere-to-stratosphere transport are of minor importance. However, for very
short-lived substances (VSLS), whose lifetimes may be comparable to tropospheric transport timescales,
transport processes—along with physical and chemical processes that occur in the TTL—may strongly
impact their stratospheric source gas and product gas injections.

The convective transport of air masses to the TTL is zonally asymmetric and exhibits significant
seasonal and also interannual variability (e.g., Fueglistaler et al., 2004; Ashfold et al., 2012). Preferential
transport into the TTL takes place in strong convective source regions. Examples include boreal winter
over the Maritime Continent (e.g., Hosking et al., 2010; Bergman et al., 2012)—Ilocated within the
tropical warm pool, between the Indian and Pacific Oceans—and also boreal summer within Indian
monsoon regions (e.g., Devasthale and Grassl, 2009; Devasthale and Fueglistaler, 2010) and Southeast
Asia (e.g., Wright et al., 2011; Chen et al., 2012). Air detrained into the lower TTL enters a region of
large-scale subsidence and will mostly descend into the mid-troposphere. Air detrained above the LZRH
can ascend through the upper TTL, where vertical velocities and residence times vary in both space and
time. As zonal variation in these transport timescales can be large, the location at which air enters the
TTL, along with its horizontal transport through regions of upwelling/downwelling in relation to the
fluctuating LZRH, strongly impact transport into the stratosphere (e.g., Gettelman et al., 2004; Tzella and
Legras, 2011; Bergman et al., 2012). In addition to these circulations, the TTL is also characterized by
two-way exchange with the extratropics, which may strongly impact the abundance and seasonality of
trace gases in the TTL, including ozone (e.g., Ploeger et al., 2012).

For particularly short-lived VSLS (i.e., those with a local lifetime of several days or less at the
surface), significant transport to the upper TTL is unlikely unless emitted close to deep convection
(Hossaini et al., 2012a). Residence times in this layer are estimated to be in the range of 24-45 days
(Montzka and Reimann et al., 2011). For VSLS with comparable or shorter local lifetimes, significant
source gas (SG) to product gas (PG) conversion could take place. If product gases are subsequently
removed from this layer, for example due to adsorption onto cirrus ice followed by sedimentation, the net
stratospheric input of halogen from VSLS will be reduced. Particularly deep overshooting convection can
transport air masses directly up to or above the tropopause (e.g., Pommereau, 2010), providing rapid
transport through the upper TTL. These events could allow even the shortest-lived VSLS to be
transported to the stratospheric overworld, though they are relatively rare (Liu and Zipser, 2005;
Takahashi and Luo, 2014) and at present their global-scale impact on stratospheric composition is
uncertain. In addition to transport into the overworld, quasi-horizontal transport from the base of the TTL
may provide a rapid transport route for VSLS to enter the extratropical lowermost stratosphere (i.e., above
the tropopause but below the 380 K isentrope) (Levine et al., 2007). (continued next page)
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Tropical Tropopause Layer and Deep Convection
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Box 1-3, Figure 1. Schematic of the convective boundary layer (CBL), tropical deep convection, and its
interaction with the tropical tropopause layer (TTL). The temperature lapse rate minimum (typically
between 10-12 km) is used to define the base of the TTL (taken here as 12 km) and the cold point
tropopause (CPT) as the top (Gettelman and Forster, 2002). The level of zero radiative heating (LZRH,
z,) marks the transition from clear-sky radiative cooling to clear-sky radiative heating. The melting level
indicates the altitude at which ice begins to melt. Red lines denote the redistribution of mass. Pink lines
denote typical routes for tracer (e.g., VSLS) advection. A typical temperature profile is shown in green.
Note, the arrow sizes are not representative of the relative importance of the various transport
components. Figure courtesy of Diane Pendlebury (University of Toronto) and Thomas Birner (Colorado
State University).
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Figure 1-25. Global emissions of F-gases estimated by a global 12-box model (as described in Rigby et
al. (2013)) using data shown in Figure 1-24 and lifetimes from SPARC (2013).

2012). For developing countries, this capability was facilitated by funding from the Clean Development
Mechanism (CDM) under the Kyoto Protocol of the United Nations Framework Convention on Climate
Change (UNFCCC).

Global emissions of HFC-23 estimated from measured and derived atmospheric trends reached a
maximum of 15 Gg yr" in 2006, fell back to 8.6 Gg in 2009, and subsequently increased again to 12.8 Gg
in 2012 (Figure 1-25, update of Miller et al., 2010 and Montzka et al., 2010). Whereas efforts in non-
Article 5 countries mitigated an increasing portion of HFC-23 emissions through 2004, the temporal
decrease from 2007 to 2009 was likely caused by destruction facilitated by the CDM, even though HCFC-
22 production was highest around this time (Figure 1-8). The recent resurgence in emissions since 2009
could be the result of an increase in production of HCFC-22 (see Figure 1-8) with no subsequent
incineration of HFC-23 (reference case in Miller and Kujipers, 2011), or less CDM-aided destruction of
existing production in developing countries. Indeed, Miller and Kuijpers (2011) warned that HFC-23
emissions could surpass the historic peak values from 2006 if CDM projects ceased to be supported and
feedstock production of HCFC-22 grows unabated.
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Current emissions of HFC-23 occur foremost in East Asia. Studies from Yokouchi et al. (2006),
Stohl et al. (2010), and Kim et al. (2010) estimate emissions in China to be in the range of 6 to 12 Gg yr'
between 2004 and 2008. In contrast, Yao et al. (2012) estimated lower emissions of only 2.8 Gg yr™ for
China in 2010-2011, based on measurements at one site and a limited catchment area. In Europe,
underreported emissions of HFC-23 from some HCFC-22 production facilities were found by Keller et al.
(2011), but the difference of around 0.2 Gg yr”' was small in comparison to global sources.

HFC-152a (CH;CHF;)

HFC-152a is used as a foam-blowing agent and as an aerosol propellant (Greally et al., 2007). Its
growing average global mole fraction reached 6.8 ppt in 2012. The global mole fraction of HFC-152a
grew at an average rate of 0.69 £ 0.04 ppt yr'' from 20052008, but has slowed since 2008 to around 0.28
ppt yr’' (Figure 1-24, Table 1-14). Global emissions derived from measured global mole fractions and
trends appear to have stabilized at ~50 Gg yr'1 since 2010 (Figure 1-25). HFC-152a has a relatively small
GWP (of 133; Chapter 5) and its direct radiative forcing is small compared to other HFCs.

Currently the U.S. is the world’s most important source region for HFC-152a. Estimated U.S.
emissions range from 25 (11-50) Gg yr"' between 2004—2009 (Miller et al., 2012), to 12.3-15.1 Gg yr”" in
2006 (Stohl et al., 2009), to 32 Gg yr'1 in 2008 (Barletta et al., 2011). European emissions were estimated
to be 2.9 Gg in 2009 (Keller et al., 2012). Emissions from China were estimated to be 2.0-2.9 Gg yr’' in
2010-2011 by Yao et al. (2012), which was lower than 3.4-5.7 Gg yr' estimated by Yokouchi et al.
(2006), Kim et al. (2010), and Stohl et al. (2010) in former years.

HFC-32 (CHF,), HFC-125 (CHF,CF;), HFC-143a (CH;CF3)

These three HFCs are mostly used as refrigerants. They are blended in various combinations, for
stationary air conditioners as well as for various minor applications (e.g., for fire suppression) replacing
HCFC-22 and CFC-115 (IPCC/TEAP, 2005; O’Doherty et al., 2009). Global background mole fractions
of HFC-32, HFC-125, and HFC-143a are steadily growing (Table 1-14, Figure 1-24). Current annual
growth rates of more than 1 ppt yr' are among the highest for all F-gases, showing the importance of
these refrigeration blends in connection with the phase-out of ozone-depleting HCFCs and CFCs. Global
estimates of their emissions in 2012 were 19 Gg yr'', 40 Gg yr', and 24 Gg yr'' for HFC-32, HFC-125,
and HFC-143a, respectively. During 2009-2012 the emissions approximately doubled for HFC-32 and
HFC-125, and increased by ~50% for HFC-143a. The combined radiative forcing of these three
substances was 5.4 mW m™ in 2012, with highest impact from HFC-125 (2.6 mW m™).

Regional emissions of these three gases have been estimated by several studies in recent years
(2004-2011). However, differing time periods and the rapid increase of emissions hinder the direct
comparison with total global emission estimates. Estimated emissions from the last decade from East Asia
as estimated by Li et al. (2011) and Yao et al. (2012) were of the same order of magnitude as estimated
emissions from Europe (O’Doherty et al., 2009; Keller et al., 2012) and from the U.S. (Miller et al., 2012)
for different years during this same period.

HFC-245fa (CF;CH,CHF;) and HFC-365mfc (CF;CH,CF,CH;)

HFC-245fa and HFC-365mfc are replacements for HCFC-141b in foam-blowing applications
(Vollmer et al., 2006; Stemmler et al., 2007; Vollmer et al., 2011). In 2012 global average mole fractions
reached 1.44 and 0.65 ppt for HFC-245fa and HFC-365mfc (Table 1-14), respectively, and were
increasing between 2011-2012 at similar rates of 12% and 10% (Table 1-14). The approximately factor-
of-two difference in the global mean mole fractions for these two compounds is also reflected in the
2011-2012 growth rates of 0.17 ppt and 0.07 ppt for HFC-245a and HFC-365mfc, respectively. Global
atmospheric-derived emissions of HFC-245fa and HFC-365mfc leveled off after 2006 but showed a
renewed increase since 2010 and reached 8.2 Gg yr' for HFC-245fa and 3.1 Gg yr' for HFC-365mfc by
2012 (Figure 1-25).
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HFC-227ea (CF;CHFCF;)

HFC-227ea is used in fire suppression, metered dose inhalers, refrigeration, and foam blowing.
Vollmer et al. (2011) recently used archived air from both hemispheres to reconstruct the atmospheric
history of HFC-227ea. They inferred that the global background mole fraction of HFC-227ea has grown
from less than 0.1 ppt in the 1990s to 0.58 ppt in 2010 and that the annual growth rate of HFC-227ea
increased from 0.026 ppt yr' in 2000 to 0.069 ppt yr'' in 2010 (Vollmer et al., 2011). Global emissions
were estimated to be 2.5 Gg yr' in 2010. These results were confirmed by firn air samples from
Greenland (Laube et al., 2010), which showed similarly low mole fractions in the 1990s and increasing
global emissions of nearly 2 Gg yr' in 2007. In 2012 the global background mole fraction was 0.74 ppt
(Table 1-14) and global emissions were estimated at 3.3 Gg yr’' (Figure 1-25).

HFC-43-10mee (CF;CF,CHFCHFCF;)

HFC-43-10mee is used as a cleaning solvent in the electronics industry. First published
measurements by Arnold et al. (2014) show a rising global mean mole fraction between 2000 and 2012
(0.04 = 0.03 ppt to 0.21 £0.05 ppt). Based on these measurements, global emissions were estimated as
1.13£0.31 Gg yr" in 2012.

HFC-1234yf (CH,=CFCF;) and HFC-1234ze(E) (E-CHF=CHCF;)

HFC-1234yf and HFC-1234ze(E) are unsaturated hydrofluorocarbons (also referred to as
hydrofluoro-olefins, HFOs) with estimated tropospheric OH-lifetimes of 8—16 days and 13-24 days,
respectively (Table 1-11). These substances have small Global Warming Potentials (GWPs) and are
therefore considered as replacement compounds for long-lived HFCs with high GWPs. Whereas HFC-
1234ze(E) is already used for foam blowing, HFC-1234yf has only recently been accepted as a
replacement for HFC-134a in mobile air conditioners and other refrigeration uses (UNEP, 2011a)
(Chapter 5).

Although these unsaturated HFCs degrade within days to weeks in the troposphere, there are
concerns regarding the impact of their degradation products on the environment. Whereas HFC-
1234ze(E) degrades to short-lived intermediates, the atmospheric degradation of HFC-1234yf almost
exclusively yields trifluoroacetic acid (CF;C(O)OH, TFA) (Hurley et al., 2008). TFA is resistant to
further degradation in the environment and exhibits some herbicidal properties (Boutonnet et al., 1999).
Under an upper-limit scenario of full replacement of HFC-134a by HFC-1234yf, Henne et al. (2012) and
Papasavva et al. (2009) estimate that European and U.S. emissions of HFC-1234yf could reach ~20 Gg
yr' and 11-25 Gg yr”', respectively. There is currently no imminent danger connected to this potential
input of TFA into the environment (Chapter 5). Accumulation of TFA in specific biomes from the long-
term usage of HFC-1234yf is discussed in Cahill et al. (2001) and Russell et al. (2012).

Perfluorocarbons (PFCs)

Perfluorocarbons (PFCs) exclusively consist of carbon and fluorine. They are not substitutes for
ODSs, and they have very long atmospheric lifetimes of up to several thousand years (Table 1-3). In
combination with their very large radiative efficiencies, they will have a long-lasting influence on the
radiative balance of the atmosphere (Ravishankara et al., 1993; Myrhe et al., 2013). The combined
radiative forcing of the PFCs was 6.0 mW m~ in 2012, with CF, as the main contributor.

Four PFCs were reported in the last Assessment (PFC-14 or CF4, PFC-116 or C,F¢, PFC-218 or
C;sFg, and PFC-c-318 or c-C4Fg). Ground-based mole fractions and growth rates for CF4, C,F¢, and C;Fg
were updated from Miihle et al. (2010) and are shown in Table 1-14 and Figure 1-24. CF, observations
based on remote-sensing techniques (Mahieu et al., 2014) find a comparable trend in the atmospheric
abundance as for the ground-based measurements (Table 1-2). Furthermore, mole fractions and trends of
c-C4Fg have been updated by Saito et al. (2010) and Oram et al. (2012), with a global mole fraction in
2012 estimated at 1.24 ppt (Table 1-14) and estimated global emissions of 1.1 Gg yr'1 in 2007 (Oram et
al., 2012). PFC-218 was shown to be a minor PFC emission from aluminium smelting, the major PFCs
being PFC-14 and PFC-116 (Fraser et al., 2013).
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Since the previous Assessment, atmospheric mole fractions and emissions have been newly
reported for n-C4F o, n-CsF1,, n-CeF 14, n-C;F 6, and n-CgF g in three recent publications (Ivy et al., 2012a,
2012b; Laube et al., 2012). As shown in Table 1-14, the mole fractions of all five long-chain PFCs are
currently below 0.3 ppt. Their current growth rates are small and have continued to decrease in recent
years, which could be due to the introduction of emission reduction techniques in industrial applications
(Tsai et al., 2002). With nearly 1.5 Gg yr’' in the 1990s highest emissions from these group of compounds
was reached by n-C¢F 4 (Figure 1-25). In recent years emissions of all these PFCs were stable and smaller
than 0.5 Gg yr'.

Lifetime estimates for the perfluorocarbons (PFCs) C;Fs, c-CsFg, and C4F,p were revised in this
Assessment (Table 1-3). PFCs are persistent greenhouse gases removed primarily in the upper-
stratosphere and mesosphere (>65 km) mainly by Lyman-a (121.6 nm) photolysis. Lifetime estimates for
PFCs (>2000 yr) are typically obtained from model calculations and are highly dependent on transport
from the lower atmosphere. The revised lifetime estimates of these three PFCs shown in Table 1-3 are
based on a correlation of an increase in Lyman-o absorption cross section with an increase in the —CF,-
sub-units within the molecule. Baasandorj et al. (2012) reported improved upper-limits for O('D) reactive
rate coefficients for C,Fs, c-C4Fg, n-CsFq5, and n-C¢F14, which reduces the calculated contribution of
O('D) reaction to their atmospheric loss further from the rate coefficient studies of Zhao et al. (2010) and
Ravishankara et al. (1993). Furthermore, the lifetime for CgFs was estimated to be ~3000 years by (Ivy et
al., 2012a), which was adopted in this Assessment.

Sulfur hexafluoride (SFg)

The global average mole fraction of sulfur hexafluoride (SFs) continues to increase, and reached
7.6 ppt in 2012 (Table 1-14). The global average mole fraction at the surface was increasing at ~0.22 ppt
yr'' in the early 2000s, but has averaged ~0.28 ppt yr"' since 2007 (Rigby et al., 2010; Hall et al., 2011).
Due to its long lifetime (3200 years; Table 1-3) combined with a high radiative efficiency, the
contribution of SF to radiative forcing is increasing accordingly. The resulting radiative forcing in 2012
was 4.3 mW m™,

Remote sensing techniques have also contributed to the monitoring of SF¢ over the recent years.
Brown et al. (2011) using ACE-FTS data, Stiller et al. (2012) using MIPAS global data, and Zander et al.
(2008) using ground-based solar spectroscopy at Jungfraujoch all found growth rates which were
comparable with the in-situ measurements (Table 1-2).

Global atmospheric-based emissions of SF¢ were estimated by Levin et al. (2010) and Rigby et al.
(2010) at 7.2-7.5 Gg yr'" in 2008. Emissions since then have increased and were at their highest historic
levels in 2012 at almost 8 Gg yr™' in 2012 (Figure 1-25). Rigby et al. (2010) found that the rise in global
emissions from 2004-2008 was likely mostly due to emissions from Asian developing countries.
Consistent with this, Fang et al. (2013) estimated the contribution from East Asia to SF¢ emissions to be
3.8+ 0.5 Gg yr ' in 2009, or a contribution of about 50% to global SFs emissions. In addition, based on
an extrapolation of results from the northeastern U.S. only, Miller et al. (2012) reported U.S. emissions of
1.4 (0.7-3.0) Gg yr'' from 2004-2009, which is equivalent to about 20% of global emissions in 2008.

Trifluoromethylsulfurpentafluoride (SFsCF;)

This substance was discovered in the atmosphere by Sturges et al. (2000), with a global
background mole fraction of 0.12 ppt in 1999 and 0.15 ppt in 2010 (Sturges et al., 2012). SFsCF; is very
long lived, with an estimated lifetime of 650-950 years (Table 1-3). SFsCF; levels have been stable in
recent years and therefore Sturges et al. (2012) concluded that emission sources have ceased. They
provide strong indications that SFsCF; was released as a by-product of the production of perfluorooctanyl
sulfonate (PFOS) and similar compounds. Furthermore, they used firn air measurements to place the
onset of SFsCF; emissions in the early 1960s. Baasandorj et al. (2012) reported improved upper limits for
the O('D) reactive rate coefficient of SFsCFs, thereby enhancing knowledge of its atmospheric loss
processes from previous studies but not changing its lifetime estimate (Ravishankara et al., 1993; Zhao et
al., 2010).
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Nitrogen trifluoride (NF;)

NF; is used in the production of flat panel displays, in plasma etching, and in the semiconductor
industry as a replacement for PFCs (Weiss et al., 2008; Fthenakis et al., 2010). It was first measured in
the atmosphere by Weiss et al. (2008). The measured record was recently extended and revised with a
new calibration (Arnold et al., 2012, 2013). Its global tropospheric mole fraction was 0.86 + 0.04 ppt in
2011 (Table 1-14) with a yearly rate of increase of 0.10 = 0.01 ppt (11%) between 2010 and 2011.

Global emissions of NF; increased continuously from 0.21 Gg yr'' in 1998 to 1.18 Gg yr™' in 2011
(Arnold et al., 2013; Figure 1-25). With a radiative forcing of just 0.2 mW m™, the effect of NF; on
climate was still very small in 2011. However, its large atmospheric growth rate and its application in the
growing semiconductor industry have a high potential to increase its importance in the future. Therefore,
NF; was added to the basket of greenhouse gases in the Doha Amendment to the Kyoto Protocol, which
covers emissions in a second commitment period of 2013-2020 (UNFCCC, 2014).

The NF; lifetime estimate was revised in SPARC (2013) to 569 (454—-764) years based on 2-D
model calculations that included the NF; UV absorption spectrum temperature dependence reported by
Papadimitriou et al. (2013a). SPARC (2013) also recommended a revision of the O('D) + NF; reaction
rate coefficient, although the impact of the revision on the NF; lifetime is minor.

Sulfuryl fluoride (SO,F;)

Sulfuryl fluoride (SO,F,) replaced the ozone-depleting CH;Br as a fumigant against animal pests
in buildings and other places susceptible to infestation (e.g., flour mills, grain silos, transport containers).
The average global mole fraction of SO,F; has increased to 1.8 ppt in 2012, with a yearly increase (2011—
2012) of 0.1 ppt (5%) (update of Miihle et al., 2009; Table 1-14). The total atmospheric lifetime of SO,F,
is 36 £ 11 yr (Miihle et al., 2009), with a partial lifetime for the oceanic uptake of 40 + 13 yr as its most
important contributor. Global emissions calculated from atmospheric observations and the estimated
lifetime were 3.1 Gg in 2012. This is an increase of nearly a factor of two in comparison with 2008.

1.5.1.2 NITROUS OXIDE (N20)

Nitrous oxide (N>O) has both natural and anthropogenic sources and unlike most other chemicals
discussed in this section, it has a direct chemical influence on ozone (Ravishankara et al., 2009). The
influence of N,O on stratospheric ozone and on climate has been the focus of a recent review (UNEP,
2013c). Photochemical degradation of N,O in the stratosphere leads predominately to N, and O,, but about
10% is converted to nitrogen oxides (NO, NO,) (UNEP, 2013c), which contribute to stratospheric ozone
depletion. Current ODP-weighted emissions of N,O from anthropogenic activities are larger than those of
any other ozone-depleting species (Ravishankara et al., 2009). Nitrous oxide is also a greenhouse gas, and
with the atmospheric burden of CFC-12 decreasing, both of these gases contribute about equally to radiative
forcing (Myhre et al., 2013) and are after CO, and CH,4 the most important anthropogenic greenhouse gases.

Atmospheric N,O has increased from a pre-industrial mole fraction of 271 ppb (Ciais et al., 2013)
to 325 ppb in 2012 (Table 1-14) with a fairly constant growth rate of 0.8 ppb yr™' over the last decade (3.4
ppb between 2008 and 2012). According to UNEP (2013c), current natural emissions (e.g., from
terrestrial, marine, and atmospheric sources) are roughly 11 Tg N,O-N yr'. Total gross anthropogenic
emissions are estimated to contribute another 6.2 Tg N,O-N yr'. Anthropogenic sources include
agriculture, biomass burning, and industry (including combustion, production of nitric acid and adipic
acid), as well as indirect emissions from reactive nitrogen leaching, runoff, and atmospheric deposition.
The observed increase in atmospheric N,O over preindustrial levels is largely the result of nitrogen-based
fertilizer use (Park et al., 2012). Ciais et al. (2013) have estimated that food production was likely
responsible for 80% of the increase in atmospheric N,O in recent decades.

The IPCC ARS5 report lists total global N,O emissions of 17.8 Tg-N yr' in 2006 (Ciais et al.,
2013). This value is consistent with global emissions of 17.5 to 20.1 Tg-N yr ' estimated between 1999
and 2009 (calculated from atmospheric observations and the estimated lifetime (Thompson et al., 2014)),
and also with bottom-up estimates of 17.6 Tg-N yr’' from UNEP (2013c). There are, however, substantial
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uncertainties associated with both bottom-up and top-down emissions estimates due to uncertain emission
factors (bottom-up) and uncertainties in the stratospheric sink (top-down). Revision of emissions factors
between AR4 and ARS resulted in reapportionment of global emissions among anthropogenic sources,
but did not significantly affect the global total (Ciais et al., 2013). The global lifetime of N,O has also
recently been updated from 114 yr to 123 yr with a range of 104-152 yr (SPARC, 2013).

1.5.1.3 METHANE (CH.,)

In addition to its influence on radiative forcing, methane affects the efficiency for ODSs to deplete
stratospheric ozone by acting as a sink for reactive chlorine (producing HCl as a reservoir species) and as a
source of stratospheric water vapor. In the upper stratosphere, enhanced CH4 concentrations lead to ozone
loss through the HOy catalytic cycle, but also reduce ozone loss by sequestering reactive chlorine. In the
lower stratosphere and troposphere, additional CH, leads to more ozone through photochemical smog
chemistry and CHy also reacts with OH radicals, which leads to an influence on the lifetimes of ODSs that
also react with OH (such as HCFCs and VSLS). In general, an increase in global CH,4 results in an increase
in column ozone (Portmann et al., 2012; Revell et al., 2012; Shindell et al., 2013).

Wetlands are the primary natural source of CH,, with smaller contributions from sources such as
geological seeps and freshwater (Ciais et al., 2013). Anthropogenic sources include agriculture (e.g., rice
production, ruminants), landfills, biomass burning, and the extraction and processing of fossil fuels (Kirschke
et al., 2013). The global mean mole fraction of CH4 was 1803 ppb in 2011 (Hartmann et al., 2013) and 1808
ppb in 2012 (Table 1-14). Mole fractions today are more than 2 times greater than those in preindustrial times
(1750) (Hartmann et al., 2013). After increasing from ~1750 to the 1980s, global CH4 mole fractions
increased more slowly in the late 1990s and started to stabilize in the early 2000s, but increased again from
1781 ppb in 2007 to 1808 ppb in 2012. Reasons for the growth rate slow-down in the 1990s and renewed
increase beginning in 2007 are debated (Rigby et al., 2008; Dlugokencky et al., 2009; Aydin et al., 2011;
Bousquet et al., 2011; Kai et al., 2011; Levin et al., 2012; Simpson et al., 2012; Kirschke et al., 2013). The
subsequent increase of global CH, levels since 2006 is likely due to increased emissions from natural
wetlands and fossil fuels, although their relative contributions remain uncertain (Kirschke et al., 2013).

1.5.1.4 COS, SO,

Carbonyl sulfide (COS) and other sulfur-containing gases such as sulfur dioxide (SO,) contribute
to stratospheric sulfate aerosols (SSA) (SPARC, 20006).

Sources of SO, include fossil fuel combustion, volcanoes, and oxidation of precursors. Fossil fuel com-
bustion accounts for the largest part of the total flux of sulfur gases to the atmosphere, mainly from sources in the
Northern Hemisphere (SPARC, 2006). While SO, emissions were reduced in the U.S. and Europe in the 1980s and
1990s as part of efforts to reduce acid rain, emissions from East Asia have increased in recent years (Lu et al., 2010).

Sources of COS include the oxidation of dimethyl sulfide (DMS) and carbon disulfide (CS,), and ocean-
atmosphere gas exchange (SPARC, 2006). Sinks of COS include uptake by terrestrial plants and soils, and
oxidation by OH radicals. Current tropospheric mole fractions of COS (~490 ppt, Table 1-14) are substantially
higher than preindustrial values of 300400 ppt (Montzka et al., 2004). Total column COS measurements above
Jungfraujoch indicate a decrease in the total column from 1990-2002 followed by an increase from 20022008
(update from Zander et al., 2005). A relatively small trend in global COS derived from surface observations (1.8
ppt yr') was reported in the last Assessment for the period 2000-2008 (Montzka and Reimann et al., 2011).
Recent observations from the NOAA surface network updated through 2012 suggest that any systematic changes
in global COS since 2000 have been small (<3%), with an increase of 0.4% from 2011-2012 (Table 1-14).

The fraction of COS contributing to SSA is uncertain, but could be about 30% (SPARC, 2006).
This is supported by recent work by Hattori et al. (2011), Briihl et al. (2012), and Schmidt et al. (2013).
However, it is not yet possible to reconcile these studies with an earlier study from Leung et al. (2002),
who concluded that COS is only a minor contributor to SSA.
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1.6 POLICY-RELEVANT INFORMATION HIGHLIGHTS

1.6.1 HCFCs Becoming a Larger Fraction of Tropospheric Chlorine; Bromine from Halons
Now Decreasing

As a result of the Montreal Protocol, the overall abundance of controlled ozone-depleting
substances (ODSs) in the atmosphere has been decreasing for over 15 years. The reduction in the
atmospheric abundance of an ODS in response to controls on production depends principally on two
factors: (1) how rapidly an ODS is used and released to the atmosphere after being produced and (2) the
lifetime for the removal of the ODS from the atmosphere. Much of the decline in tropospheric chlorine
since the peak in the 1990s was due to decreases in methyl chloroform (CH;CCl;), which has a relatively
short atmospheric lifetime of about 5 years. This substance still continues to make a significant
contribution to declines in total chlorine, although decreases in chlorofluorocarbons (CFCs) are now the
largest contributor. Hydrochlorofluorocarbon (HCFC) mixing ratios continue to increase, although at a
declining rate.

CFCs still represent the largest fraction of tropospheric chlorine, but their contribution has been
decreasing since 2005. The rapid decrease of CH3;CCl; in the atmosphere means that its relative
contribution to the tropospheric ODS abundance is now approaching zero. Since the peak in total
tropospheric chlorine, the relative contribution of carbon tetrachloride (CCls) has not changed
significantly, due to its relatively slow decline. The abundance of methyl chloride (CH;Cl), the largest
natural contributor to chlorine, has remained fairly constant over the last decades, currently contributing
around 17% of tropospheric chlorine. A large proportional change to the total chlorine-containing ODS
abundance however comes from HCFCs; their contribution has more than doubled since the mid 1990s.

The largest contributor to the decline in tropospheric bromine is methyl bromide (CH;Br), which
has both natural and anthropogenic sources. The rate of CH;Br decline has slowed as phase out of con-
trolled emissions is now almost complete, and the balance of emissions is now overwhelmingly of natural
origin, with the remainder mostly from non-controlled emissions. While the contribution of halons to total
tropospheric bromine has increased since the mid-1990s, bromine from halons is now showing robust signs
of decline. Natural sources contribute over half of the abundance of total tropospheric bromine.

o 1996 2012 1996 2012
3300ppt 6% . Methyl Chioroform 0.5% 21.4 ppt )
- 0% Other gases 3.3, 4.2% 20 20.2ppt _ IEENO
3000 39% 6.7% 120%
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Figure 1-6-1. Relative contribution to total tropospheric chlorine and total tropospheric bromine from
individual and groups of compounds in 1996 and 2012. The sum of very short-lived species (CH,Cl,,
CHCI;, C,Cly, COCIl,) is shown as “other gases” for chlorine, while halon-1202 and halon-2402 are
included as “other gases” for bromine.
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1.6.2 VSLS Chlorinated Compounds Become More Relevant for Stratospheric Ozone

The current (2008-2012) increase in tropospheric very short-lived substance (VSLS) chlorine
source gases is ~1.3 = 0.3 ppt Cl yr', compared to the decline in long-lived controlled chlorinated
substances of 13.4 + 0.9 ppt Cl yr''. Averaged over the longer time period of 20042013, the combined
trend of the three major VSLS chlorine source gases CH,Cl,, C,Cls, and CHCI; is 1.8 = 0.2 ppt Cl yr'1
(Figure 1-6-2). Increased levels of dichloromethane (CH,Cl,), which has predominantly anthropogenic
sources, account for the majority of this change. The globally averaged surface abundance of CH,Cl, has
increased by ~60% over the last decade. The majority (>80%) of VSLS chlorinated gases and associated
product gases are expected to reach the stratosphere, based upon observed vertical profiles of CH,Cl, and
and model calculations of CH,Br», a gas with a similar atmospheric lifetime.
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Figure 1-6-2. Average global, monthly mean values of total tropospheric chlorine from three VSLS gases
(CH.Cl,, C,Cly, and CHCI3) derived from 12-box model output using NOAA and AGAGE data (Simmonds
et al., 2006; Montzka et al., 2011). Linear fits are shown as the thicker lines, starting 2004. The trend from
AGAGE: 1.6 £ 0.2 ppt Cl yr'1; from NOAA: 2.0 + 0.2 ppt CI yr'1; average trend: 1.8 ppt Cl yr'1. A constant
21 ppt, derived from AGAGE data, was used to represent the contribution of CHClI;.

1.6.3 Radiative Forcing of ODSs and ODS Replacement Compounds

Update on the effect on the radiative budget of F-gases

In Figure 1-6-3 the radiative forcing values for ODSs and F-gases (source gases with fluorine as
the only halogen attached either to carbon, sulfur, or nitrogen; also called Kyoto Protocol synthetics) are
compared against those of carbon dioxide (CO,), methane (CH,4), and nitrous oxide (N,O). In 2012 the
total contribution from the F-gases was 33 mW m?, with 22 mW m™ from hydrofluorocarbons (HFCs), 6
mW m? from perfluorocarbons (PFCs), and SmW m? from SFs, SO,F,, and NF;. The most important
single HFC in terms of climate forcing in 2012 was the cooling agent HFC-134a. However, other HFCs
used in cooling applications, such as HFC-125, HFC-32, and HFC-143a, are increasing and the sum of
their radiative forcing surpassed that of HFC-23 (a by-product of HCFC-22 production) and is now equal
to the sum of the PFCs. Radiative forcing from SF¢ has continued its growth at a stable rate of 0.16-0.17
mW yr' in recent years. SO,F, and NF; currently contribute very little to climate forcing.

In 2012 the total contribution of the F-gases was still small in comparison to the total
anthropogenic-induced climate forcing due to the major greenhouse gases (1850 mW m™ for CO,, 490
mW m™ for CH,, and 170 mW m™ for N,O) and also compared to the total ODS contribution (330 mW
m™), which has remained virtually stable since the last Assessment.
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Figure 1-6-3. Left panels: The evolution of radiative forcing in W m? from the sum of the major
greenhouse gases (CO,, CH,, N,O), the ODSs (CFCs, HCFCs, halons, solvents (CH3CCl;, CCl,)), and
the Kyoto Protocol synthetic gases (F-gases (HFCs, PFCs, SF). Right panels: The evolution of radiative
forcing from Kyoto Protocol synthetic gases (and their sums) as well as specified F-gases. Other HFCs
combine all measured HFCs from Table 1-14, except HFC-134a and HFC-23. Data are from Table 1-1
and Table 1-14; radiative efficiencies are from Chapter 5. Radiative forcings are calculated according to
Myhre et al. (2013). This figure represents an update of Figure 1-25 from the last Assessment (Montzka
and Reimann et al., 2011).

1.6.4 GWP-Weighted Emissions of ODS and ODS Replacement Compounds

The emissions of CFCs, HCFCs, and HFCs in terms of their influence on climate (as
measured by GtCO,-equivalent yr"' emissions) were roughly equal in 2012. However, the emissions
of HFCs are increasing rapidly, while the emissions of CFCs are going down and those of HCFCs
are essentially unchanged. The 100-year GWP weighted emissions for the sum of CFC, HCFC, HFC,
halons, and chlorinated solvents emissions was 2.3 GtCO,-eq in 2012. The sum of GWP-weighted
emissions of CFCs was 0.73 + 0.25 GtCO,-eq yr' in 2012 and has decreased on average by 11.0 = 1.2%
yr'! from 2008 to 2012. The sum of HCFC emissions was 0.76 + 0.12 GtCO,-eq yr”' in 2012 and has been
essentially unchanged between 2008 and 2012. Finally, the sum of HFC emissions was 0.69 + 0.12
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GtCO,-eq yr' in 2012 and has increased on average by 6.8 + 0.9% yr' from 2008 to 2012. The HFC
increase partially offsets the decrease by CFCs. Current emissions of HFCs are, however, less than 10%
of peak CFC emissions in the early 1990s (>8 Gt CO,-eq yr').

Figure 1-6-4. Emissions of ODSs and

101 ODS replacements weighted by 100-yr
RO e Global Warming Potential. The lower
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1.6.5 Ongoing Mismatch between Estimated Sources of CCl, from Measurements and
from Inventories

Carbon tetrachloride (CCly) accounted for about 10% of total tropospheric Cl in 2012, and during
2009-2012 declined largely as projected in the Al scenario of the 2010 Assessment. However, estimated
sources and sinks remain inconsistent with observations of CCly, so the budget of this key gas remains
unclear. When combined with the current estimate of the total atmospheric lifetime of CCly (26 years), the
observed CCl, trend in the atmosphere (—1.1 to —1.4 ppt yr™' in 2012, right panel of Figure 1-6-5) implies
sources of 57 (40-74) Gg yr' (red line in left panel of Figure 1-6-5), which cannot be reconciled by
estimated emissions from feedstock and other uses (green lines). These industry-based estimates together
with a global atmospheric CCly lifetime of 26 years result in calculated CCl; mole fractions (dotted black
line, right panel) much lower than measured abundances in the past decade, with an increasing
divergence. The stable and significant interhemispheric CCl, difference of 1.3 ppt in recent years could be
an indicator for ongoing anthropogenic emissions in the Northern Hemisphere, although the distribution
of CCl, sources is not well understood.
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Figure 1-6-5. Left panel: Global top-down emissions of CCl, and global potential emissions of CCly,
derived from raw production, feedstock, and destruction. For further explanation see caption of Figure 1-
6. Right panel: Global mole fractions from NOAA and AGAGE measurements along with the theoretical
mole fraction (black dotted line) derived from potential emissions and a global lifetime of 26 years using a
1-box model and observed concentrations in 1994, from 1994 through 2012.

1.6.6 Quarantine and Pre-Shipment (QPS) Consumption of CH;Br Has Exceeded Non-
QPS Consumption

Quarantine and pre-shipment (QPS) consumption of methyl bromide (CH;Br) exceeded non-QPS
consumption in 2009 (Figure 1-6-6). Article 5 and non-Article 5 countries consume similar amounts of
CH;Br for QPS uses. There was a slight increase in QPS consumption by Article 5 countries in the mid-
2000s, with fairly steady consumption since then. QPS consumption by non-Article 5 countries was 34%
of the total QPS consumption in 2012. With non-QPS emissions totaling just 30% of the 2012 total
fumigation emissions, increases in QPS consumption/emissions will begin to reverse the reductions in
tropospheric bromine gained from the reductions in non-QPS production, consumption, and emission.
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Figure 1-6-6. Leff panel: Trends in methyl bromide consumption (dashed lines) as reported in the UNEP
database for non-QPS uses (- - -), QPS uses (- - -), and total (- - -); and trends in methyl bromide
emission (solid lines) from non-QPS uses (=), QPS uses (=), and total (=). Right panel: Quarantine
and pre-shipment (QPS) consumption for Article 5 and non-Article 5 Parties to the Montreal Protocol
(UNEP, 2014).
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