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ODSs and Related Chemicals

SCIENTIFIC SUMMARY

The amended and adjusted Montreal Protocol continues to be successful at reducing emissions and atmo-
spheric abundances of most controlled ozone-depleting substances (ODSs).

Tropospheric Chlorine

•	 Total tropospheric chlorine from long-lived chemicals (~3.4 parts per billion (ppb) in 2008) continued to 
decrease between 2005 and 2008.  Recent decreases in tropospheric chlorine (Cl) have been at a slower rate than in 
earlier years (decreasing at 14 parts per trillion per year (ppt/yr) during 2007–2008 compared to a decline of 21 ppt/
yr during 2003–2004) and were slower than the decline of 23 ppt/yr projected in the A1 (most likely, or baseline) 
scenario of the 2006 Assessment.  The tropospheric Cl decline has recently been slower than projected in the A1 
scenario because chlorofluorocarbon-11 (CFC-11) and CFC-12 did not decline as rapidly as projected and because 
increases in hydrochlorofluorocarbons (HCFCs) were larger than projected.

•	 The contributions of specific substances or groups of substances to the decline in tropospheric Cl have changed 
since the previous Assessment.  Compared to 2004, by 2008 observed declines in Cl from methyl chloroform 
(CH3CCl3) had become smaller, declines in Cl from CFCs had become larger (particularly CFC-12), and increases in 
Cl from HCFCs had accelerated.  Thus, the observed change in total tropospheric Cl of −14 ppt/yr during 2007–2008 
arose from:

•	 −13.2 ppt Cl/yr from changes observed for CFCs
•	 −6.2 ppt Cl/yr from changes observed for methyl chloroform
•	 −5.1 ppt Cl/yr from changes observed for carbon tetrachloride
•	 −0.1 ppt Cl/yr from changes observed for halon-1211
•	 +10.6 ppt Cl/yr from changes observed for HCFCs

•	 Chlorofluorocarbons (CFCs), consisting primarily of CFC-11, -12, and -113, accounted for 2.08 ppb (about 
62%) of total tropospheric Cl in 2008.  The global atmospheric mixing ratio of CFC-12, which accounts for about 
one-third of the current atmospheric chlorine loading, decreased for the first time during 2005–2008 and by mid-2008 
had declined by 1.3% (7.1 ± 0.2 parts per trillion, ppt) from peak levels observed during 2000–2004.

•	 Hydrochlorofluorocarbons (HCFCs), which are substitutes for long-lived ozone-depleting substances, 
accounted for 251 ppt (7.5%) of total tropospheric Cl in 2008.  HCFC-22, the most abundant of the HCFCs, 
increased at a rate of about 8 ppt/yr (4.3%/yr) during 2007–2008, more than 50% faster than observed in 2003–2004 
but comparable to the 7 ppt/yr projected in the A1 scenario of the 2006 Assessment for 2007–2008.  HCFC-142b mix-
ing ratios increased by 1.1 ppt/yr (6%/yr) during 2007–2008, about twice as fast as was observed during 2003–2004 
and substantially faster than the 0.2 ppt/yr projected in the 2006 Assessment A1 scenario for 2007–2008.  HCFC-
141b mixing ratios increased by 0.6 ppt/yr (3%/yr) during 2007–2008, which is a similar rate observed in 2003–2004 
and projected in the 2006 Assessment A1 scenario.

•	 Methyl chloroform (CH3CCl3) accounted for only 32 ppt (1%) of total tropospheric Cl in 2008, down from a 
mean contribution of about 10% during the 1980s.

•	 Carbon tetrachloride (CCl4) accounted for 359 ppt (about 11%) of total tropospheric Cl in 2008.  Mixing ratios 
of CCl4 declined slightly less than projected in the A1 scenario of the 2006 Assessment during 2005–2008.

Stratospheric Chlorine and Fluorine

•	 The stratospheric chlorine burden derived by ground-based total column and space-based measurements of 
inorganic chlorine continued to decline during 2005–2008.  This burden agrees within ±0.3 ppb (±8%) with the 
amounts expected from surface data when the delay due to transport is considered.  The uncertainty in this burden is 
large relative to the expected chlorine contributions from shorter-lived source gases and product gases of 80 (40–130) 



1.2

Chapter 1

ppt.  Declines since 1996 in total column and stratospheric abundances of inorganic chlorine compounds are reason-
ably consistent with the observed trends in long-lived source gases over this period.

•	 Measured column abundances of hydrogen fluoride increased during 2005–2008 at a smaller rate than in ear-
lier years.  This is qualitatively consistent with observed changes in tropospheric fluorine (F) from CFCs, HCFCs, 
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs) that increased at a mean annual rate of 40 ± 4 ppt/yr (1.6 ± 
0.1%/yr) since late 1996, which is reduced from 60–100 ppt/yr observed during the 1980s and early 1990s.

Tropospheric Bromine

•	 Total organic bromine from controlled ODSs continued to decrease in the troposphere and by mid-2008 was 
15.7 ± 0.2 ppt, approximately 1 ppt below peak levels observed in 1998.  This decrease was close to that expected 
in the A1 scenario of the 2006 Assessment and was driven by declines observed for methyl bromide (CH3Br) that 
more than offset increased bromine (Br) from halons.

•	 Bromine from halons stopped increasing during 2005–2008.  Mixing ratios of halon-1211 decreased for the first 
time during 2005–2008 and by mid-2008 were 0.1 ppt below levels observed in 2004.  Halon-1301 continued to 
increase in the atmosphere during 2005–2008 but at a slower rate than observed during 2003–2004.  The mean rate 
of increase was 0.03–0.04 ppt/yr during 2007–2008.  A decrease of 0.01 ppt/yr was observed for halon-2402 in the 
global troposphere during 2007–2008.

•	 Tropospheric methyl bromide (CH3Br) mixing ratios continued to decline during 2005–2008, and by 2008 had 
declined by 1.9 ppt (about 20%) from peak levels measured during 1996–1998.  Evidence continues to suggest 
that this decline is the result of reduced industrial production, consumption, and emission.  This industry-derived 
emission is estimated to have accounted for 25–35% of total global CH3Br emissions during 1996–1998, before 
industrial production and consumption were reduced.  Uncertainties in the variability of natural emissions and in the 
magnitude of methyl bromide stockpiles in recent years limit our understanding of this anthropogenic emissions frac-
tion, which is derived by comparing the observed atmospheric changes to emission changes derived from reported 
production and consumption.

•	 By 2008, nearly 50% of total methyl bromide consumption was for uses not controlled by the Montreal 
Protocol (quarantine and pre-shipment applications).  From peak levels in 1996–1998, industrial consumption in 
2008 for controlled and non-controlled uses of CH3Br had declined by about 70%.  Sulfuryl fluoride (SO2F2) is used 
increasingly as a fumigant to replace methyl bromide for controlled uses because it does not directly cause ozone 
depletion, but it has a calculated direct, 100-year Global Warming Potential (GWP100) of 4740.  The SO2F2 global 
background mixing ratio increased during recent decades and had reached about 1.5 ppt by 2008.

Stratospheric Bromine

•	 Total bromine in the stratosphere was 22.5 (19.5–24.5) ppt in 2008.  It is no longer increasing and by some 
measures has decreased slightly during recent years.  Multiple measures of stratospheric bromine monoxide (BrO) 
show changes consistent with tropospheric Br trends derived from observed atmospheric changes in CH3Br and the 
halons.  Slightly less than half of the stratospheric bromine derived from these BrO observations is from controlled 
uses of halons and methyl bromide.  The remainder comes from natural sources of methyl bromide and other bro-
mocarbons, and from quarantine and pre-shipment uses of methyl bromide not controlled by the Montreal Protocol.

Very Short-Lived Halogenated Substances (VSLS)

	VSLS are defined as trace gases whose local lifetimes are comparable to, or shorter than, tropospheric transport 
timescales and that have non-uniform tropospheric abundances.  In practice, VSLS are considered to be those compounds 
having atmospheric lifetimes of less than 6 months.
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•	 The amount of halogen from a very short-lived source substance that reaches the stratosphere depends on the 
location of the VSLS emissions, as well as atmospheric removal and transport processes.  Substantial uncer-
tainties remain in quantifying the full impact of chlorine- and bromine-containing VSLS on stratospheric ozone.  
Updated results continue to suggest that brominated VSLS contribute to stratospheric ozone depletion, particularly 
under enhanced aerosol loading.  It is unlikely that iodinated gases are important for stratospheric ozone loss in the 
present-day atmosphere.

•	 Based on a limited number of observations, very short-lived source gases account for 55 (38–80) ppt chlorine 
in the middle of the tropical tropopause layer (TTL).  From observations of hydrogen chloride (HCl) and carbonyl 
chloride (COCl2) in this region, an additional ~25 (0–50) ppt chlorine is estimated to arise from VSLS degradation.  
The sum of contributions from source gases and these product gases amounts to ~80 (40–130) ppt chlorine from 
VSLS that potentially reaches the stratosphere.  About 40 ppt of the 55 ppt of chlorine in the TTL from source gases 
is from anthropogenic VSLS emissions (e.g., methylene chloride, CH2Cl2; chloroform, CHCl3; 1,2 dichloroethane, 
CH2ClCH2Cl; perchloroethylene, CCl2CCl2), but their contribution to stratospheric chlorine loading is not well 
quantified.

•	 Two independent approaches suggest that VSLS contribute significantly to stratospheric bromine.  Stratospheric 
bromine derived from observations of BrO implies a contribution of 6 (3–8) ppt of bromine from VSLS.  Observed, 
very short-lived source gases account for 2.7 (1.4–4.6) ppt Br in the middle of the tropical tropopause layer.  By 
including modeled estimates of product gas injection into the stratosphere, the total contribution of VSLS to strato-
spheric bromine is estimated to be 1–8 ppt.

•	 Future climate changes could affect the contribution of VSLS to stratospheric halogen and its influence on 
stratospheric ozone.  Future potential use of anthropogenic halogenated VSLS may contribute to stratospheric halo-
gen in a similar way as do present-day natural VSLS.  Future environmental changes could influence both anthropo-
genic and natural VSLS contributions to stratospheric halogens.

Equivalent Effective Stratospheric Chlorine (EESC)

	EESC is a sum of chlorine and bromine derived from ODS tropospheric abundances weighted to reflect their potential 
influence on ozone in different parts of the stratosphere.  The growth and decline in EESC varies in different regions of the atmo-
sphere because a given tropospheric abundance propagates to the stratosphere with varying time lags associated with transport.  
Thus the EESC abundance, when it peaks, and how much it has declined from its peak vary in different regions of the atmosphere.
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•	 EESC has decreased throughout the stratosphere.

•	 By the end of 2008, midlatitude EESC had decreased by about 11% from its peak value in 1997.  This drop is 
28% of the decrease required for EESC in midlatitudes (red curve in figure) to return to the 1980 benchmark 
level.

•	 By the end of 2008, polar EESC had decreased by about 5% from its peak value in 2002.  This drop is 10% of 
the decrease required for EESC in polar regions (blue curve in figure) to return to the 1980 benchmark level.

•	 During the past four years, no specific substance or group of substances dominated the decline in the total 
combined abundance of ozone-depleting halogen in the troposphere.  In contrast to earlier years, the long-lived 
CFCs now contribute similarly to the decline as do the short-lived CH3CCl3 and CH3Br.  Other substances contributed 
less to this decline, and HCFCs added to this halogen burden over this period.

Emission Estimates and Lifetimes

•	 While global emissions of CFC-12 derived from atmospheric observations decreased during 2005–2008, those 
for CFC-11 did not change significantly over this period.  Emissions from banks account for a substantial fraction 
of current emissions of the CFCs, halons, and HCFCs.  Emissions inferred for CFCs from global observed changes 
did not decline during 2005–2008 as rapidly as projected in the A1 scenario of the 2006 Assessment, most likely 
because of underestimates of bank emissions.

•	 Global emissions of CCl4 have declined only slowly over the past decade.

•	 These emissions, when inferred from observed global trends, were between 40 and 80 gigagrams per year (Gg/
yr) during 2005–2008 given a range for the global CCl4 lifetime of 33–23 years.  By contrast, CCl4 emissions 
derived with a number of assumptions from data reported to the United Nations Environment Programme 
(UNEP) ranged from 0–30 Gg/yr over this same period.

•	 In addition, there is a large variability in CCl4 emissions derived from data reported to UNEP that is not 
reflected in emissions derived from measured global mixing ratio changes.  This additional discrepancy can-
not be explained by scaling the lifetime or by uncertainties in the atmospheric trends.  If the analysis of data 
reported to UNEP is correct, unknown anthropogenic sources may be partly responsible for these observed 
discrepancies.

•	 Global emissions of HCFC-22 and HCFC-142b derived from observed atmospheric trends increased during 
2005–2008.  HCFC-142b global emissions increased appreciably over this period, compared to a projected emissions 
decline of 23% from 2004 to 2008. By 2008, emissions for HCFC-142b were two times larger than had been projected 
in the A1 scenario of the 2006 Assessment.  These emission increases were coincident with increasing production of 
HCFCs in developing countries in general and in East Asia particularly.  It is too soon to discern any influence of the 
2007 Adjustments to the Montreal Protocol on the abundance and emissions of HCFCs.

•	 The sum of CFC emissions (weighted by direct, 100-year GWPs) has decreased on average by 8 ± 1%/yr from 
2004 to 2008, and by 2008 amounted to 1.1 ± 0.3 gigatonnes of carbon dioxide–equivalent per year (GtCO2-
eq/yr).  The sum of GWP-weighted emissions of HCFCs increased by 5 ± 2%/yr from 2004 to 2008, and by 2008 
amounted to 0.74 ± 0.05 GtCO2-eq/yr.

•	 Evidence is emerging that lifetimes for some important ODSs (e.g., CFC-11) may be somewhat longer than 
reported in past assessments.  In the absence of corroborative studies, however, the CFC-11 lifetime reported in this 
Assessment remains unchanged at 45 years.  Revisions in the CFC-11 lifetime would affect estimates of its global 
emission derived from atmospheric changes and calculated values for Ozone Depletion Potentials (ODPs) and best-
estimate lifetimes for some other halocarbons.
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Other Trace Gases That Directly Affect Ozone and Climate

•	 The methane (CH4) global growth rate was small, averaging 0.9 ± 3.3 ppb/yr between 1998–2006, but increased 
to 6.7 ± 0.6 ppb/yr from 2006–2008.  Analysis of atmospheric data suggests that this increase is due to wetland 
sources in both the high northern latitudes and the tropics.  The growth rate variability observed during 2006–2008 
is similar in magnitude to that observed over the last two decades.

•	 In 2005–2008 the average growth rate of nitrous oxide (N2O) was 0.8 ppb/yr, with a global average tropo-
spheric mixing ratio of 322 ppb in 2008.  A recent study has suggested that at the present time, Ozone Depletion 
Potential–weighted anthropogenic emissions of N2O are the most significant emissions of a substance that depletes 
ozone.

•	 Long-term changes in carbonyl sulfide (COS) measured as total columns above the Jungfraujoch (46.5°N) and 
from surface flasks sampled in the Northern Hemisphere show that atmospheric mixing ratios have increased 
slightly during recent years concurrently with increases in “bottom-up” inventory-based emissions of global 
sulfur.  Results from surface measurements show a mean global surface mixing ratio of 493 ppt in 2008 and a mean 
rate of increase of 1.8 ppt/yr during 2000–2008.  New laboratory, observational, and modeling studies indicate that 
vegetative uptake of COS is significantly larger than considered in the past.

Other Trace Gases with an Indirect Influence on Ozone

•	 The carbon dioxide (CO2) global average mixing ratio was 385 parts per million (ppm) in 2008 and had 
increased during 2005–2008 at an average rate of 2.1 ppm/yr.  This rate is higher than the average growth rate 
during the 1990s of 1.5 ppm/yr and corresponds with increased rates of fossil fuel combustion.

•	 Hydrofluorocarbons (HFCs) used as ODS substitutes continued to increase in the global atmosphere.  HFC-
134a is the most abundant HFC; its global mixing ratio reached about 48 ppt in 2008 and was increasing at 4.7 ppt/
yr.  Other HFCs have been identified in the global atmosphere at <10 ppt (e.g., HFC-125, -143a, -32, and -152a) and 
were increasing at ≤1 ppt/yr in 2008.

•	 Emissions of HFC-23, a by-product of HCFC-22 production, have increased over the past decade even as 
efforts at minimizing these emissions were implemented in both developed and developing countries.  These 
emission increases are concurrent with rapidly increasing HCFC-22 production in developing countries and are 
likely due to increasing production of HCFC-22 in facilities not covered by the Kyoto Protocol’s Clean Development 
Mechanism projects.  Globally averaged HFC-23 mixing ratios reached 21.8 ppt in 2008, with a yearly increase of 
0.8 ppt/yr (3.9%/yr).

•	 The sum of emissions (weighted by direct, 100-year GWPs) of HFCs used as ODS replacements has increased 
by 8–9%/yr from 2004 to 2008, and by 2008 amounted to 0.39 ± 0.03 GtCO2-eq/yr.  Regional studies suggest 
significant contributions of HFC-134a and -152a emissions during 2005–2006 from Europe, North America, and 
Asia.  Emissions of HFC-23, most of which do not arise from use of this substance as an ODS replacement, added an 
additional 0.2 Gt CO2-eq/year, on average, during 2006–2008.

•	 Sulfur hexafluoride (SF6) and nitrogen trifluoride (NF3):  Global averaged mixing ratios of SF6 reached 6.4 ppt in 
2008, with a yearly increase of 0.2 ppt/yr.  NF3 was detected in the atmosphere for the first time, with a global mean 
mixing ratio in 2008 of 0.45 ppt and a growth rate of 0.05 ppt/yr, or 11%/yr.
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Direct Radiative Forcing

	The abundances of ODSs as well as many of their replacements contribute to radiative forcing of the atmosphere.  
These climate-related forcings have been updated using the current observations of atmospheric abundances and are 
summarized in Table S1-1.  This table also contains the primary Kyoto Protocol gases as reference.

•	 Over these 5 years, radiative forcing from the sum of ODSs and HFCs has increased but, by 2008, remained 
small relative to the forcing changes from CO2 (see Table S1-1).

Table S1-1. Direct radiative forcings of ODSs and other gases, and their recent changes.

Specific Substance or Group
of Substances

Direct Radiative Forcing
(2008), milliWatts per
square meter (mW/m2)

Change in Direct Radiative
Forcing (2003.5–2008.5),

mW/m2

CFCs * 262 −6
Other ODSs * 15 −2
HCFCs * 45 8

HFCs #,a 12 5
HFC-23 # 4 0.9

CO2
 # 1740 139

CH4
 # 500 4

N2O # 170 12
PFCs # 5.4 0.5
SF6

 # 3.4 0.7

Sum of Montreal Protocol gases * 322 0
Sum of Kyoto Protocol gases # 2434 163
* Montreal Protocol Gases refers to CFCs, other ODSs (CCl4, CH3CCl3, halons, CH3Br), and HCFCs.
# Kyoto Protocol Gases (CO2, CH4, N2O, HFCs, PFCs, and SF6).
a Only those HFCs for which emissions arise primarily through use as ODS replacements (i.e., not HFC-23).
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1.1	 Summary of the Previous 
Ozone Assessment

The 2006 Assessment report (WMO, 2007) docu-
mented the continued success of the Montreal Protocol in 
reducing the atmospheric abundance of ozone-depleting 
substances (ODSs).  Tropospheric abundances and emis-
sions of most ODSs were decreasing by 2004, and tropo-
spheric chlorine (Cl) and bromine (Br) from ODSs were 
decreasing as a result.  Methyl chloroform contributed 
more to the decline in tropospheric chlorine than other 
controlled gases.  ODS substitute chemicals containing 
chlorine, the hydrofluorochlorocarbons (HCFCs), were 
still increasing during 2000–2004, but at reduced rates 
compared to earlier years.

A significant mismatch between expected and 
atmosphere-derived emissions of carbon tetrachloride 
(CCl4) was identified.  For the first time a decline was ob-
served in the stratospheric burden of inorganic Cl as mea-
sured both by ground- and space-based instrumentation.  
The amount and the trend observed for stratospheric chlo-
rine was consistent with abundances and trends of long-
lived ODSs observed in the troposphere, though lag times 
and mixing complicated direct comparisons.

Tropospheric bromine from methyl bromide and 
halons was determined in the previous Assessment to be 
decreasing.  Changes derived for stratospheric inorganic 
bromine (Bry) from observations of BrO were consistent 
with tropospheric trends measured from methyl bromide 
and the halons, but it was too early to detect a decline 
in stratospheric Bry.  Amounts of stratospheric Bry were 
higher than expected from the longer-lived, controlled 
gases (methyl bromide and halons).  This suggested a sig-
nificant contribution of 5 (3–8) parts per trillion (ppt) of Br 
potentially from very short-lived substances (VSLS) with 
predominantly natural sources.  Large emissions of very 
short-lived brominated substances were found in tropical 
regions, where rapid transport from Earth’s surface to the 
stratosphere is possible.  Quantitatively accounting for this 
extra Br was not straightforward given our understanding 
at that time of timescales and heterogeneity of VSLS emis-
sions and oxidation product losses as these compounds 
become transported from Earth’s surface to the strato-
sphere.  It was concluded that this additional Br has likely 
affected stratospheric ozone levels, and the amount of Br 
from these sources would likely be sensitive to changes 
in climate that affect ocean conditions, atmospheric loss 
processes, and atmospheric circulation.

By 2004, equivalent effective chlorine (EECl), a 
simple metric to express the overall effect of these chang-
es on ozone-depleting halogen abundance, continued to 
decrease.  When based on measured tropospheric changes 
through 2004, EECl had declined then by an amount that 
was 20% of what would be needed to return EECl val-

ues to those in 1980 (i.e., before the ozone hole was ob-
served).

In the past, the discussion of long-lived and short-
lived compounds were presented in separate chapters but 
are combined in this 2010 Assessment.  Terms used to de-
scribe measured values throughout Chapter 1 are mixing 
ratios (for example parts per trillion, ppt, pmol/mol), mole 
fractions, and concentrations.  These terms have been used 
interchangeably and, as used here, are all considered to be 
equivalent.

1.2	Lo nger-Lived Halogenated 
Source Gases

1.2.1	U pdated Observations, Trends, 
and Emissions

1.2.1.1	 Chlorofluorocarbons (CFCs)

The global surface mean mixing ratios of the three 
most abundant chlorofluorocarbons (CFCs) declined sig-
nificantly during 2005–2008 (Figure 1-1 and Table 1-1).  
After reaching its peak abundance during 2000–2004, 
the global annual surface mean mixing ratio of CFC-12 
(CCl2F2) had declined by 7.1 ± 0.2 ppt (1.3%) by mid-
2008.  Surface means reported for CFC-12 in 2008 by the 
three independent global sampling networks (532.6–537.4 
ppt) agreed to within 5 ppt (0.9%).  The consistency for 
CFC-12 among these networks has improved since the 
previous Assessment and stems in part from a calibration 
revision in the National Oceanic and Atmospheric Admin-
istration (NOAA) data.  The 2008 annual mean mixing ra-
tio of CFC-11 (CCl3F) from the three global sampling net-
works (243.4–244.8 ppt) agreed to within 1.4 ppt (0.6%) 
and decreased at a rate of −2.0 ± 0.6 ppt/yr from 2007 to 
2008.  Global surface means observed by these networks 
for CFC-113 (CCl2FCClF2) during 2008 were between 
76.4 and 78.3 ppt and had decreased from 2007 to 2008 at 
a rate of −0.7 ppt/yr.

Long-term CFC-11 and CFC-12 data obtained from 
ground-based infrared solar absorption spectroscopy are 
available from the Jungfraujoch station (Figure 1-2; an 
update of Zander et al., 2005).  Measured trends in total 
vertical column abundances during 2001 to 2008 indicate 
decreases in the atmospheric burdens of these gases that 
are similar to the declines derived from the global sam-
pling networks over this period.  For example, the mean 
decline in CFC-11 from the Jungfraujoch station column 
data is −0.83(± 0.06)%/yr during 2001–2009 (relative to 
2001), and global and Northern Hemisphere (NH) surface 
trends range from −0.78 to −0.88%/yr over this same pe-
riod (range of trends from different networks).  For CFC-
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12, the rate of change observed at the Jungfraujoch station 
was −0.1(± 0.05)% during 2001–2008 (relative to 2001), 
while observed changes at the surface were slightly larger 
at −0.2%/yr over this same period.

Additional measurements of CFC-11 in the upper 
troposphere and stratosphere with near-global coverage 
have been made from multiple satellite-borne instruments 
(Kuell et al., 2005; Hoffmann et al., 2008; Fu et al., 2009).  
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Figure 1-1.  Mean global surface mixing ratios (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 
Assessment (Daniel and Velders et al., 2007) over the past 18 years.  Measured global surface monthly means 
are shown as red lines (NOAA data) and blue lines (AGAGE data).  Mixing ratios from scenario A1 from the 
previous Assessment (black lines) were derived to match observations in years before 2005 as they existed 
in 2005 (Daniel and Velders et al., 2007).  The scenario A1 results shown in years after 2004 are projections 
made in 2005.
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Table 1-1.  Measured mole fractions and growth rates of ozone-depleting gases from ground-based 
sampling.

Chemical 
Formula

Common or 
Industrial 

Name

Annual Mean
Mole Fraction (ppt)

Growth
(2007–2008) Network, Method

2004 2007 2008 (ppt/yr) (%/yr)
CFCs
CCl2F2 CFC-12 543.8 539.6 537.4 −2.2 −0.4 AGAGE, in situ (Global)

542.3 537.8 535.5 −2.3 −0.4 NOAA, flask & in situ (Global)
539.7 535.1 532.6 −2.5 −0.5 UCI, flask (Global)
541.5 541.2 541.0 −0.3 −0.05 NIES, in situ (Japan)

- 542.9 540.1 −2.9 −0.5 SOGE-A, in situ (China)
CCl3F CFC-11 251.8 245.4 243.4 −2.0 −0.8 AGAGE, in situ (Global)

253.8 247.0 244.8 −2.2 −0.9 NOAA, flask & in situ (Global) 
253.7 246.1 244.2 −1.9 −0.8 UCI, flask (Global)
253.6 247.7 247.6 −0.1 0.0 NIES, in situ (Japan)
254.7 247.4 244.9 −2.6 −1.1 SOGE, in situ (Europe)

- 246.8 245.0 −1.8 −0.7 SOGE-A, in situ (China)
CCl2FCClF2 CFC-113 79.1 77.2 76.5 −0.6 −0.8 AGAGE, in situ (Global)

81.1 78.9 78.3 −0.6 −0.8 NOAA, in situ (Global)
79.3 77.4 76.4 −1.0 −1.3 NOAA, flask (Global)
79.1 77.8 77.1 −0.7 −0.9 UCI, flask (Global)
79.7 78.1 78.0 −0.1 −0.1 NIES, in situ (Japan)

- 77.5 76.7 −0.8 −1.1 SOGE-A, in situ (China)
CClF2CClF2 CFC-114 16.6 16.5 16.4 −0.04 −0.2 AGAGE, in situ (Global)

16.2 16.4 16.2 −0.2 −1.3 UCI, flask (Global)
16.0 15.9 16.0 0.05 0.3 NIES, in situ (Japan)

- 16.7 - - - SOGE, in situ (Europe)
CClF2CF3 CFC-115 8.3 8.3 8.4 0.02 0.3 AGAGE, in situ (Global)

8.6 8.3 8.3 0.05 0.6 NIES, in situ (Japan)
8.3 8.5 8.5 0.0 0.0 SOGE, in situ (Europe)

HCFCs
CHClF2 HCFC-22 163.4 183.6 192.1 8.6 4.6 AGAGE, in situ (Global)

162.1 182.9 190.8 7.9 4.2 NOAA, flask (Global)  
160.0 180.7 188.3 7.6 4.2 UCI, flask (Global)

- 190.7 200.6 9.9 5.2 NIES, in situ (Japan)
- 197.3 207.3 10.0 5.0 SOGE-A, in situ (China)

CH3CCl2F HCFC-141b 17.5 18.8 19.5 0.7 3.6 AGAGE, in situ (Global)
17.2 18.7 19.2 0.5 2.6 NOAA, flask (Global)  

- 18.2 18.8 0.6 3.2 UCI, flask (Global)
- 20.2 21.2 0.9 4.6 NIES, in situ (Japan)
- 20.8 21.2 0.5 2.2 SOGE, in situ (Europe)

CH3CClF2 HCFC-142b 15.1 17.9 18.9 1.1 5.9 AGAGE, in situ (Global)
14.5 17.3 18.5 1.2 6.7 NOAA, flask (Global)  

- 17.0 18.0 1.0 5.7 UCI, flask (Global)
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Chemical 
Formula

Common or 
Industrial 

Name

Annual Mean
Mole Fraction (ppt)

Growth
(2007–2008) Network, Method

2004 2007 2008 (ppt/yr) (%/yr)
CH3CClF2 HCFC-142b - 18.9 20.2 1.3 6.5 NIES, in situ (Japan)

- 19.7 21.0 1.4 6.8 SOGE, in situ (Europe)
- 20.9 21.8 0.9 4.1 SOGE-A, in situ (China)

CHClFCF3 HCFC-124 1.43 1.48 1.47 −0.01 −0.8 AGAGE, in situ (Global)
- 0.81 0.80 −0.01 −1.2 NIES, in situ (Japan)

Halons
CBr2F2 halon-1202 0.038 0.029 0.027 −0.002 −7.0 UEA, flasks (Cape Grim only)
CBrClF2 halon-1211 4.37 4.34 4.30 −0.04 −0.9 AGAGE, in situ (Global)

4.15 4.12 4.06 −0.06 −1.4 NOAA, flasks (Global)
4.31 4.29 4.25 −0.04 −0.8 NOAA, in situ (Global)

- 4.30 4.23 −0.06 −1.4 UCI, flasks (Global)
4.62 4.50 4.40 −0.1 −2.0 SOGE, in situ (Europe)

- 4.40 4.31 −0.1 −2.0 SOGE-A, in situ (China)
4.77 4.82 4.80 −0.02 −0.4 UEA, flasks (Cape Grim only)

CBrF3 halon-1301 3.07 3.17 3.21 0.04 1.3 AGAGE, in situ (Global)
2.95 3.09 3.12 0.03 1.1 NOAA, flasks (Global) 
3.16 3.26 3.29 0.03 1.2 SOGE, in situ (Europe)

- 3.15 3.28 0.1 3.8 SOGE-A, in situ (China)
2.45 2.48 2.52 0.03 1.3 UEA, flasks (Cape Grim only)

CBrF2CBrF2 halon-2402 0.48 0.48 0.47 −0.01 −1.2 AGAGE, in situ (Global)
0.48 0.47 0.46 −0.01 −2.0 NOAA, flasks (Global)
0.43 0.41 0.40 −0.01 −1.2 UEA, flasks (Cape Grim only)

Chlorocarbons
CH3Cl Methyl

chloride
533.7 541.7 545.0  3.3 0.6 AGAGE, in situ (Global)
545 550 - - - NOAA, in situ (Global)
537 548 547 −0.7 −0.1 NOAA, flasks (Global) 
526 541 547 5.9 1.1 SOGE, in situ (Europe)

CCl4 Carbon
tetrachloride

92.7 89.8 88.7 −1.1 −1.3 AGAGE, in situ (Global)
95.7 92.3 90.9 −1.4 −1.5 NOAA, in situ  (Global)
95.1 92.6 91.5 −1.1 −1.2 UCI, flask (Global)

- 90.2 88.9 −1.3 −1.5 SOGE-A, in situ (China)
CH3CCl3 Methyl

chloroform
21.8 12.7 10.7 −2.0 −17.6 AGAGE, in situ (Global)
22.5 13.2 11.4 −1.9 −15.1 NOAA, in situ (Global)
22.0 12.9 10.8 −2.1 −17.8 NOAA, flasks (Global) 
23.9 13.7 11.5 −2.2 −17.5 UCI, flask (Global)
22.2 13.1 11.0 −2.2 −18.0 SOGE, in situ (Europe)

- 13.3 11.7 −1.6 −12.8 SOGE-A, in situ (China)

Table 1-1, continued.
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These results uniquely characterize the interhemispheric, 
interannual, and seasonal variations in the CFC-11 upper-
atmosphere distribution, though an analysis of the con-
sistency in trends derived from these platforms and from 
surface data has not been performed.

The global mixing ratios of the two less abundant 
CFCs, CFC-114 (CClF2CClF2) and CFC-115 (CClF2CF3), 
have not changed appreciably from 2000 to 2008 (Table 
1-1) (Clerbaux and Cunnold et al., 2007).  During 2008, 
global mixing ratios of CFC-114 were between 16.2 and 
16.4 ppt based on results from the Advanced Global At-
mospheric Gases Experiment (AGAGE) and University 

of California-Irvine (UCI) networks, and AGAGE mea-
surements show a mean global mixing ratio of 8.4 ppt for 
CFC-115 (Table 1-1).  For these measurements, CFC-114 
measurements are actually a combination of CFC-114 and 
CFC-114a (see notes to Table 1-1).

Observed mixing ratio declines of the three most 
abundant CFCs during 2005–2008 were slightly slower 
than projected in scenario A1 (baseline scenario) from the 
2006 WMO Ozone Assessment (Daniel and Velders et al., 
2007) (Figure 1-1).  The observed declines were smaller 
than projected during 2005–2008 in part because release 
rates from banks were underestimated in the A1 scenario 

Chemical 
Formula

Common or 
Industrial 

Name

Annual Mean
Mole Fraction (ppt)

Growth
(2007–2008) Network, Method

2004 2007 2008 (ppt/yr) (%/yr)
Bromocarbons
CH3Br Methyl

bromide
8.2 7.7 7.5 −0.2 −2.7 AGAGE, in situ (Global)
7.9 7.6 7.3 −0.3 −3.6 NOAA, flasks (Global)
- 8.5 8.1 −0.4 −5.2 SOGE, in situ (Europe)

Notes:
Rates are calculated as the difference in annual means; relative rates are this same difference divided by the average over the two-year period.  Results 

given in bold text and indicated as “Global” are estimates of annual mean global surface mixing ratios.  Those indicated with italics are from a single 
site or subset of sites that do not provide a global surface mean mixing ratio estimate.  Measurements of CFC-114 are a combination of CFC-114 and 
the CFC-114a isomer. The CFC-114a mixing ratio has been independently estimated as being ~10% of the CFC-114 mixing ratio (Oram, 1999) and 
has been subtracted from the results presented here assuming it has been constant over time.

These observations are updated from the following sources:
	 Butler et al. (1998), Clerbaux and Cunnold et al. (2007), Fraser et al. (1999), Maione et al. (2004), Makide and Rowland (1981), Montzka et al. (1999; 

2000; 2003; 2009), O’Doherty et al. (2004), Oram (1999), Prinn et al. (2000; 2005), Reimann et al. (2008), Rowland et al. (1982), Stohl et al. (2010), 
Sturrock et al. (2001), Reeves et al. (2005), Simmonds et al. (2004), Simpson et al. (2007), Xiao et al. (2010a ; 2010b), and Yokouchi et al. (2006).

AGAGE, Advanced Global Atmospheric Gases Experiment; NOAA, National Oceanic and Atmospheric Administration; SOGE, System for Observation 
of halogenated Greenhouse gases in Europe; SOGE-A, System for Observation of halogenated Greenhouse gases in Europe and Asia; NIES, National 
Institute for Environmental Studies; UEA, University of East Anglia; UCI, University of California-Irvine.
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Figure 1-2.  The time evolution of the 
monthly-mean total vertical column 
abundances (in molecules per square 
centimeter) of CFC-12, CFC-11, and 
HCFC-22 above the Jungfraujoch sta-
tion, Switzerland, through 2008 (update 
of Zander et al., 2005).  Note discontinu-
ity in the vertical scale.  Solid blue lines 
show polynomial fits to the columns 
measured only in June to November 
so as to mitigate the influence of vari-
ability caused by atmospheric transport 
and tropopause subsidence during win-
ter and spring (open circles) on derived 
trends.  Dashed green lines show non-
parametric least-squares fits (NPLS) to 
the June to November data.

Table 1-1, continued.
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during this period (Daniel and Velders et al., 2007).  For 
CFC-12, some of the discrepancy is due to revisions to 
the NOAA calibration scale.  In the A1 scenario, CFC-11 
and CFC-12 release rates from banks were projected to 
decrease over time based on anticipated changes in bank 
sizes from 2002–2015 (IPCC/TEAP 2005).  The updated 
observations of these CFCs, however, are more consistent 
with emissions from banks having been fairly constant 
during 2005–2008, or with declines in bank emissions be-
ing offset by enhanced emissions from non-bank-related 
applications.  Implications of these findings are further 
discussed in Chapter 5 of this Assessment.

The slight underestimate of CFC-113 mixing ra-
tios during 2005–2008, however, is not likely the result of 
inaccuracies related to losses from banks, since banks of 
CFC-113 are thought to be negligible (Figure 1-1).  The 
measured mean hemispheric difference (North minus 
South) was ~0.2 ppt during 2005–2008, suggesting the 
potential presence of only small residual emissions (see 
Figure 1-4).  The mean exponential decay time for CFC-
113 over this period is 100–120 years, slightly longer than 
the steady-state CFC-113 lifetime of 85 years.  This ob-
servation is consistent with continuing small emissions 
(≤10 gigagrams (Gg) per year).  Small lifetime changes 
are expected as atmospheric distributions of CFCs respond 
to emissions becoming negligible, but changes in the at-
mospheric distribution of CFC-113 relative to loss re-
gions (the stratosphere) suggest that the CFC-113 lifetime 
should become slightly shorter, not longer, as emissions 
decline to zero (e.g., Prather, 1997).

CFC Emissions and Banks

Releases from banks account for a large fraction of 
current emissions for some ODSs and will h.ave an im-
portant influence on mixing ratios of many ODSs in the 
future.  Banks of CFCs were 7 to 16 times larger than 
amounts emitted in 2005 (Montzka et al., 2008).  Implica-
tions of bank sizes, emissions from them, and their influ-
ence on future ODS mixing ratios are discussed further in 
Chapter 5.

Global, “top-down” emissions of CFCs derived 
from global surface observations and box models show 
rapid declines during the early 1990s but only slower 
changes in more recent years (Figure 1-3) (see Box 1-1 for 
a description of terms and techniques related to deriving 
emissions).  Emission changes derived for CFC-11, for ex-
ample, are small enough so that different model approach-
es (1-box versus 12-box) suggest either slight increases or 
slight decreases in emissions during 2005–2008.  Consid-
ering the magnitude of uncertainties on these emissions, 
changes in CFC-11 emissions are not distinguishable from 
zero over this four-year period.  “Bottom-up” estimates of 
emissions derived from production and use data have not 

been updated past 2003 (UNEP/TEAP, 2006), but projec-
tions made in 2005 indicated that CFC-11 emissions from 
banks of ~25 Gg/yr were not expected to decrease substan-
tially from 2002 to 2008 (IPCC/TEAP, 2005) (Figure 1-3).

“Top-down” emissions derived for CFC-11 during 
2005–2008 averaged 80 Gg/yr.  These emissions are larger 
than derived from “bottom-up” estimates by an average 
of 45 (37–60) Gg/yr over this same period.  The discrep-
ancy between the atmosphere-derived and “bottom-up” 
emissions for CFC-11 is not fully understood but could 
suggest an underestimation of releases from banks or fast-
release applications (e.g., solvents, propellants, or open-
cell foams).  Emissions from such short-term uses were 
estimated at 15–26 Gg/yr during 2000–2003 (UNEP/
TEAP, 2006; Figure 1-3) and these accounted for a sub-
stantial fraction of total CFC-11 emissions during those 
years.  The discrepancy may also arise from errors in the 
CFC-11 lifetime used to derive “top-down” emissions.  
New results from models that more accurately simulate air 
transport rates through the stratosphere suggest a steady-
state lifetime for CFC-11 of 56–64 years (Douglass et al., 
2008), notably longer than 45 years.  A relatively longer 
lifetime for CFC-12 was not suggested in this study.  A 
longer CFC-11 lifetime of 64 years would bring the at-
mosphere-derived and “bottom-up” emissions into much 
better agreement (see light blue line in Figure 1-3).

Global emissions of CFC-12 derived from observed 
atmospheric changes decreased from ~90 to ~65 Gg/yr 
during 2005–2008 (Figure 1-3).  These emissions and 
their decline from 2002–2008 are well accounted for by 
leakage from banks as projected in a 2005 report (IPCC/
TEAP, 2005).  Global emissions of CFC-113 derived from 
observed global trends and 1-box or 12-box models and a 
global lifetime of 85 years were small compared to earlier 
years, and averaged <10 Gg/yr during 2005–2008 (Figure 
1-3).

Summed emissions from CFCs have declined dur-
ing 2005–2008.  When weighted by semi-empirical Ozone 
Depletion Potentials (ODPs) (Chapter 5), the sum of emis-
sions from CFCs totaled 134 ± 30 ODP-Kt in 2008 (where 
1 kilotonne (Kt) = 1 Gg = 1 × 109 g).  The sum of emis-
sions of CFCs weighted by direct, 100-yr Global Warming 
Potentials (GWPs) has decreased on average by 8 ± 1%/
yr from 2004 to 2008, and by 2008 amounted to 1.1 ± 0.3 
gigatonnes of CO2-equivalents per year (Gt CO2-eq/yr).

Emission trends and magnitudes can also be in-
ferred from measured hemispheric mixing ratio differenc-
es.  This approach is valid when emissions are predomi-
nantly from the Northern Hemisphere and sink processes 
are symmetric between the hemispheres.  Hemispheric 
mixing ratio differences for CFC-11 and CFC-12 averaged 
between 10 and 20 ppt during the 1980s when emissions 
were large, but since then as emissions declined, hemi-
spheric differences also became smaller.  United Nations 
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Figure 1-3.  “Top-down” and “bottom-up” global emission estimates for ozone-depleting substances (in Gg/
yr).  “Top-down” emissions are derived with NOAA (red lines) and AGAGE (blue lines) global data and a 1-box 
model. These emissions are also derived with a 12-box model and AGAGE data (gray lines with uncertainties 
indicated) (see Box 1-1).  Halon and HCFC emissions derived with the 12-box model in years before 2004 are 
based on an analysis of the Cape Grim Air Archive only (Fraser et al., 1999).  A1 scenario emissions from the 
2006 Assessment are black lines (Daniel and Velders et al., 2007).  “Bottom-up” emissions from banks (refrig-
eration, air conditioning, foams, and fire protection uses) are given as black plus symbols (IPCC/TEAP, 2005; 
UNEP, 2007a), and total, “bottom-up” emissions (green lines) including fast-release applications are shown for 
comparison (UNEP/TEAP, 2006).  A previous bottom-up emission estimate for CCl4 is shown as a brown point 
for 1996 (UNEP/TEAP, 1998).  The influence of a range of lifetimes for CCl4 (23–33 years) and a lifetime of 64 
years for CFC-11 are given as light blue lines.
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Box 1-1.  Methods for Deriving Trace Gas Emissions

a)  Emissions derived from production, sales, and usage (the “bottom-up” method).  Global and national emis-
sions of trace gases can be derived from ODS global production and sales magnitudes for different applications 
and estimates of application-specific leakage rates.  For most ODSs in recent years, production is small or in-
significant compared to historical levels and most emission is from material in use.  Leakage and releases from 
this “bank” of material (produced but not yet emitted) currently dominate emissions for many ozone-depleting 
substances (ODSs).  Uncertainties in these estimates arise from uncertainty in the amount of material in the bank 
reservoir and the rate at which material is released or leaks from the bank.  Separate estimates of bank magnitudes 
and loss rates from these banks have been derived from an accounting of devices and appliances in use (IPCC/
TEAP, 2005).  Emissions from banks alone account for most, if not all, of the “top-down,” atmosphere-derived 
estimates of total global emission for some ODSs (CFC-12, halon-1211, halon-1301, HCFC-22; see Figure 1-3).

b)  Global emissions derived from observed global trends (the “top-down” method).  Mass balance consider-
ations allow estimates of global emissions for long-lived trace gases based on their global abundance, changes in 
their global abundance, and their global lifetime.  Uncertainties associated with this “top-down” approach stem 
from measurement calibration uncertainty, imperfect characterization of global burdens and their change from 
surface observations alone, uncertain lifetimes, and modeling errors.  The influence of sampling-related biases 
and calibration-related biases on derived emissions is small for most ODSs, given the fairly good agreement ob-
served for emissions derived from different measurement networks (Figure 1-3).  Hydroxyl radical (OH)-derived 
lifetimes are believed to have uncertainties on the order of ±20% for hydrochlorofluorocarbons (HCFCs), for 
example (Clerbaux and Cunnold et al., 2007).  Stratospheric lifetimes also have considerable uncertainty despite 
being based on model calculations (Prinn and Zander et al., 1999) and observational studies (Volk et al., 1997).  
Recent improvements in model-simulated stratospheric transport suggest that the lifetime of CFC-11, for example, 
is 56–64 years instead of the current best estimate of 45 years (Douglass et al., 2008).

Global emissions derived for long-lived gases with different models (1-box and 12-box) show small dif-
ferences in most years (Figure 1-3) (UNEP/TEAP, 2006).  Though a simple 1-box approach has been used exten-
sively in past Assessment reports, emissions derived with a 12-box model have also been presented.  The 12-box 
model emissions estimates made here are derived with a Massachusetts Institute of Technology-Advanced Global 
Atmospheric Gases Experiment (MIT-AGAGE) code that incorporates observed mole fractions and a Kalman fil-
ter applying sensitivities of model mole fractions to 12-month semi-hemispheric emission pulses (Chen and Prinn, 
2006; Rigby et al., 2008).  This code utilizes the information contained in both the global average mole fractions 
and their latitudinal gradients.  Uncertainties computed for these annual emissions enable an assessment of the 
statistical significance of interannual emission variations.

c)  Continental and global-scale emissions derived from measured global distributions.  Measured mixing 
ratios (hourly through monthly averages) can be interpreted using inverse methods with global Eulerian three-
dimensional (3-D) chemical transport models (CTMs) to derive source magnitudes for long-lived trace gases 
such as methane (CH4), methyl chloride (CH3Cl), and carbon dioxide (CO2) on continental scales (e.g., Chen 
and Prinn, 2006; Xiao, 2008; Xiao et al., 2010a; Peylin et al., 2002; Rödenbeck et al., 2003; Meirink et al., 2008; 
Peters et al., 2007; Bergamaschi et al., 2009).  Although much progress has been made with these techniques in 
recent years, some important obstacles limit their ability to retrieve unbiased fluxes.  The first is the issue that the 
underdetermined nature of the problem (many fewer observations than unknowns) means that extra information, 
in the form of predetermined and prior constraints, is typically required to perform an inversion but can potentially 
impose biases on the retrieved fluxes (Kaminski et al., 2001).  Second, all of these methods are only as good as the 
atmospheric transport models and underpinning meteorology they use.  As Stephens et al. (2007) showed for CO2, 
biases in large-scale flux optimization can correlate directly with transport biases.

d) Regional-scale emissions derived from high-frequency data at sites near emission regions.  High-frequency 
measurements (e.g., once per hour) near source regions can be used to derive regional-scale (~104–106 km2) trace 
gas emission magnitudes.  The method typically involves interpreting measured mixing ratio enhancements above 
a background as an emissive flux using Lagrangian modeling concepts.
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Environment Programme consumption data suggest that 
CFC emissions continue to be dominated by releases in 
the Northern Hemisphere (UNEP, 2010).  Furthermore, 
the small (0.2 ppt) hemispheric difference (North minus 
South) measured for CFC-113 since 2004—when emis-
sions derived from atmospheric trends of this compound 
were very small (<10 Gg/yr)—indicates at most only a 
small contribution of loss processes to hemispheric dif-
ferences for long-lived CFCs (Figure 1-4).  By contrast, 
mean annual hemispheric differences for CFC-11 and 
CFC-12 have remained between 1.5 and 3 ppt since 2005 
and suggest the presence of continued substantial Northern 
Hemispheric emissions of these chemicals.  For CFC-11, 
the hemispheric difference (North minus South) measured 
in both global networks has not declined appreciably since 
2005 (Figure 1-4), consistent with fairly constant emis-
sions over that period (Figure 1-3).

Polar Firn and Volcano Observations

New CFC observations in firn air collected from the 
Arctic (two sites) and Antarctic (three sites) show small 
but detectable CFC-11, -12, and -114 levels increasing af-
ter ~1940 and CFC-113 and -115 appearing and increas-
ing after ~1970 (Martinerie et al., 2009).  These results 
add to conclusions from earlier firn-air studies (Butler 
et al., 1999; Sturrock et al., 2002) indicating that natural 
sources of CFCs, CCl4, CH3CCl3, halons, and HCFCs, if 
they exist, must be very small.  Such conclusions rely on 
these compounds being stable in firn.  Consistent with this 
result, studies of fumarole discharges from three Central 
American volcanoes over two years show that volcanic 
emissions are not a significant natural source of CFCs 
(Frische et al., 2006).

1.2.1.2	H alons

Updated observations show that the annual global 
surface mean mixing ratio of halon-1301 (CBrF3) in-
creased at a rate of 0.03–0.04 ppt/yr during 2007–2008 
and reached 3.1–3.2 ppt in mid-2008 (Figure 1-1; Table 
1-1).  Revised calibration procedures and reliance on gas 
chromatography with mass spectrometric detection analy-
ses of flasks within NOAA have improved the consistency 
(within 5% in 2008) among results from independent labo-
ratories compared to past reports (Clerbaux and Cunnold 
et al., 2007).

The global surface mean mixing ratio of halon- 
1211 (CBrClF2) began to decrease during 2004–2005 and 
changed by −0.05 ± 0.01 ppt/yr during 2007–2008 (Fig-
ure 1-1; Table 1-1).  The global surface mean in 2008 
was only about 0.1 ppt lower than peak levels measured 
in 2004.

Updated halon-2402 (CBrF2CBrF2) observations 
indicate that global surface mixing ratios declined from 
0.48 ppt in 2004 to 0.46–0.47 ppt in 2008 at a rate of −0.01 
ppt/yr in 2007–2008 (Table 1-1).

Updated halon-1202 (CBr2F2) measurements (Fra-
ser et al., 1999; Reeves et al., 2005) show a substantial 
decrease in mixing ratios of this chemical since 2000.  
Southern Hemispheric mixing ratios decreased from 0.038 
ppt in 2004 to 0.027 ppt in 2008 at a rate of −0.002 ppt/yr 
in 2007–2008.

The observed changes in halon-1211 mixing ratios 
during 2005–2008 are similar to those projected in the A1 
scenario of the previous Assessment (Daniel and Velders 
et al., 2007); halon-1301 has increased at a slightly higher 
rate than projected.  Observed surface mixing ratios of 
halon-2402 are notably higher than scenarios from past 

Qualitative indications of emission source regions or “hotspots” are provided by correlating observed mix-
ing ratio enhancements with back trajectories (typically 4- to 10-day) calculated for the sampling time and location 
(e.g., Maione et al., 2008; Reimann et al., 2004; Reimann et al., 2008).

Quantitative emission magnitudes have been derived with the “ratio-method” (e.g., Dunse et al., 2005; 
Yokouchi et al., 2006; Millet et al., 2009; Guo et al., 2009).  In this straightforward approach, trace-gas emissions 
are derived from correlations between observed enhancements above background for a trace gas of interest and a 
second trace gas (e.g., carbon monoxide or radon) whose emissions are independently known.  Uncertainties in this 
approach are reduced when the emissions of the reference substance are well known, co-located, and temporally 
covarying with the halocarbon of interest, and when the mixing ratio enhancements of both chemicals are well cor-
related and large relative to uncertainties in the background levels.

More complex and powerful tools combine Lagrangian 3-D models and inverse methods to estimate re-
gional emission fluxes (e.g., Manning et al., 2003; Stohl et al., 2009).  As with larger-scale inversions, the chal-
lenge with these methods is that the inversion problem is underdetermined and results are dependent on transport 
accuracy.  Furthermore, each station is sensitive to emissions only from a restricted region in its vicinity.  To obtain 
global coverage of emissions from regional measurements, global transport models are used.  Stohl et al. (2009) 
have recently developed a formal analytical method that takes into account a priori information for halocarbon 
emissions, which allows for regional-scale inversions with a global coverage.
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Assessments because those scenarios were not based on 
actual measurement data (Figure 1-1).

Halon Emissions, Stockpiles, and Banks

Stockpiles and banks of halons, which are used 
primarily as fire extinguishing agents, represent a sub-
stantial reservoir of these chemicals.  The amounts 
of halons present in stockpiles or banks are not well 
quantified, but were estimated to be 15–33 times larger 
than emissions of halon-1211 and halon-1301 in 2008 
(UNEP, 2007a).  “Bottom-up” estimates of halon emis-
sions derived from production and use data were recently 
revised based on a reconsideration of historic release 
rates and the implications of this reanalysis on current 
bank sizes (UNEP, 2007a).  The magnitude and trends 
in these emission estimates compare well with those de-
rived from global atmospheric data and best-estimate 
lifetimes for halon-1211 and halon-1301 (Figure 1-3).  

“Bottom-up” emission estimates of halon-2402 are 
significantly lower than those derived from global atmo-
spheric trends.  Bank-related emissions are thought to 
account for nearly all halon emissions (plusses in Figure 
1-3).  Halons are also used in small amounts in non-fire 
suppressant applications and as chemical feedstocks, but 
these amounts are not included in the “bottom-up” emis-
sions estimates included in Figure 1-3.

Summed emissions of halons, weighted by semi-
empirical ODPs, totaled 90 ± 19 ODP-Kt in 2008.  When 
weighted by 100-yr direct GWPs, summed halon emis-
sions totaled 0.03 Gt CO2-eq in 2008.

1.2.1.3	 Carbon Tetrachloride (CCl4)

The global mean surface mixing ratio of CCl4 
continued to decrease during 2005–2008 (Figure 1-1).  
By 2008, the surface mean from the three global surface 
networks was approximately 90 ± 1.5 ppt and had de-
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creased during 2007–2008 at a rate of −1.1 to −1.4 ppt/
yr (Table 1-1).

Global CCl4 Emissions

Though the global surface CCl4 mixing ratio de-
creased slightly faster during 2005–2008 than during 
2000–2004 (Figure 1-1), the observations imply only a 
slight decrease in CCl4 emissions over time (Figure 1-3).  
The measured global CCl4 mixing ratio changes suggest 
“top-down,” global emissions between 40 and 80 Gg/yr 
during 2005–2008 for a lifetime of 33–23 years (see Box 
1-2).  Similar emission magnitudes and trends are derived 
for recent years from the independent global sampling 
networks and with different modeling approaches (Figure 
1-3).  The decline observed for CCl4 mixing ratios during 
2005–2008 was slightly less rapid than that projected in 
the A1 scenario of the previous Assessment (Daniel and 
Velders et al., 2007), which was derived assuming a lin-
ear decline in emissions from 65 Gg/yr in 2004 to 0 Gg/
yr in 2015 and a 26-year lifetime (Daniel and Velders et 
al., 2007).

As with other compounds, “top-down” emissions 
for CCl4 are sensitive to errors in global lifetimes.  A life-
time at the upper (or lower) end of the current uncertainty 
range yields a smaller (larger) emission than when calcu-
lated with the current best-estimate lifetime of 26 years 
(Figure 1-5).  The magnitude of uncertainties that remain 
in the quantification of CCl4 sinks (i.e., stratosphere, 
ocean, and soil), however, do not preclude revisions to the 
CCl4 lifetime in the future that could significantly change 
the magnitude of “top-down” emissions.

Global CCl4 emission magnitudes and their trends 
also can be qualitatively assessed from measured hemi-
spheric differences, which are roughly proportional to 
emissions for long-lived trace gases emitted primarily in 
the Northern Hemisphere (see Section 1.2.1.1).  This dif-
ference has remained fairly constant for CCl4 at 1.25–1.5 
ppt over the past decade (Figure 1-4).  These differences 
are independent of measured year-to-year changes in 
atmospheric mixing ratios and so provide a first-order 
consistency check on emission magnitudes and trends.  
Though the hemispheric difference (NH minus SH) ex-
pected for CCl4 in the absence of emissions is not well 
defined, it is expected to be small because the asymme-
try in loss fluxes between the hemispheres due to oceans 
and soils is likely small (<10 Gg/yr) and offsetting.  This 
analysis suggests, based on the considerations discussed 
above for CFCs, that the significant and sustained NH mi-
nus SH difference observed for CCl4 mixing ratios arises 
from substantial NH CCl4 emissions that have not changed 
substantially over the past decade (Figure 1-3).

In contrast to the CCl4 emissions derived from 
“top-down” methods, those derived with “bottom-up” 

techniques suggest substantially smaller emissions in most 
years.  In the past two Assessment reports, for example, 
the “bottom-up” emissions estimate for CCl4 during 1996 
was 41 (31–62) Gg/yr (UNEP/TEAP 1998), or 20–50 Gg/
yr lower than the “top-down,” atmosphere-derived esti-
mate for that year (Montzka and Fraser et al., 2003; Cler-
baux and Cunnold et al., 2007).  Because similar estimates 
have not been made for subsequent years, we derive here 
“potential emissions” from the difference between CCl4 
production magnitudes in excess of amounts used as feed-
stock and amounts destroyed that are reported to UNEP 
(UNEP, 2010) (for the European Union (EU), feedstock 
magnitudes were determined from numbers reported by 
the individual EU countries and not from the EU as a 
whole).  An upper limit to these “potential emissions” was 
also derived from this same data by filling apparent gaps 
in production and feedstock data reported to UNEP, in-
cluding a 2% fugitive emissions rate from quantities used 
as feedstock, and incorporating an efficiency for reported 
CCl4 destruction of only 75% (Figure 1-5).  This approach 
yields emissions of 0–30 Gg/yr during 2005–2008.  As is 
apparent from this figure, CCl4 continues to be produced 
in substantial quantities (reported production in 2008 was 
156 Gg), but the primary use of this production is for feed-
stocks (e.g., in the production of some hydrofluorocarbons 
(HFCs), see Table 1-11, and other chemicals) that should 
yield only small emissions.

This “bottom-up” “potential emission” history de-
rived from reported production, feedstock, and destruction 
data is inconsistent with the magnitude and variability in 
the “top-down,” atmosphere-derived emissions.  Impor-
tantly, these differences cannot be reconciled by a simple 
scaling of the CCl4 atmospheric lifetime (Figure 1-5).  This 
is particularly true during 2003–2008, when large declines 
are derived for “bottom-up” “potential emissions” but 
are not suggested by the atmosphere-derived “top-down” 
estimates or by the relatively constant NH minus SH dif-
ference measured during these years.  The discrepancies 
during 2005–2008 between the “top-down” and “potential 
emission” estimates are between 30 and 50 Gg/yr.  Even 
when the upper limit to “potential emissions” are compared 
to the lower range of “top-down” emissions (lifetime = 33 
years), a discrepancy during 2005–2008 of 15–30 Gg/yr 
remains (Figure 1-5).  Though the magnitude of this dis-
crepancy is sensitive to the uncertain CCl4 lifetime (Box 
1-2), the different time-dependent changes implied for 
emissions particularly during 2003–2008 with the different 
estimation methods are not sensitive to this lifetime.

Regional Studies

Observational studies can potentially provide infor-
mation about regional source distributions and magnitudes 
(Box 1-1).  Recently, Xiao et al. (2010b) have inversely 
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Box 1-2.  CCl4 Lifetime Estimates

The loss of carbon tetrachloride (CCl4) in the global atmosphere is dominated by photolytic destruction in the 
stratosphere but also occurs by surface ocean uptake and uptake by soils.  The atmospheric lifetime due to photolysis 
is estimated to be 35 years based on older modeling data and measured gradients in the lower stratosphere (Prinn and 
Zander et al., 1999; Volk et al., 1997).  This number is based in part on the atmospheric lifetime of CFC-11.  For 
example, in an analysis of global CCl4 distributions measured by satellite, Allen et al. (2009) derived a lifetime for 
CCl4 of 34 ± 5 years relative to a lifetime for CFC-11 of 45 years.  An updated analysis of model-derived lifetimes, 
however, indicates that current models that more accurately simulate different stratospheric metrics (age of air, for 
example) calculate a substantially longer stratospheric lifetime for CFC-11 of 56–64 years (Douglass et al., 2008).  Al-
though CCl4 was not explicitly considered in the Douglass et al. study, the results could suggest a longer CCl4 partial 
lifetime with respect to stratospheric loss of ~ 44–50 yr.  A recent independent analysis provides further evidence that 
the CCl4 stratospheric lifetime may be as long as 50 years (Rontu Carlon et al., 2010).

Undersaturations of CCl4 have been observed in many different regions of the world’s ocean waters and are in-
dicative of a CCl4 sink (Wallace et al., 1994; Lee et al., 1999; Huhn et al., 2001; Yvon-Lewis and Butler, 2002; Tanhua 
and Olsson, 2005).  These undersaturations are larger than can be explained from laboratory-determined hydrolysis 
rates and the responsible loss mechanism is not known.  In the absence of new results, the partial lifetime with respect 
to oceanic loss of 94 (82–191) years (Yvon-Lewis and Butler, 2002) remains unchanged.

Losses of atmospheric CCl4 to a subset of terrestrial biomes have been observed in independent studies pub-
lished since the previous Assessment (Liu, 2006; Rhew et al., 2008).  These results confirm that terrestrial biomes can 
act as a sink for CCl4, but the magnitude of this loss remains uncertain.  Losses to tropical soils account for most of the 
calculated soil sink (62%), but are based primarily on results from one tropical forest (Happell and Roche, 2003) and 
have yet to be remeasured.  The new flux estimates reported for temperate forest and temperate grassland areas were 
derived with soil gas gradient methods and, in semi-arid and arid shrublands, with flux chamber methods.  In these re-
measured biomes, Liu (2006) and Rhew et al. (2008) found a mean sink about half as strong as in the original Happell 
and Roche (2003) study.  When a range of partial lifetimes with respect to soil losses and other losses is considered, a 
mid-range estimate for CCl4 lifetime remains at 26 (23–33) years (see Table 1).

Box 1-2 Table 1.  Sensitivity of total global CCl4 lifetime to component sink magnitudes.

Partial Lifetimes (years) with
Respect to Loss to:

Stratosphere Ocean Soil Total Lifetime Description and Notes
35 ∞ ∞ 35 pre-2003 Ozone 

Assessments
35 94 ∞ 26 post-2003 Ozone 

Assessments1

35 94 90 20 a
35 94 101 20 b
35 94 195 23 c
44–50 94 ∞ 30–33 d
44–50 94 195 26–28 c & d
44–50 94 101 23–25 b & d

Notes:
1 Montzka and Fraser et al. (2003); Clerbaux and Cunnold et al. (2007).
(a) 	Partial lifetime from loss to soils derived from Happell and Roche (2003) from measurements in seven different biomes.
(b) 	Rhew et al. (2008) and Liu (2006) estimates of loss to arid land, temperate forest, and temperate grasslands soils used instead of those estimated 

by Happell and Roche (2003), and Happell and Roche (2003) loss estimates for soils in the other four biomes.
(c) 	All soil losses in Happell and Roche (2003) were scaled by 0.5 to account for updated results (Rhew et al. (2008) and Liu (2006)) in three of 

the seven biomes originally studied being only half as large, on average, as originally found.
(d) 	A longer stratospheric CCl4 lifetime (of 50 years) is considered based on a CFC-11 lifetime of 56-64 years rather than 45 years (Douglass et 

al., 2008) (44 yr = 35×56/45; 50 yr = 35×64/45), consistent with the recent work of Rontu Carlon et al. (2010).
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estimated regional and global annual CCl4 emissions and 
sinks using the three-dimensional Model of Atmospheric 
Transport and Chemistry (3D-MATCH) model, a monthly 
applied Kalman filter, a priori industrial emission patterns 
for 8 regions in the world, and observed monthly-mean 
mixing ratios from 1996–2004 at multiple, globally dis-
tributed AGAGE and NOAA/Earth System Research Lab-
oratory (ESRL) sites.  The average 1996–2004 East Asian 
(including China) emissions accounted for 53.3 ± 3.6% 
of the global total industrial emissions during this period.  
The fraction of global emissions inferred from South Asia 
(including India) were estimated at 22.5 ± 3.0%, those 
from Africa at 9.0 ± 1.2%, those from North America at 
6.6 ± 1.9%, and those from Europe at 4.0 ± 2.2%.

Regional emissions of CCl4 have also been esti-
mated from measured mixing ratio enhancements in pol-
lution events near source regions.  These studies have 
suggested small or no detectable (ND) emissions from 
North America during 2003–2006 (Millet et al., 2009: 
ND; Hurst et al., 2006: <0.6 Gg/yr), Australia (Dunse 
et al., 2005: none detected in most years during 1995–
2000), and Japan (Yokouchi et al., 2005: 1.8 Gg/yr in 
2001 decreasing to 0.27 Gg/yr in 2003).  Larger emis-
sions have been inferred as coming from China (Vollmer 
et al., 2009: 15 (10–22) Gg/yr for the period Oct 2006–

March 2008).  While these studies and those of Xiao et al. 
(2010b) point to countries in South East Asia (including 
China) as providing a large fraction of CCl4 emissions 
in the past, it is not possible to gauge their consistency 
relative to one another or relative to “top-down” global 
emission magnitudes owing to the different time periods 
included and incomplete geographic coverage addressed 
by these studies.

1.2.1.4	 Methyl Chloroform (CH3CCl3)

Surface mixing ratios of methyl chloroform 
(CH3CCl3) continued to decrease at a near-constant ex-
ponential rate in the remote global atmosphere during 
2005–2008.  By mid-2008 the global surface mean mix-
ing ratio had decreased to about 11 ppt (Figure 1-1).  This 
decline represents more than a factor of 10 decrease in 
global surface mixing ratios of this chemical since the 
early 1990s.  As CH3CCl3 mixing ratios have declined in 
response to reduced emissions, hemispheric differences 
have also diminished.  The mean annual hemispheric dif-
ference (NH minus SH) was a few percent of the global 
mean during 2005–2008, much smaller than during the 
1980s when emissions were substantial.  Measured abun-
dances and rates of change in 2008 agree to within about 

Figure 1-5.  Atmospheric (“top-down”) 
global CCl4 emissions (Gg/yr) derived 
from observations (blue, red, and or-
ange lines, some of which are shown 
in Figure 1-3) compared to “potential 
emissions” derived from UNEP produc-
tion data (green lines).  The lower “po-
tential emissions” green line is derived 
from the difference between total CCl4 
production (solid black line labeled “P”) 
reported to UNEP and the sum of feed-
stock and amounts destroyed (dashed 
line labeled “F&D”) (production magni-
tudes to feedstock alone are indicated 
with the dotted line labeled “F”).  The 
upper “potential emission” green line 
was derived similarly as the lower 
line but was augmented by additional 
amounts to fill apparent gaps in UNEP 
reporting, plus an allotment for fugitive 
emissions of 2% of reported CCl4 feedstock use, plus an efficiency of only 75% for reported destruction.  Top-
down emission estimates are derived from a 1-box model of NOAA atmospheric data (red line labeled N1) 
and a 12-box analysis of the AGAGE data (orange line labeled A12) with a lifetime of 26 years (see Box 1-1).  
The influence of lifetimes between 23 and 33 years on emissions derived with the 1-box model from AGAGE 
data are also indicated (blue lines labeled A1, tau=23 and A1, tau=33).  The TEAP “bottom-up” emission estimate for 
1996 is shown as a brown diamond (UNEP/TEAP, 1998).
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12% among the different ground-based measurement 
networks (Table 1-1).

Losses of CH3CCl3 are dominated by oxidation by 
the hydroxyl radical (OH).  Other processes such as pho-
tolysis and oceanic removal also are significant sinks for 
CH3CCl3 (Clerbaux and Cunnold et al., 2007; Yvon-Lewis 
and Butler, 2002).  Accurate quantification of all CH3CCl3 
loss processes is particularly important because budget 
analyses of this chemical (e.g., Prinn et al., 2005) provide 

estimates of global abundance of the hydroxyl radical, an 
important oxidant for many reduced atmospheric gases.

The potential for significant terrestrial losses of 
CH3CCl3 has been further explored since the previous 
Assessment.  Aerobic soils had been previously identi-
fied as a sink for CH3CCl3, accounting for 5 ± 4% (26 ± 
19 Gg/yr) of global removal rates in 1995 (Happell and 
Wallace, 1998).  This estimate was based on soil gas pro-
files measured in Long Island, New York.  A more recent 
study using flux chamber methods in southern California 
salt marshes and shrublands showed average net fluxes for 
CH3CCl3 that were <10% of uptake rates in the Long Island 
study, suggesting a less significant role for soils as a sink 
for this compound (Rhew et al., 2008).  No new studies re-
lated to oceanic losses have been published since 2006; the 
estimated partial atmospheric lifetime for CH3CCl3 with 
respect to ocean loss remains 94 (81–145) years.

CH3CCl3 Emissions and Banks

Emissions of CH3CCl3 have declined substantially 
since the early 1990s.  When derived from atmospheric 
changes and a 5-year lifetime, inferred emissions of 
CH3CCl3 during 2005–2008 are calculated to be less than 
10 Gg/yr (Figure 1-3).  Banks for CH3CCl3 are thought to 
be negligible owing to its dominant past use in applica-
tions resulting in rapid release to the atmosphere.

CH3CCl3 emissions arise primarily from industrial 
production, though some fugitive emissions may arise 
from its use as a feedstock in the production of HCFC-
141b and HCFC-142b.  Previous laboratory-based studies 
of biomass combustion combined with limited field sam-
pling of biomass burning plumes suggested the potential 
for nonindustrial emissions of 2.5–11.5 Gg/yr CH3CCl3 
from biomass burning (Rudolph et al., 1995; Rudolph et 
al., 2000).  A recent study of many ambient air samples 
significantly affected by biomass burning suggests very 
small or negligible CH3CCl3 emissions from this source 
(<<1 Gg/yr) (Simpson et al., 2007).

1.2.1.5	H ydrochlorofluorocarbons (HCFCs)

HCFCs are regularly measured in three global 
ground-based networks and at a number of additional 
sites around the world using grab-sampling techniques 
(Montzka et al., 2009; O’Doherty et al., 2004; Stemmler 
et al., 2007; Yokouchi et al., 2006).  Results from all three 
networks indicate that global mean surface mixing ratios 
of the three most abundant HCFCs (i.e., HCFC-22, -142b, 
and -141b) continued to increase during 2005–2008 (Fig-
ure 1-6).  Mixing ratios have also been determined for 
HCFC-22 and HCFC-142b from Fourier transform infra-
red (FTIR) instruments onboard the Envisat (the Michel-
son Interferometer for Passive Atmospheric Sounding, or 

Figure 1-6.  Global surface monthly-mean mixing 
ratios (parts per trillion) measured by NOAA (red) 
and AGAGE (blue) for the three most abundant 
HCFCs (left-hand scale) (Montzka et al., 2009; 
O’Doherty et al., 2004).  Growth rates (ppt/yr) esti-
mated as 12-month differences from AGAGE (black 
points) and NOAA (gray points) are shown relative 
to the right-hand scale and are plotted relative to 
the midpoint of the 12-month interval.  Growth rates 
smoothed over 12-month periods appear as black 
and gray lines.  Tic marks correspond to the begin-
ning of each year.
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MIPAS-E) and Atmospheric Chemistry Experiment (the 
ACE-Fourier Transform Spectrometer or ACE-FTS in-
strument) satellites, respectively (Moore and Remedios, 
2008; Rinsland et al., 2009).

The global mean surface mixing ratio of HCFC-22 
(CHClF2) was 188–192 ppt in 2008, with an averaged an-
nual growth rate of 8.0 ± 0.5 ppt/yr (4.3 ± 0.3%/yr) during 
2007–2008 (Table 1-1; Figure 1-6).  This increase is ap-
proximately 60% larger than the mean rate of change dur-
ing 1992–2004 or the rate of change reported from global 
surface sampling networks during 2003–2004 (Clerbaux 
and Cunnold et al., 2007).  Though the rate of HCFC-22 
increase from 2007–2008 was comparable to that project-
ed in the A1 scenario of the previous Assessment report (7 
ppt/yr; Daniel and Velders et al., 2007), the mixing ratio 
increase during the entire 2005–2008 period was notably 
larger than in the scenario projection (Figure 1-1).

Moore and Remedios (2008) report a 2003 global 
mean HCFC-22 mixing ratio from MIPAS-E at 300 hPa 
of 177 ± 18 ppt (uncertainty includes 0.5 ppt of random 
error on the mean and an additional systematic uncertain-
ty); this value is in fairly good agreement with the 2003 
global mean surface mixing ratio of 160 ± 2 ppt (Clerbaux 
and Cunnold et al., 2007).  They also deduce an average 
HCFC-22 growth rate of 3.5 ± 0.4%/yr (5.4 ± 0.7 ppt/yr) in 
the northern midlatitude (20°N–50°N) lower stratosphere 
(50–300 hPa) between November 1994 and October 2003 
from the Atmospheric Trace Molecule Spectroscopy 
(ATMOS) (Atmospheric Laboratory for Applications and 
Science, ATLAS-3) based on measured HCFC-22/nitrous 
oxide (N2O) correlations.  This rate is similar to the 3.92 ± 
2.08%/yr derived using a similar approach with ATMOS 
and ACE-FTS (from 2004) HCFC-22 data near 30°N 
(Rinsland et al., 2005).  A slightly larger mean growth rate 
(4.3 ± 0.5%/yr or 6.0 ± 0.7 ppt/yr) is estimated for the lower 
stratosphere from the MIPAS-E HCFC-22 data at southern 
high latitudes (60°S–80°S) (Moore and Remedios, 2008).  
This averaged rate is comparable to global mean HCFC-22 
trends at the surface during this period (~5.2 ppt/yr).

Total vertical column abundances of HCFC-22 
above the Jungfraujoch station (Figure 1-2, an update of 
Zander et al., 2005) also indicate an increase of 4.31 ± 
0.17%/yr with respect to 2005 values over the 2005–2008 
period, which is comparable with NH trends from surface 
networks (4.2–4.5%/yr calculated similarly).  Moreover, 
Gardiner et al. (2008) applied a bootstrap resampling meth-
od to aggregated total and partial column datasets from six 
European remote sensing sites to quantify long-term trends 
across the measurement network; they found a mean tro-
pospheric increase for HCFC-22 at these sites of 3.18 ± 
0.24%/yr, which is slightly smaller than determined from 
ground-level grab samples at surface sites in high northern 
latitudes such as Mace Head, Barrow, or Alert during the 
analyzed period (1999–2003 rates of 3.7–3.9%/yr).

The global mean surface mixing ratio of HCFC-
142b (CH3CClF2) increased to 18.0–18.9 ppt in 2008 with 
an averaged annual growth rate of about 1.0–1.2 ppt/yr 
(6.1 ± 0.6%/yr) during 2007–2008 (Table 1-1; Figure 1-6).  
After declining from the late 1990s to 2003, the growth 
rate of HCFC-142b increased substantially during 2004–
2008.  During 2007–2008 this rate was approximately two 
times faster than reported for 2003–2004 (Montzka et al., 
2009).  This accelerated accumulation of HCFC-142b was 
not projected in the A1 scenario of the 2006 Assessment 
(the projected 2007–2008 rate was 0.2 ppt/yr); a substan-
tial divergence occurred between projected and observed 
mixing ratios after 2004 (Figure 1-1).  The mean differ-
ence in reported mixing ratios from AGAGE and NOAA 
of 3.3% (with AGAGE being higher) is primarily related 
to calibration differences of ~2.9% reported previously 
(O’Doherty et al., 2004).  Global means from UCI are 
approximately 2% lower than NOAA (Table 1-1).

The first satellite measurements of HCFC-142b 
have been made from the ACE-FTS instrument (Rinsland 
et al., 2009).  Monthly-mean ACE-FTS HCFC-142b mix-
ing ratios over 13–16 kilometers (km) altitude, with an es-
timated total (random and systematic) error of ~20%, were 
used to derive trends at northern (25–35°N) and southern 
(25–35°S) midlatitudes of 4.94 ± 1.51%/yr and 6.63 ± 
1.23%/yr, respectively, over the interval from February 
2004 to August 2008.  The ACE-FTS trends are consistent 
with those computed from flask sampling measurements 
over a similar time period (5.73 ± 0.14%/yr at Niwot 
Ridge (40°N) and 5.46 ± 0.08%/yr at Cape Grim (40°S) 
over the interval from July 2003 to July 2008) (Rinsland 
et al., 2009).

The global mean surface mixing ratio of HCFC-
141b (CH3CCl2F) continued to increase during 2005–
2008.  By 2008, mean, global surface mixing ratios were 
18.8–19.5 ppt (Table 1-1).  The growth rate of HCFC-
141b decreased from approximately 2 ppt/yr in the mid-
1990s to <0.5 ppt/yr in 2004–2005 (Figure 1-6).  Since 
2005 the growth rate has varied between 0.2–0.8 ppt/yr, 
similar to the mean 0.5 ppt/yr increase projected in the A1 
scenario over this period (Daniel and Velders et al., 2007).  
The mean increase during 2007–2008 was 0.6 (±0.1) ppt/
yr (or 3.2 ± 0.5%/yr).

The annual global surface mean mixing ratio of 
HCFC-124 (CHClFCF3) has been updated from AGAGE 
measurements (Prinn et al., 2000) and has decreased to 1.5 ± 
0.1 ppt in 2008, with an averaged annual growth rate of 
−0.01 ± 0.01 ppt/yr (−0.8 ± 0.8%/yr) for 2007–2008.  No up-
dated HCFC-123 (CHCl2CF3) measurements are available.

Recent changes in atmospheric growth rates of 
the three most abundant HCFCs can be explained quali-
tatively with UNEP (2010) production and consumption 
data (Figure 1-7).  Global HCFC production for dispersive 
uses increased rapidly in developed countries during the 
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1990s.  But as this production was being phased out in 
developed countries, global totals decreased slightly from 
2000–2003.  This trend reversed during 2003–2008 as pro-
duction and consumption grew substantially in developing 
countries (those operating under Article 5 of the Montreal 
Protocol, also referred to as A5 countries).  In 2008 HCFC 
data reported to UNEP, developing (A5) countries ac-
counted for 74% and 73% of total, ODP-weighted HCFC 
consumption and production, respectively (UNEP, 2010).

HCFC Emissions and Banks

Global emissions of HCFC-22 continued to increase 
during 2005–2008.  By 2008, “top-down” emissions in-
ferred from global atmospheric changes totaled 320–380 
Gg/yr, up from approximately 280 Gg/yr in 2004.  These 
emissions are reasonably consistent with the emissions 
derived from banks for 2002 and projected for 2008 in a 
2005 study (IPCC/TEAP, 2005) (Figure 1-3).  These re-
sults suggest that the dominant emission for HCFC-22 is 
from banks contained in current, in-use applications.  To-
tal “bottom-up” emissions derived for past years (UNEP/
TEAP, 2006; estimates available through 2003 only) show 
a similar trend to emissions derived from atmospheric 
data, but are larger in most years (Figure 1-3).

While atmosphere-derived global emissions for 
HCFC-141b and HCFC-142b decreased slightly during 
the 2000–2004 period as production in developed coun-
tries was diminishing (Montzka et al., 2009), emissions of 

both of these HCFCs increased during 2005–2008 (Figure 
1-3).  The substantial increase in HCFC-142b emissions 
was not projected in the A1 scenario of the previous As-
sessment (Daniel and Velders, 2007).  In that scenario, 
a 23% emissions decline was projected during 2004 to 
2008 (relative to 2004 levels).  Instead, HCFC-142b emis-
sions in 2008 derived from observed global mixing ratio 
changes (37 ± 7 Gg/yr) were approximately two times 
larger than had been projected for that year.  Changes in 
HCFC-141b emissions during 2005–2008 were quite con-
sistent with those projected in the A1 scenario (Daniel and 
Velders, 2007).

“Bottom-up” estimates of HCFC-141b emissions 
(UNEP/TEAP, 2006) have captured the overall increase 
in emissions of this compound derived from “top-down” 
calculations, but with a slightly different time lag.  Similar 
“bottom-up” estimates of HCFC-142b have also captured 
the rough changes implied from atmospheric data, but in 
this case, the “bottom-up” estimates are substantially low-
er than implied from year-to-year atmospheric observa-
tions during 2000–2004 (Figure 1-3).  For both HCFCs, it 
is apparent that emissions from banks estimated for 2002 
and projected for 2008 (IPCC/TEAP, 2005) account for 
<50% of total emissions for these compounds.  About 10–
20% of annual production of HCFC-141b is for solvent 
uses that result in release to the atmosphere shortly after 
production (UNEP/TEAP, 2006).  Based on production 
data this would yield emissions of 10–20 Gg/yr and ex-
plain some of the difference between atmosphere-derived 
emissions and bank-related emissions (UNEP/TEAP, 
2006).  Rapid losses of HCFC-142b during or shortly af-
ter production would also provide an explanation for only 
some of the shortfall in emissions not explained by bank 
releases.  HCFC bank magnitudes have increased in recent 
years given that reported production in recent years has 
substantially exceeded emissions (Montzka et al., 2009).

Summed, “top-down” emissions from HCFCs have 
increased during 2005–2008.  When weighted by semi-
empirical ODPs (Chapter 5), the sum of emissions from 
HCFCs totaled 22 ± 2 ODP-Kt in 2008.  The sum of emis-
sions of HCFCs weighted by direct, 100-yr GWPs has 
increased on average by 5 ± 2%/yr from 2004 to 2008, 
and by 2008 amounted to 0.74 ± 0.05 Gt CO2-eq/yr.

The 2007 Adjustments to the Montreal Protocol are 
expected to have a discernable influence on HCFC emis-
sions in the coming decade (see Chapter 5).  But because 
those Adjustments are scheduled to affect HCFC produc-
tion and consumption only after 2009, it is too soon to 
discern any influence of these Protocol adjustments in 
the mixing ratios or emissions derived for 2008 or earlier 
years reported in this Assessment.

Regional emissions for HCFCs from atmospheric 
measurements (Box 1-1) have been derived in different 
studies since the previous Assessment report.  Compari-

0

5

10

15

20

25

30

35

40

45

1990 1995 2000 2005

H
C

F
C

 p
r
o

d
u

c
ti

o
n

 

a
n

d
 c

o
n

s
u

m
p

ti
o

n
 (

O
D

P
-G

g
)

Consumption

Production

Non A5

A5

Total

Year
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ing (A5) countries as reported to UNEP for disper-
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total reported production (UNEP, 2010).  Note that 
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sons with “bottom-up” estimates provide useful informa-
tion on the accuracy of individual country accounting of 
their emissions of ODSs and regional estimates derived 
from atmospheric measurements.  In an analysis of United 
States (U.S.) HCFC emissions, HCFC-22 mean emissions 
during 2004–2006 were estimated from aircraft measure-
ments to be 46 (21–69) Gg/yr, or substantially lower than 
amounts derived from “bottom-up” estimates (Millet et al., 
2009).  U.S. HCFC-22 emissions estimated with “bottom-
up” inventory methods by the U.S. Environmental Protec-
tion Agency (EPA) were estimated at between 89 and 97 
Gg/yr during 2004–2008 and have been used to derive a 
U.S. contribution to global HCFC-22 atmospheric mixing 
ratios of between 21 and 45% during 2006 (Montzka et 
al., 2008).

Detailed analyses of HCFC emissions have also 
been reported for China in recent years, concurrent with 
a substantial increase in reported HCFC production and 
consumption in this country.  Inventory-based, “bottom-
up” estimates suggest HCFC-22 emissions increasing 
from 34 to 69 Gg/yr during 2004–2007 (Wan et al., 2009), 
or 12–20% of total global emissions during these years.  
Atmosphere-derived emissions attributed to China based 
on correlations to carbon monoxide (CO) and inversion 
modeling of elevated mixing ratios at down-wind sampling 
locations suggest slightly larger emissions than the inven-
tory approach (52 ± 34 Gg/yr as the average of 2004–2005 
from Yokouchi et al., 2006; 60 and 71 Gg/yr for 2005 and 
2006 from Stohl et al. (2009); and 165 (140–213) Gg/yr in 
2007 from Vollmer et al. (2009), though the Vollmer et al. 
(2009) estimate may be biased high because of relatively 
higher per-capita HCFC-22 emissions near Beijing than in 
other regions of China (Stohl et al., 2009)).

1.2.1.6	 Methyl Bromide (CH3Br)

The global, annual mean surface mixing ratio 
of methyl bromide (CH3Br) had reached 7.3 to 7.5 ppt 
in 2008 (Figure 1-8; Table 1-1), down from the 9.2 ppt 
measured during the three years (1996–1998) before in-
dustrial production declined as a result of the Montreal 
Protocol (Yvon-Lewis et al., 2009).  Global mixing ra-
tios declined during 2005–2008 at a rate of −0.14 ppt/yr, 
which is slightly slower than the mean decline observed 
since 1999 when industrial production was first reduced.  
Since 1999, the annual mean hemispheric difference (NH 
minus SH) has decreased by nearly 50%: this measured 
difference was 1.2 ppt in 2008 compared to 2.3 ± 0.1 ppt 
during 1996–1998 (Figure 1-8).

Declines in the global tropospheric abundance and 
hemispheric difference of CH3Br have coincided with 
decreases in global industrial production and subsequent 
emission.  Reported global methyl bromide consumption 
in 2008 for all uses including uncontrolled quarantine and 

pre-shipment (QPS) uses was 73% below peak amounts 
reported in the late 1990s.  An emission history derived 
from these reported data suggests a reduction in total 
fumigation-related CH3Br emissions of 71% by the end of 
2008 (see Figure 1-8).

The concurrent decline in the measured hemispher-
ic difference and industrially derived emissions suggests 
a mean hemispheric mixing ratio difference close to 0 ppt 
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Figure 1-8.  Top panel:  Monthly hemispheric means 
for CH3Br mixing ratios (ppt) (Montzka et al., 2003 up-
dated).  Middle panel:  NH - SH difference by month 
(points) and smoothed over 12-month periods (bold 
red line).  Bottom panel:  Fumigation-related emis-
sions (Gg/yr) of CH3Br derived from reported regulat-
ed consumption × 0.65 plus reported quarantine and 
pre-shipment consumption × 0.84 (UNEP 2007b), 
where 0.65 and 0.84 are the estimated mean frac-
tions of reported production to these different uses 
that ultimately become emitted to the atmosphere 
(UNEP 2007b).
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Table 1-2.  Summary of the estimated source and sink strengths (Gg/yr) of methyl bromide (CH3Br) for 
periods 1996–1998 and 2008.

1996–1998 Range 2008 Range Reference Note
SOURCES
Fumigation- dispersive (soils) 41.5 (28.1 to 55.6) 6.7 (4.6 to 9.0) 1, 2 a
Fumigation- quarantine/
     pre-shipment

7.9 (7.4 to 8.5) 7.6 (7.1 to 8.1) 1, 2 b

Ocean 42 (34 to 49) 42 (34 to 49) 3, 4 c
Biomass Burning 29 (10 to 40) 29 (10 to 40) 5, 6 d
Leaded gasoline 5.7 (4.0 to 7.4) < 5.7 7 e
Temperate peatlands* 0.6 (−0.1 to 1.3) 0.6 (−0.1 to 1.3) 8, 9, 10 f
Rice paddies* 0.7 (0.1 to 1.7) 0.7 (0.1 to 1.7) 11, 12 g
Coastal salt marshes* 7 (0.6 to 14) 7 (0.6 to 14) h
based on California saltmarshes 14 (7 to 29) 14 (7 to 29) 13, 14 i
based on Scottish saltmarsh 1 (0.5 to 3.0) 1 (0.5 to 3.0) 15 j
based on Tasmania saltmarsh 0.6 (0.2 to 1.0) 0.6 (0.2 to 1.0) 16 k
Mangroves 1.3 (1.2 to 1.3) 1.3 (1.2 to 1.3) 17 l
Shrublands* 0.2 (0 to 1) 0.2 (0 to 1) 18 m
Rapeseed 4.9 (3.8 to 5.8) 5.1 (4.0 to 6.1) 19 n
Fungus (litter decay) 1.7 (0.5 to 5.2) 1.7 (0.5 to 5.2) 20 o
Fungus (leaf-cutter ants) 0.5 0.5 21 p
Potential terrestrial sources q

Tropical trees n.q. n.q. 22, 23 r
Temperate woodlands n.q. n.q. 24, 25 s

Tropical ferns n.q. n.q. 26
Abiotic decomposition n.q. n.q. 27 t

Subtotal (Sources) 143 111.5
SINKS
Ocean 56 (49 to 64) 49 (45 to 52) 3 u
OH and photolysis 77 63.6 3 v
Soils 40 (23 to 56) 32 (19 to 44) 28,29,30,31 w

Subtotal (Sinks) 177 147.6

Total (SOURCES−SINKS) −34 −36.1
* 	All asterisked items were estimated from measurements of net fluxes and may be influenced by sinks within them, thus they represent minimum gross 

fluxes.  n.q. = not quantified.
			 

Notes:
a. 	Soil fumigation emission rates estimated as 65% (46–91%) of reported consumption rates (ref 2).
b. 	QPS emission rates estimated as 84% (78–90%) of reported consumption rates (ref 2).
c.  	Oceanic production rate calculated based on saturation state of pre-phase-out ocean:  production = net oceanic flux − ocean sink, where net flux is −14 

(−7 to −22) Gg/yr.
d. 	Biomass burning estimates unchanged from the previous Assessment (Clerbaux and Cunnold et al., 2007), which is slightly higher than the 18–23 Gg/

yr estimate in ref (3).
e. 	2006–2008 values are not separately quantified but expected to be lower with the phase-out of leaded gasoline use.
f.  	Temperate peatlands net flux calculated by updating (ref 7) with 3-year average fluxes at same New Hampshire sites (ref 8).  Range includes median 

estimate of 0.9 Gg/yr from Irish peatland study (ref 10).
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for CH3Br in preindustrial times.  Accordingly, the pre-
1990 global mixing ratio trend used in creating scenario 
A1 for CH3Br in Chapter 5 was derived from Southern 
Hemisphere firn data by including a time-varying hemi-
spheric ratio that increased linearly from 1.0 in 1940 to 
1.3 in 1995.

In the past, much research related to methyl bro-
mide focused on refining our understanding of source and 
sink magnitudes in order to understand the relative con-
tribution of anthropogenic methyl bromide emissions to 
methyl bromide atmospheric abundance and, therefore, 
provide more accurate projections of the atmospheric 
response to reduced industrial production.  For example, 
the global measured decline since 1996–1998 of ~2 ppt 
in response to a decline in fumigation emissions of 60–
70% suggests a total contribution from fumigation-related 
production before the phase-out (i.e., during 1996–1998) 
of 2.8–3.2 ppt (provided other sources or loss frequen-
cies did not change appreciably).  Considering that peak 
global mixing ratios were 9.2 ppt during 1996–1998, this 
suggests that industrially derived emissions accounted for 
31–36% of total CH3Br emissions in the three years before 
the phase-out began.

A recent modeling analysis of global atmospheric 
CH3Br observations provided additional constraints to our 

understanding (Yvon-Lewis et al., 2009).  It suggested that 
the observed global declines are well explained given our 
understanding of CH3Br sources and sinks and the known 
changes in anthropogenic emissions, though a substantial 
source (~35 Gg/yr) is still unaccounted for in current bud-
get compilations (Yvon-Lewis et al., 2009) (Table 1-2).  
The best-estimate budget derived in this work (based on 
observed global and hemispheric mixing ratio trends and 
seasonal variations together with time-varying sources 
and sinks) suggested a pre-phase-out anthropogenic fumi-
gation contribution of ~28%.  Though uncertainties in the 
variability of natural emissions and in the magnitude of 
methyl bromide stockpiles in recent years add uncertainty 
to our understanding of this ratio, when these new model 
result are considered together with the more simple analy-
sis of methyl bromide mixing ratio changes since 1999 
(see previous paragraph), a pre-phase-out anthropogenic 
contribution of 25–35% is estimated.

Our understanding of preindustrial mixing ratios of 
methyl bromide in the Southern Hemisphere has improved 
since the 2006 Assessment.  A 2000-year record derived 
for methyl bromide from an ice core collected at South 
Pole (Saltzman et al., 2008) shows no systematic trend and 
a mean mixing ratio in samples with mean ages from 160 
Before the Common Era (BCE) to 1860 CE of 5.39 ± 0.06 

g. 	Re-evaluation of global emission rates that were previously estimated as 3.5 Gg/yr in ref (11).
h. 	Salt marsh net flux estimated as the mid-range of the best estimates provided from four different studies.
i.  	Estimates were 14 (7–29) Gg/yr from (ref 13) and 8 to 24 Gg/yr (ref 14) depending on whether extrapolation incorporated or excluded mudflats, re-

spectively.
j.  	Low and high range based on lowest and highest emitting of eight sites in ref (15).
k. 	Extrapolations calculated using mean fluxes reported in ref (16).
l.  	Based on study of two mangrove species, with range as results of two different methods of extrapolation.
m. 	Shrublands range as reported in Montzka and Fraser et al. (2003).
n. 	Rapeseed flux as reported in ref (19) with year-by-year data from author.  2007–2008 data uses results for 2003, the last year estimated.
o. 	These emission rates may possibly incorporate emission rates reported for woodlands and forest soils.
p.  	No range provided.
q.  	Terrestrial sources are poorly quantified and based on very limited studies so are not included in the tabulated sources.
r.  	Global extrapolations based on measurements of Malaysian trees (18 Gg/yr in ref 22) exceed the upper limit on net flux estimated in a study of a tropi-

cal South American rainforest (17 Gg/yr in ref 23), so no discrete estimate is included here.
s. 	Range of temperate woodland fluxes of 0.4 to 3.1 Gg/yr can be estimated by extrapolating net fluxes in ref (24) and gross production rates in ref (25) 

to global area of 13 × 1012 m2.  Eucalyptus forest floor shows no net emissions (ref 16).
t.  	The largest abiotic production rates, observed from the decomposition of saltwort leaves (ref 27), are roughly 2% of the emission rates from the live 

saltwort plant (ref 14).
u.  	Oceanic consumption calculated assuming production rates constant, with a decrease in saturation anomaly because of decreasing atmospheric con-

centrations, with global average net flux in 2007 predicted to be −6.6 (−3.3 to −10.4) Gg/yr. Range assumes the same net flux error range as 1996–1998 
(as percent of flux).

v.  	A range has not been provided here.
w.  	Soil sink (refs. 28, 29) scaled to updated background Northern Hemisphere concentrations of 10.3 ppt (1996–1998) and 8.2 ppt (2006–2008), and 

includes a new tundra sink (refs. 30, 31) and a revised average temperate grasslands flux (refs. 28, 32, 33).

References:  
1. UNEP, 2010.  2. UNEP, 2007b.  3. Yvon-Lewis et al., 2009.  4. King et al., 2002.  5. Clerbaux and Cunnold et al., 2007.  6. Andreae and Merlet, 2001.  
7. Thomas et al., 1997.  8. Varner et al., 1999a.  9. White et al., 2005.  10. Dimmer et al., 2001.  11. Redeker and Cicerone, 2004.  12. Lee-Taylor and 
Redeker, 2005.  13.  Rhew et al., 2000.  14. Manley et al., 2006.  15. Drewer et al., 2006.  16. Cox et al., 2004.  17. Manley et al., 2007.  18. Rhew et al., 
2001.  19. Mead et al., 2008b.  20. Lee-Taylor and Holland, 2000.  21. Mead et al., 2008a.  22. Blei et al., 2010.  23. Gebhardt et al., 2008.  24. Drewer 
et al., 2008.  25. Rhew et al., 2010.  26. Saito and Yokouchi, 2006.  27. Wishkerman et al., 2008.  28. Shorter et al., 1995.  29. Varner et al., 1999b.  30. 
Rhew et al., 2007.  31. Hardacre et al., 2009.  32. Rhew and Abel, 2007.  33. Teh et al., 2008. 

Table 1-2, continued (notes).
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ppt (uncertainty represents 1 standard error here).  This 
preindustrial mixing ratio is similar to the 5.1–5.5 ppt ob-
served in the deepest firn-air samples at South Pole and 
Law Dome, Antarctica (Butler et al., 1999; Trudinger et 
al., 2004) and previous ice-core results at a different site 
in Antarctica in samples dated 1671–1942 CE (5.8 ppt; 
Saltzman et al., 2004).  Based on these preindustrial SH 
mixing ratio results, the observed decline in SH mixing 
ratios from their peak (8.0 ppt) through the end of 2008 
(6.7 ppt) suggests that SH mixing ratios have declined 50–
60% of the way back to preindustrial levels as industrial 
production declined by a similar magnitude (60–70%).

The concurrence between global atmospheric 
changes relative to expected emissions declines, the de-
creased NH–SH differences, and the decline in the mean 
SH mixing ratio much of the way back to its preindustrial 
value, all suggest that production restrictions on CH3Br 
have been successful at substantially reducing the global 
atmospheric abundance of CH3Br.  It is worth noting that 
this benefit was achieved despite substantial emissions 
from natural sources and an incomplete understanding of 
the global budget of CH3Br.

Budget

Significant uncertainties remain in the detailed at-
mospheric budget of methyl bromide despite additional 
research since the previous Assessment.  As indicated 
above, known sinks still outweigh best estimates of known 
sources by about 35 Gg/yr or roughly 20% of the total an-
nual flux.  This discrepancy remains even though the tro-
pospheric burden, known sources, and known sinks have 
quantifiably changed in the last decade.

In light of the changing atmospheric concentrations 
of CH3Br, separate budgets are created for pre-phase-out 
(1996–1998) and the 2008 atmospheres (Table 1-2).  Re-
ported consumption of CH3Br from fumigation (dispersive 
and quarantine/pre-shipment uses) declined 73% between 
these periods, from 70.5 Gg/yr to 18.9 Gg/yr (UNEP, 
2010).  Before phase-out, pre-plant soil fumigation was 
the major use for CH3Br, but this use had declined by 
84% by 2008.  Over the same period, CH3Br consump-
tion for quarantine and pre-shipment (QPS) applications 
has ranged between 7.5 and 12.5 Gg/yr, as this particular 
application is an exempted use (UNEP, 2010).  As a re-
sult, consumption for QPS use accounted for nearly 50% 
of total global CH3Br uses during 2007 and 2008 (UNEP, 
2010).  These values do not include production for use as 
a chemical feedstock, which is assumed to be completely 
consumed and which averaged 3.9 Gg/yr from 1995–1997 
and 6.6 Gg/yr from 2003–2005 (the last three years re-
ported in UNEP, 2007b).

Other anthropogenically influenced sources of 
CH3Br include leaded gasoline combustion, biomass 

burning, and growth of certain methyl bromide emitting 
crops.  Our understanding of the amount of methyl bro-
mide emitted from biomass burning remains unchanged 
from the previous Assessment report as 29 (10 to 40) 
Gg/yr.  Biomass burning emissions, however, vary sub-
stantially from year to year and peaked in 1998 during 
the strong El Niño event and enhanced burning then (van 
der Werf et al., 2004; Yvon-Lewis et al., 2009).  Emis-
sions from biofuel burning in the developing world are 
included in the above estimate, although they have been 
derived separately to be 6.1 ± 3.1 Gg/yr (Yvon-Lewis et 
al., 2009).  Crop production levels of rapeseed (canola) 
and rice, two known crop sources of methyl bromide, 
have been increasing steadily due to demand for food 
supply and biofuel (FAO, 2009).  A recent extrapolation 
of rapeseed CH3Br emissions using crop harvest, growth 
rate, and global production data suggest a three- to four-
fold increase from 1980 to 2003 (Mead et al., 2008a).  In 
this new study, estimated average emission rates ranged 
from 4.3 to 6.2 Gg/yr between 1996 and 2003 (the final 
year estimated).  These values are slightly less than the 
previous estimate of 6.6 Gg/yr (Clerbaux and Cunnold 
et al., 2007; Gan et al., 1998).  While cabbage and mus-
tard production also are increasing, total emission from 
these crops is estimated at <0.1 Gg/yr.  A re-evaluation 
of CH3Br emission from rice crops using a model in-
corporating temperature, seasonality, and soil moisture 
effects yields a lower source estimate (0.5 to 0.9 Gg/
yr) than derived previously (3.5 Gg/yr) (Lee-Taylor and 
Redeker, 2005; Redeker and Cicerone, 2004).

Emission rates from the three known major natu-
ral sources (oceans, freshwater wetlands, and coastal salt 
marshes) have been revised downward since the 2002 As-
sessment (compare Table 1-2 to Table 1-9 in Montzka and 
Fraser et al., 2003).  Ocean production rates have been 
revised from 63 (23–119) Gg/yr down to 42 (34–49) Gg/
yr (Yvon-Lewis et al., 2009).  Freshwater wetlands were 
previously estimated as a 4.6 (2.3 to 9.2) Gg/yr net source 
based on a partial season of measurements from two New 
Hampshire peatlands (Varner et al., 1999a).  This source, 
specified in Table 1-2 as temperate peatlands, has been 
revised downward to 0.6 (−0.1 to 1.3) Gg/yr based on 
a 3-year study at the same New Hampshire sites, which 
showed much lower average net fluxes (White et al., 
2005).  Coastal salt marshes were previously estimated as 
a 14 (7–29) Gg/yr source based on a study of two southern 
California salt marshes (33°N) (Rhew et al., 2000).  While 
a separate, nearby study (34°N) found similar net fluxes, 
the global extrapolations varied from 8 Gg/yr (assuming 
salt marsh areas included low-producing mudflats) to 24 
Gg/yr (assuming surface areas were entirely vegetated) 
(Manley et al., 2006).  However, much smaller CH3Br net 
emission rates were observed from coastal salt marshes in 
Scotland (56°N) (Drewer et al., 2006) and Tasmania, Aus-



1.27

ODSs and Related Chemicals

tralia (41°S) (Cox et al., 2004), which suggested global 
emission rates of 1 (0.5–3.0) Gg/yr and 0.6 (0.2–1.0) Gg/
yr, respectively.  Because emissions are strongly related 
to plant species and climatic conditions, the quantification 
of this source requires a more detailed understanding of 
salt marsh distributions and vegetation types.  The updated 
value in Table 1-2 (7 Gg/yr) represents the mid-range of 
globally extrapolated fluxes, with the full range represent-
ing the various study mean values.

Since the previous Assessment report, several addi-
tional natural CH3Br sources have been identified (see Ta-
ble 1-2), although the addition of these sources does not yet 
resolve the budget imbalance between sources and sinks.  
Mangroves (Manley et al., 2007) and fungus cultivated by 
leaf-cutter ants (Mead et al., 2008b) are newly identified 
sources, although they are estimated to be relatively minor 
sources globally.  Measurements from tropical trees (Blei 
et al., 2010) and ferns (Saito and Yokouchi, 2006) in SE 
Asia suggest that these may be large sources, up to 18 Gg/
yr if results from these studies are globally representative.  
Aircraft measurements over a South American rainforest 
revealed no significant net emissions, however, and sug-
gest an upper limit of 17 Gg/yr for the global tropical forest 
flux (Gebhardt et al., 2008).  Because of this disparity, this 
source is not included in Table 1-2.  In addition to the pre-
viously identified mechanism to produce methyl halides 
abiotically from the degradation of organic matter (Kep-
pler et al., 2000), the abiotic production of methyl bromide 
in plant material has also been shown (Wishkerman et al., 
2008); it is not clear how important these mechanisms are 
in relation to biotic production rates.

Natural terrestrial ecosystems can be both sources 
(e.g., from fungi, litter decomposition, certain plant spe-
cies) and sinks (biological degradation in soils) for CH3Br.  
Both emissions and uptake have been observed in temperate 
grasslands (Cox et al., 2004; Rhew and Abel, 2007; Teh et 
al., 2008), temperate forest (Dimmer et al., 2001; Varner 
et al., 2003), temperate shrubland (Rhew et al., 2001), and 
Arctic tundra (Rhew et al., 2007; Teh et al., 2009).  Temper-
ate woodland soils in Scotland are a net source for CH3Br 
(Drewer et al., 2008) while oak-savanna woodland soils in 
California are a net sink (Rhew et al., 2010).  To better un-
derstand the highly variable net fluxes found in many of 
these ecosystems, measurements of gross production and 
consumption rates have been derived by clearing vegetation 
from some sites (White et al., 2005; Drewer et al., 2006), 
using a stable isotope tracer method (Rhew and Abel, 2007; 
Teh et al., 2008; Teh et al., 2009; Rhew et al., 2010), or 
modeling soil uptake separately (Varner et al., 2003).

Known sinks of CH3Br (oceans, OH, photolysis, 
and soil microbial uptake) have uptake rates that scale to 
tropospheric concentrations and, therefore, have declined 
in the current decade, as indicated in Table 1-2 (Yvon-
Lewis et al., 2009).  The partial lifetime of atmospheric 

CH3Br with respect to ocean loss has been updated to 
2.2–2.4 years based on new model results (Yvon-Lewis 
et al., 2009).  The partial lifetime with respect to loss by 
oxidation by OH and photolysis remains unchanged at 
1.7 years.  The partial lifetime with respect to soil loss 
has increased from 3.1 years to 3.3 to 3.4 years, as de-
scribed below.  The best estimate lifetime for atmospher-
ic CH3Br has therefore increased slightly from 0.7 years 
to 0.8 years.

In the last two Assessment reports (Clerbaux and 
Cunnold et al., 2007; Montzka and Fraser et al., 2003), 
the soil sink was estimated to be 47 Gg/yr based on 
earlier studies that assumed Northern Hemisphere tro-
pospheric concentrations of 11 ppt.  The soil sink was 
recalculated for 1996–1998 and 2008 using background 
Northern Hemisphere concentrations of 10.3 ppt and 8.2 
ppt, respectively to yield uptake rates of 44 ± 15 and 
35 ± 12 Gg/yr, respectively.  The addition of the tundra 
sink (0.31 ± 0.06 Gg/yr) does not significantly change 
these results (Rhew et al., 2007; Hardacre et al., 2009).  
However, recent field studies in temperate grasslands in 
California (Rhew and Abel, 2007) and Colorado (Teh 
et al., 2008) show gross uptake rates that are one-fourth 
and one-eighth of the previous temperate grassland up-
take rates.  The average growing season uptake rate in-
corporating these new studies is half of the previously 
reported flux for temperate grasslands, which implies a 
15% reduction of the soil sink to 40 ± 16 Gg/yr for 1996–
1998 and 32 ± 13 Gg/yr for 2008.  While still within the 
range of errors, the best estimate for partial atmospheric 
lifetime for CH3Br with respect to the soil sink would 
be increased from 3.0–3.1 years to 3.3–3.4 years.  New 
results from a temperate woodland also suggest lower 
soil uptake rates (Rhew et al., 2010), but these were not 
included in the revised soil uptake rate here.

1.2.1.7	 Methyl Chloride (CH3Cl)

Methyl chloride is the most abundant chlorine-
containing organic compound in the atmosphere and con-
tributes 16% to the total chlorine from long-lived gases in 
the troposphere (see, for example, Table 1-12).  Although 
it is not a controlled substance, CH3Cl has several natu-
ral sources and sinks in common with CH3Br, which is a 
controlled substance.  Thus, atmospheric changes in CH3Cl 
and an updated knowledge of its global budgets can provide 
a context for understanding a large amount of atmospheric 
Cl that is not controlled by the Montreal Protocol, as well 
as insights into changes in the natural CH3Br budget.

Global mixing ratios of CH3Cl increased by small 
amounts during 2004–2008 (2.3 to 2.7 ± 1.2 ppt/yr, or 
0.4–0.5 ± 0.2%/yr), though these changes follow larger de-
creases reported for 1998–2001 of −1.5%/yr (Simmonds et 
al., 2004).  Changes observed from 2007 to 2008 are small, 
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though both increases and decreases are reported by dif-
ferent measurements networks.  The cause of these differ-
ences is not well documented, but the differences may be 
insignificant relative to measurement errors, or may reflect 
regional variations in rates of change for this compound.

Incorporating CH3Cl observations from global and 
regional networks (AGAGE, NOAA, System for Observa-
tion of halogenated Greenhouse gases in Europe (SOGE), 
National Institute for Environmental Studies (NIES)) into 
a 3-D global chemical transport model, Xiao et al. (2010a) 
estimated global emissions for 2000–2004 to be 4.10 ± 
0.47 Tg/yr, which is comparable to emissions reported in 
the previous Assessment (4.1 to 4.4 Tg/yr, Clerbaux and 
Cunnold et al., 2007).  Model results indicate that about 
55%, or 2.3 ± 0.3 Tg/yr, of CH3Cl comes from tropical ter-
restrial sources that vary with global temperature changes 
(Xiao et al., 2010a).  This is also comparable to prior mod-
el study estimates of 2.4 to 2.9 Tg/yr from tropical ecosys-
tems, as reported in the previous Assessment.

Since the previous Assessment, several studies on 
South American and Asian rainforests have reinforced the 
importance of the tropical terrestrial CH3Cl source.  Air 
samples obtained by aircraft over South American tropical 
rainforests (Suriname, French Guyana) in 2005 indicated 
net emissions of CH3Cl (Gebhardt et al., 2008).  A sur-
vey of 197 plants from the subtropical island of Iriomote 
(Japan) found that 18% produced significant amounts of 
CH3Cl (Yokouchi et al., 2007), while a survey of 119 tree 
species from tropical Malaysia found that 21% produced 
significant amounts of CH3Cl (Saito et al., 2008).  A sepa-
rate study in Malaysian Borneo showed large emissions 
from live plants, though much smaller emissions were 
found from leaf litter (Blei et al., 2010).  Global tropical 
source estimates based on extrapolations of the above stud-
ies ranged from 0.9 to 2.5 Tg/yr (Blei et al., 2010; Geb-
hardt et al., 2008; Saito et al., 2008; Yokouchi et al., 2007).  
These values are on the lower side of estimates of tropical 
emission magnitudes provided in the previous Assessment.  
Additional minor tropical sources of CH3Cl have been 
identified, including mangroves (~0.011 Tg/yr) (Manley et 
al., 2007; Yokouchi et al., 2007) and fungus cultivated by 
leaf cutter ants (<0.001 Tg/yr) (Mead et al., 2008b).

Emissions of CH3Cl can originate from biogenic 
production by vascular plants (Yokouchi et al., 2002), abi-
otic release from dead or senescent plant material (Ham-
ilton et al., 2003), and emissions from tropical wood-rot 
fungi (Moore et al., 2005).  Mass balance approaches have 
been used to estimate emission magnitudes from sourc-
es that have distinct stable carbon isotope ratios (δ13C).  
Methyl chloride produced from the abiotic methylation of 
chloride has an exceptionally depleted δ13C value (Kep-
pler et al., 2004), and a mass balance approach suggests 
that this mechanism is a dominant source of atmospheric 
CH3Cl in terrestrial tropical and subtropical ecosystems at 

1.8 to 2.5 Tg/yr (Keppler et al., 2005).  Saito and Yokou-
chi (2008) also use an isotopic mass balance approach, in-
corporating more recent isotopic measurements of CH3Cl 
from tropical plants, and estimate the total tropical source 
to be 2.9 to 4.2 Tg/yr, with 1.5 to 3.0 Tg/yr coming from 
live vegetation and the remainder from abiotic production 
from senescent leaves.

Biomass burning, oceans, and anthropogenic activ-
ities are major sources of atmospheric CH3Cl.  A mecha-
nism to produce CH3Cl through the photochemical reac-
tion of dissolved organic matter in saline waters has been 
reported (Moore, 2008).  Supersaturations of CH3Cl have 
been observed in coastal waters off of the United States 
(Hu et al., 2010) and China (Lu et al., 2010), and global 
coastal emissions may increase the global oceanic emis-
sion estimate by 0.02 to 0.10 Tg/yr (Hu et al., 2010).  The 
inversion analysis of Xiao et al. (2010a) suggests emis-
sions of 0.43 ± 0.1 Tg/yr from the global ocean, consis-
tent with the estimate of 0.38–0.51 Tg/yr in the previous 
Assessment.  Though there are no updates to the biomass 
burning and anthropogenic source terms, the Xiao et al. 
(2010a) inversion analysis suggests global biomass burn-
ing emissions of 0.92 ± 0.2 Tg/yr.

Coastal salt marshes were previously estimated 
to be a large CH3Cl source, up to 0.17 (0.07 to 0.44) Tg/
yr, based on measurements in southern California (Rhew 
et al., 2000).  Recent studies, however, show large geo-
graphic variability in this source and high sensitivity to 
methods of extrapolation.  Measurements at a different 
southern California salt marsh scale up to 0.05 to 0.16 Tg/
yr, depending on whether or not the areal averaging in-
corporates low-producing mudflats along with vegetated 
areas (Manley et al., 2006).  Much smaller emission rates 
observed at a salt marsh in Tasmania scale to <0.01 Tg/yr 
(Cox et al., 2004).  A salt marsh in China appeared to be 
a net sink during the growing season, though these results 
were derived under unusually high ambient concentrations 
(1–60 parts per billion (ppb)) (Wang et al., 2006).

The major sinks of tropospheric CH3Cl include 
oxidation by hydroxyl radicals, loss to the stratosphere, 
reaction with chlorine radicals, loss to polar ocean wa-
ters, and uptake by soils.  These sink estimates remain 
largely unmodified since the previous Assessment so the 
CH3Cl lifetime remains unchanged (Table 1-3), although 
a study using stable isotope ratios suggests that the soil 
sink may be much larger than previously estimated (Kep-
pler et al., 2005).  The Arctic tundra appears to be a net 
sink for CH3Cl, with uptake rates increasing under drier 
conditions (Rhew et al., 2007; Teh et al., 2009).  However, 
measurements at a sub-Arctic wetland show a small net 
source for CH3Cl (Hardacre et al., 2009).  The causes of 
such geographic differences are not currently understood, 
although there are significant temperature, vegetation, and 
hydrological differences between the two regions.
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Table 1-3.  Global trace gas lifetimes for selected halocarbons with lifetimes longer than 0.5 years.  
(See Table 1-4 for estimates of local lifetimes for short-lived gases).

Industrial
Designation
or Common Name

Chemical
Formula

                    Total Lifetime 
                    from Previous 
                     Assessments a

                   (years)

New 
Total 

Lifetime a
(years)

OH 
Lifetime d

(years)

Stratospheric 
Lifetime
(years)

Notes

Halogenated Methanes
HFC-41 CH3F 2.4 2.8 2.9 64 2, 5, 6
HFC-32 CH2F2 4.9 5.2 5.5 89 1, 4
HFC-23 CHF3 270 222 245 2347 2, 4
PFC-14 (Carbon 
tetrafluoride)

CF4 50,000 > 50,000 > 50,000 7

Methyl chloride CH3Cl 1.0 1.0 1.5 1, 8
Carbon tetrachloride CCl4 26 26 35 see text 

and 
Box 1-2

HCFC-31 CH2ClF 1.3 1.3 1.3 38 1, 5, 9
HCFC-22 CHClF2 12.0 11.9 12.8 186 1, 4
HCFC-21 CHCl2F 1.7 1.7 1.8 33 1, 5, 6, 9
CFC-11 CCl3F 45 45 45 8
CFC-12 CCl2F2 100 100 100 8
CFC-13 CClF3 640 640 640 7
Methyl bromide CH3Br 0.7 0.8 1.9 1, see text 
Bromodifluoromethane CHBrF2 5.8 5.2 6.0 39 1, 5, 9
Halon-1301 CBrF3 65 65 65 8
Halon-1211 CBrClF2 16 16 8, 10
Halon-1202 CBr2F2 2.9 2.9 8, 11
Halogenated Ethanes
HFC-152a CH3CHF2 1.4 1.5 1.6 45.4 2, 4, 6
HFC-143 CH2FCHF2 3.5 3.5 3.7 73 1, 5
HFC-143a CH3CF3 52 47.1 55 327 1, 4
HFC-134 CHF2CHF2 9.6 9.7 10.5 134 1, 5
HFC-134a CH2FCF3 14.0 13.4 14.3 232 1, 4, 6
HFC-125 CHF2CF3 29 28.2 32 246 1, 4, 6
PFC-116  
(Perfluoroethane)

CF3CF3 10,000 > 10,000 > 10,000 7

Methyl chloroform CH3CCl3 5.0 5.0 6.1 e 39 1, 8
HCFC-141b CH3CCl2F 9.3 9.2 10.7 64.9 1, 4, 6
HCFC-142b CH3CClF2 17.9 17.2 19.3 160 1, 4, 6
HCFC-133a CH2ClCF3 4.3 4.5 72 2, 5, 9
HCFC-123 CHCl2CF3 1.3 1.3 1.4 35.6 1, 4, 6
HCFC-123a CHClFCF2Cl 4.0 4.3 63 1, 5, 9
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Industrial
Designation
or Common Name

Chemical
Formula

                    Total Lifetime 
                    from Previous 
                     Assessments a

                   (years)

New 
Total 

Lifetime a
(years)

OH 
Lifetime d

(years)

Stratospheric 
Lifetime
(years)

Notes

HCFC-123b CHF2CCl2F 6.2 ~7 52 5, 9, 12
HCFC-124 CHClFCF3 5.8 5.9 6.3 111 1, 4, 6
HCFC-124a CHF2CClF2 9.1 ~10 107 5, 9, 12
CFC-113 CCl2FCClF2 85 85 85 8
CFC-113a CCl3CF3 ~45 ~45 13
CFC-114 CClF2CClF2 300 190 190 34
CFC-114a CCl2FCF3 ~100 ~100 14
CFC-115 CClF2CF3 1,700 1020 1020 34
Halon-2311 
(Halothane)

CHBrClCF3 1.0 1.1 11 1, 5, 9

Halon-2402 CBrF2CBrF2 20 20 8, 10
Halogenated Propanes
HFC-263fb CH3CH2CF3 1.6 1.2 1.2 38 2, 5
HFC-245ca CH2FCF2CHF2 6.2 6.5 6.9 105 1, 5
HFC-245ea CHF2CHFCHF2 4.0 3.2 3.4 70 2, 5
HFC-245eb CH2FCHFCF3 4.0 3.1 3.3 69 2, 5
HFC-245fa CHF2CH2CF3 7.6 7.7 8.2 116 1, 5
HFC-236cb CH2FCF2CF3 13.6 13.1 14.3 160 2, 5
HFC-236ea CHF2CHFCF3 10.7 11.0 11.9 144 1, 5
HFC-236fa CF3CH2CF3 240 242 253 5676 1, 4
HFC-227ea CF3CHFCF3 34.2 38.9 44.5 310 2, 5
PFC-218  
(Perfluoropropane)

CF3CF2CF3 2,600 2,600 2,600 8

PFC-c216 
(Perfluorocyclopropane)

c-C3F6 > 1,000 ~3,000 ~3,000 15

HCFC-243cc CH3CF2CCl2F 26.4 19.5 27.1 70 1, 5, 9
HCFC-234fb CF3CH2CCl2F 49 117 84 2, 5, 9
HCFC-225ca CHCl2CF2CF3 1.9 1.9 2.0 43.7 1, 4
HCFC-225cb CHClFCF2CClF2 5.8 5.9 6.3 101 1, 4
Halogenated Higher Alkanes
HFC-365mfc CH3CF2CH2CF3 8.6 8.7 9.3 125 1, 5
HFC-356mcf CH2FCH2CF2CF3 1.2 1.3 1.3 40 1, 5
HFC-356mff CF3CH2CH2CF3 8.1 8.3 8.9 122 1, 5
HFC-338pcc CHF2CF2CF2CHF2 12.3 12.9 14.0 159 1, 5
HFC-329p CHF2CF2CF2CF3 28.4 32 256 5, 16
PFC-C318  
(Perfluorocyclobutane)

c-C4F8 3,200 3,200 3,200 7

Table 1-3, continued.
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Industrial
Designation
or Common Name

Chemical
Formula

                    Total Lifetime 
                    from Previous 
                     Assessments a

                   (years)

New 
Total 

Lifetime a
(years)

OH 
Lifetime d

(years)

Stratospheric 
Lifetime
(years)

Notes

PFC-31-10  
(Perfluorobutane)

C4F10 2,600 2,600 2,600 7

HFC-43-10mee CF3CHFCHFCF2CF3 15.9 16.1 17.9 157 1, 4
HFC-458mfcf CF3CH2CF2CH2CF3 23.2 22.9 25.5 224 1, 5
PFC-41-12 
(Perfluoropentane)

C5F12 4,100 4,100 4,100 7

HFC-55-10mcff CF3CF2CH2CH2CF2CF3 7.7 7.5 8.0 115 1, 5
HFC-52-13p CHF2CF2CF2CF2CF2CF3 32.2 36.4 275 3, 5
PFC-51-14  
(Perfluorohexane)

C6F14 3,200 3,100 3,100 7

PFC-61-16 
(Perfluoroheptane)

C7F16 ~3,000 ~3,000 17

Perfluorodecalin C10F18 2,000 ~2,000 ~2,000 18
Fluorinated Alcohols
1,1,1,3,3,3-
hexafluoroisopropanol

(CF3)2CHOH 2.0 1.9 2.0 51 1, 5

Halogenated Ethers
HFE-143a CH3OCF3 4.3 4.8 5.1 88 1, 5
HFE-134 CHF2OCHF2 26 24.4 28.4 240 1, 5
HFE-125 CHF2OCF3 136 119 147 620 1, 5
HFE-227ea CF3OCHFCF3 11 b 51.6 60 370 2, 5
HCFE-235da2 
(Isoflurane)

CHF2OCHClCF3 2.6 3.5 3.7 65 2, 5, 9

HFE-236ea2  
(Desflurane)

CHF2OCHFCF3 5.8 b 10.8 11.7 143 2, 5

HFE-236fa CF3OCH2CF3 3.7 b 7.5 ~8 115 5, 19
HFE-245fa1 CF3OCH2CHF2 2.2 b 6.6 ~7 106 5, 20
HFE-245fa2 CHF2OCH2CF3 4.9 5.5 5.8 95 2, 5
HFE-245cb2 CH3OCF2CF3 5.1 4.9 5.2 89 1, 5
HFE-254cb2 CH3OCF2CHF2 2.6 2.5 2.6 60 1, 5
HFE-236ca CHF2OCF2CHF2 26.5 20.8 23.1 212 2, 5
HCFE-235ca2 
(Enflurane)

CHF2OCF2CHFCl 4.3 4.6 62 5, 9, 21

CF3CF2OCF2CHF2 6.8 b 22.5 20–30 222 5, 22
CF3CF2OCH2CF3 4.3 b 7.5 ~8 115 5, 23
CH3OCF2CF2CF3 5.2 5.0 5.3 90 1, 5
CF3CF2OCH2CHF2 2.8 b 6.6 ~7 106 5, 24
CHF2OCH2CF2CF3 5.9 5.7 6.0 97 1, 5

Table 1-3, continued.
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Industrial
Designation
or Common Name

Chemical
Formula

                    Total Lifetime 
                    from Previous 
                     Assessments a

                   (years)

New 
Total 

Lifetime a
(years)

OH 
Lifetime d

(years)

Stratospheric 
Lifetime
(years)

Notes

CF3CH2OCF2CHF2 7.1 6.0 6.4 100 5, 25
CH3OCF2CHFCF3 0.94 b ~3 ~3 77 5, 26
CH3OCF2CF2CHF2 0.93 b ~3 ~3 77 5, 26
CHF2CH2OCF2CHF2 2.0 b 5.7 ~6 97 5, 27
CHF2OCH2CF2CHF2 3.6 3.5 3.7 73 1, 5

HFE-347 isomer
(Sevoflurane)

(CF3)2CHOCH2F 2.2 2.3 56 5, 28

HFE-338 isomer (CF3)2CHOCHF2 3.1 b 21.2 23.5 214 2, 5
(CF3)2CFOCH3 3.4 3.7 3.9 75 2, 5
CH3O(CF2)3CF3 5 4.7 5.0 87 2, 5

HFE-54-11 isomer CF3CHFCF2OCH2CF2CF3 9.1 8.8 9.5 127 5, 29
CH3CH2O(CF2)3CF3 0.77 0.8 0.8 30 5, 30
CHF2OCF2OCHF2 12.1 c 25.0 28.0 237 2, 5
CHF2OCF2CF2OCHF2 6.2 c 12.9 14.0 159 2, 5
CHF2OCF2OCF2CF2OCHF2 6.3 c 13.5 14.7 163 2, 5
CF3OC(O)H 3.6 < 3.5 3.7 73 5, 31, 33
C2F5OC(O)H 3.6 < 3.5 3.7 73 5, 32, 33
n-C3F7OC(O)H 2.6 < 2.6 2.7 61 5, 32, 33

Other Fluorinated Compounds
Trifluoromethyl-
sulfurpentafluoride

SF5CF3 650–950 650–950 650–950 8

Sulfur hexafluoride SF6 3,200 3,200 3,200 7
Nitrogen trifluoride NF3 740 500 500 34
Sulfuryl fluoride SO2F2 36 > 300 630 35

a 	 Includes OH reaction, ocean loss, and stratospheric loss (reactive and photolytic) as appropriate.
b 	Lifetime estimated from theoretically calculated reaction rate constants.
c 	Lifetime estimated using room temperature data.
d 	Lifetime with respect to reaction with tropospheric OH calculated relative to 6.1 years for CH3CCl3, assuming an average 

temperature of 272 K (Spivakovsky et al., 2000; Prather and Ehhalt et al., 2001).
e	 The value of τOH of 6.1 years for methyl chloroform was derived from its measured overall lifetime of 5.0 years (Cler-

baux and Cunnold et al., 2007; Prinn et al., 2005) taking into account an ocean loss of 89 years and stratospheric loss of 
39 years.

_____________
Notes:
1.	 OH rate constants taken from JPL 06-2.
2.	 OH rate constants taken from JPL 10-6.  JPL 10-6 is cited here whenever there is a change in a rate constant recom-

mendation or the accompanying note.  It does not necessarily mean that a major change was recommended for a rate 
constant. Nevertheless, updates in JPL 10-6 reflect improved kinetic understanding.

Table 1-3, continued.
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3.	 OH rate constants taken from Atkinson et al. (2008).
4.	 Stratospheric lifetime taken from Naik et al. (2000).
5.	 Stratospheric reaction lifetime estimated from an empirical correlation between the tropospheric and stratospheric 

lifetimes that were reported by Naik et al. (2000) for HFCs for which OH and O(1D) reaction rate constants were avail-
able.

6.	 Total lifetime includes a very minor contribution for ocean loss derived in Yvon-Lewis and Butler (2002).
7.	 Total lifetime from Ravishankara et al. (1993).  The lifetimes for CF4, CF3CF3, and C4F10 were reported as lower lim-

its.
8.	 Total lifetime taken from Table 1-4 in Clerbaux and Cunnold et al. (2007).
9.	 Stratospheric lifetime includes a photolysis lifetime estimated from that of a fully halogenated compound containing 

equivalent Cl and/or Br groupings.
10.	 Lifetime is due to a combination of tropospheric and stratospheric photolysis.
11.	 Lifetime is due primarily to tropospheric photolysis with a smaller contribution associated with the stratospheric 

photolysis.
12.	 OH rate constant estimated relative to CHF2CF3 using available data on the effects of Cl substitution.
13.	 Total lifetime assumed to be the same as CFC-11.
14.	 Total lifetime assumed to be the same as CFC-12.
15.	 Total lifetime assumed to be comparable to those for perfluoropropane, perfluorobutane, and perfluorocyclobutane.
16.	 OH rate constants taken from Young et al. (2009).
17.	 Total lifetime assumed to be the same as perfluorohexane.
18.	 Total lifetime estimated by Shine et al. (2005).
19.	 OH lifetime estimated by adjusting the lifetime of CF3CH2OCF2CHF2 for the contribution of -CF2CHF2.
20.	 OH lifetime estimated relative to CF3OCH3 and CHF2CH2CF3.
21.	 OH rate constants taken from Tokuhashi et al. (1999).
22.	 OH lifetime estimated as greater than CHF2CF2OCHF2 and less than CHF2CF2CF2CF3.
23.	 OH lifetime assumed to be the same as CF3OCH2CF3.
24.	 OH lifetime assumed to be the same as CHF2CH2OCF3.
25.	 OH rate constants taken from Wilson et al. (2007).
26.	 OH and total lifetimes estimated as approximately the same as for CH3OCF2CHF2.
27.	 OH lifetime estimated relative to CF3CF2OCF2CHF2 and CF3CF2OCH2CHF2.
28.	 OH rate constant taken from Langbein et al. (1999) using an estimated temperature dependence.
29.	 OH rate constants taken from Chen et al. (2005a).
30.	 OH rate constants taken from Christensen et al. (1998) using an estimated temperature dependence.
31.	 OH rate constants taken from Chen et al. (2004a).
32.	 OH rate constants taken from Chen et al. (2004b).
33.	 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 tropo-
spheric reaction sink for perfluoro ethers, thereby reducing the total lifetimes given in this table by as much as a factor 
of 2.

34.	 From Prather and Hsu (2008) with the lifetimes recalculated using the JPL 06-2 recommended rate constants for the 
O(1D) reactions corrected for the deactivation channel (see also Section 1.2.2).

35.	 From Papadimitriou et al. (2008b) and Mühle et al. (2009). The total lifetime is primarily due to ocean uptake. 

Table 1-3, continued (notes).
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Box 1-3.  Atmospheric Lifetimes and Removal Processes

The total atmospheric lifetime or turnover time (τtotal) of a trace gas is the time required to remove or chemi-
cally transform approximately 63% (i.e., 1−1/e) of its global atmospheric burden (Cglobal).  τtotal can be defined as the 
ratio of the burden to the total removal rate (Ltotal) from the atmosphere:

τtotal  = Cglobal / Ltotal 

Ltotal can be broken down into the sum of loss rates associated with various removal processes

Ltotal  = Latm + Lsoil + Locean + …LX

where Latm is the loss rate for processes occurring in the atmosphere, Lsoil is the loss rate for soil uptake, Locean is the 
rate for loss to the oceans, and LX is the loss rate for any other removal process, X.  Each of these loss rates is associ-
ated with a characteristic lifetime such that

Li = Cglobal / τi

Therefore,

Ltotal = Cglobal / τtotal = Cglobal / τatm + Cglobal / τsoil + Cglobal / τocean +… Cglobal / τX

and τtotal can be expressed as

(τtotal)−1 = (τatm)−1 + (τsoil)−1 + (τocean)−1 + …(τX)−1

The atmospheric loss rate is typically broken down into separate loss rates associated with processes occurring in the 
troposphere and in the stratosphere

Latm = Ltrop + Lstrat =  Cglobal / τtrop + Cglobal / τstrat

such that

(τatm)−1 = (τtrop)−1 + (τstrat)−1

The tropospheric lifetimes for most trace gases are primarily controlled by reactions with OH, although reactions 
with ozone (O3), nitrate radical (NO3), and chlorine radicals (Cl) can also play limited roles.  UV photolysis in the 
troposphere, designated by the characteristic lifetime τJ, is the dominant sink for iodine-containing compounds and 
can also be important for some bromine-containing compounds.  Hydrolysis-related removal processes (such as wet 
deposition, rainout, or washout), characterized collectively by τhydrol, can also contribute.  Thus,

(τtrop)−1 = (τOH)−1 + (τO3)
−1 + (τCl)−1 + (τNO3)

−1 + (τhydrol)−1 + (τJ)−1

Compounds whose tropospheric lifetimes are longer than the characteristic mixing time in the troposphere are des-
ignated as “long lived” in this chapter.  For such well-mixed compounds, lifetimes due to reaction with tropospheric 
hydroxyl radicals (OH) can be estimated relative to the corresponding lifetime of methyl chloroform (Spivakovsky 
et al., 2000)

where        is the partial OH lifetime for the compound of interest (RH), kRH(272 K) and kMCF(272 K) are the rate 
constants for the reactions of OH with RH and with methyl chloroform (MCF) at T = 272 K, and           = 6.1 years 
(see Table 1-3, footnote “e”).

Stratospheric loss processes, such as reactions with OH, O3, and excited state oxygen atoms (O(1D)), and UV 

RH
OH OH

MCF

(272 K)
(272 K)kMCF

kRH
ττ =

RH
OHτ

OH
MCFτ
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1.2.2	L oss Processes

Halocarbons are removed from the atmosphere by 
a number of processes including oxidation by hydroxyl 
radicals, photolysis, uptake by the ocean, and uptake by 
terrestrial ecosystems.  The combined influence of these 
processes can be expressed as a lifetime (see Box 1-3).  
Lifetimes for ODSs are generally based on a combination 
of modeling studies and analysis of observations, particu-
larly stratospheric observations.  Updates to our under-
standing of the persistence, expressed as lifetimes, of halo-
carbons in the environment are based on the consideration 
of updated kinetic information (see Table 1-3).  Uncer-
tainties associated with these lifetimes stem from uncer-
tain hydroxyl radical concentrations and distributions, and 
uncertain reaction rate constants.  Modeling uncertainties 
related to absorption cross sections and stratospheric air 
transport rates also affect the calculation of lifetimes.  This 
is particularly important for CFCs, for example, as this 
represents their primary sink.

New results from models that more accurately 
simulate air transport rates through the stratosphere than 
older models suggest a steady-state lifetime for CFC-11 
of 56–64 years (Douglass et al., 2008), notably longer 
than the 45 years used in recent past Assessments.  This 
finding has the potential to affect lifetimes, ODPs, and 
emissions derived from global measured trends for some 
other ODSs.  For example, while the CFC-12 lifetime cal-
culated in this same study was not substantially different 
from its current, best-estimate lifetime of 100 years, the 
stratospheric lifetime of CCl4 is calculated as ~50 years 

in this same model (Rontu Carlon et al., 2010), which is 
notably longer than the current best estimate of 35 years.  
A revision to the CFC-11 or CCl4 lifetime is not recom-
mended in this Assessment, pending a comprehensive 
analysis by the atmospheric observation and modeling 
communities.

New modeling calculations by Prather and Hsu 
(2008) have yielded significantly shorter lifetimes for 
CFC-114 and CFC-115.  The O(1D) (excited-state oxy-
gen atoms) reaction rate coefficients used in their calcula-
tion, however, included both the chemical oxidation of the 
CFCs as well as the nonreactive, physical quenching of 
O(1D).  This resulted in an overestimation of loss for these 
CFCs from O(1D).  When the O(1D) rates for only reac-
tive channels are considered (Sander et al., 2006, hereafter 
referred to as JPL 06-2), lifetimes of 190 years for CFC-
114 and 1020 years for CFC-115 are calculated (Table 
1-3; Prather and Hsu, 2010), which are still significantly 
shorter than considered in past Assessments (300 years 
for CFC-114 and 1700 years for CFC-115; Clerbaux and 
Cunnold et al., 2007).

A significantly shorter lifetime for nitrogen trifluo-
ride (NF3) was also calculated by Prather and Hsu (2008) 
using an older O(1D) reaction rate constant (Sorokin et 
al., 1998).  The NF3 lifetime given in this Assessment 
(500 years compared to 740 years in Clerbaux and Cun-
nold et al., 2007) is based on the Prather and Hsu (2008) 
results revised using the O(1D) + NF3 rate constant rec-
ommended in JPL 06-2.  A new study of this rate constant 
has been published by Zhao et al. (2010).  Use of the rate 
constant reported by these authors would reduce the life-

photolysis can also play important roles in dictating the lifetime of a long-lived compound.  The contribution from 
photolysis at Lyman-α (121.6 nm), which is important only for very long-lived compounds, can be included here, al-
though it occurs at altitudes above the stratosphere (≥70 km).  UV and Lyman-α photolysis are the most important loss 
processes for nonreactive compounds:

(τstrat)−1 = (τOH)−1 + (τO3)
−1 + (τO(1D))−1 + (τJ)−1 + (τLyman-α)−1

For long-lived compounds, τtotal can be considered to be a global lifetime that is representative of the compound’s 
persistence in Earth’s atmosphere.

In the context of this chapter, very short-lived substances (VSLS) are compounds with lifetimes less than or 
equal to 0.5 years (i.e., shorter than the characteristic time of mixing processes in the troposphere) (see Section 1.3).    
The actual atmospheric lifetimes of VSLS depend on the emission location and season as well as on local atmospheric 
conditions.  Consistent with past Assessments,          for VSLS was estimated with hydroxyl radical concentrations 
[OH] = 1 × 106 molecule/cm3 and an OH reaction rate constant at T = 275 K:

         = 1/(kRH(275 K) × [OH])

The use of a mean global tropospheric OH concentration in such calculations provides only approximate “local life-
times.”  The concept of a single global lifetime, Ozone Depletion Potential (ODP), or Global Warming Potential 
(GWP) is inappropriate for such short-lived gases (see Section 1.3).

RH
OHτ

RH
OHτ
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time for NF3 by about 7% from the 500 years reported in 
this chapter.

The principal differences between these new (re-
vised) CFC-114 and CFC-115 lifetimes and those recom-
mended in earlier Assessments (based on Ravishankara et 
al., 1993) are primarily due to improved photolysis models 
(see Chapter 6 in SPARC CCMVal, 2010) that include up-
dated solar fluxes in the Herzberg continuum (200–220 
nanometers (nm)) and in the Schumann-Runge bands 
(<205 nm).  Note that the more rapidly photolyzed CFCs 
(-11, -12, and -113) are destroyed in the lower stratosphere 
at wavelengths whose opacities are dominated by the mo-
lecular oxygen (O2) Herzberg continuum, while the much 
longer-lived gases (CFC-114, -115, and NF3) are lost pri-
marily between altitudes of 32 to 40 km and in the wave-
length region where the opacity is controlled by the O2 
Schumann-Runge bands.  This is why the CFC-11, CFC-
12, and CFC-113 lifetimes are not appreciably influenced 
by use of the improved photolysis model.

The Prather and Hsu (2008) model did not include 
losses above 70 km, where photolysis at Lyman-alpha 
(121.6 nm) wavelengths occurs.  This loss is likely im-
portant for some very long-lived chemicals, particularly 
CFC-115.  The lifetime for CFC-13 derived by Ravishan-
kara et al. (1993) remains unchanged here (640 years) de-
spite these considerations because atmospheric loss of this 
chemical is primarily associated with reactive removal by 
O(1D) atoms in the stratosphere.  For NF3, the Prather and 
Hsu (2008) calculations revise earlier lifetime estimates 
that were based on a one-dimensional (1-D) photolysis 
calculation (not including O(1D) reactions) referenced as a 
private communication in Molina et al. (1995).

Other considerations also affect the usefulness of 
the stratospheric lifetimes calculated in Table 1-3.  These 
lifetimes are derived for steady-state conditions, yet global 
atmospheric mixing ratios of most ODSs are not at steady 
state.  For CFCs and other compounds destroyed primarily 
by photolysis in the stratosphere, steady-state lifetimes are 
generally longer than lifetimes in the absence of signifi-
cant emissions (e.g., Prather, 1997).  Finally, many mod-
els suggest that future changes in stratospheric circulation 
expected from enhanced greenhouse gas concentrations 
will enhance photolytic loss rates for the long-lived halo-
carbons.  This influence is predicted to result in shorter 
stratospheric lifetimes than those listed in Table 1-3.

Since the previous Assessment, considerably more 
kinetic data have become available for the reactions of OH 
with a wide variety of CFC and halon substitutes, espe-
cially fluorinated alkenes, ethers, and alcohols for which 
limited or no data previously existed.  A comprehensive 
analysis of available kinetic data since the last Assessment 
has revealed a number of compounds for which our under-
standing of losses has improved.

Most notably, lifetimes of three hydrofluoroethers 
(HFEs) are now based on experimentally measured OH 
reaction rate constants (HFE-227ea, HFE-236ea2, and 
(CF3)2CHOCHF2) (Sander et al., 2010; hereafter referred 
to as JPL 10-6).  Previous estimates were based on theo-
retically calculated OH reaction rate constants that signifi-
cantly overestimated the loss rates for these gases, leading 
to unrealistically short lifetimes.

Rate constants for eight other HFEs (HFE-236fa, 
HFE-245fa1, CF3CF2OCF2CHF2, CF3CF2OCH2CF3, 
CF3CF2OCH2CHF2, CH3OCF2CHFCF3, CH3OCF2CF2CHF2, 
CHF2CH2OCF2CHF2) that had also been derived from 
theoretical considerations can now be better estimated 
from the kinetic data on fluoroethers that are now avail-
able (Table 1-3).  The revised lifetimes for these HFEs 
are considerably longer than recommended in the previous 
Assessment.

Updated lifetimes for three additional HFEs 
(CHF2OCF2OCF2CF2OCHF2, CHF2OCF2OCHF2, and 
CHF2OCF2CF2OCHF2) have been derived using the tem-
perature dependencies of the OH reaction rate constants 
estimated in JPL 10-6 (which are based on existing data 
for other fluoroethers) and evaluated at 272 K (see Box 
1-3).  Previously assessed lifetime estimates for these three 
HFEs were based on rate constants at 298 K (Ramaswamy 
et al., 2001), which are ~80% faster.

Significant revisions have also been made to the 
lifetimes of three HFCs:

•	 The updated total lifetime for HFC-23 (CHF3) of 222 
years is ~20% shorter than the 270 years recommend-
ed in the previous Assessment (Clerbaux and Cunnold 
et al., 2007).  This change in total lifetime results from 
a shorter tropospheric lifetime due to the OH rate con-
stant recommended in JPL 10-6 being ~15% larger 
than given in JPL 06-2 and a stratospheric lifetime 
of 2347 years based on the model calculation of Naik 
et al. (2000).

•	 The new total lifetime of HFC-227ea (CF3CHFCF3) 
is longer than given in the previous Assessment 
(38.9 years vs. 34.2 years) primarily because the up-
dated rate constant (JPL 10-6) is smaller than pre-
viously recommended due to the inclusion of new 
temperature-dependent kinetic data (Tokuhashi et al., 
2004).

•	 The revised total lifetime of HFC-41 (CH3F) is 2.8 
years.  The revision is based on the current recom-
mendation for the OH reaction rate constant (JPL 
10-6) and an estimation of stratospheric loss (64 years 
derived from Naik et al. (2000); Table 1-3).
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1.3	 Very Short-Lived Halogenated 
Substances (VSLS)

While the longer-lived ODSs account for the ma-
jority of the halogen loading in the present-day strato-
sphere, there is evidence suggesting that halogenated 
very short-lived substances (VSLS) with lifetimes of 0.5 
years or less and their degradation products contribute to 
halogen in the stratosphere (Ko and Poulet et al., 2003; 
Law and Sturges et al., 2007).  In Table 1-4, some of the 
halogenated VSLS considered in this section are listed to-
gether with their lifetimes.  The abbreviations for chemi-
cal and meteorological parameters used in this section are 
explained in Box 1-4).

While some VSLS originate from anthropogenic 
sources, others are of partly or wholly natural origins.  
We include discussions of naturally emitted VSLS here 
for two reasons.  First, much of our current understanding 
of the mode and rate of delivery of the VSLS—whether 
natural or anthropogenic—to the stratosphere arises from 
studies of naturally occurring halocarbons.  Second, the 
emission and the stratospheric injection of natural halocar-
bons might not be constant in a changing climate.

1.3.1	E missions, Atmospheric 
Distributions, and Abundance 
Trends of Very Short-Lived 
Source Gases

Since the 2006 Assessment (Law and Sturges et al., 
2007) new findings on emissions of anthropogenic and nat-
ural VSLS have been made as well as on trends of anthro-
pogenic chlorinated VSLS.  New data are also available 
on very short-lived (VSL) source gases (SGs) in the upper 
troposphere and the importance of product gases (PGs) is 
assessed.

1.3.1.1	 Chlorine-Containing Very 
Short-Lived Source Gases

A number of chlorinated VSLS from anthropogenic 
and natural sources have been measured in the background 
atmosphere.  Industrial sources of these gases are discussed 
in McCulloch et al. (1999), Simmonds et al. (2006), Worton 
et al. (2006), and on the web site of the U.S. Environmental 
Protection Agency (www.epa.gov; Toxic Air Pollutants).  
Dichloromethane (methylene chloride, CH2Cl2) is princi-
pally used as a paint remover, and also in foam production 
and foam blowing applications, as a solvent and degreaser, 
and in fumigation.  Trichloromethane (chloroform, CHCl3) 
is used almost exclusively in the production of HCFC-22 
and fluoropolymers, but is also released as a by-product 
from chlorine bleaching in the paper and pulp industry, 

and from water chlorination.  Tetrachloroethene (perchlo-
roethylene, CCl2CCl2) is used in the textile industry, in 
dry-cleaning applications, and in vapor degreasing of met-
als, as is trichloroethene (trichloroethylene, CHClCCl2).  
1,2-Dichloroethane (CH2ClCH2Cl) is principally used in 
the production of polymers and rubbers, and is also used as 
a solvent, as a fumigant, and was historically used widely 
as an additive to leaded gasoline.  Chloroethane (C2H5Cl) 
is mostly used in the manufacture of ethyl cellulose, dyes, 
and pharmaceuticals and was formerly used in the manu-
facture of tetraalkyl lead additives for gasoline.  Other re-
lated compounds include a number of mixed-halogenated 
compounds, notably the bromochloromethanes.  These lat-
ter compounds are believed to originate largely from natu-
ral sources and are generally present at lower abundances 
than the aforementioned chlorinated compounds.  They are 
discussed in Section 1.3.1.2 in the context of brominated 
source gases.

Estimates of total global and industrial emissions of 
chlorinated VSLS are shown in Table 1-5 for those gases 
for which such estimates exist.  From this table it can be 
seen that total CCl2CCl2 and CH2Cl2 emissions derived 
from a “top-down” analysis of atmospheric observations 
are similar to independently estimated industrial emis-
sions derived from inventories.  Although not all of the 
estimates coincide in time (e.g., industry inventories are 
mostly from the early or mid-1990s, whereas the atmo-
spheric measurements used in the emissions models are 
mostly from several years later), the results suggest that 
most emissions of CCl2CCl2 and CH2Cl2 arise from an-
thropogenic activity.  A model analysis of the atmospheric 
data (Simmonds et al., 2006) also indicates that more than 
90% of the emissions for these two compounds emanate 
from the Northern Hemisphere (NH), further indicative of 
their predominantly industrial origins.  The industrial inven-
tories, however, indicate that only 1% of industrial emis-
sions are in the Southern Hemisphere (SH) (McCulloch et 
al., 1999), suggesting that other sources such as biomass 
burning might contribute.  An earlier estimate of the bio-
mass burning contribution to global atmospheric CH2Cl2 
(7% according to Keene et al., 1999) is supported by Xiao 
(2008), but both are based largely on the same underlying 
data.  These high values have been questioned by Sim-
monds et al. (2006) on the basis of the lower (by two or-
ders of magnitude) biomass burning emission factors they 
observed from Australian wild fires.

Industrial emissions of chloroform were estimat-
ed to contribute 25 to 29% of total emissions in 2001 
by modeling atmospheric measurements (Worton et al., 
2006).  This is less than that modeled in earlier years due 
to a rapid decline in emissions attributed to the paper and 
pulp industry.  The absolute emissions estimate from this 
study for 2001 is, however, higher than an earlier industry 
inventory figure given by McCulloch et al. (2003) (see 
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Table 1-4.  Lifetimes for very short-lived halogenated source gases.

Compound

Local Lifetime 
from Previous 
Assessments 
(τlocal), days

OH Lifetime1

(τOH), days

Photolysis 
Lifetime from 

Previous 
Assessments 
(τlocal), days

New Local 
Lifetime,
(τlocal), days

Notes

Chlorocarbons
CH2Cl2 140 144 > 15000 144 2, 8
CHCl3 150 149 > 15000 149 2, 8
CH3CH2Cl 30 39 39 2
CH2ClCH2Cl 70 65 65 4
CH3CH2CH2Cl 14 14 5
CHClCCl2 4.9 > 15000 4.9 3, 8
CCl2CCl2 99 90 90 3
CH3CHClCH3 18 18 5
Bromocarbons
CH2Br2 120 123 5000 123 2, 8
CHBr3 26 76 36 24 2, 8
CH2BrCl 150 137 15000 137 2, 8
CHBrCl2 78 121 222 78 6, 8
CHBr2Cl 69 94 161 59 7, 8
CH3CH2Br 34 41 41 2
CH2BrCH2Br 55 70 70 4
n-C3H7Br 13 12.8 > 1200 12.8 3, 8
Iso-C3H7Br 16.7 16.7 3
Iodocarbons
CH3I 7 158 7 (4–12) 7 4, 8
CF3I 4 860 not determined 4 2
CH2ClI 0.1 0.1 0.1 8
CH2BrI 0.04 0.04 0.04 8
CH2I2 0.003 0.003 0.003 8
CH3CH2I 4 17.5 5 (2–8) 4 4, 8
CH3CH2CH2I 0.5 7.7 0.6 (0.5–1.5) 0.5 4, 8
CH3CHICH3 1.2 9.7 1.4 (1–3) 1.2 4, 8
CF3CF2CF2I < 2 < 2 9

Notes:
1.	 These local OH lifetimes are calculated using an average tropospheric OH concentration of 1×106 molecule/cm3 and the OH reaction rate constant at 

T = 275 K.  Local lifetimes quoted here are not meant to be estimates of global lifetimes, which for short-lived gases depend on the emission location 
and season as well as local atmospheric conditions.  The concept of a single global lifetime, ODP, or GWP is inappropriate for such short-lived gases.

2.	 OH reaction rate constant taken from JPL 06-2.
3.	 OH reaction rate constant taken from JPL 10-6.  JPL 10-6 is cited here whenever there is a change in a rate constant recommendation or the ac-

companying note.  It does not necessarily mean that a major change was recommended for a rate constant.  Nevertheless, updates in JPL 10-6 reflect 
improved kinetic understanding.

4.	 OH reaction rate constant taken from Atkinson et al. (2008).
5.	 OH reaction rate constant taken from Yujing and Mellouki (2001).
6.	 Room temperature OH reaction rate constant taken from Bilde et al. (1998).  The temperature dependence of the OH reaction rate constant was 

estimated from the reactivity of CHCl3, CHCl2Br, and CHBr3.
7.	 OH reaction rate constant estimated from the OH reactivity of CHCl3, CHCl2Br, and CHBr3.
8.	 Photolysis lifetime taken from Table 2-4 in Ko and Poulet et al. (2003).
9.		 Photolysis lifetime estimated from comparison of UV spectra and lifetimes for CF3I and CF3CF2CF2I.
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Table 1-5).  Biomass burning is thought to contribute 1% 
or less to emissions of CHCl3, CCl2CCl2, and CHClCCl2 
(Table 1-5).

Annual mean mole fractions and trends of some of 
these chlorinated VSL source gases at Earth’s surface dur-
ing recent years are given in Table 1-6.  CH2Cl2 has in-
creased significantly in recent years in both hemispheres, 
having previously fallen from 1995 (when records began) 
to about 2000 (updated from Simmonds et al., 2006).  In 
the NH, mean surface mixing ratios in 2008 were simi-
lar to those previously observed in the mid-1990s.  CHCl3 
concentrations have remained approximately constant 
since 2000 suggesting little change in the fraction arising 
from industrial emissions.  CCl2CCl2 has decreased almost 
monotonically since the late 1980s (updated from Simp-
son et al., 2004).  Data in Table 1-6 indicate that this trend 
may have reversed in the most recently reported year, but 

this may be within the scatter of the interannual variability 
of the measurements.  Global long-term measurements are 
available for CHClCCl2 for the first time (Table 1-6).  The 
large standard deviation reflects the very large seasonal 
cycle of this very reactive gas.  The short record and large 
annual variability do not yet allow a trend to be established 
for this compound.

There are very few reported lower tropospheric 
measurements of the other chlorinated VSLS since the 
last Assessment, and likewise no industrial emission esti-
mates are available for these species.  In the last Assess-
ment (Law and Sturges et al., 2007) one citation (Low et 
al., 2003) gave mean NH and SH C2H5Cl mixing ratios of 
2.6 and 1.6 ppt, respectively, which, given the short life-
time of this gas (39 days; Table 1-4), requires a significant, 
presumably nonindustrial, source to sustain the observed 
SH abundances.  Higher values were noted in the tropical 

Box 1-4.  Definition of Acronyms Related to Short-Lived Gases

Chemical Parameters
VSLS	 very short-lived substances—organic and inorganic gases with lifetimes of less than 0.5 years
VSL	 very short-lived
SG/SGI	 source gas / source gas injection—refers to a halogenated organic source gas and its injection into the 

stratosphere
PG/PGI 	 product gas / product gas injection—refers to halogenated organic and inorganic degradation products and 

their injection into the stratosphere
Bry 	 total inorganic stratospheric bromine (e.g., HBr, BrO, 2×Br2) resulting from degradation of bromine-con-

taining organic source gases (halons, methyl bromide, VSLS), and natural inorganic bromine sources (e.g., 
volcanoes, sea salt, and other aerosols)

Cly 	 total inorganic stratospheric chlorine (e.g., HCl, ClO) resulting from degradation of chlorine-containing 
source gases (CFCs, HCFCs, organic VSLS), and natural inorganic chlorine sources (e.g., sea salt and 
other aerosols)

Iy 	 total inorganic stratospheric iodine (e.g., IO, OIO, HOI) resulting from degradation of iodine-containing 
source gases (VSLS), and natural inorganic sources (e.g., sea salt and other aerosols)

Bry
VSLS  	 the component of stratospheric Bry from the degradation of organic brominated VSL SGs and tropospheric 

inorganic bromine sources (also called “additional” stratospheric Bry)

Meteorological Parameters
BDC 	 Brewer-Dobson circulation
LMS 	 lowermost stratosphere
TTL 	 tropical tropopause layer—a layer exhibiting properties of both the stratosphere and troposphere.  In this 

Assessment we follow the definition of the TTL as used in Law and Sturges et al. (2007).  The bottom 
of TTL is taken as the region of maximum convective outflow (about 12 km altitude, or 345K potential 
temperature) and the upper end is identical to the tropical cold point tropopause (about 17 km or 380 K 
potential temperature).

z0	 altitude of clear-sky zero radiative heating.  As in the previous Assessment (Law and Sturges et al., 2007) 
we define the level at about 15 km or 360K, where there is a transition from clear-sky radiative cooling to 
clear-sky radiative heating.  In general, air masses above this level are expected to enter the stratosphere.

CPT	 cold point tropopause—defined by the minimum atmospheric temperature and gives the position of the 
tropical tropopause.  At this altitude air parcels enter the stratospheric overworld.

Washout 	 the removal of trace gases from the gas phase, including subsequent falling of rain or ice particles
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marine boundary layer, also indicative of a natural ori-
gin.  The mixing ratios given in the last two Assessments 
for CH2ClCH2Cl (20–40 ppt in the NH and 5–7 ppt in the 
SH) appear to have been incorrectly cited from an original 
paper (Class and Ballschmiter, 1987). The values given in 
this latter paper are <1 to 24 ppt for the NH and <1 ppt 
for the SH.  We do not know of any globally distributed 
or long-term measurements of this species since this date, 
however, the large interhemispheric ratio suggests predom-
inantly anthropogenic uses at that time.  There are no emis-

sion estimates or inventories for this compound, making it 
a significant uncertainty in the chlorinated VSLS budget.

It is likely that significant calibration differences 
exist between measurements of chlorinated VSLS by dif-
ferent laboratories.  This is particularly evident in the case 
of CCl2CCl2 (Table 1-6) but is equally true for all of the 
chlorocarbons discussed here (e.g., Simmonds et al., 2006; 
Butler et al., 2010).  Simmonds et al. (2006) mention a 
10% difference between NOAA and AGAGE measure-
ments for CCl2CCl2, but no intercomparison exercises 

Table 1-6.  Measured mole fractions and growth rates of chlorinated very short-lived source gases.

Chemical 
Formula

Common or 
Industrial 

Name

Annual Mean Mole Fraction (ppt) Growth (2007–2008)
Laboratory a

2004 2007 2008 (ppt/yr) (%/yr)

CH2Cl2 dichloromethane 17.3 ± 5.7 20.3 ± 6.7 22.1 ± 6.7 1.8 ± 0.5 8.1 ± 2.3 AGAGE, in situ 
(Global)

CHCl3 chloroform 6.8 ± 1.2 7.0 ± 1.5 7.0 ± 1.5 −0.02 ± 0.09 −0.3 ± 1.3 AGAGE, in situ 
(Global)

CCl2CCl2 tetrachloroethene 1.9 ± 0.9 1.7 ± 0.7 1.7 ± 0.7 0.01 ± 0.00 0.6 ± 0.1 AGAGE, in situ 
(Global)

3.0 2.5 2.7 0.2 7 UCI, flask 
(Global)

CHClCCl2 b trichloroethene - 0.19 ± 0.19 0.28 ± 0.28 - - AGAGE, in situ 
(Global)

a	 AGAGE global mixing ratios updated from Simmonds et al. (2006).  UCI global mixing ratios updated from Simpson et al. (2004).
b	 Because of the short lifetime (4.9 days) the global mole fraction of CHClCCl2 should be seen rather as an approximation than a defined global value.

Table 1-5.  Annual emissions of chlorinated VSLS.

Compound

Fraction of 
Global

Emissions in
the NH 

(%)

“Top-Down” 
Average

Annual Global 
Emissions

(Gg/yr)

Estimated
Industrial 
Emissions

(Gg/yr)

Estimated 
Biomass Burning 

Emissions 
(Gg/yr)

Origin

CH2Cl2 93
-

515 ± 22
629 ± 44

519 ± 32
430 ± 12

59
75 ± 18

1
2

CHCl3 -
62
-
-

-
370 ± 120
315–373

-

-
-

79–108
66 ± 23

2
2 ± 2

-
-

1
2
3
4 

CCl2CCl2 94 250–205 278 ± 20 0 1
CHClCCl2 - - 246 ± 13 0 1

Notes:
1.	Simmonds et al. (2006) global and hemispheric emissions 1999–2003; McCulloch et al. (1999) industrial emission estimates (using the factors given 

in McCulloch et al. (1999) to estimate values appropriate for 1995); Keene et al. (1999) biomass burning emissions.
2.	Xiao (2008) (values shown are for 2000–2004).
3.	Worton et al. (2006) (values shown are for 2001).
4.	McCulloch et al. (2003) (reference year not given).
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have yet been published for CCl2CCl2 or any other chlo-
rinated VSLS.

The anthropogenic contribution to the tropospheric 
abundances of chlorine from VSLS can be estimated by 
assuming that the anthropogenic fraction (industrial plus 
biomass burning) of individual gases is 90% for CH2Cl2 
(average of 100% and 80% from modeled global emis-
sions from Table 1-5); 100% for CCl2CCl2, CHClCCl2, 
and CH2ClCH2Cl; and 25% for CHCl3.  All other chlo-
rinated gases are assumed to be of solely natural origin.  
Taking the averaged 2008 molar ratios in Table 1-6 and an 
average value of approximately 6 ± 6 ppt for CH2ClCH2Cl 
(see above), yields a global average surface abundance of 
Cl from anthropogenic VSLS in 2008 of 67 ± 30 ppt.

In Table 1-7, observations of a range of various 
VSLS in the marine boundary layer, the upper troposphere, 
and the tropical tropopause layer are compiled from a num-
ber of measurement campaigns (see also Section 1.3.3.1).  
These measurement campaigns cover a range of dates and 
locations and, therefore, are not directly comparable with 
one another or the surface values in Table 1-6.  Neverthe-
less, mixing ratios in the upper troposphere are on average 
less than those measured in the marine boundary layer, as 
would be expected for measurements of VSLS at some 
distance from their sources.

Updated mixing ratios of organic chlorine from 
VSLS of 59 (36–70) ppt in the tropical upper troposphere 
(10–12 km) (Table 1-7) are similar to the value of 55 (52–
60) ppt at 10 km reported in the last Assessment, although 
with a wider spread.  The main contributors to organic 
chlorine from VSLS at this altitude are CH2Cl2 and CHCl3.

Abundances at about 15 km in the tropics can be 
considered to represent the lower limit of source gas injec-
tion into the stratosphere (see Section 1.3.3.1).  Taking this 
observed total of 55 (38–80) ppt Cl from all chlorinated 
VSLS at this height and the same anthropogenic fractions 
as discussed above, a minimum stratospheric injection of 
39 (27–59) ppt Cl from anthropogenic VSLS is estimated 
(Table 1-7).

These anthropogenic totals do not include the prod-
uct gases hydrogen chloride (HCl) and phosgene (COCl2), 
which can be formed during atmospheric decomposition 
from both VSL SGs (primarily CHCl3 and CCl2CCl2) and 
long-lived SGs (e.g., CCl4 and CH3CCl3) and together 
could contribute an additional 0–50 ppt Cl to the strato-
sphere (see Section 1.3.3.3).

1.3.1.2	B romine-Containing Very 
Short-Lived Source Gases

In contrast to chlorinated VSLS, anthropogenic 
sources of brominated VSLS are small in comparison to 
natural sources.  The most notable anthropogenic bro-
minated VSLS are 1-bromopropane (n-propyl bromide, 

C3H7Br), which is used as a substitute for CFC-113 
and CH3CCl3 in metal and electronic part cleaning; and 
1,2-dibromoethane (ethylene dibromide, CH2BrCH2Br), 
which is used as a fumigant and chemical intermediate 
and was formerly widely used as an additive to leaded 
gasoline (U.S. EPA web site at www.epa.gov; Toxic Air 
Pollutants).  Small emissions of trihalomethanes, notably 
CHBr3, occur from chlorination of drinking water and 
power plant cooling water (Worton et al., 2006).  There 
have been very few studies of long-term trends in atmo-
spheric abundances of brominated VSLS.  In the last As-
sessment one study was reported indicating small increases 
in brominated trihalomethanes since the early 20th century 
from Arctic firn air, but no significant trends in dibromo-
methane (CH2Br2) and bromochloromethane (CH2BrCl) 
(Worton et al., 2006), which leads to the conclusion that 
the latter are of entirely natural origin.  Atmospheric con-
centrations of brominated VSLS are highly variable due to 
the heterogeneous distribution and time-varying nature of 
sources; notably natural sources.  Natural sources include 
marine phytoplankton, coastal macrophytes (seaweeds), 
and possibly terrestrial vegetation such as rice (Law and 
Sturges et al., 2007).  Surface mixing ratios (predominant-
ly from the marine boundary layer) reported in the last 
Assessment are summarized in Table 1-7.  Mixing ratios 
of other bromocarbons tend to be lower than any of the 
aforementioned substances.

Most progress since the last Assessment has been 
with regard to estimating natural oceanic emissions of bro-
mocarbons (see Table 1-8), notably bromoform (CHBr3) 
and CH2Br2.  These range from 430–1400 Gg Br/yr for 
CHBr3, and 57–280 Gg Br/yr for CH2Br2 and are mostly 
larger than the estimates given in the previous Assessment 
report (Table 2-3 in Law and Sturges et al., 2007).  There 
are large uncertainties associated with these estimates, 
notably due to the large variability in emissions from 
coastal zones (Butler et al., 2007).  Some of the studies 
included in Table 1-8 emphasize the potential importance 
of coastal oceans (e.g., Butler et al., 2007; Carpenter et al., 
2009; Liang et al., 2010).  In contrast, Palmer and Reason 
(2009) considered tropical coastal sources to be unimport-
ant based on a supposition that seaweeds are largely ab-
sent from the tropics.  Yokouchi et al. (2005), however, 
reported very high mixing ratios of CHBr3, dibromochlo-
romethane (CHBr2Cl), and CH2Br2 associated with algal-
colonized tropical shores.  While numerous studies have 
identified coastal macroalgae as sources of halocarbons, 
and CHBr3 in particular (Law and Sturges et al., 2007), 
there have been relatively few studies in the tropics com-
pared to the extratropics.  Furthermore, it has not been un-
equivocally proven that macroalgae account for all such 
coastal emissions.  Close to shore in Cape Verde in the 
tropical Atlantic, O’Brien et al. (2009) detected elevated 
mixing ratios of CHBr3 and CH2Br2 without evidence of 
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Table 1-7.  Summary of available observations of VSLS source gases from the marine boundary layer 
(MBL) to the tropical tropopause layer (TTL).  Abundances measured in the MBL are taken from the last 
Assessment (Law and Sturges et al., 2007).  Data in and above the upper troposphere have been compiled 
from observations during the PEM-West A and B, TC4, Pre-AVE, and CR-AVE aircraft campaigns (see Schauffler 
et al., 1999) and from Teresina balloon observations (Laube et al., 2008 and updates).  All table entries are 
mixing ratios, with units of parts per trillion (ppt).

Marine
Boundary Layer

(MBL) a

Upper
Troposphere

(UT) b
Lower TTL c LZRH (z0) c,d Upper TTL c Tropical

Tropopause c

Height
Range 10–12 km 12–14 km 14.5–15.5 km 15.5–16.5 km 16.5–17 km

Potential
Temperature

Range 
340–355 K 355–365 K 365–375 K 375–385 K

Median
(ppt)

Range e

(ppt)
Mean
(ppt)

Range e

(ppt)
Mean
(ppt)

Range e

(ppt)
Mean
(ppt)

Range e

(ppt)
Mean
(ppt)

Range e

(ppt)
Mean
(ppt) 

Range e

(ppt)

CH2Cl2 17.5 9-39 13.9 8.6–20.9 14.9 11.7–18.4 14.3 10.8–20.6 13.2 9.8–21.2 12.6 7.2–22.5

CHCl3 7.8 5.2–13.1 5.8 3.9–7.5 7.1 5.9–9.2 5.7 3.5–7.9 4.8 3.5–6.6 4.9 3.3–6.4

CH2ClCH2Cl 3.7 0.7–14.5 3.7 f 1.9–5.4 2.9 g 1.9–4.1 2.7 g 1.6–4.9 2.2 g 1.2–4.0 2.0 0.6–4.3

CHClCCl2 0.5 0.05–2 0.36 f 0–2.02 0.05 g 0.00–0.16 0.03 g 0.00–0.17 0.02 g 0.00–0.05 0.03 0.00–0.17

CCl2CCl2 1.8 1.2–3.8 1.3 0.7–1.8 1.1 0.8–1.5 0.9 0.4–1.3 0.6 0.3–0.9 0.5 0.1–1.0

CH2Br2 1.1 0.7–1.5 0.86 0.63–1.21 0.92 0.77–1.15 0.74 0.59–0.99 0.66 0.43–0.83 0.51 0.3–0.86

CHBr3 1.6 0.5–2.4 0.50 0.12–1.21 0.61 0.3–1.11 0.22 0.00–0.63 0.14 0.01–0.29 0.09 0.00–0.31

CH2BrCl 0.5 0.4–0.6 0.09 h 0.03–0.16 0.14 i 0.13–0.16 0.10 i 0.08–0.13 0.11 i 0.1–0.12 0.08 0.05–0.11

CHBr2Cl 0.3 0.1–0.8 0.11 0.01–0.36 0.10 i 0.06–0.15 0.06 i 0.03–0.11 0.05 i 0.01–0.11 0.03 0.00–0.14

CHBrCl2 0.3 0.1–0.9 0.11 0.02–0.28 0.20 0.18–0.22 0.10 0.12–0.18 0.12 0.11–0.14 0.06 0.03–0.12

Other brominated SG j < 0.2 j < 0.2 j < 0.2 j

CH3I 0.80 0.3–1.9 0.13 0.03–0.42 0.12 k 0.00–0.23 0.04 k 0.00–0.10 0.00 k 0.00–0.01 0.01 0.00–0.06

Total Cl 76 41–171 59 36–70 62 48–78 55 38–80 48 38–74 46 26–77

Anthrop. Cl l 55 27–136 43 26–51 43 32–55 39 27–59 34 25–55 32 17–58

Total Br 8.40 3.6–13.3 3.5 1.7–7.4 4.3 2.8–6.5 2.7 1.4–4.6 2.0 1.1–3.2 1.5 0.7–3.4

Total I 0.80 0.3–1.9 0.13 0.03–0.42 0.12 0.00–0.23 0.04 0.00–0.10 0.00 0.00–0.01 0.01 0.00–0.06

PEM-West = Pacific Exploratory Mission-West; TC4 = Tropical Composition, Cloud, and Climate Coupling mission; Pre-AVE = Pre-
Aura Validation Experiment; CR-AVE = Costa Rica Aura Validation Experiment.

_________
Notes:
a	 Marine boundary layer mixing ratios are identical to those in Table 2-2 of the previous Assessment (Law and Sturges et al., 2007).
b	 UT data are from DC-8 aircraft observations during PEM-West A, PEM-West B, and TC4.
c	 TTL and tropopause data are from WB-57 aircraft observations during TC4, Pre-AVE, and CR-AVE (see Aschmann et al., 2009, 

Hossaini et al., 2010 and Liang et al., 2010) and balloon observations from Teresina, Brazil, in June 2005 (Laube et al.2008) and June 
2008 (update of Laube et al., 2008).

d	 LZRH(z0) corresponds to the level of zero clear-sky radiative heating (z0) (see Box 1-4).  As in the previous assessment (Law and 
Sturges et al., 2007), we define this level at about 15 km or 360K, where there is a transition from clear-sky radiative cooling to clear-
sky radiative heating.  In general, air masses above this level are expected to enter the stratosphere.

e	 The stated observed range represents the smallest mean minus 1 standard deviation and the largest mean plus 1 standard deviation 
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significant macroalgae on the local shore.  Peak concen-
trations were observed at solar noon (2–44 ppt CHBr3 and 
1–9 ppt CH2Br2), rather than low tide as would be expect-
ed for emissions from intertidal macroalgae.

In a case study off the West coast of Africa, Quack 
et al. (2007) suggest that CH2Br2 might originate part-
ly from biologically mediated reductive hydrogenoly-
sis of CHBr3.  Some studies (e.g., Palmer and Reason, 
2009; Kerkweg et al., 2008) suggest significant regional 
“hotspots” in the tropics and subtropics especially in the 
west Pacific Ocean near Indonesia, but with large sea-
sonal and temporal variations.  This point is also in ac-
cord with Butler et al. (2007), who estimated that 64% 
of bromoform emissions originated from the Pacific 
(47% from the tropical Pacific, and 70% in total from the 
tropics), compared with just 3% from the Atlantic.  For 
CH2Br2 the corresponding figures were 40% (24%, 40%) 
and 20%, respectively.   In the last Assessment (Law and 

Sturges et al., 2007) it was proposed that regions of oce-
anic upwelling could be important sources of bromocar-
bon emissions.  Since then Quack et al. (2007) and Car-
penter et al. (2009) have shown, based on measurements 
in the Mauritanian upwelling, that such regions may be 
collectively relatively minor contributors to global emis-
sions (e.g., around 1% of CHBr3 and CH2Br2 global 
emissions).

It should also be noted that discrepancies between 
observation-based studies arise from the “snapshot” pic-
ture they supply of a highly heterogeneous and variable 
system, as well as possible substantial differences between 
calibration scales (Butler et al., 2010) and methods of esti-
mating fluxes and extrapolating them to larger areas (e.g., 
Carpenter et al., 2009 and O’Brien et al., 2009).  The pic-
ture of global bromocarbon emissions is therefore highly 
complex with substantial uncertainties.  Understanding the 
regional and seasonal variability of emissions is, however, 

among all measurement campaigns.
f	 CH2ClCH2Cl (dichloroethane) and CHClCCl2 (trichloroethene) in the UT only from TC4.
g	 CH2ClCH2Cl and CHClCCl2 in the TTL, including the LZRH, only from TC4, Pre-AVE, and CRAVE.
h	 CH2BrCl in the UT only from PEM-West B.
i	 CH2BrCl and CHBrCl2 in the TTL, including the LZRH, only from TC4 and Teresina balloon measurements.
j	 Estimated maximum contribution from species like C2H5Br, C2H4Br2, C3H7Br. 
k	 CH3I in the TTL, including the LZRH, only from TC4 and Pre-AVE.
l	 The anthropogenic fraction of chlorinated VSLS (Anthrop. Cl) has been calculated by adding 90% of CH2Cl2, 25% of CHCl3, and 

100% of CCl2CCl2, CHClCCl2, and CH2ClCH2Cl (see also Section 1.3.1.1).

Table 1-8.  Fluxes of bromine from bromoform (CHBr3) and dibromomethane (CH2Br2) in Gg Br/yr, and 
iodine from methyl iodide (CH3I) in Gg I/yr.

Reference
CHBr3 Flux (Gg Br/yr) CH2Br2 Flux (Gg Br/yr) CH3I Flux (Gg I/yr)

Global Open 
Ocean Coastal Global Open 

Ocean Coastal Global Open 
Ocean 

Coast-
al 

Butler et al. (2007) 800 150 650 280 50 230 550 270 280
Carpenter et al. (2009)     200             
Liang et al. (2010) e 430 260 170 57 34 23
O’Brien et al. (2009) 820 a

1400 b 
                

Palmer and Reason (2009)   120 c               
Yokouchi et al. (2005) 820 a                 
Warwick et al. (2006) 560 d 280 d 280 d 100           

a	 Scaled to CH2Br2 emissions from Ko and Poulet et al. (2003), based on global loss rates and an estimated global burden.
b	 Scaled to CH2Br2 emissions from Warwick et al. (2006).
c	 Tropical ocean only.
d	 Modeling study: “Scenario 5”: 70% of emissions in the tropics; August/September.
e	 Emissions from Liang et al. (2010) are from modeling of airborne measurements in the Pacific and North American troposphere and lower stratosphere.

Table 1-7, continued (notes).
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vital in assessing their likely impact on the stratosphere, 
since it is the coincidence in both space and time of VSL 
SG emissions with surface to tropical tropopause layer 
(TTL) transport that will largely dictate the efficiency with 
which these emissions reach the stratosphere.

Updated mixing ratios of organic bromine from 
VSLS of 3.5 (1.7–7.4) ppt in the tropical upper troposphere 
(10–12 km) (Table 1-7) confirm reported figures from the 
last Assessment of 3.5 (3.1–4.0) ppt at 10 km.  This or-
ganic bromine from VSLS consists mostly of CH2Br2 and 
CHBr3 with smaller amounts of bromochloromethanes 
and is discussed further in Section 1.3.3.1.

1.3.1.3	I odine-Containing Very 
Short-Lived Source Gases

The occurrence and chemistry of iodinated com-
pounds, all of which are VSLS, were discussed exten-
sively in previous Assessments due to their potentially 
very high ODPs should they reach the stratosphere (the 
“alpha” factor for iodine in the stratosphere is higher than 
bromine).  Iodinated gases are predominantly of natural 
origin, but have been considered for use as fire suppres-
sants as a halon replacement on aircraft (e.g., CF3I) or to 
reduce flammability in refrigerant mixtures.  CH3I is also 
currently being licensed in the U.S. and Japan as a replace-
ment for CH3Br as a fumigant (UNEP/TEAP, 2010).  Do-
mestic biomass burning in Africa reportedly contributes a 
small flux of CH3I to the atmosphere (Mead et al., 2008c).

The dominant source of iodinated VSLS is from the 
ocean.  Butler et al. (2007) estimated approximately equal 
global fluxes of CH3I from the open ocean and coastal re-
gions (Table 1-8) and a higher total flux than given in the 
previous Assessment by about a factor of two.  Yokouchi 
et al. (2008) observed an increase in CH3I with sea surface 
temperature at midlatitudes, which might be of significance 
in a warming climate, and a corresponding seasonality 
with higher concentrations in summer.  An intriguing 
observation is that of Williams et al. (2007), who presented 
evidence for enhanced emissions of CH3I from the ocean, 
apparently from an abiotic chemical mechanism stimulated 
by dust deposition.  A corollary of this is that a similar 
mechanism might operate in atmospheric aerosols.  Sive 
et al. (2007) conclude that terrestrial biomes contribute a 
small but significant flux to the atmosphere.

Several recent studies have measured a range of 
iodinated species in the marine boundary layer (MBL) 
and considered the active iodine-mediated chemistry 
therein.  It is unlikely, however, that either the shortest-
lived iodinated species (those with lifetimes of minutes or 
hours), or inorganic iodinated gases (e.g., I2, IO, and OIO; 
Read et al., 2008), would escape the MBL in appreciable 
quantities (see also Section 1.4.3).

1.3.1.4	H alogen-Containing Aerosols

In addition to organic VSLS, inorganic sources, no-
tably halogen-containing aerosols, may be precursors of 
reactive halogens in the atmosphere.  Although aerosols 
are subject to gravitational and wet depositional processes, 
they can have significant atmospheric residence times un-
der the dry conditions prevalent in the free troposphere 
(e.g., several days for sea salt aerosol; Yang et al., 2005).  
Yang et al. (2005) suggested that 0.1–1.0 ppt of bromine 
monoxide (BrO) in the troposphere arises from a combina-
tion of Br release from sea salt and decomposition of bro-
momethanes.  Support for such a mechanism comes from 
the model described by O’Brien et al. (2009) where addi-
tional release of halogens from halide-containing aerosol 
(over and above that from degradation of bromocarbons) 
was required to explain BrO abundances measured within 
the tropical marine boundary layer (Read et al., 2008).  
Pyle et al. (2007) note that sea salt production rates are 
highly uncertain and that using two separate formulations 
results in a factor of two difference in sea salt aerosol pro-
duction rates.  Bromine and iodine have been detected in 
aerosols of tropospheric origin in the stratosphere several 
kilometers above the local tropopause height (Murphy et 
al., 2007).  The influence of these aerosols on lower strato-
spheric halogen abundances is likely small but is poorly 
quantified.  We conclude that the contribution from sea 
salt aerosol to stratospheric Bry is likely to be substantially 
less than 1 ppt.

1.3.2	T ransport of Very Short-Lived 
Substances into the Stratosphere

The efficiency of VSLS transport into the strato-
sphere results from the competition between fast vertical 
transport and chemical destruction or removal via wash-
out of the source gases (SGs) and product gases (PGs).  
Conversion of SG to PG reduces the efficiency of halo-
gen transport to the stratosphere if the PG is taken up by 
aerosols and becomes washed out before reaching the 
stratosphere.  The probability of washout decreases with 
increasing height within the troposphere and becomes 
small in the TTL.  In general, SG and PG reach the “tropi-
cal stratosphere” above the cold point tropopause (CPT), 
which is climatologically located at 380 K (~17 km alti-
tude).  Therefore, timescales for transport through the TTL 
are especially important for determining the efficiency of 
VSLS transport through this layer.  For a detailed TTL 
schematic see Figure 1-9 (adapted from Fueglistaler et al. 
(2009a) and modified to provide definitions of the TTL 
consistent with past Assessments).
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1.3.2.1	 VSLS Transport from the Surface

in the Tropics to the Tropical   
Tropopause Layer (TTL)

While shorter-lived VSLS with lifetimes of only 
hours to days are unlikely to reach the TTL unless emit-
ted directly into the active cell of tropical deep convec-
tion, VSLS with lifetimes of weeks to months can reach 
the TTL via a range of transport pathways described in 
Figure 1-9.

Additional evidence has become available since the 
previous Assessment supporting the tropical Western Pa-

cific as a region where VSLS emissions can be efficiently 
transported to the TTL (Aschmann et al., 2009) (Figure 
1-10).  New results also suggest that the efficiency of this 
TTL transport varies with season.  Higher VSLS concen-
trations in the TTL are predicted in NH winter compared 
to the rest of the year (Aschmann et al., 2009; Gettelman et 
al., 2009) due to a combination of higher convective cloud 
tops reaching the TTL and higher vertical velocities within 
the TTL (Gettelman et al., 2009).

In NH summer, air masses can cross the TTL and 
enter the stratosphere, but with a reduced and more zonal-
ly uniform distributed flux compared to NH winter (Fueg-

Figure 1-9.  Schematic showing principal dynamical pathways in the tropics transporting VSL source gases 
(SG) and product gases (PGs) into the stratosphere (modified from Fueglistaler, 2009a).  The position of the 
tropopause is designated by the bold black line.

Ci: cirrus cloud

CPT: cold point tropopause

FT: free troposphere

LMS: lowermost stratosphere

BL: boundary layer

MCO: maximum convective outflow

TTL: tropical tropopause layer

z0: level of clear-sky zero radiative heating
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Figure 1-10.  The relative contribu-
tion (%) of individual source regions 
to the total amount of an idealized 
CHBr3 tracer (with a 20-day lifetime) 
between 8 and 20 km in the tropics, 
averaged over 2000–2005.  Australia 
includes Maritime Continent and Af-
rica includes Arabian Peninsula.  The 
relative contribution from the Medi-
terranean region was also diagnosed 
but is too small to be visible in this 
figure (modified from Aschmann et 
al., 2009).
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listaler et al., 2005).  However, the northward shift of the 
deepest convection with the Indian summer monsoon 
linked with the anticyclonic circulation in the upper tro-
posphere/lower stratosphere could lead to more efficient 
transport of surface emissions in certain regions of the 
world (e.g., Bay of Bengal and Sea of China) to the TTL 
and potentially to the stratospheric overworld (e.g., James 
et al., 2008; Randel et al., 2010).  For instance, Stohl et 
al. (2002) have estimated that in NH summer, Asian sur-
face emissions can be transported into the TTL with aver-
age timescales of a week or less instead of three weeks in 
NH winter.  Consistent with these findings, Donner et al. 
(2007) simulate enhanced methyl iodide (CH3I) concen-
trations over the Tibetan plateau and the Himalaya during 
NH summer in the free troposphere and above the cold-
point tropopause due to overshooting convection.  Thus 
tropical overshooting convection can directly inject sur-
face air into the upper TTL and to the stratosphere as is ob-
served (e.g., Ricaud et al., 2007) and simulated by differ-
ent models (Donner et al., 2007; James et al., 2008).  Due 
to the very rare and localized occurrence of such events 
(Liu and Zipser, 2005; Liu et al., 2007), the amount of 
VSLS halogen reaching the stratosphere via these events 
is expected to be small on a global basis, as has been dis-
cussed analogously for the stratospheric water vapor bud-
get (Fueglistaler et al., 2009b; Schiller et al., 2009; Homan 
et al., 2010).  Besides, Hossaini et al. (2010) suggest that 
especially for longer-lived VSLS (e.g., CH2Br2), large-
scale transport and mixing of planetary boundary layer 
(PBL) air to the TTL could also be important transport 
processes in addition to overshooting convection.

Because observational evidence for direct VSLS 
transport from the surface to the TTL and to the strato-
sphere is scarce, the relative roles of boundary layer mix-
ing, convection, and overshooting convection are still a 
matter of debate.  In addition to the uncertainties in con-
vective parameterizations in models discussed in the last 
Assessment (Law and Sturges et al., 2007), washout of 
VSLS influences the amount of VSLS actually reaching 
the stratosphere (Section 1.3.3).

1.3.2.2	 VSLS Transport from the TTL 
to the Stratosphere

Transport through the upper TTL primarily takes 
place as large-scale horizontal and slow vertical mo-
tions (weeks to ascend through this region of the TTL) 
accompanied by infrequent localized and rapid (hours) 
overshooting convection into the stratosphere (Law and 
Sturges et al., 2007; Fueglistaler et al., 2009a; Figure 1-9).  
Furthermore, the transport of VSLS through the TTL is 
also dependent on the region and season of VSLS emis-
sions and varies interannually (Aschmann et al., 2009; 
Gettelman et al., 2009; Krüger et al., 2009).

In the last Assessment a large uncertainty was re-
ported for the residence time in the TTL, with a range of 
20 to 80 days in the upper TTL.  The understanding of 
residence times in the TTL has since improved to some ex-
tent.  In particular, the residence time depends strongly on 
vertical velocities, on the particular layer being considered 
within the TTL, and on the temporal and horizontal vari-
ability used for calculating the transport.  New approaches 
and improved data assimilation have become available.  
This has led to a reduced uncertainty range of 25 to 45 
days for transport through the upper TTL (Krüger et al., 
2009; Ploeger et al., 2010).

Of particular relevance for the VSLS fraction 
reaching the stratosphere is the slow, radiatively driven 
transport through the upper TTL (from the level of clear-
sky zero radiative heating (z0) at 360 K to the CPT at 380 
K) (see Figure 1-9).  The annual cycle of air mass transport 
from the TTL to the stratosphere peaks over the tropical 
Western Pacific during NH winter and over the Indian 
monsoon regions during NH summer (Fueglistaler et al., 
2005; Law and Sturges et al., 2007).  In addition, the TTL 
residence time close to the CPT is lower by 25% in NH 
winter compared to NH summer (Kremser et al., 2009; 
Ploeger et al., 2009) and this also influences the efficiency 
of VSLS transport to the stratosphere.

At the CPT and above, large-scale vertical mo-
tion dominates the air mass transport (Krüger et al., 2008; 
Fueglistaler et al., 2009a; Gettelman et al., 2009) and read-
ily brings air to regions of the stratosphere where ozone 
is depleted.  Above the tropical Western Pacific, Krüger 
et al. (2009) found that most air parcels are transported in 
less than 25 days through the 360 K to 380 K layers dur-
ing NH winters 1962–2001, which is at the lower end of 
the averaged residence time of 25–45 days stated above.  
They derived a long-term interannual variability of the 
averaged residence time for air parcels in the upper TTL 
during NH winter of up to 20% (±2 sigma); with shorter 
residence times being significantly correlated with periods 
of enhanced extratropical and subtropical wave driving.  
General changes in tropical upwelling rates and of the 
Brewer-Dobson circulation (BDC) are discussed in more 
detail in later Chapters (Sections 3.2.4 and 4.2.2). These 
considerations lead to a higher potential of halogens from 
VSLS entering the stratosphere within these regions and 
seasons during periods of enhanced wave driving and/or 
convective overshoot.

1.3.2.3	 VSLS Transport from the Surface 
to the Extratropical Stratosphere

The extratropical lowermost stratosphere (LMS) is 
the region between the extratropical tropopause and ap-
proximately the 380 K isentropic surface (see Figure 1-9).  
While the contribution of VSLS to halogen in the extra-
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tropical stratosphere is mainly controlled by upwelling 
into the tropical stratosphere and quasi-horizontal isentro-
pic transport into the extratropics, it has been perceived in 
recent years that vertical transport by convection into the 
extratropical stratosphere can also be of importance (Sec-
tion 2.4.2 of Law and Sturges et al., 2007).  Furthermore, 
new evidence suggests that a larger fraction of tropical air 
masses in the TTL are transported into the extratropical 
stratosphere than into the stratospheric overworld, as de-
tailed below.

Levine et al. (2008) simulate that up to 5 times more 
air mass is transported from the bottom of the TTL into the 
LMS than from the bottom of the TTL into the tropical 
stratospheric overworld throughout the year.  However, 
the amount of transport into the extratropical LMS is larg-
est toward the SH and shows, for both transport pathways, 
a seasonal dependence with a maximum during NH winter 
and a minimum during NH summer.

In contrast, the studies by Bönisch et al. (2009) and 
Berthet et al. (2007), which concentrated on the NH only, 
analyzed a stronger transport from the tropical troposphere 
to the extratropical LMS during NH summer.  Bönisch et 
al. (2009) estimate a strong seasonality of the origin of 
tropical air masses in the LMS of the NH, with a maxi-
mum tropospheric influence during October.  The authors 
conclude that the seasonality is influenced by the transit 
times from the tropical troposphere into the LMS, which 
are shortest (<0.3 years) during summer and longest (>0.8 
years) during late spring.  From this it can be concluded 
that the strength of the subtropical jet and the lower branch 
of the BDC strongly influence the transport of VSLS in the 
LMS (i.e., the subtropical jet is weaker from summer to 
mid-autumn, and the residual transport time-scales within 
the lower branch of the BDC are shorter in summer than 
in winter and dominate the tropospheric influence in the 
LMS).  Berthet et al. (2007) also find that during NH sum-
mer, the extratropical LMS layer between 370 K and 410 
K is well ventilated with tropospheric air from the tropics 
compared to the layer below 340 K, which is mainly influ-
enced by extratropical air.  During NH winter this distinc-
tion holds but with weaker tropical troposphere-to-strato-
sphere transport (TST) due to a more impermeable barrier.

Convective overshooting of air across the tropo-
pause into the LMS is quite frequent in the extratropics.  
These injections, together with transport from the TTL, 
form a mixed layer extending about 25 K above the tro-
popause (Hoor et al., 2004).  Sometimes, injections even 
deeper into the stratosphere can occur and influence the 
chemical composition of the lower stratosphere (Hegglin 
et al., 2004).  The deepest injections are produced by the 
high instability and breaking of gravity waves excited by 
strong convection inside super-cell thunderstorms (Wang, 
2007; Wang et al., 2009).  While water vapor enrichments 
have been documented by this mechanism, no studies 

related to VSLS transport via this mechanism have been 
published.  Another possibility for surface air to be inject-
ed directly into the extratropical stratosphere (even into 
the stratospheric overworld) is by pyro-convection asso-
ciated with strong forest fires.  Single pyro-convection 
events can double the zonally averaged aerosol optical 
depth in the LMS and these aerosol layers can persist in 
the stratosphere for months (Fromm et al., 2008).  While 
this process is not captured by global models, special high-
resolution models have recently shown skill in simulating 
pyro-convection (Trentmann et al., 2006; Luderer et al., 
2007).  So far, no observations of halogenated VSLS in 
pyro-convective outflows have been reported.

1.3.3	 VSLS and Inorganic Halogen Input 
to the Stratosphere

In the previous Assessment (Law and Sturges et 
al., 2007) the contribution of VSLS species to the strato-
spheric halogen loading was discussed in detail.  Since 
this last Assessment new observations of VSLS SGs in the 
tropical upper troposphere and TTL have become avail-
able, as well as modeling studies of the possible input of 
product gases (PG) from these VSLS.  However, for bro-
minated PGs still no observations are available from the 
upper tropical troposphere and from the TTL that would 
enable us to identify the contribution of PGs to strato-
spheric bromine loading.

1.3.3.1	S ource Gas Injection (SGI)

Source gases deliver halogen into the stratosphere 
in the same form as they are emitted at the surface.  Some 
recent modeling studies (Donner et al., 2007; Aschmann 
et al., 2009; Liang et al., 2010; Hossaini et al., 2010) have 
used observational data of the most important bromine- 
and iodine-containing VSLS species (CH2Br2, CHBr3, 
and CH3I) to compare with their modeling results.  These 
new observational data on VSLS species in the TTL have 
become available from the Aura Validation Experiment 
(AVE; http://espoarchive.nasa.gov/archive/arcs/pre_ave/ 
and http://www.espo.nasa.gov/ave-costarica2/) and TC4 
(Tropical Composition, Cloud and Climate Coupling, 
http://www.espo.nasa.gov/tc4/) missions, and from bal-
loonborne observations (Laube et al., 2008).  In addition, 
available data from the Pacific Exploratory Mission (PEM) 
West A and B campaigns have been used.  New balloon-
borne observations of chlorinated VSLS and of additional 
brominated VSLS have also been reported by Laube et 
al. (2008).  The averages and the ranges of these obser-
vations are compiled in Table 1-7 for the upper tropical 
troposphere (10 km altitude range), the bottom of the TTL 
(340–355 K), z0 (taken as about 355–365 K), the upper 



1.48

Chapter 1

TTL (365–375 K), and the tropical cold point tropopause 
(375–385 K) (Figure 1-9).  In the following discussion of 
uncertainties, we do not take into account uncertainties in 
absolute calibrations (e.g., Butler et al., 2010).  Rather we 
use data from different sources and take the ranges of the 
reported mixing ratios.  Uncertainties in the absolute cali-
brations will thus be reflected in the range of uncertainties 
due to the use of data from different sources.  Furthermore, 
the data coverage is still sparse (e.g., not all possible input 
areas and seasons have been sampled) and it is unclear 
how far the available observations reflect the complete 
range of possible input values.

SGI from Chlorinated VSLS

Law and Sturges et al. (2007) concluded that the 
chlorine content from VSL SGs in the tropical upper trop-
osphere was about 50 ppt on the basis of multiple airborne 
campaigns, representing about 1 to 2% of the inorganic 
stratospheric chlorine (Cly) input from long-lived source 
gases.  Recent airborne and balloonborne observations in 
the tropics have confirmed and refined these conclusions 
(Laube et al., 2008) (see Table 1-7).  The major loss pro-
cess for most chlorine-containing VSLS is the reaction 
with OH.  As the rate constants for these reactions de-
crease at the low temperatures in the upper tropical tropo-
sphere and TTL, vertical mixing ratio gradients are rather 
small.  The total chlorine contained in VSLS source gases 
decreases from about 60 ppt in the upper tropical tropo-
sphere and lower TTL to about 50 ppt near the tropical 
tropopause.  C2H5Cl was not quantified, but was estimated 

to be on the order of 1.5 ppt in the upper tropical tropo-
sphere (Law and Sturges et al., 2007).

Our best estimate of chlorine injected as SG from 
VSLS into the stratosphere is 55 (38–80) ppt and largely 
confirms the estimate of 50 (±10) ppt given in the previous 
Assessment (Law and Sturges et al., 2007).

SGI from Brominated VSLS

The two main brominated VSLS (CHBr3 and     
CH2Br2) show different vertical gradients in the transition 
region between the troposphere and the stratosphere (see 
Table 1-7).  Whereas mixing ratios of CH2Br2 decrease 
from about 0.9 ppt in the upper tropical troposphere and the 
lower TTL to about 0.5 ppt near the tropical tropopause, 
mixing ratios of CHBr3 decrease more substantially in this 
region, declining from 0.5 ppt in the upper troposphere and 
lower TTL to 0.1 ppt near the tropical tropopause.

These observed differences are explained by the 
different local lifetimes of these gases within the TTL.  
While photolysis dominates the destruction of CHBr3 and 
leads to a modeled local lifetime that is similar to transport 
times for air through the TTL, the lifetime of CH2Br2 (set 
mainly by [OH]) is much longer than transport timescales 
(Figure 1-11).

Lifetime differences are also noted in the tropo-
sphere for these gases, and this influences the efficiency 
of surface emissions reaching the upper troposphere.  The 
tropospheric local lifetime of 23 days for CHBr3 is mainly 
determined by photolysis (36-day partial lifetime) and to 
a lesser degree by its reaction with the OH radical (76-day 

Figure 1-11.  The modeled 
vertical distribution of the an-
nual mean lifetime (days) of 
CHBr3 and CH2Br2 in the trop-
ics (±20° latitude) with respect 
to the two main loss process-
es: photolysis (solid red line) 
and reaction with OH (solid 
blue line), as well as the over-
all lifetime (dashed black line).  
The region between the base 
of the TTL and of the cold-point 
tropopause (CPT) is indicated 
as the gray bar.  Modified from 
Hossaini et al. (2010).
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partial lifetime).  In contrast, the considerably longer tro-
pospheric local lifetime of CH2Br2 of 123 days is nearly 
completely governed by its reaction with the OH radical 
(Table 1-4 and Figure 1-11).

As a result of these influences, a 1-D model calcu-
lation suggests that 70% and 28% of the specified surface 
concentrations of CH2Br2 and CHBr3, respectively, reach 
18 km altitude (top of the TTL), when operational European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
velocity fields, a convective source, and a VSLS sink are 
taken into account (Gettelman et al., 2009).  Hossaini et al. 
(2010) also discuss the breakdown of CH2Br2 and CHBr3 
in the atmosphere and compare their three-dimensional (3-
D) model results with observational data (Figure 1-12).  In 
the upper tropical troposphere and the TTL, Hossaini et 
al. (2010) achieved an overall better agreement of simu-
lated and observed CH2Br2 and CHBr3 profiles when us-
ing the slower (climatological) diabatic heating rates in the 
Single Layer Isentropic Model of Chemistry and Trans-
port (SLIMCAT) model compared to using the faster ana-
lyzed vertical velocities in the Toulouse Off-line Model 
of Chemistry and Transport (TOMCAT)-chemical trans-
port model.  Assuming uniform mixing ratios of 1.2 ppt of 
CH2Br2 and CHBr3 in the tropical lower troposphere, they 
derive a SGI of about 2 ppt Br into the stratosphere.  Ad-
ditionally, the sum of CH2BrCl, CHBr2Cl, and CHBrCl2 
contributes about 0.5 ppt of bromine to the upper tropo-
sphere and lower TTL.  Near the tropical tropopause the 
total contribution of these source gases declines to about 
0.2 ppt.  Additional bromine from species not quantified, 
like C2H5Br and n-propylbromide (C3H7Br), is expected to 

be presently less than 0.2 ppt in the TTL.  In summary, we 
estimate VSLS bromine source gases, including unmeas-
ured species, to account for about 2.7 (1.4–4.6) ppt of bro-
mine at about 15 km altitude in the tropics and about 1.5 
(0.7–3.4) ppt at the tropical CPT at around 17 km altitude.

SGI from Iodinated VSLS

Newly available data for CH3I in the TTL from 
the Pre-AVE and TC4 experiments (see Table 1-7) (As-
chmann et al., 2009) as well as data from Bell et al. (2002), 
which are compared to modeling results in Donner et al. 
(2007), indicate that the mixing ratios of this most impor-
tant iodine source gas in the TTL at 15 km altitude are 
generally below 0.1 ppt and drop below 0.05 ppt at the 
cold point tropopause.  This is consistent with the estimate 
of 0.08 ppt from the previous Assessment for CH3I in the 
upper tropical troposphere (Law and Sturges et al., 2007).  
Three recent studies have also investigated the transport of 
methyl iodide into the TTL (Donner et al., 2007; Gettel-
man et al., 2009; Aschmann et al., 2009).  These studies 
confirm that due to its short lifetime, only a very small 
fraction of CH3I from the boundary layer reaches the TTL 
and the stratosphere.

1.3.3.2	P roduct Gas Injection (PGI)

In addition to the input of halogen from VSLS 
source gases, their chemical degradation products (so 
called product gases or PGs) are also likely to contribute 
halogens to the stratosphere.  Due to their solubility in wa-

Figure 1-12.  A comparison 
between observed and mod-
eled vertical distributions of 
CHBr3 (left panel) and CH2Br2 
(right panel) mixing ratios (ppt) 
at tropical latitudes (Hossaini et 
al., 2010).  The red and black 
lines are from TOMCAT model 
runs using ECMWF vertical 
velocities, without and with pa-
rameterized convection, re-
spectively, while the SLIMCAT 
model run (blue lines) is based 
on calculated diabatic heating 
rates. Black dots are measure-
ments from the CR-AVE cam-
paign. Modified from Hossaini 
et al. (2010).
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ter and the significant uptake coefficients on ice of many 
of these PGs (see Law and Sturges et al., 2007, for a de-
tailed discussion) their fate is less clear than that of source 
gases and depends critically on the physical and chemical 
conditions in the area where they are formed.  This leads to 
a strong coupling between chemistry, removal processes, 
and atmospheric transport processes relevant for VSLS 
species.  While observations of source gases discussed in 
Section 1.3.3.1 have become available, observations of 
PGs are sparse for chlorine and no observations of PGs 
above detection limits of the respective instruments have 
been reported for bromine and iodine in the upper tropical 
troposphere and the TTL.  An assessment of plausible val-
ues of PGI for these two halogens therefore relies largely 
on modeling results that are not currently constrained by 
observations.

PGI from Chlorinated VSLS

In the previous Assessment there were large un-
certainties regarding the contribution of chlorinated 
PGs, notably COCl2 (phosgene) and HCl, arising from 
degradation of chlorinated VSLS (and longer-lived 
SGs) to Cly.  The picture is complicated due to possible 
“double counting” of chlorinated PGs recirculated from 
the stratosphere and thus already taken into account in the 
budget of source gases entering the stratosphere.  Fu et al. 
(2007) reported satellite measurements of COCl2, albeit 
with large uncertainty limits, between February 2004 and 
May 2006.  Chlorine from COCl2 between 15 and 20°N 
was 43 ± 27 ppt Cl at 8.5 km (upper troposphere), 31 ± 22 
ppt Cl at 14.5 km, and 36 ± 26 ppt Cl at 17.5 km, i.e., ap-
proximately 32 ± 22 ppt of chlorine at z0 (~15 km).  These 
values are at the lower end of the range (40 – 50 ppt Cl) 
estimated in the previous Assessment (Law and Sturges 
et al., 2007).  As it is unclear how much of the chlorine in 
COCl2 is already included in the budgets from the SGs, we 
follow the same approach as in the previous Assessment 
by considering a range of values, or 0–32 ppt of additional 
chlorine.  A best estimate of 16 ppt results as possible ad-
ditional chlorine input to the stratosphere in the form of 
COCl2, which is not accounted for in the very short-lived 
source gas budgets.

Marcy et al. (2007) reported HCl to be below their 
detection limit of 5 ppt in upper tropospheric air over the 
tropical east Pacific.  In the lower TTL over the east Pacific 
in January 2004, however, Marcy et al. (2007) reported HCl 
to be mostly non-zero with values ranging to almost 40 ppt 
around 15 km altitude, and increasing to about 20–80 ppt 
in the upper TTL, with the increase being mainly attrib-
uted to in-mixing of lowermost extratropical stratospheric 
air.  Mébarki et al. (2010), using a less sensitive long-path 
instrument, placed an upper limit of 30 and 20 ppt HCl in 
the upper TTL (~15–17 km) from two flights over Brazil 

in June 2005 and June 2008, respectively.  Marcy et al. 
(2007) estimated that at most only 3–8 ppt of the HCl that 
they observed in the TTL could have originated from in 
situ degradation of CH3Cl.  Park et al. (2008) report that 
profiles of HCl concentration reached minimum values of 
about 10 to 30 ppt at around 13 km above the Asian conti-
nent, consistent with the measurements reported by Marcy 
et al. (2007).  In summary, we conclude that HCl values 
in the TTL are typically on the order of 20 (0–40) ppt.  
As it is unclear how much of this chlorine will eventually 
reach the stratosphere or has already been accounted for 
by source gases, we estimate that somewhere between 0 
and 100% of this HCl (i.e., 0–20 ppt of chlorine) could 
represent an additional source of chlorine from VSLS to 
the stratosphere, with a best estimate value being the mid-
point (10 ppt).

PGI from Brominated VSLS

The only bromine PG that has been measured in the 
TTL is bromine monoxide (BrO) (Dorf et al., 2008; see 
also Section 1.4).  The observed values were reported to be 
below detection (i.e., below 1 ppt BrO) in the TTL, though 
a value of 2 ± 1.5 ppt BrO was derived around the local tro-
popause at about 17 km.  Because this sparse observational 
information does not tightly constrain the average input of 
brominated PG into the stratosphere, a range of plausible 
values is derived here based on modeling studies.

Most modeling studies rely on the assumption that 
bromine from photo-oxidized VSLS is immediately trans-
formed to inorganic bromine (mainly as hydrogen bromide 
(HBr), hypobromous acid (HOBr), and BrO).  This is sup-
ported by Hossaini et al. (2010), who concluded that all 
intermediate organic products of the oxidation of bromo-
carbons are short lived, with CBr2O being the longest-lived 
organic intermediate with an atmospheric lifetime of 7 days.

The assumption that the degradation of organic 
bromine-containing VSLS yields inorganic bromine is 
thus fairly well established.  The subsequent fate, how-
ever, of this inorganic bromine (Bry) is less clear.  Most 
inorganic bromine gases, especially HOBr and HBr are 
highly soluble in water and have high uptake coefficients 
on ice (see Section 2.3.4 of Law and Sturges et al., 2007).  
The removal of Bry from the gas phase and the subsequent 
washout is parameterized in models.  This parameteriza-
tion has a strong influence on the fraction of product gases 
reaching the stratosphere.  Furthermore, as already empha-
sized in the last Assessment, heterogeneous reactions of 
HOBr and HBr with sulfuric acid producing photolabile 
dibromine monoxide (Br2O) and molecular bromine (Br2) 
further complicate the modeling of this process.

Model studies presented in the previous Assess-
ment used prescribed removal timescales for Bry in the 
TTL (e.g., Warwick et al., 2006; Sinnhuber and Folkins, 
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2006), i.e., the removal processes (wet deposition, uptake 
on ice, and dehydration) have not been calculated explic-
itly.  Hossaini et al. (2010) follow a similar approach and 
test the sensitivity of the amount of bromine reaching the 
stratosphere on different washout times for Bry, rang-
ing from 10 days to infinity.  Depending on the assumed 
time constants for washout times, the PGI bromine 
from CH2Br2 and CHBr3 varies between 0.4 ppt (10 days 
washout) and 1.7 ppt (40 days washout time) and can be 
as high as 3.9 ppt of bromine if an infinite washout time 
is assumed.  This range of values is consistent with the 
ranges presented in the previous Assessment (Law and 
Sturges et al., 2007).  Two other recent studies (Aschmann 
et al., 2009; Liang et al., 2010) have attempted to explic-
itly calculate the removal processes, based on dehydration 
processes in the model.  Aschmann et al. (2009) used an 
idealized tracer that has properties similar to CHBr3.  The 
inorganic bromine is either completely removed if dehy-
dration occurs in a grid box or it is not removed at all.  
They derive a bromine input from this tracer that is be-
tween 1.6 and 3 ppt, of which 0.3 ppt is in the form of the 
SGs.  The range in PGI from bromoform is thus between 
1.3 and 2.7 ppt.  Therefore, even with the assumption of 
complete solubility and instantaneous washout, only about 
50% of the PGs are removed in the TTL in this study.  
Using the Goddard Earth Observing System (GEOS) 
chemistry-climate model (version 2) with a detailed wet 
deposition scheme, Liang et al. (2010) suggest that wash-
out is mainly effective below 500 hectoPascals (hPa) and 
that virtually all inorganic bromine that is released from 
the SGs above that level reaches the stratosphere.

These large differences in the effect of washout 
predicted by models show the high degree of uncertainty 
in the physical understanding of the removal of inorganic 
bromine during the transport into the tropical stratosphere.  
Due to this high level of uncertainty and due to the lack of 
observations of bromine PG in the TTL, it is not possible 
to derive a best estimate of the amount of bromine entering 
the stratosphere in the form of PG.  Based on the studies 
presented above and in previous Assessments, the range of 
PGI from CHBr3 and CH2Br2 is estimated to be between 
0.4 and 3.9 ppt.  Based on the vertical profiles of other 
minor bromine source gases, an additional product gases 
injection from these could range between 0 and 0.3 ppt.  
Total PGI could thus be somewhere in the range between 
0.4 and 4.2 ppt Br.

PGI from Iodinated VSLS

Consistent with the observations presented in the 
previous Assessment (Law and Sturges et al., 2007), bal-
loonborne measurements using the Differential Optical 
Absorption Spectroscopy (DOAS) technique have re-
vealed no measurable amount of iodine monoxide (IO) or 

iodine dioxide (OIO) in the TTL above detection limits of 
0.1 ppt (Butz et al., 2009).

1.3.3.3	 Total Halogen Input into the 
Stratosphere from VSLS and Their 
Degradation Products

As discussed above, both PGI and SGI can contrib-
ute halogen to the stratosphere.  Here we consider only 
amounts transported into the stratosphere above the CPT 
as estimated from the mixing ratios of SGs and PGs at 
that level and at 15 km (z0).  Since the previous Assess-
ment, additional observations of bromine VSL SGs in the 
TTL have become available.  The halogen contribution 
from PGs, however, remains much more uncertain.  We 
summarize the available estimates of SGI and PGI for the 
individual halogens (chlorine, bromine, iodine) in Table 
1-9.  PG observations are available for chlorine but not 
for bromine.  Therefore, a best estimate of total chlorine 
input to the stratosphere is derived, based on SG values 
observed at z0 and typical values of chlorine PG observed 
in the TTL.  In contrast only a range of possible values is 
derived for bromine, based on observations at the CPT and 
modeled PGI.  Only upper limits are available for iodine 
from observations.

Total Input from Chlorinated VSLS

Adding up the entire range of SG and PG obser-
vations discussed in Sections 1.3.3.1 and 1.3.3.2 yields 
a range between 25 and 170 ppt of chlorine from VSLS.  
For a best estimate of chlorine input into the stratosphere 
from this range, we use SG observations in the middle of 
the TTL (at z0), where VSLS chlorine is 55 (38–80) ppt.  
It is difficult to assess if chlorine from the PGs HCl and 
COCl2 represents an additional source or is already taken 
into account in the source gas budgets.  The best estimate 
is 16 (0–32) ppt of chlorine from COCl2 and 10 (0–20) 
ppt of HCl (see Section 1.3.3.2).  The best estimate values 
for total VSLS chlorine is thus 80 (40–130) ppt, largely in 
agreement with the estimate given in the previous Assess-
ment of about 50 ppt of chlorine from SGs and about 40 
to 50 ppt chlorine from PGs (taken then to include COCl2 
only).

Total Input from Brominated VSLS

In order to avoid double counting, two approaches 
are used to derive total bromine input from VSLS: (i) the 
range of possible values of VSLS bromine entering the 
stratosphere is derived from the range of SG observations 
at the CPT and the range of modeled PG injections, and 
(ii) a probable input is derived based on SG observations 
at z0, and assuming that PGs produced above that level 
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are transported into the stratosphere, while PGs produced 
lower in the TTL and upper tropical troposphere have been 
washed out.  Following the first approach, we estimate that 
a lower limit of 1.1 (0.7 SG and 0.4 PG) ppt of bromine 
from VSLS is transported into the stratosphere, while our 
upper limit estimate is 7.6 (3.4 ppt SG and 4.2 ppt PG).  
Based on the SG observations at z0 (15 km) (the second 
method of estimation), it is probable that 2.7 (1.4–4.6) ppt 
reaches the stratosphere.  In summary, by taking into ac-
count PGI and SGI the total contribution is estimated to 

be between 1 and 8 ppt (values rounded).  This estimated 
range is slightly lower than given in the previous Assess-
ment (Law and Sturges et al., 2007), where a contribution 
of 5 ppt (range 3 to 8 ppt) was estimated, but is well within 
the respective ranges of uncertainty.

Total Input from Iodinated VSLS

Both SG and PG observations suggest that no sig-
nificant amount of iodine enters the stratosphere.  Butz et 

Table 1-9.  Summary of source gas (SG) and product gas (PG) observations and modeling results to 
constrain input of halogens from VSLS into the stratosphere.  Note that only observations of chlorine-
containing PGs exist; estimates of PG amounts for bromine are based solely on modeling studies and only 
upper limits of iodine-containing PGs are available.  For bromine and iodine only ranges can be estimated from 
this.  Details on the way that these numbers have been derived can be found in the Sections 1.3.3.1 (SG), 
1.3.3.2 (PG) and 1.3.3.3 (total).  All values are given in ppt.

Halogen or Compound
Measured TTL to
CPT Abundance
(ppt Cl, Br, or I)

“Best Estimate” 
TTL Abundance 
(ppt Cl, Br, or I)

“Best Estimate”
Contribution from VSLS 

(ppt Cl, Br, or I)

Chlorine    

VSL SGs 26–80 a, b 55 (38–80) c 55 (38–80)

HCl PG 0–40 d 20 (0–40) 10 (0–20)

COCl2 PG 31 ± 22 to 36 ± 26 e 32 (± 22) 16 (0–32)

Total chlorine 25–170 f  80 (40–130) f

Bromine    

VSL SGs 0.7–6.5 a, b 2.7 (1.4–4.6) a, c 0.7–3.4 a, g 

PG sum   0.4–4.2 h

Total bromine   1–8 i, f

Iodine    

CH3I SG < 0.05 a < 0.05 a < 0.05 a

IO, OIO PG < 0.1 j < 0.1 j < 0.1 j

Total iodine   < 0.15 k

a	 Based on observations compiled in Table 1-7.
b	 Entire range of values observed in TTL and at the CPT, based on Table 1-7.
c	 Value and range at the level of zero clear-sky heating (z0).
d	 Range of observed values from Marcy et al. (2007), Mebarki et al. (2010), Park et al. (2008).
e	 Fu et al. (2007).
f	 Rounded from the range of sums of PG and SG.
g	 For the best estimate of bromine, only the SG range at the CPT has been used, as modeled PGI would include contributions from all SG broken 

down at lower altitudes.
h	 Based on modeling work of Hossaini et al. (2010), Aschmann et al. (2009), and Liang et al. (2010); see Section 1.3.3.2.
i	 Calculated from the range of SG observations at the tropical tropopause and the PG modeling range.
j	 Upper limits reported by Butz et al. (2009) for IO and OIO, respectively.
k	 Rounded from Butz et al. (2009), based on observed upper limits of IO and OIO in the lower stratosphere and photochemical modeling. 
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al. (2009) derived an upper limit of 0.09–0.16 ppt of total 
iodine in the stratosphere from photochemical modeling 
and the upper limits of IO and OIO from their observa-
tions in the tropical lower stratosphere.  The total amount 
of inorganic stratospheric iodine (Iy) is thus estimated to 
be below 0.15 ppt (Table 1-9).

1.3.4	P otential Influence of VSLS on Ozone

In the previous Assessment (Law and Sturges et 
al., 2007) a modeling study (Salawitch et al., 2005) was 
discussed that suggested that 4 to 8 ppt of “additional” 
stratospheric bromine from VSLS caused enhanced ozone 
depletion primarily during periods of elevated aerosol 
loading.  Halogens are released efficiently from VSL SGs 
in the lowermost stratosphere, leading to ozone loss at 
these altitudes by BrO + ClO catalytic cycles.  This pro-
cess is enhanced in the presence of co-located high aerosol 
loading of volcanic origin.  Law and Sturges et al. (2007) 
also indicated that iodine-mediated ozone loss due to 0.1 
ppt of Iy could only account for at most a few percent of 
ozone loss and only below about 17 km, depending on the 
efficiency of catalytic cycles.  The associated chemistry 
remains a matter of significant uncertainty.

More recently Feng et al. (2007) and Sinnhuber et 
al. (2009) have reported qualitative agreement with the 
above studies in the sense that additional bromine from 
VSLS decreased modeled column ozone, but only by a 
small amount, except during volcanic aerosol events.  The 
two studies, however, produced divergent quantitative col-
umn ozone amounts that do not fit all features of the trends 
at all times, nor do they reproduce absolute column ozone 
amounts simultaneously in both hemispheres.  A detailed 
discussion of possible reasons for these discrepancies in 
terms of the respective model setups is beyond the scope 
of this Assessment, but serves to highlight the uncertain-
ties of such modeling studies.

Sinnhuber et al. (2009) showed better agreement 
between their modeled trends in column ozone and sat-
ellite observations (1980–2005) in the midlatitude SH 
than in the NH using a two-dimensional (2-D) transport, 
chemistry, and radiation model.  Without additional Br 
from VSLS, the model follows the larger features of the 
ozone trend in NH midlatitudes but generally underpre-
dicts the observed declines in column ozone, particularly 
between 1991 and 1998, which includes a period of high 
aerosol loading from the 1991 eruption of Mt. Pinatubo.  
Modeled and measured midlatitude NH ozone depletion 
for this period of time are, however, in closer agreement 
when an additional 4 ppt of stratospheric bromine from 
VSLS are included in the calculations.  The addition of 4 
ppt of bromine from VSLS enhances modeled ozone loss 
above that due to all other ODSs by as much as 40% at 
altitudes below 20 km during the period of peak aerosol 

loading following the eruption of Mt. Pinatubo (see Figure 
1-13).  The effect of Bry from VSLS (Bry

VSLS) on calcu-
lated ozone during times of background aerosol loading 
is quite small, in agreement with the results of Salawitch 
et al. (2005).

Sinnhuber et al. (2009) also discussed altitudinal 
profiles of the modeled ozone changes.  Figure 1-13 
compares calculated ozone abundances during NH spring 
during a year with high stratospheric aerosol (1993 with 
1980 as a reference year).  The significant modeled im-
pact of bromine from VSLS is evident and is confined 
between the tropopause and about 20 km, which is in 
qualitative agreement with the calculations by Salawitch 
et al. (2005).

We conclude from these various studies that the ad-
dition of 4–6 ppt of inorganic bromine to the stratosphere 
(i.e., 240–360 ppt of equivalent chlorine using α = 60) 
from VSLS results in a considerable increase in midlati-
tude column ozone loss during times of elevated aerosol 

Ozone change 1993 – 1980 [1012  molec/cm3]
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Figure 1-13.  Modeled differences between annual 
mean ozone concentration (molecules per cubic 
centimeter) calculated for March 1980 and March 
1993 at 47°N, illustrating the effect of additional 
bromine from very short-lived source gases during 
a period of enhanced stratospheric aerosol (i.e., in-
fluenced by the eruption of Mt. Pinatubo in 1991) 
(Sinnhuber et al., 2009).  The base model run (blue 
line) includes contributions to stratospheric Bry from 
CH3Br, halon-1301, and halon-1211; the solid red 
model line includes 4 ppt of additional bromine from 
CH2Br2 and CHBr3; and the dashed red line results 
from the same model run as shown by the solid red 
line, but with total bromine loading fixed at 1959 lev-
els.  Modified from Sinnhuber et al. (2009).
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loading, with the largest effect in the lowermost strato-
sphere (altitudes below ~20 km).  To date no analogous 
study has been undertaken to quantify the effects on ozone 
of additional chlorine from VSLS, which may amplify the 
effect on ozone of bromine from VSLS.

1.3.5	T he Potential for Changes in 
Stratospheric Halogen from 
Naturally Emitted VSLS

As discussed in Section 1.3.4, the current emis-
sions of natural halogenated VSLS have a small but non-
negligible impact on the halogen loading in the strato-
sphere.  This situation could change in the future, resulting 
in a larger role for VSLS in response to factors connected 
to climate change.

Natural oceanic emissions of VSLS might change 
in the future in response to changes in climate, as might 
the efficiency with which VSLS either as SGs or as PGs 
are transported to the stratosphere.  Future oceanic emis-
sions of VSLS will potentially be influenced by changes 
in seawater temperature, pH, wind speed, mixed layer 
depth, light penetration, nutrient supply, and depth of bi-
otic production/degradation of trace gases in a potentially 
more stratified ocean (e.g., Kloster et al., 2007; Schmittner 
et al., 2008).  Hense and Quack (2009) modeled higher 
CHBr3 emissions in NH winter for the tropical Atlantic 
Ocean concurrent with a deepening of the mixed layer 
depth (MLD), enhancing the connection between the zone 
of subsurface net production and ocean-air transition.  For 
nutrients, diverging effects have been found for differ-
ent bromocarbons around the Mauritanian Upwelling of 
West Africa (Quack et al., 2007).  Measurements in this 
region showed that while CH2Br2 concentrations were 
enhanced in colder, nitrogen-enriched and deeper waters, 
CHBr3 productivity was higher in warmer nutrient-poor 
waters, with little relationship to chlorophyll a abundance.  
Palmer and Reason (2009), however, found a correlation 
of elevated CHBr3 concentrations with chlorophyll a from 
the tropical oceans and more surface CHBr3 from waters 
with a larger MLD.  Zhou et al. (2008) found a linear rela-
tionship between bromocarbon emissions and wind speeds 
above 4 meters per second over the ocean, and strong en-
hancements in air masses recently affected by a tropical 
storm.  Taken together, seasonal MLD deepening and 
greater wind-driven surface evasion may account for an 
order of magnitude higher emissions of CHBr3 in winter 
than summer in tropical oceans (Hense and Quack, 2009; 
Palmer and Reason, 2009).  This leads to the conclusion 
that if climate change would result in greater amplitudes 
of MLDs and stronger average wind velocities above the 
oceans, then future emissions of CH2Br2 and CHBr3 could 
possibly be enhanced, although other factors could either 

mitigate or enhance such effects (such as deepening of the 
subsurface production zone).

When assessing the fate of naturally emitted halo-
carbons in a future atmosphere, two concurring effects 
have been discussed to be relevant (i.e., changes in trans-
port and in atmospheric degradation).  Pyle et al. (2007) 
and Dessens et al. (2009) modeled higher Bry in the tropi-
cal troposphere and stratosphere by 2100 due to enhanced 
convection resulting from increased greenhouse gases and 
sea surface temperatures.  This effect, which is mainly 
attributed to CH2Br2 (>90%), and secondarily to CHBr3 
was, however, only obtained if VSLS were allowed to be 
emitted in the tropics (20°N–20°S).  Placing the emissions 
outside the tropics resulted in no enhancement of strato-
spheric Bry, as the VSLS species were largely oxidized 
before injection into the stratosphere.  This underlines the 
crucial influence of the geographic location of sources of 
VSLS on their impact on the stratosphere.

These projections for atmospheric transport in a 
warmer climate are, however, still under discussion, as 
other models simulate a weakening of the tropospheric cir-
culation and convective updrafts in the tropics in the future 
(e.g., Vecchi and Soden, 2007).  Furthermore, Zeng et al. 
(2008) indicate OH increases in a simulation of 2100 con-
ditions, with the largest increases of 20–30% in the tropics 
between 3 and 8 km (although some decreases occurred 
in the boundary layer and upper troposphere due to de-
creased ozone in these regions).  This would likely affect 
those VSLS species with predominantly OH-oxidation 
sinks (including CH2Br2) but would have little effect on 
those with predominantly photolysis-limited lifetimes 
(i.e., CHBr3).

1.3.6	E nvironmental Impacts of 
Anthropogenic VSLS, 
Substitutes for Long-Lived 
ODSs, and HFCs

Anthropogenic emissions of VSLS can either occur 
by intensifying natural processes (e.g., agriculture, bio-
mass burning) or by release after industrial production of 
VSLS.  This section covers the potential future influence 
of both types of emissions.  Furthermore, environmental 
impacts of non-ozone depleting VSLS being considered 
as substitutes for long-lived HFCs are also discussed in 
this section.

1.3.6.1	E valuation of the Impact of Intensified 
Natural Processes on Stratospheric 
Ozone

There are a number of ways in which human ac-
tivity might intensify emissions of otherwise naturally 
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occurring VSLS.  An area of high potential impact is 
changes in agriculture practices.  It is noted in Section 
1.2.1.5 that some crops are capable of producing methyl 
halides.  For VSLS, anticipated increases of future rice 
production in the tropics (Bhatia et al., 2010) could be 
important, as rice cultivation is known to emit consid-
erable amounts of CH3I (e.g., Lee-Taylor and Redeker, 
2005).  Furthermore, Gan et al. (1998) and Rhew et al. 
(2003) reported that emissions of methyl halides from 
halogen-methylating plants are strongly linked to the ha-
lide content of the growth substrate.  With increasing sa-
linization of soils through irrigation, coastal inundation, 
or deliberate cultivation of poorer soils, emissions might 
increase in the future.  This issue is emphasized by the 
finding of Sive et al. (2007) that fluxes of CH3I from ter-
restrial biomes over the eastern U.S. are presently com-
parable with oceanic sources over the Atlantic.  Another 
possible impact from future agriculture would be the 
aquaculture of marine algae for food, chemicals, biofuel, 
and for sequestering atmospheric carbon (Packer, 2009; 
Aizawa et al., 2007).  Furthermore, water chlorination, 
both of drinking water and domestic wastewater, and 
also seawater coolant in coastal power plants may con-
tribute small amounts of halogen to the stratosphere and 
this contribution could change in the future, but no new 
information has become available since the previous As-
sessment concerning these potential contributions.

1.3.6.2	 Very Short-Lived New ODSs and Their 
Potential Influence on Stratospheric 
Halogen

Chlorocarbons such as CCl2CCl2 (perchloroethene) 
and CHClCCl2 (trichloroethene) have been used for many 
decades in large quantities as industrial solvents.  Addi-
tionally, new very short-lived chlorocarbons, bromocar-
bons, and iodocarbons (with lifetimes <0.5 years) have 
recently been introduced or are proposed as potential sub-
stitutes for long-lived ODSs.  The pathways and reactions 
by which halogens from these anthropogenic VSLS reach 
the stratosphere are similar to those of natural compounds, 
such as CH2Br2 and CHBr3, as discussed in Sections 1.3.2-
1.3.3.  These anthropogenic VSLS are considered sepa-
rately from the long-lived ODS, as the traditional concept 
of a single, geographical independent Ozone Depletion 
Potential (ODP) does not apply and their impact depends 
on the location and season of emissions.

The issue of ODPs for short-lived ODSs has al-
ready been discussed for n-propyl bromide and CF3I in 
the previous two Assessments (Ko and Poulet et al., 2003; 
Law and Sturges et al., 2007).  For CHCl3, CCl2CCl2, and 
CHClCCl2, Kindler et al. (1995) have derived mean, semi-
empirical ODPs of 0.008–0.01, 0.006–0.007, and 0.0005–
0.0007, respectively, based on a 2-D modeling analysis 

and source gas atmospheric distributions that are similar 
to those observed.  Furthermore, in Law and Sturges et al. 
(2007) it was estimated that 1% of uniformly distributed 
land mass emissions of a theoretical VSLS with a tropo-
spheric lifetime of 25 days would reach the stratosphere.  
Consequently the ODP of such a compound with one 
chlorine atom and similar molecular weight to CFC-11 
has been calculated as being about 0.003.  This approach, 
however, neglects the issue of the ODP being sensitive to 
the location and seasonality of emission.

Wuebbles et al. (2009) updated an earlier 2-D 
model approach of Li et al. (2006) to calculate the ODPs 
for CF3I by using a 3-D global chemical transport model 
(CTM).  An ODP of 0.016 and 0.008 is calculated for CF3I 
surface emissions in the tropics and in the midlatitudes, 
respectively, which compares well with the earlier ODP-
values from Li et al. (2006) of 0.018 and 0.011 for CF3I re-
leased in the tropics and in the midlatitudes, respectively.  
These new figures confirm the higher probability of VSLS 
released in the tropics reaching the stratosphere, which re-
sults in higher ODPs for VSLS released near the equator.  
In the last Assessment (Law and Sturges et al., 2007) it 
was also noted that ODPs are dependent upon the altitude 
of emission, which would be relevant if CF3I were used on 
aircraft as a replacement for halons.  However, no update 
on this is available.

1.3.6.3	E valuation of Potential and In-Use 
Substitutes for Long-Lived ODSs

A wide range of chemicals with zero or near-zero 
ODPs and low GWPs are currently being considered as 
substitutes for ODSs and long-lived HFCs.  In Table 1-10, 
atmospheric lifetimes of substitutes that are already in use 
or potentially could be used in applications such as refrig-
eration, foam blowing, fire control, propellants, and sol-
vents are listed.  The list is not restricted to VSLS because 
many longer-lived HFCs are in use or are being consid-
ered as ODS replacements.

In Table 1-11, substitutes that are already in use or 
have been identified as most likely to be used in the near 
future are listed together with their applications, potential 
feedstocks and atmospheric lifetime.  Furthermore, met-
rics of environmental effects such as GWP, Photochemi-
cal Ozone Creation Potential (POCP), and trifluoroacetic 
acid (TFA) formation are specified.  For reasons of com-
pleteness and to link with the issue of global warming and 
climate change, fluorinated substances are also listed that 
are not ODS substitutes in the strictest sense (i.e., NF3, 
hexafluorobutadiene, COF2).

Hydrocarbons receive use as ODS substitutes 
in refrigeration and foam blowing applications.  They 
do not deplete stratospheric ozone and they have very 
small GWPs.  However, the oxidation of hydrocarbons 
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Table 1-10.  Local and partial lifetimes of in-use and potential replacement compounds for long-lived 
ODSs (long-lived substitutes in italics).

Compound

Local Lifetime
from Previous 

Assessment 
(days)

OH Lifetime 
(days)

Photolysis 
Lifetime 
(days)

New Local 
Lifetime
(days)

Notes

Hydrocarbons
CH2=CHCH3  (propene) 0.37 0.35 0.35 1, 5
(CH3)2C=CH2  (isobutene) 0.20 0.20 1, 5
CH3CH2CH3  (propane, R-600) 12.5 12.5 1, 3
(CH3)2CHCH3  (isobutane, R-600a) 6.0 6.0 1, 5
CH3CH2CH2CH2CH3  (n-pentane) 3.7 3.4 3.4 1, 6
c-CH2CH2CH2CH2CH2 
     (cyclopentane)

2.9 2.7 2.7 1, 6

(CH3)2CHCH2CH3   isopentane 3.7 3.4 3.4 1, 6
CH3OCHO  (methyl formate) 58 72 72 1, 7
(CH3)2CHOH  (isopropanol) 4.8 2.0 2.0 1, 3
CH3OCH2OCH3  (methylal) 2.2 2.2 1, 8
Hydrofluorocarbons
CH3CH2F (HFC-161) 77 66   66 1, 3
CH2FCH2F (HFC-152) 219 146 146 1, 4
CH3CHFCH3 (HFC-281ea) 22 23   23 1, 3
CHF2CH2CF3 (HFC-245fa) 7.6 years 8.2 years 116 years 7.7 years 2, 3, 9
CH3CF2CH2CF3 (HFC-365mfc) 8.6 years 9.3 years 125 years 8.7 years 2, 3, 9
CHF2CHF2 (HFC-134) 9.6 years 10.5 years 134 years 9.7 years 2, 3, 9
CF3CHFCF3 (HFC-227ea) 34.2 years 44.5 years 310 years 38.9 years 2, 4, 9
CF3CH2CF3 (HFC-236fa) 240 years 253 years 5676 years 242 years 2, 3, 9
Unsaturated Fluorocarbons
CH2=CHF 2.1 2.1 1, 4
CH2=CF2 4.0 4.0 1, 4
CF2=CF2 1.1 1.1 1, 4
CH2=CHCH2F 0.7 0.7 1, 4
CH2=CHCF3 7.6 7.6 1, 4
CH2=CFCF3 10.5 10.5 1, 4
E-CF3CH=CHF 16.4 16.4 1, 4
E-CF3CF=CHF 4.9 4.9 1, 4
Z-CF3CF=CHF 8.5 8.5 1, 4
CF2=CFCF3 4.9 4.9 1, 4
CH2=CHCF2CF3 7.9 7.9 1, 4
CF2=CFCF=CF2 1.1 1.1 1, 10
Unsaturated Chlorocarbons
E-CF3CH=CHCl 26 26 1, 11
CH2=CHCl 1.5 1.5 1, 4
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Table 1-10, continued.

Compound

Local Lifetime
from Previous 

Assessment 
(days)

OH Lifetime 
(days)

Photolysis 
Lifetime 
(days)

New Local 
Lifetime
(days)

Notes

CH2=CCl2 0.9 0.9 1, 4 
CHCl=CCl2 4.6 4.9 > 15000 4.9 1, 4, 21
CCl2=CCl2 99 90 90 1, 4
CF2=CFCl 1.4 1.4 1, 12
CF2=CFCF2Cl ~ 5 ~ 5 1, 13 
CF2=CFCF2CFCl2 ~ 5 ~ 5 1, 13
Unsaturated Bromocarbons
CFBr=CF2 1.4 1.4 1, 14
CHBr=CF2 2.3 2.3 1, 14
CH2=CBrCF3 2.7 2.7 1, 14
CH2=CBrCF2CF3 3.1 3.1 1, 14
CH2=CHCF2CF2Br 6.5 6.5 1, 14
Fluorinated Ethers, HFE
CH3OCH2CF3  (HFE-263fb2) 37 23 23 1, 15, 17
CH3OCHFCF3  (HFE-254eb2) 88 88 1, 4
CH3OCH2CF2CF3  40 21 21 1, 16, 17
CH3CH2OCF2CHF2  1826 (error) 64 64 1, 4
CF3CH2OCH2CF3 146 105 105 1, 4
CH3OCH(CF3)2 61 61 1, 18
Fluorinated Ketones
CF3CF2C(O)CF(CF3)2  (FK-5-1-12) < 14 > 63 years 7–14 7–14 19
Fluorinated Alcohols
CH2FCH2OH 15 12.9 12.9 1, 4
CHF2CH2OH 51 51 1, 4
CF3CH2OH 150 142 142 1, 4
C2F5CH2OH 142 143 143 1, 4
C4F9CH2OH 164 142 142 1, 4
CF3CHFCF2CH2OH 124 112 112 1, 5
Special Compounds
CF3CF2CF2I
     (1-iodo-heptafluoropropane)

< 2 < 2 20

CH3I  (methyl iodide) 7 158 7 (4–12) 7 1, 5, 21, 22
COF2  (carbonyl fluoride) 5–10 27
PBr3 < 0.01 0.14 < 0.01 22, 23 
NH3 Few days 93 Few days 1, 3, 24
SO2F2  (sulfuryl fluoride) > 300 years 630 years 36 years 9, 25
NF3 740 years 500 years 26
CH3CH2Br  (bromoethane) 34 41 41 1, 3
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Notes:
1. 	 These local OH lifetimes are calculated using an average tropospheric OH concentration of 1×106 molecule/cm3 and 

the OH reaction rate constant at T = 275 K.  Local lifetimes quoted here are not meant to be estimates of global life-
times, which, for short-lived gases depend on the emission location and season as well as local atmospheric conditions.  
The concept of a single global lifetime, ODP, or GWP is inappropriate for such short-lived gases.

2.	 Lifetimes for long-lived compounds with respect to reaction with tropospheric OH calculated relative to 6.1 years for 
CH3CCl3, assuming an average temperature of 272 K (Spivakovsky et al., 2000; Prather and Ehhalt et al., 2001).

3.	 OH reaction rate constant taken from JPL 06-2.
4.	 OH reaction rate constant taken from JPL 10-6.  JPL 10-6 is cited here whenever there is a change in a rate constant 

recommendation or the accompanying note.  It does not necessarily mean that a major change was recommended for 
a rate constant.  Nevertheless, updates in JPL 10-6 reflect improved kinetic understanding.

5.	 OH reaction rate constant taken from Atkinson et al. (2008).
6.	 OH reaction rate constant taken from Calvert et al. (2008).
7.	 OH reaction rate constant taken from Le Calvé et al. (1997).
8.	 OH reaction rate constant taken from Porter et al. (1997).
9.	 Lifetime shown in “Photolysis Lifetime” column corresponds to the overall stratospheric lifetime.  See Table 1-3.
10.	 OH reaction rate constant taken from Acerboni et al. (2001).
11.	 OH reaction rate constant taken from Sulbaek Andersen et al. (2008).
12.	 OH reaction rate constant taken from Abbatt and Anderson (1991).
13.	 Local lifetime estimated as similar to that of CF3CF=CF2.
14.	 OH reaction rate constant taken from Orkin et al. (2002).
15.	 OH reaction rate constant taken from Oyaro et al. (2005).
16.	 OH reaction rate constant taken from Oyaro et al. (2004).
17.	 Room temperature data only; OH reaction lifetime calculated assuming a temperature dependence (E/R) of 500 K.
18.	 OH reaction rate constant from Chen et al. (2005b).
19.	 Lifetimes taken from Taniguchi et al. (2003).
20.	 Photolysis lifetime estimated from comparison of UV spectra and lifetimes for CF3I and CF3CF2CF2I.
21.	 Photolysis lifetime taken from Table 2-4 in Ko and Poulet et al. (2003).
22.	 Local lifetime taken from Table 2-1 in Law and Sturges et al. (2007).
23.	 OH reaction rate constant taken from Jourdain et al. (1982).  Local lifetime is probably dictated by photolysis.
24.	 Local lifetime taken from IPCC/TEAP (2005); it is dictated by washout rates (see Box 1-4).
25.	 From Papadimitriou et al. (2008b) and Mühle et al. (2009).  The total lifetime is primarily due to ocean uptake.
26.	 From Prather and Hsu (2008) with the lifetimes recalculated using the JPL 06-2 recommended rate constants for the 

O(1D) reactions corrected for the deactivation channel (see also Section 1.2.2).
27.	 Local lifetime taken from Wallington et al. (1994).

Table 1-10, continued (notes).
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Table 1-11.  Applications, feedstocks, and environmental impact of in-use and likely potential future 
ODS-substitutes (long-lived substitutes in italics).

Compound Application Feedstock Lifetime 1 POCP 2,3,4 GWP100
 5

TFA
molar
yield

Hydrocarbons
propene, CH3CH=CH2
(HC1270) 

refrigerant petroleum 0.35 d 117 2 5 6,7 0%

isopentane,
(CH3)2CHCH2CH3

foams (replacing 
CFC-11 and
HCFC-141b)

petroleum/
natural gas

3.4 d 34 2  0%

cyclopentane,
c-CH2CH2C2CH2CH2

foams (replacing 
CFC-11 and
HCFC-141b)

natural gas 2.7 d 51 3   0%

n-pentane,
CH3CH2CH2CH2CH3

foams (replacing 
CFC-11 and
HCFC-141b)

petroleum/
natural gas

3.4 d 40 2   0%

isobutene,
(CH3)2C=CH2  

foams (replacing 
CFC-12)

petroleum 0.2 d 75 2   0%

methylal, 
CH3OCH2OCH3 

foams (replacing
CFC-11 and
HCFC-141b) 

methanol 2.2 d 32 3   0%

methyl formate,
CH3OCHO

foams (replacing 
HCFCs)

methanol/
formic acid

72 d 3 2   0%

Hydrofluorocarbons          
HFC-245fa,
CHF2CH2CF3

foams (replacing 
HCFCs)

HF + CCl4 + 
CH2=CHCl

7.7 y 0.1 3 1050 < 10% 8,9

HFC-365mfc,
CH3CF2CH2CF3

foams (replacing 
HCFCs)

HF + CCl4 + 
CH2=CClCH3 

8.7 y 0.1 3 842 < 10% 9,10

HFC-227ea,
CF3CHFCF3

propellant for CFC-12 
and firefighting for 
halon-1301

HF + CHCl3 →
CHClF2 → 
CF3CF=CF2

39 y < 0.1 3 3580 100% 11

HFC-236fa,
CF3CH2CF3

firefighting for 
halon-1211/1301 (civil 
aviation); refrigerant

HF + CCl4 + 
CH2=CCl2 

242 y < 0.1 3 9820 < 10% 12

Unsaturated Fluorocarbons           
trans-HFC-1234ze, 
trans-CF3CH=CHF 

foams (for CFC-12) a) CHCl3 + HF →
CHClF2 →
CF3CF=CF2 →
CF3CHFCH2F
or
b) HFC-245fa 

16.4 d  6.4 4 7 6,13 < 10% 14,9

HFC-1234yf, 
CF3CF=CH2

refrigerant potentially 
for replacing 
HFC-134a

CHCl3 + HF →
CHClF2 →
CF3CF=CF2 →
CF3CHFCH2F 

10.5 d 7.0 4 4 6,15 100% 16,17

Fluorinated Ketones         
FK-5-1-12,
CF3CF2C(O)CF(CF3)2 

halon-1301 
replacement 

C3F6
C2F5COF

7-14 d   < 10% 18
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Compound Application Feedstock Lifetime 1 POCP 2,3,4 GWP100
 5

TFA
molar
yield

Special Compounds           
ammonia, NH3 CFC replacement in 

refrigeration
N2 + H2 few days NA 0%

1-iodo-
heptafluoropropane, 
CF3CF2CF2I 

halon replacement (in 
Russia: -2402 and/or 
-1301) 

CF3I + C2F4 < 2 d NA   < 10% 18

bromoethane, 
CH3CH2Br 

solvent and part of 
halon-2402 blend

a) HBr + C2H4
or
b) HBr + 
CH3CH2OH

41 d 4.2 3   0%

2-bromo-3,3,3-
trifluoroprop-1-ene,
CH2=CBrCF3 

halon-1211 
replacement 

CH2=CHCF3 2.7 d 9.3 3   < 10% 19, 9

methyl iodide, CH3I CH3Br replacement CH3OH / I2 7 d 1.0 3  0%

sulfuryl fluoride, 
SO2F2 

CH3Br replacement KF + SO2F2 36 y 20 NA 4740 21 0%

NF3 etchant to replace 
C2F6

a) NH3 + F2
or
b) (NH4)HF2

500 y 22 NA 17,500 0%

hexafluorobutadiene etchant  1.1 d 10 3   0%

carbonyl fluoride, 
COF2 

etchant a) CO2 + F2
or
b) Oxidation of 
C2F4

 5–10 d NA   0%

Notes:
1.	 See Table 1-10 for notes on lifetime derivations.
2.	 Derwent et al. (2007).
3.	 No value for the POCP (Photochemical Ozone Creation Potential) of this substance has been published by full trajectory analyses. This value was 

calculated based on information from Derwent et al. (1998) and Jenkin (1998), using the method that Wallington et al. (2010) used for unsaturated 
HFCs. The derived POCP is an approximation and is related to the molecular structure of the compound and its OH-reactivity. The calculations were 
only conducted for species lost mainly through OH-radical reactions, others are declared as NA (not available). .

4.	 Wallington et al. (2010).
5.	 GWPs from Chapter 5 Appendix (Table 5A.1) if not specified differently.
6.	 GWPs are generally calculated assuming a uniform global distribution of the trace gas.  Hence, such methods are in principal not accurate for short-

lived gases (i.e., gases with atmospheric lifetime shorter than about 0.5 years) because the atmospheric distribution of short-lived gases will likely be 
non-uniform and will also depend upon the location and season of emission.  Thus, GWPs calculated in this way for short-lived gases provide only a 
very rough measure of the time-integrated radiative effect of these gases.

7.	 This value represents an indirect GWP (100-year), derived with a global three-dimensional Lagrangian model (Collins et al., 2002) and an emission 
distribution related to fossil-fuel use.  The indirect GWP includes influences on the abundance of methane (through changes in OH), tropospheric 
ozone, and on CO2.

8.	 The oxidation of HFC-245fa gives CF3CHO as a major product (Chen et al., 1997).
9.	 Photolysis is the main fate of CF3CHO (lifetime of approximately 19 hours in lower troposphere for overhead Sun; Calvert et al., 2008) and this does 

not give TFA.  Reactions with water (Sulbaek Andersen et al., 2006) or OH radicals are minor losses of CF3CHO and can lead to TFA (Hurley et al., 
2006).  The yield of TFA is estimated to be <10%.

10.	 The oxidation of HFC-365mfc gives CF3CHO and COF2 as major products (Inoue et al., 2008).
11.	Z ellner et al. (1994).
12.	 The oxidation of HFC-236fa gives CF3C(O)CF3 (Møgelberg et al., 1995).  Photolysis is the main fate of CF3C(O)CF3 (lifetime of approximately 6.2 

days in lower troposphere for overhead Sun; Calvert et al., 2008). The photolysis of CF3C(O)CF3 will give CF3CO radicals, a small fraction of which 

Table 1-11, continued.
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in the presence of elevated nitrogen oxides (NOx) leads 
to the formation of carbon dioxide (CO2) (e.g., Collins 
et al., 2002) and can contribute to the production of tro-
pospheric ozone, which indirectly affects atmospheric 
levels of methane (CH4).  POCPs are used to assess 
the relative efficiency of hydrocarbon species for form-
ing tropospheric ozone.  POCPs, expressed relatively 
to ethene (POCP = 100), are shown in Table 1-11 and 
have either been taken from Derwent et al. (2007) or 
Wallington et al. (2010) or have been calculated  using 
the method of Derwent et al. (1998) and Jenkin (1998) 
(specified for unsaturated HFCs by Wallington et al., 
2010).  While this methodology provides a rough esti-
mate of POCPs for trace gases that are predominately 
destroyed by atmospheric oxidation, its application to 
species for which photolysis and hydrolysis are domi-
nant loss processes is not valid.

POCPs are lower for saturated hydrocarbons, 
typically used as refrigerants and for foam blowing (i.e., 
propane, isobutane, pentanes), but higher for the alkenes 
(propene, isobutene).  Although releases associated with 
refrigeration are minor in comparison to hydrocarbon 
emissions from traffic and solvent usage, the combined 
impact of these hydrocarbons could be non-negligible, 
especially in already polluted regions.  For the HFCs and 
other compounds discussed as substitutes in Table 1-11, 
the POCP values are generally smaller than 10 and hence 
their relevance for the formation of tropospheric ozone 
will be very small.

The unsaturated halocarbons (halogenated al-
kenes) contain a C=C double bond that makes them read-
ily susceptible to degradation by OH (and ozone (O3)).  
As a result, their atmospheric lifetimes are typically 
days to weeks.  This group of compounds can be fur-
ther divided into unsaturated HFCs (sometimes referred 
to as hydrofluoro-olefins, HFOs) and chloro- and bro-
moalkenes.  Unsaturated HFCs are being considered as 

potential replacements for ODSs and HFCs in mobile air 
conditioners and for foam blowing, as they typically have 
smaller GWPs than saturated (long-lived) HFCs.  These 
smaller GWPs are partially offset for these unsaturated 
compounds by the production of tropospheric ozone, a 
strong greenhouse gas.

Chlorinated and brominated alkenes also have 
short lifetimes but still can have non-negligible ODPs 
(e.g., Kindler et al., 1995).  Chlorinated alkenes such as 
CCl2CCl2 (perchloroethene) and CHClCCl2 (trichloro-
ethene) have been used in large quantities for decades as 
industrial solvents and a certain amount of this chlorine 
reaches the stratosphere as a result of use of these gases 
(see Section 1.3.3.1).

Oxygenated fluorocarbons are another group of 
ODS replacement compounds with lifetimes typically 
spanning days to months (Table 1-10 and Table 1-11).  
In fact a number of fluorinated ethers (e.g., HFE-7100, 
HFE-7200) have been already used as first-generation 
ODS substitutes in niche applications such as refrig-
erants, as solvents, and as heat transfer fluids, but 
no information about their atmospheric abundance is 
available.

The atmospheric degradation of (saturated and 
unsaturated) HFCs and oxygenated fluorocarbons 
is initiated by their reaction with OH radicals or O3, 
(important only for unsaturated HFCs).  The oxygen-
ated products from these reactions are removed from 
the atmosphere via deposition and washout processes 
and may accumulate in oceans, lakes, and other reser-
voirs.  A potential toxic by-product of the atmospheric 
degradation of fluorocarbons with CF3 groups is tri-
fluoroacetic acid (TFA; CF3C(O)OH).  Yields of TFA 
from the degradation of different HFCs are included 
in Table 1-11.  TFA is removed from the atmosphere 
by wet deposition but is known to accumulate in cer-
tain ecosystems.  However, much uncertainty remains 

Table 1-11, continued.
can react further to give TFA (Hurley et al., 2006).  The molar yield of TFA from the atmospheric oxidation of HFC-236fa is estimated to be <10%.

13.	 This direct GWP (Orkin et al., 2010) was calculated using a semi-empirical approach with the revised lifetime of 16.4 days given in Table 1-10 but 
without accounting for inhomogeneous emission and atmospheric mixing ratio distributions.

14.	 Søndergaard et al. (2007); Javadi et al. (2008).
15.	 This direct GWP is from Papadimitriou et al. (2008a) and Orkin et al. (2010) and was calculated with the revised lifetime of 10.5 days given in Table 

1-10 but without accounting for inhomogeneous emission and atmospheric mixing ratio distributions.
16.	 Nielsen et al., 2007.
17.	 Hurley et al., 2008.
18.	 Photolysis will lead to the formation of C2F5 radicals.  Approximately 1-10% of CxF2x+1 radicals are converted in the atmosphere into Cx-1F2x-1C(O)

F (Wallington et al., 2006).  The sole atmospheric fate of the 1-10% CF3C(O)F produced is hydrolysis to give TFA.
19.	 The atmospheric oxidation of CF3CBr=CH2 is believed to give CF3C(OH)=CH2 and/or CF3C(O)CH2OH (Orkin et al., 2002; Sulbaek Andersen et al., 

2009a).  Further oxidation will likely give CF3CHO.
20.	 Mühle et al. (2009).
21.	 Derived from Papadimitriou et al. (2008b) with a radiative efficiency rounded to two decimal places (0.22 W/m2ppb versus 0.222 W/m2ppb) used in 

Papadimitriou et al. (2008b) (see Chapter 5).
22.	 See Table 1-10, footnote 26.
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in understanding the processes involved in maintaining 
measured abundances of TFA in the today’s aquatic 
environments.  Whereas average TFA concentrations 
of 200 nanograms per liter in deep ocean waters sug-
gest natural sources in the ocean (Frank et al., 2002), 
TFA levels were below detection in old ice core and 
groundwater samples (Nielsen et al., 2001).

At present HFC-134a (CF3CH2F) is the HFC that 
contributes the most TFA to the environment among 
ODS replacement gases.  With global emissions of 
149±27 Gg/yr in 2008 (Section 1.5) and a TFA yield of 
7–20% (Figure 1-14; Wallington, 1996), a current yearly 
global input of 9–35 Gg/yr of TFA can be derived from 
HFC-134a.  The unsaturated HFC-1234yf (CF3CF=CH2) 
is being considered as a replacement for HFC-134a in 
mobile air conditioners (Hurley et al., 2008).  The TFA 

production yield of the atmospheric degradation of HFC-
1234yf is 100% (Hurley et al., 2008; Figure 1-14; Table 
1-11).  The use of HFC-1234yf has the potential to in-
fluence TFA concentrations near the source regions to a 
greater extent than HFC-134a, owing to its shorter life-
time and its higher efficiency to produce TFA.  A recent 
modeling study has shown that deposition of TFA could 
average 0.16–0.24 kg/km2 by 2017 in the continental 
U.S. from the full adoption of HFC-1234yf in mobile air 
conditioners, and that concentrations of TFA in Eastern 
U.S. rainfall would more than double as a result in com-
parison to today’s values (Luecken et al., 2010).  

Apart from TFA, monofluoroacetic acid (MFA) 
and difluoroacetic acid (DFA) could potentially be pro-
duced in the degradation of HFCs.  MFA and DFA have 
been measured in the atmosphere and their environmental 
occurrence has been discussed, for example by Römpp et 
al. (2001) and Martin et al. (2003).

Replacements for halons (firefighting) and CH3Br 
(agriculture) are also being sought.  Whereas for halons 
various substitutes are being considered for different ap-
plications, SO2F2 is specifically considered as an impor-
tant replacement for CH3Br (see also Section 1.5.2.2).  
This compound is, however, toxic to humans and has a 
longer atmospheric lifetime (36 years) than CH3Br (Pa-
padimitriou et al., 2008b).

Ammonia (NH3) used as a replacement in refrigera-
tion could potentially influence the tropospheric particle 
loading via its reaction with nitric acid (HNO3) to form 
ammonium nitrate (NH4NO3).  However, emissions from 
in-use systems are negligible compared to NH3 emitted 
from agriculture and natural sources.

Nitrogen trifluoride (NF3), hexafluorobutadiene, 
and carbonyl fluoride (COF2) can be used as substitutes 
for the extremely long-lived perfluorocarbons (PFC) as 
etchants in the electronics industry.  In fact, NF3 has al-
ready become an important chemical for silicon etching, 
e.g., in the production of flat computer and television 
screens (see also Section 1.5), though it has a long lifetime 
of 500 years and a high GWP100 of 17,500 (Chapter 5).

Finally, information on feedstock for the produc-
tion of many substitutes is provided in Table 1-11.  As 
different production methods exist for specific molecules, 
this list is not exhaustive, but it is meant to serve as a 
starting point for a discussion of emission that could po-
tentially arise during production of substitute chemicals.  
Although emissions to the atmosphere during production 
are believed to be generally small, a possible pathway of 
ODSs to the atmosphere could be the production of HFCs, 
which can include the reaction of carbon tetrachloride 
(CCl4) with chlorinated alkenes and subsequent replace-
ment of the Cl-atoms with fluorine (see also the discussion 
on CCl4 in Section 1.2.1.3).

Figure 1-14.  Degradation scheme of HFC-1234yf 
(yielding 100% TFA; CF3C(O)OH) and of HFC-134a 
(yielding 7–20% TFA) (Wallington et al., 1996; Hurley 
et al., 2008).
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1.4	C hanges in atmospheric halogen

1.4.1	C hlorine in the Troposphere 
and Stratosphere

1.4.1.1	 Tropospheric Chlorine Changes

Total organic chlorine from long-lived gases 
reached its peak in the troposphere at 3660 ± 23 ppt be-
tween 1992 and 1994 and has since declined.  While this 
peak value includes 80 ppt from VSLS, the quoted error 
encompasses only the difference in total Cl determined 
from two different sampling networks and not uncertain-
ties related to the contribution of Cl from VSLS (see Sec-
tion 1.3).  By mid-2008, tropospheric organic Cl from 
long-lived gases had declined by 8.4% from its peak to a 
value of 3352 ± 4 ppt (Table 1-12 and Figure 1-15).  The 
main drivers behind this decline have changed over time.  
Methyl chloroform (CH3CCl3) now contributes much less 
to the decline in total Cl than it did in the mid-1990s and 
early 2000s.  This is because the global tropospheric mix-
ing ratio of CH3CCl3 has declined substantially: by 2008 it 
accounted for 32 ± 1 ppt of Cl, or only 1%, of tropospheric 

Cl (Table 1-12).  As a result, declines in Cl from CH3CCl3 
have become less important to total Cl changes and this 
influence will continue to diminish in the future.

As the influence of CH3CCl3 on tropospheric Cl 
changes has diminished, declines in tropospheric Cl have 
slowed.  Tropospheric chlorine from long-lived gases 
changed at a rate of −14 ppt Cl/yr (−0.42%/yr) during 
2007–2008, compared to −21 ppt/yr during 2003–2004, 
and was slower than the change of −23 ppt/yr projected 
for 2007–2008 in the A1 (most likely, or baseline) sce-
nario of the previous Assessment.  The decline observed 
during 2007–2008 was also about half as rapid as mea-
sured in 1995–1996 (−28 ppt Cl/yr or −0.8%/yr; Clerbaux 
and Cunnold et al., 2007) (Table 1-12).  For reference, the 
mean annual rate of change in tropospheric Cl from long-
lived gases averaged over 1996–2008 was −0.6(± 0.05)%/
yr in data from the NOAA or AGAGE global sampling 
networks.

The decline in tropospheric Cl has also slowed re-
cently because of increases observed in the accumulation 
rate of hydrochlorofluorocarbons (HCFCs) since 2004 
(Table 1-12).  By 2008, Cl from HCFCs was increasing 
at a faster rate (10.6 ppt Cl/yr) than had been observed in 
2000 and 2004 and Cl from HCFCs accounted for 251 ± 3 
ppt Cl, or 7.5% of total tropospheric chlorine.
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Figure 1-15.  Top panel:  The tropo-
spheric abundance (ppt) of organic chlo-
rine (CCly) from the NOAA (gray) and 
AGAGE (black) global measurement net-
works (updates of Montzka et al., 2003, 
and O’Doherty et al., 2004).  Quantities 
are based upon independently mea-
sured mixing ratios of CFC-11, CFC-
12, CFC-113, HCFC-22, HCFC-141b, 
HCFC-142b, methyl chloroform, carbon 
tetrachloride, and halon-1211.  Results 
for CFC-114 and CFC-115 from Prinn et 
al. (2000) are used in both aggregations.  
An additional constant 550 ppt was add-
ed for CH3Cl and 80 ppt was added for 
short-lived gases such as CH2Cl2, CHCl3, 
CCl2CCl2, and COCl2 (consistent with 
40–130 ppt discussed in Section 1.3).  
Bottom panel:  Annual rates of change 
(% per year) determined from 12-month 
differences.  In both panels, observations 
are compared with the baseline scenario 
(Ab) from WMO 2002 (green line; Montz-
ka and Fraser et al., 2003) and the base-
line scenario A1 from WMO 2006 (red 
line; Daniel and Velders et al., 2007).
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But while increases in Cl from HCFCs have accel-
erated, declines in Cl from CFCs have become more rapid.  
The 2004–2008 period was the first time that declines de-
rived for tropospheric Cl from long-lived CFCs as a class 
were larger than the decline from CH3CCl3 (Table 1-12).  
CFCs accounted for 2076 ± 3 ppt Cl during 2008.  Chlo-
rine from CFCs (as a class) declined by just over 13 ppt 
(0.6%) from 2007–2008 and this Cl decrease was compa-
rable to the summed influence of other decreasing com-
pounds (CCl4, CH3CCl3, and halon-1211).  The fraction of 
total organic chlorine attributable to CFCs has remained 
fairly constant at about 62% over the past decade even as 
Cl from CFCs has decreased by 4% from its 1998 peak.

As mentioned above, the decline in tropospheric Cl 
since 2004 was slower than anticipated in scenario A1 of 
the 2006 Ozone Assessment (Daniel and Velders et al., 
2007) (Figure 1-15).  Measured tropospheric Cl from 
long-lived gases in 2008 was ~40 ppt higher than project-
ed in the A1 scenario.  This slower decline in tropospheric 
Cl resulted mostly from CFC-11 and CFC-12.  Although 
global mixing ratios of CFC-11 and CFC-12 declined 
more rapidly during 2005–2008 than in earlier years, Cl 
from these CFCs in 2008 was ~28 ppt Cl higher than had 
been projected.  HCFCs also played a role in the slower 
than anticipated Cl decline.  By 2008, mixing ratios ob-
served for HCFC-22 and HCFC-142b contributed ~8 ppt 
more Cl than had been projected (see Figure 1-1).  Some 
of the discrepancy for CFC abundances arises because the 
calibration of CFC-12 measurements by the NOAA group 

has been revised with improved standards since the last 
Assessment.  Observed changes for other Cl-containing 
compounds during 2005–2008 were similar to those pro-
jected in the A1 scenario.

1.4.1.2	S tratospheric Chlorine Changes

As discussed in previous Assessments, the strato-
spheric burden of chlorine is controlled by input from the 
troposphere and by transport and mixing processes.  Time
scales for air to be transported to higher altitudes in the 
midlatitude and polar stratosphere after crossing the tro-
popause range from 3 to 6 years.  As a result, changes in 
stratospheric chlorine and bromine abundances lag behind 
tropospheric changes and, furthermore, are smoothed and 
flattened because of mixing (Waugh and Hall, 2002).  
Changes in total stratospheric Cl calculated from tropo-
spheric observations allow this lag to be visualized for 
the midlatitude stratosphere (Figure 1-16) (update of 
Engel et al., 2002).  They also show how the magnitude 
of the decline in stratospheric Cl is expected to be altitude 
dependent.

Most chlorine enters the stratosphere chemically 
bound to carbon (organic Cl) in long-lived source gases 
and undergoes photochemical oxidation to inorganic forms 
as air is transported to higher altitudes within the strato-
sphere.  Long-term changes in stratospheric inorganic Cl 
abundances are derived from ground-based and satellite-
based instruments measuring total column abundances or 

Table 1-12.  Contributions of halocarbons to total chlorine in the troposphere.

Total Cl * (ppt Cl) Contribution to Total Cl (%) Rate of Change in Total Cl **
(ppt Cl / yr)

Mid-
2000

Mid-
2004 Mid-2008 Mid-

2000
Mid-
2004 Mid-2008 2000 2004 2008

All CFCs 2154 2123 2076 (3) 61% 62% 62% −1.9 (1.9) −9.4 (2.0) −13.2 (0.8)
CCl4 392 377 359 (6) 11.2% 11.0% 10.7% −4.0 (0.7) −4.0 (0.6) −5.1 (0.7)
HCFCs 182 214 251 (3) 5.2% 6.3% 7.5% 9.2 (0.8) 6.0 (1.3) 10.6 (0.5)
CH3CCl3 136 66 32 (1) 3.9% 1.9% 1.0% −26.8 (1.0) −13.4 (2.1) −6.2 (0.3)
Halon-

1211
4.02 4.26 4.17 (0.1) 0.1% 0.1% 0.1% 0.1 (0.00) 0.0 (0.08) −0.1 (0.01)

Total Cl 3499 3414 3352 (4) −23 (2.4) −21 (3.2) −14 (1.2)
−0.67% −0.61% −0.42%

*	 An average of AGAGE and NOAA/ESRL global means was used to derive these mid-year mixing ratios.  Uncertainties are given 
in parentheses and represent 1 standard deviation of the results reported by different global networks.  They do not include an 
additional amount for potential systematic calibration errors, errors associated with deriving tropospheric means from surface 
measurements, or uncertainties in Cl contributed from VSLS.

**	 Total Cl changes and relative rates of change are calculated assuming a constant 550 ppt Cl from CH3Cl and a constant 80 ppt from 
VSLS (see Section 1.3).  Rates of change were calculated as the difference between the indicated year and the previous year and 
relative rates were normalized by the mean mixing ratio over these two-year periods.  Numbers for past years differ slightly from 
previous Assessments because of updated calibration information (see text).
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mixing ratio profiles of hydrogen chloride (HCl) and chlo-
rine nitrate (ClONO2), the two main inorganic reservoir 
chemicals for Cl in the stratosphere.  Total column mea-
surements from ground-based Fourier transform infrared 
(FTIR) instrumentation above the Jungfraujoch and Laud-
er show changes in inorganic Cl compound abundances 
that are fairly consistent with the amounts and changes 
in Cl being delivered to the stratosphere from long-lived 
source gases (Figure 1-17, Table 1-13) (update to Mahieu 
et al., 2004 and Rinsland et al., 2003).  These findings are 
consistent with only a fairly small contribution of VSLS 
to stratospheric Cl.  The mean fraction of stratospheric Cl 
attributable to VSLS, 80 (40–130) ppt (see Section 1.3), 
is approximately 1.5–3%.  The relative contribution of 
VSLS to reactive Cl, however, can be substantially higher 
in the lower stratosphere for VSLS that have local life-
times shorter than the longer-lived ODSs.

Average rates of change observed by ground-based 
FTIR measurements of total stratospheric chlorine 
(HCl + ClONO2) since 1996 were −0.9 ± 0.2%/yr to 
−1.5 ± 0.2%/yr (Table 1-13).  The faster declines are 
apparent in the column measurements above Kiruna, but 
this may reflect greater meteorological variability at po-
lar sites than above lower latitude sites.  Comparable or 
slightly slower rates of change (−0.6 ± 0.1 to −0.9 ± 0.2%/
yr) have been measured since 2004 for upper stratospheric 
HCl measured over much of the globe from ACE-FTS and 
the Aura Microwave Limb Sounder (MLS) instruments 
(see Figure 1-18 and Table 1-13).  These observed trends 
are reasonably consistent with the observed changes in 
total tropospheric Cl since 1996, though uncertainties 
related to chemical partitioning, mixing processes, and 
time lags associated with transport make a direct compari-
son between these different measures difficult.

Satellite data for upper stratospheric and lower me-
sospheric HCl from two different instruments (MLS and 
the ACE-FTS) agree to within ~0.15 ppb in recent years.  
This small difference is not significant given the systemat-
ic uncertainties on the ACE-FTS and MLS HCl measure-
ments of 0.15 to 0.3 ppb (Figure 1-18) (Froidevaux et al., 
2008; Mahieu et al., 2008).  These satellite results agree 
to within ± 0.3 ppb (± 8%) with total Cl amounts derived 
from long-lived chlorinated source gases, once mixing and 
lag times associated with transport are considered (Figure 
1-18).  The uncertainty in this measured stratospheric Cl 
burden is large relative to the expected chlorine contribu-
tions from shorter-lived source gases and product gases 
(80, 40–130 ppt), and so these stratospheric data do not 
provide additional constraints to Cl contributions from 
chlorinated VSLS gases.  HCl is estimated to account for 
>95% of total stratospheric Cl at altitudes above ~50 km.

Though the Cl contained in HCl and ClONO2 is 
not directly involved in the chemical reactions depleting 
stratospheric ozone, their summed abundance in the upper 
stratosphere is approximately proportional to the amount 
of reactive Cl present in the stratosphere.  Chlorine mon-
oxide (ClO), however, is directly involved in reactions that 
deplete stratospheric ozone.  Updated measurements of 
upper stratospheric ClO (near 4 hPa) show an overall trend 
that is consistent with the declines observed for HCl and 
ClONO2 (Figure 1-19) (update of Solomon et al., 2006).  
Short-term variability is observed, however, suggesting 
that other factors influence the proportion of stratospheric 
Cl present in reactive (e.g., ClO) versus unreactive (e.g., 
HCl and ClONO2) forms, as discussed previously (e.g., 
Siskind et al., 1998; Froidevaux et al., 2000).  Such influ-
ences also imply that measured ClO trends are not direct-
ly comparable to changes in total stratospheric chlorine.  
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Figure 1-16.  The evolution of total 
chlorine abundance (ppt) in the 
stratosphere, calculated based on 
the tropospheric chlorine time series 
shown in Figure 1-15, and including 
a constant contribution of 80 ppt of 
chlorine from VSLS species (con-
sistent with 40–130 ppt estimated 
in Section 1.3).  Typical profiles of 
mean age in the stratosphere (de-
rived from observations of SF6 and 
CO2) and a parameterization of the 
age spectrum are used for the cal-
culation of the effects of mixing and 
transport in the stratosphere (updat-
ed from Engel et al., 2002).
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1.4.2	B romine in the Troposphere 
and Stratosphere

1.4.2.1	 Tropospheric Bromine Changes

Bromine in the troposphere from halons and meth-
yl bromide continued to decline during 2005–2008.  By 
2008, 15.7 ± 0.2 ppt of tropospheric Br was measured at 
Earth’s surface from these long-lived chemicals by two 
independent networks (annual mean).  These results in-
dicate that total Br from these substances has declined by 
about 1 ppt in the troposphere from peak levels measured 
in 1998 (Figure 1-20) (Montzka et al., 2003), similar to 
that expected in the A1 scenario of the last Assessment 
(Daniel and Velders et al., 2007).  This decline has been 

Given observed changes in methane, a compound that af-
fects this proportion, the measured decline of −0.9 ± 0.2%/
yr in ClO for 1995–2007 (Table 1-13) is consistent with a 
somewhat slower rate of change in total chlorine (about 
−0.7%/yr) (see Solomon et al., 2006).

New observations of chlorofluorocarbonyl (COFCl) 
have been reported for the TTL and in the stratosphere (Fu 
et al., 2009; Rinsland et al., 2007).  The contribution of 
this compound to total Cl above 35 km is expected to be 
small (<10 ppt) and accounts for only a small portion of 
total inorganic Cl in the upper stratosphere.  Furthermore, 
COFCl is believed to result almost entirely from degrada-
tion of long-lived compounds containing Cl and F in the 
stratosphere, and so its abundance is not included as an 
additional term in sums of total organic Cl from long- and 
short-lived source gases.
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Figure 1-17.  Time series of monthly-mean total column HCl (red circles) and ClONO2 (green triangles) abun-
dance (molecules per square centimeter), as measured above the Jungfraujoch (46.5°N) and Lauder (45°S) 
(updated from Mahieu et al., 2004 and Rinsland et al., 2003).  Cly column estimates (blue triangles) are the 
sum of HCl and ClONO2 columns.  Jungfraujoch data are shown only for June to November of each year; re-
sults from all months are displayed for Lauder.  Fits to the datasets are given by the black curves.  The orange 
curves and corresponding fits represent Cly (HCl + ClONO2) from the University of Leeds 2-D model, as in the 
previous Assessment report (Clerbaux and Cunnold et al., 2007).
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primarily a result of decreasing mixing ratios of CH3Br 
in response to reduced industrial production and emission 
after 1998.  Though Br from halons increased throughout 
most of the 1998–2008 period, during 2005–2008 Br from 
halons peaked in air at Earth’s surface at 8.2–8.5 ppt and 
was no longer increasing (see Table 1-1).  Surface-based 
data suggest that global surface Br from halons may have 
decreased slightly from 2007 to 2008 (at –0.3 to –0.5%/
yr).

1.4.2.2	S tratospheric Bromine Changes

New results from ongoing ground-based DOAS 
(Differential Optical Absorption Spectroscopy) measure-
ments of stratospheric BrO at both Lauder (45°S) and 
Harestua (60°N) show changes over time in inorganic 
bromine (Bry) that are highly consistent with the observed 
tropospheric Br changes measured for halons and CH3Br 
(Hendrick et al., 2008) (Figure 1-21).  Updated strato-
spheric balloon measurements (Dorf et al., 2006) (Figure 
1-21) do not provide as tight a constraint on Bry changes 
since 2000, but the available results are consistent with 

the tropospheric trends measured for Br from long-lived 
gases and the UV-visible measurements of Hendrick et 
al. (2008).  Despite the significant contribution of non-
controlled, very short-lived Br source gases to inorganic 
Bry in the stratosphere (Section 1.3.3), temporal changes 
in stratospheric inorganic Br abundance appear to follow 
the measured changes in tropospheric Br from controlled 
substances (i.e., CH3Br and the halons) (Figure 1-21).

Table 1-14 is an update from the previous Assess-
ment (Table 2-8 in Law and Sturges et al., 2007) and lists 
estimates of Bry from VSLS (Bry

VSLS) and their uncertainty 
ranges for 12 studies.  The contribution of VSLS to Bry is 
derived in these studies by calculating Bry from measured 
BrO using a photochemical model and then subtracting the 
contribution of long-lived gases (halons and CH3Br).  Sev-
en of these studies were discussed previously, though one 
preliminary study in the previous Assessment is no longer 
considered.  The estimate based on an analysis of MLS 
measurements of BrO by Livesey et al. (2006) shown in 
the previous Assessment has been updated with a newer 
study of the same dataset by Kovalenko et al. (2007) who 
infer a VSLS contribution of 6.5 ± 5.5 ppt to stratospheric 

Table 1-13.  Measured chlorine-related changes in the upper atmosphere.

Instrumentation 
Technique / Location 

Species and
Altitude Region Time Period 

Rate of Change 
(percent/yr)

(2-sigma error)  
ground-based microwave 1

Hawaii 
ClO

upper stratosphere
1995–2007 −0.9  (0.2)

spaceborne ACE-FTS 2

IR solar occultation 
HCl

upper stratosphere
Jan. 2004–Sep. 2009

  
−0.9  (0.2)

spaceborne Aura MLS 3

Microwave emission 
HCl

upper stratosphere
Aug. 2004–Jan. 2010

  
−0.6  (0.1)

ground-based FTIR
Jungfraujoch 4

Kirunawwq 5

HCl column
1996–2009
1996–2009 

−0.9  (0.1)
−0.8  (0.2)

ground-based FTIR
Jungfraujoch 4

Kiruna 5

ClONO2 column
1996–2009
1996–2009 

−0.9  (0.3)
−2.9  (0.4)

ground-based FTIR
Jungfraujoch 4

Kiruna 5

HCl + ClONO2 column
1996–2009
1996–2009

−0.9  (0.2)
−1.5  (0.2) 

1.	 Ground-based microwave ClO data (Hawaii, 20°N):  Updated data and results following Solomon et al. (2006). Rate of change (%/yr) is referenced 
to 1995 (January).  See Figure 1-19.

2.	 ACE-FTS HCl data (60°S–60°N average):  Updated data and results following Froidevaux et al. (2006).  Rate of change (%/yr) is referenced to the 
average abundance during the data time period.  See Figure 1-18.

3.	 Aura MLS HCl data (60°S–60°N average):  Updated data and results following Froidevaux et al. (2006).  Rate of change (%/yr) is referenced to the 
average abundance during the data time period.  See Figure 1-18.

4.	 Ground-based FTIR column data (Jungfraujoch, 46.5°N):  Updated data and results following Mahieu et al. (2004) and Clerbaux and Cunnold et 
al. (2007).  Rates of change (%/yr) are referenced to 1996.  See Figure 1-17.

5.	 Ground-based FTIR column data (Kiruna, 67.8°N):  Updated data and results following Mikuteit (2008).  Rates of change (%/yr) are referenced to 
1996.
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Figure 1-18.  Time series of near-global HCl abun-
dances (ppb) at about 53 km (near 0.5 hPa) (updat-
ed from Froidevaux et al. (2006) and the previous 
Assessment report (Clerbaux and Cunnold et al., 
2007)).  The satellite datasets have been updated for 
ACE-FTS (version 2.2 data, quarterly averages for 
60°S–60°N, green dots) and for Aura MLS (version 
2.2 monthly averages for same latitude range, red 
dots); both these datasets are for averages over 0.46 
and 0.68 hPa (about 50 to 54 km).  The solid curves 
are expectations for HCl (total Cl × 0.96) near 55 km 
based on the ground-based total tropospheric chlo-
rine, and include a range of air-age spectrum widths 
(blue, black, and orange curves are for widths of 0, 
2, and 4 years).  The MLS data are interrupted af-
ter early 2006, because of a lifetime issue that af-
fects the main HCl band’s retrievals so it has been 
turned on only sparingly since; the MLS points in 
early 2009 and 2010 represent averages from 3–4 
days in early January of each year.  The Halogen 
Occultation Experiment (HALOE) dataset (monthly 
averages, purple) ended in November 2005 and no 
updated results are available from the Atmospheric 
Trace Molecule Spectroscopy (ATMOS) instrument.  
Error bars (2-sigma estimates of systematic uncer-
tainties) are given for the various time series and are 
shown typically only for the first and last points in the 
series (for clarity).
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Figure 1-19.  Time series 
of ClO abundances (ppb) 
above Hawaii (at 35–39 
km or about 4 hPa) de-
rived from ground-based 
millimeter-wave mea-
surements since 1992 
(update of Solomon et 
al., 2006).  Black and 
red symbols are “weekly” 
and “yearly” averages 
of deseasonalized data, 
and error bars typically 
show two standard de-
viations about the means 
(see above reference).  
Dashed line gives a linear 
fit to the observations af-
ter 1995 (see also Table 
1-13).
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bromine.  Two of the other four new estimates introduced 
in Table 1-14 are based on ground-based DOAS BrO mea-
surements (Theys et al., 2007 and Hendrick et al., 2008) 
and suggest that a contribution of 7 ± 4 ppt and 6 ± 4 ppt 
of bromine, respectively, is needed from VSLS to account 
for the total measured bromine loading.  McLinden et al. 
(2010) calculate a contribution from VSLS of 5 ± 5 ppt 
based on stratospheric BrO profiles measured by OSIRIS 
(Optical Spectrograph and InfraRed Imager System) dur-
ing 2001–2008.  Salawitch et al. (2010) inferred a value 
for Bry

VSLS of 7 (5 to 10) ppt from OMI (Ozone Monitor-
ing Instrument) measurements of total column BrO and 
tropospheric partial column BrO calculated from aircraft 
profiles (Neuman et al., 2010) obtained during Arctic 
spring.

These new results support the conclusion, made in 
the last Assessment (Law and Sturges et al., 2007), that 
substantially more Bry is measured in the stratosphere 
than can be accounted for by CH3Br and the halons alone; 
the new “ensemble” value reported in Table 1-14 is 1 ppt 
higher than the 5 ppt previously derived, while the range 
has stayed the same with 3 to 8 ppt.  In other words, the 
majority of studies available to date continue to suggest a 
non-zero, positive value for Bry

VSLS of 6 (3–8) ppt, which 
is large enough to affect ozone photochemistry in the low-
er middle stratosphere (see Section 1.3.4).  Only 2 out of 
the 12 studies reported in Table 1-14 include a zero contri-
bution from Bry

VSLS in their uncertainty range.  Taking this 
ensemble value for Bry

VSLS of 6 (3–8) ppt derived from 
consideration of all available stratospheric Bry estimates, 

and adding tropospheric Br from CH3Br and the halons 
from 2003–2004 in order to account for lags due to trans-
port, a 2008 total stratospheric bromine mixing ratio of 
22.5 (19.5–24.5) ppt can be derived.  This result is compa-
rable, given the range in results reported by different tech-
niques, to the Bry abundance derived from stratospheric 
measurements of BrO made in 2008.  Annual mean Bry 
derived from the NH Harestua site (60°N) during 2008 av-
eraged 22.5 ± 4 ppt (an update of Hendrick et al., 2008), 
and 19.5 ± 2.5 ppt Bry was derived from a single balloon 
profile made on 27 June 2008 in the tropics (5°S, 43°W; 
update of Dorf et al., 2006) (Figure 1-21).

These results imply that slightly less than half (40–
45%) of the 2008 stratospheric Bry burden is derived from 
controlled uses of halons (~8.3 ppt Br) and methyl bro-
mide (0.4–0.9 ppt Br).  As a result, more than half of the 
2008 stratospheric Bry burden is accounted for by natural 
sources of methyl bromide and other bromocarbons, and 
from quarantine and pre-shipment uses of methyl bromide 
not controlled by the Montreal Protocol.  The total con-
tribution of VSLS to stratospheric Br is estimated to be 
1–8 ppt Br from measurements of VSLS source gases and 
modeling of their chemistry and transport (Table 1-9; Sec-
tion 1.3.3.3).  This magnitude is derived from the observed 
abundances of brominated source gases (SG) at the tro-
popause plus the modeled contributions of product gases 
(PG) in this region of the atmosphere (Hossaini et al., 
2010; Aschmann et al., 2009; Liang et al., 2010).

The potential difference between Bry from SGs 
and Bry from BrO is also influenced by uncertainties in 
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Figure 1-20.  Tropospheric Br 
(ppt) from CH3Br and halons over 
time.  Halons measured by AGAGE 
(green line; Prinn et al., 2000; Stur-
rock et al., 2002), UEA (red line; 
Reeves et al., 2005), and NOAA 
(blue line) are added to CH3Br data 
from NOAA (dashed black line; 
Montzka et al., 2003) or AGAGE 
(plus symbols; Simmonds et al., 
2004).  Ab (dot-dot-dashed line in-
dicated as WMO, 2003 (Montzka 
and Fraser et al., 2003)) and A1 
(solid black line indicated as WMO, 
2007 (Clerbaux and Cunnold et 
al., 2007)) baseline scenarios are 
shown for comparison.  Updated 
considerations of preindustrial mix-
ing ratios in the current Assess-
ment cause the differences in ear-
lier years (see Section 1.2.1.6 and 
Chapter 5).
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Figure 1-21.  Changes in total stratospheric Bry (ppt) derived from balloonborne BrO observations (squares) 
(update of Dorf et al., 2006) and annual mean mixing ratios calculated from ground-based UV-visible measure-
ments of stratospheric BrO made at Harestua (60°N) and Lauder (45°S) (filled and open orange triangles, 
respectively) (adapted from Hendrick et al., 2008).  These stratospheric trends are compared to trends in mea-
sured bromine (ppt) at Earth’s surface with additional constant amounts of Bry added (thin lines).  Lines show 
global tropospheric bromine from methyl bromide as measured in ambient air and firn air with no correction 
for tropospheric CH3Br loss (dark blue line; Butler et al. (1999) through 1998 including a changing interhemi-
spheric gradient—see Chapter 5; Montzka et al. (2003) thereafter); global tropospheric bromine from the sum 
of methyl bromide plus halons (purple line; Butler et al. (1999) and Fraser et al. (1999) through 1995; Montzka 
et al. (2003) thereafter); and bromine from CH3Br, halons, plus additional constant amounts of 3, 5, and 7 ppt 
Br (thin blue lines).  Squares show total inorganic bromine derived from stratospheric measurements of BrO 
and photochemical modeling that accounts for BrO/Bry partitioning from slopes of Langley BrO observations 
above balloon float altitude (filled squares) and lowermost stratospheric BrO measurements (open squares).  
For the balloonborne observations, bold/faint error bars correspond to the precision/accuracy of the estimates, 
respectively.  For the ground-based measurements (triangles), the error bars correspond to the total uncertain-
ties in the Bry estimates.  For stratospheric data, the date corresponds to the time when the air was last in the 
troposphere, i.e., sampling date minus estimated mean age of the stratospheric air parcel.  For tropospheric 
data, the date corresponds to the sampling time, i.e., no corrections are applied for the time required to transport 
air from Earth’s surface to the tropopause.  Preindustrial levels were 5.8 ± 0.3 ppt for CH3Br (Saltzman et al., 
2004) and 0 ppt for the halons (Reeves et al., 2005).  This figure is an update to Figure 2-3 from the previous 
Assessment (Law and Sturges et al., 2007).
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Table 1-14.  Estimates of inorganic bromine from very short-lived substances (Bry
VSLS) contribution to 

stratospheric bromine derived from BrO measurements.  Update of Table 2-8 from the previous Assess-
ment (Law and Sturges et al., 2007), extended with new results.

Data Source Bry
VSLS

Central Value (ppt)
Bry

VSLS

Range (ppt) Reference

Ground-based BrO
11 sites, 78°S–79°N

5 1–9 a Sinnhuber et al. (2002)

Ground-based BrO
Lauder, New Zealand, 45°S

6 3–9 Schofield et al. (2004)

Ground-based BrO
Arrival Heights, Antarctica, 78°S

6 3–9 Schofield et al. (2006)

DOAS balloon BrO profiles
5°S–68°N, 0–35 km

4.1 1.6–6.6 Dorf et al. (2006)

Aircraft & balloon BrO profiles,
22°S–35°N, 17–32 km and
GOME satellite column BrO,
60°S–60°N

7 4–10 a Salawitch et al. (2005)

SCIAMACHY satellite BrO profiles
80°S–80°N, 15–28 km

8.4 6.4–10.4 Sioris et al. (2006)

SCIAMACHY satellite BrO profiles
80°S–80°N, 15–28 km 

3 0–6 Sinnhuber et al. (2005)

Ground-based BrO
Harestua (60°N) and Lauder (45°S) 

6 2–10 Hendrick et al. (2008)

Ground-based BrO
Reunion Island (21°S, 56°E) 

7 3–11 b Theys et al. (2007)

MLS satellite BrO profiles
55°S–55°N, 10–4.6 hPa

6.5 1–12 Kovalenko et al. (2007)

OSIRIS satellite BrO profiles
80°S–80°N, 20–34 km

5 0–10 McLinden et al. (2010)

OMI total column BrO and aircraft tropo-
spheric BrO profiles,
Arctic spring

7 c 5–10 Salawitch et al. (2010)

Ensemble 6 (3–8) d

DOAS, Differential Optical Absorption Spectroscopy; GOME, Global Ozone Monitoring Experiment; SCIAMACHY, 
Scanning Imaging Absorption Spectrometer for Atmospheric Cartography; MLS, Microwave Limb Sounder; OSIRIS, 
Optical Spectrograph and InfraRed Imager System; OMI, Ozone Monitoring Instrument.
___________
a 	 Range estimated by previous Assessment (Law and Sturges et al., 2007), based on the uncertainty in stratospheric Bry inferred from BrO that was stated 

in the reference.
b	 Range estimated based on the Hendrick et al. (2008) study that uses the same method.
c	 Salawitch et al. (2010) has a different treatment of CH2Br2 than the other studies listed here.  Their estimate for Bry

VSLS would be slightly higher 
(~ ≤1 ppt) if CH2Br2 were treated in the same manner as in the other studies.

d	 Average and range of the central values of the 12 estimates of Bry
VSLS.
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absolute calibration scales for measurements of bromi-
nated organic SGs (Butler et al., 2010) and product gases.  
Furthermore, concentrations of VSLS sampled by a whole-
air sampler represent only local influences for a small 
region over a short time in the tropical tropopause layer.  
In contrast, Bry from BrO is measured in an air parcel in 
which the Br content represents a weighted average of Br 
in air parcels with a distribution of mean ages and that has 
been influenced by stratospheric mixing processes.

In addition to observations of BrO, measurements 
of stratospheric bromine nitrate (BrONO2) have been 
analyzed from the Michelson Interferometer for Passive 
Atmospheric Sounding (MIPAS-E) instrument onboard 
the Envisat satellite for September 2002 and September 
2003 (Höpfner et al., 2009).  The authors report that the 
maximum values of BrONO2 observed during night are 
always in the range of 20–25 ppt (with an uncertainty of 
20–25% depending upon altitude).  Large uncertainties 
remain, however, in the absorption cross section and its 
temperature dependence, so reliable estimates of Bry from 
these measurements are not currently possible.

The contribution of tropospheric BrO to ground- 
and satellite-based measurements of stratospheric Bry has 
been discussed in recent years.  As in the last Ozone As-
sessment (Law and Sturges et al., 2007), it remains unclear 
whether BrO is distributed throughout the global tropo-
sphere with a background abundance of up to 3 ppt.  Such 
a BrO background is supported by several studies (e.g., 
Richter et al., 2002; Van Roozendael et al., 2002; Theys et 
al., 2007), where comparisons of Global Ozone Monitor-
ing Experiment (GOME) BrO vertical columns with mod-
el results, balloonborne observations, and ground-based 
measurements have led to the conclusion that a significant 
background of several ppt BrO is present in the free tropo-
sphere.  However, other observations support much lower 
values that include a contribution of zero ppt Br (e.g., 
Schofield et al., 2004; Dorf et al., 2008).  Tropospheric 
BrO levels of less than 1 ppt imply larger stratospheric 
BrO columns than can be accounted for by CH3Br and ha-
lons alone, and, as a result, an important contribution of 
VSLS to stratospheric Bry is necessary to explain the total 
column observations (e.g., Salawitch et al., 2005).

Similarly, two independent studies (also discussed 
in detail in the previous Assessment) show BrO profiles 
retrieved from Scanning Imaging Absorption Spectrom-
eter for Atmospheric Cartography (SCIAMACHY) ra-
diances that lead to different results.  While Sioris et al. 
(2006) derive large BrO abundances in the tropical tropo-
pause layer and lowermost stratosphere (LMS), consistent 
with Bry

VSLS of 8.4 ± 2 ppt, Sinnhuber et al. (2005) imply 
a much smaller value for Bry

VSLS of 3 ± 3 ppt.  One cause 
for this discrepancy is that Sinnhuber et al. (2005) sug-
gest the presence of 1 ± 0.5 ppt of tropospheric BrO while 
Sioris et al. (2006) suggest a much smaller level of global 

tropospheric BrO.  Balloonborne DOAS observations of a 
BrO profile made in the tropics in 2005 found that BrO in 
the lower and middle troposphere is <1 ppt and compatible 
with zero within the uncertainties (Dorf et al., 2008).  The 
authors derive a total contribution of 5.2 ± 2.5 ppt from 
brominated VSL SGs and inorganic PGs to stratospheric 
Bry and so suggest a Bry

VSLS magnitude in between the 
earlier results derived from SCIAMACHY.

The recent ARCTAS (Arctic Research of the Com-
position of the Troposphere from Aircraft and Satellites) 
and ARCPAC (Aerosol, Radiation, and Cloud Processes 
affecting Arctic Climate) campaigns included airborne in 
situ measurements of BrO and O3 (Neuman et al., 2010), 
placed in the footprint of satellite observations, to quantify 
the relative contribution of tropospheric and stratospheric 
partial columns to total column BrO and the relation 
between BrO hotspots (regions where column BrO is en-
hanced by 2 to 3 × 1013 radicals cm−2 relative to the zonal 
mean) and surface ozone depletion events.  Salawitch et al. 
(2010) reported that aircraft in situ measurements of BrO 
and O3 near the surface often bear little relation to OMI BrO 
“hotspots.”  The geographic location of numerous BrO hot-
spots was shown to be consistent with the location of high 
total column ozone and a low-altitude (~5 km) tropopause, 
suggesting a stratospheric origin to the BrO enhancements 
that implied, on average, Bry

VSLS equal to 7 (5–10) ppt.  It 
has been noted that the largest source of uncertainty in de-
riving Bry from measurements of total column BrO is the 
rate constant of BrO + NO2 + M → BrNO3 + M (Sioris et 
al., 2006; Hendrick et al., 2008; Salawitch et al., 2010).  
Salawitch et al. (2010) suggest that the preponderance of 
prior observations of elevated BrO over Hudson Bay dur-
ing spring may be related to a synoptic weather pattern 
known as the Hudson Bay low that is responsible for the 
very low-altitude tropopause (e.g., Liu and Moore, 2004).  
They stress that proper understanding of BrO “hotspots” 
requires accurate treatment of perturbations originating 
from both the stratosphere and troposphere, which gen-
erally has not been the focus of prior studies (i.e., many 
prior studies erroneously treat the stratospheric signal as 
spatially constant, ascribing all contributions to BrO hot-
spots as originating from below the tropopause).

In addition to the previously reported observations 
of BrO in the midlatitude marine boundary layer (Leser 
et al., 2003; Saiz-Lopez et al., 2004), BrO has now also 
been observed directly in the tropical and subtropical ma-
rine boundary layer.  Mean daytime maxima of 2.5 ± 1.1 
ppt were reported for observations made from November 
2006 until June 2007 at Cape Verde (Read et al., 2008) 
and peak mixing ratios of 10.2 ± 3.7 ppt were measured 
during a ship cruise along the African coast during Febru-
ary 2007 (Martin et al., 2009).  It is not clear to what ex-
tent this BrO influences Br abundances above the marine 
boundary layer.
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1.4.3	I odine in the Upper Troposphere 
and Stratosphere

Updated results since the last Assessment continue 
to suggest that gaseous iodine-bearing compounds con-
tribute very little iodine to the current lower stratosphere.  
Balloonborne solar occultation spectra of IO and OIO in 
the tropical upper troposphere/lower stratosphere (UT/LS) 
obtained during balloon flights in 2005 and 2008 confirm 
the low values of IO and OIO for the tropical upper tro-
posphere and lower stratosphere (Butz et al., 2009).  A 
photochemical model of these results yields correspond-
ing upper limits for the total gaseous inorganic iodine bur-
den (Iy) of 0.17 to 0.35 (+0.20/−0.08) ppt in the tropical 
upper troposphere (13.5 km to 16.5 km) and 0.09 to 0.16 
(+0.10/−0.04) ppt in the tropical lower stratosphere (16.5 
km to 21.0 km).

These observations do not preclude iodine reaching 
the lower stratosphere in chemical forms other than com-
monly considered in photochemical models, or in particu-
late matter.  There is evidence that iodine that may have 
originated in the lower troposphere can be found in lower 
stratospheric aerosol (Murphy et al., 2007).  But if present 
in the TTL or stratosphere in forms other than IO and OIO, 
the extent to which this iodine might become available for 
ozone-depleting reactions in other parts of the stratosphere 
is not known.

The inferred upper limits for IO and OIO concen-
trations in the lower stratosphere suggest that catalytic 
cycles involving iodine have only a minor contribution to 
total ozone loss, but it remains unclear whether reactive 
iodine contributes—possibly through coupling with chlo-
rine or bromine—to the observed trend of declining ozone 
in the lower stratosphere (e.g., Butz et al., 2009).

1.4.4	E quivalent Effective Chlorine 
(EECl) and Equivalent Effective 
Stratospheric Chlorine (EESC)

Changes in the stratospheric burden of total inor-
ganic halogen (Cl and Br) are estimated from measured 
tropospheric changes in ODS abundances with a number of 
different metrics such as equivalent effective stratospheric 
chlorine (EESC), EESC-Antarctica, and EESC-Midlati-
tudes; changes in total tropospheric halogen (Cl and Br) are 
addressed with the equivalent effective chlorine (EECl), 
and equivalent chlorine (ECl) metrics (Clerbaux and Cun-
nold et al., 2007).  By accounting for transport times, the 
efficiency for different halogens to deplete ozone, mixing 
processes, and age-of-air-dependent ODS decomposi-
tion rates (i.e., fractional release values), inorganic halo-
gen abundances and changes can be estimated with EESC 
for different regions of the stratosphere from tropospheric 

ODS measurements.  As discussed in the last report and 
in recent publications, new approaches have been explored 
that enhance the usefulness of EESC for more accurately 
estimating halogen abundances and changes in specific 
stratospheric regions by considering that the extent of 
degradation of an ODS in the stratosphere is fairly well 
described by the mean stratospheric age of an air parcel 
(Newman et al., 2007).  This new approach incorporates 
revised fractional release values for some compounds that 
are based primarily on observations (Schauffler et al., 
2003) but that are also consistent with models (Douglass et 
al., 2008; Daniel and Velders et al., 2007).  New fractional 
releases have not been considered for HCFC-142b and 
HCFC-141b owing to large discrepancies between the val-
ues derived by observations (e.g., Schauffler et al., 2003) 
and those based on model calculations that have been used 
in past ozone Assessments.

New methods have been devised to more readily 
convey the magnitude of decline in EESC over time by 
referencing the changes in EESC to peak levels observed 
in the mid-1990s and amounts inferred for 1980 (Hofmann 
and Montzka, 2009).  Though ozone depletion was likely 
non-negligible in 1980 (see Chapter 2 and Chapter 5), the 
EESC value in 1980 is still used in this report as an impor-
tant benchmark for ozone recovery as in past reports.

Stratospheric air parcels in midlatitudes having 
a mean age of 3 years have substantially less inorganic 
halogen as EESC than an air parcel with a mean age of 5.5 
years typical of the Antarctic spring vortex (Figure 1-22, 
top panel) (Newman et al., 2007).  Older air has larger 
EESC values because as air ages in the stratosphere, ODSs 
photochemically decompose so that a higher fraction of 
available halogen is present in inorganic forms.

As discussed in the last Assessment report (Daniel 
and Velders et al., 2007), calculating EESC in this way 
also demonstrates that EESC peaks at different times in 
different regions of the stratosphere.  With the shorter 
transit times and higher relative contribution of rapidly de-
clining short-lived ODSs in midlatitudes (e.g., CH3CCl3), 
EESC peaks earlier in midlatitudes than in polar regions 
(Figure 1-22, lower panel).

The date when the second derivative in EESC 
reaches a minimum also varies with stratospheric region.  
This date has been proposed as the time when a signifi-
cant reduction in the rate of ozone decline might be ex-
pected, i.e., the “first stage” of ozone recovery (Yang 
et al., 2008).  The second derivative in EESC reaches 
a minimum in early 1996 in midlatitudes (mean age = 
3 years and age-of-air spectrum width = 1.5 years) and 
in late 1997 in the Antarctic stratosphere (mean age = 
5.5 years and age-of-air spectrum width = 2.75 years) 
(Figure 1-22).

The similarity between global surface means 
derived for ODSs from independent surface sampling 
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networks (Table 1-1) suggests only small uncertainties 
in our estimate of EESC abundance and trend in recent 
years related to measurement errors.  Larger uncertain-
ties are associated with using tropospheric data to derive 
actual inorganic halogen abundances in different regions 
of the stratosphere.  These additional uncertainties stem 
from an imperfect understanding of ODS decomposition 
rates in the stratosphere (fractional release factors), strato-
spheric mixing processes, and stratospheric air-age spectra 
(Newman et al., 2007).

Results from all three global surface sampling 
networks indicate that EESC and tropospheric EECl 
continued to decline during 2005–2008.  By 2008, tro-
pospheric EECl (weighted with fractional release factors 
appropriate for the midlatitude stratosphere) had dropped 
14% from its peak value measured in 1993–1994.  Note 
that the magnitude of this decline is somewhat sensitive 
to the fractional release factors used.  While a 14% drop 
is calculated with the updated fractional release factors 
discussed above, a drop in EECl of only 11% would be 

calculated with the fractional release factors used in the 
previous Assessment report.

Changes in stratospheric inorganic halogen abun-
dance (EESC) through 2008 can also be estimated from 
tropospheric measurements of ODSs.  By 2008, midlat-
itude EESC had decreased by about 11% from its peak 
value in 1997.  This stratospheric decline is smaller than 
derived for tropospheric EECl because of the time lag as-
sociated with transporting air from the troposphere to the 
stratosphere.  When referenced to EESC in 1980, this drop 
is 28% of the decrease required for EESC in midlatitudes 
to return to that benchmark level (Figure 1-22, bottom 
panel).  These EESC declines calculated for midlatitudes 
are similar whether or not mixing processes are accounted 
for with an air-age spectrum.

An even smaller decline is derived for the inor-
ganic halogen abundance in the Antarctic polar vortex.  
By 2008, polar EESC had decreased by about 5% from 
its peak value in 2002.  The much smaller decline over 
Antarctica stems from less time having elapsed since peak 

Figure 1-22.  Top panel:  Equivalent effective 
stratospheric chlorine (EESC) (ppt) calculated 
for the midlatitude stratosphere from surface 
measurements (see Figure 1-1) and absolute 
fractional release values from Clerbaux and 
Cunnold et al. (2007) (black line) or with age-of-
air-dependent fractional release values for the 
midlatitude stratosphere (red lines; mean age 
= 3 years) and the Antarctic springtime strato-
sphere (blue lines; mean age = 5.5 years).  
EESC calculated with stratospheric mixing 
processes included are shown as dashed 
colored lines for the different stratospheric re-
gions (i.e., an air-age spectrum width equal to 
one-half the mean age; Newman et al., 2007).  
Different shades of the same colors represent 
EESC calculated with tropospheric halocar-
bon data from the different surface networks 
(NOAA and AGAGE, not always distinguish-
able from one another) without consideration 
of air-age spectra.  Vertical dashed lines rep-
resent the date when the second derivative of 
EESC reaches a minimum (see text).  Bottom 
panel:  EESC derived for the midlatitude and 
polar stratospheric regions as a function of 
time plotted relative to peak abundances of 
1950 ppt for the midlatitude stratosphere and 
4150 ppt for the polar stratosphere.  Percent-
ages shown on right of this panel indicate the observed change in EESC relative to the change needed for 
EESC to return to its 1980 abundance (note that a significant portion of the 1980 EESC level is from natural 
emissions of CH3Cl and CH3Br).  Colors and line styles represent the same quantities as in the top panel.
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abundances were observed in this older air and the damp-
ening of changes by mixing air with a wider age spectrum 
across the maximum in EESC.  This drop is approximately 
10% of the decrease required for EESC in polar regions to 
return to the 1980 benchmark level (Figure 1-22, bottom 
panel).  The EESC declines calculated for polar regions 
are more sensitive to mixing processes than in midlati-
tudes (see Figure).  Slightly smaller declines are calculated 
for polar regions when an air-age-spectrum width of 2.75 
years (one-half of the mean age of 5.5 years) is considered 
(a total decline of ~4% compared to 5% when mixing pro-
cesses are not included in the EESC calculation).

In previous Assessment reports, it was noted that 
declines in the shorter-lived gases CH3CCl3 and CH3Br 
were the main reason for the observed declines in EECl 
and EESC.  During the past four years, however, no single 
chemical class has dominated the decline in the total com-
bined abundance of ozone-depleting halogen in the tro-
posphere.  From 2005 through 2008, the long-lived CFCs 
(−17 ppt EESC) contributed similarly to the EESC decline 
as did the short-lived CH3CCl3 (−20 ppt EESC) and CH3Br 
(−24 ppt EESC).  Other compounds and compound classes 
contributed less to this decline (CCl4: −10 ppt EESC; ha-
lons: −4 ppt EESC), and HCFCs (+6 ppt EESC) added to 
this halogen burden over this period.

1.4.5	 Fluorine in the Troposphere 
and Stratosphere

In contrast to the declines observed for tropospher-
ic Cl and Br in recent years, the tropospheric abundance 
of fluorine (F) increased at a mean annual rate of 1.6 ± 
0.1%/yr (40 ± 4 ppt/yr) since 1996 (fluorine from CFCs 
-11, -12, -113, -114, -115; HCFCs -22, -141b, -142b, 
-124; halons -1211, -1301, -2402; HFCs -23, -152a, 
-134a, -143a, -125; PFCs -14, -116, -218; and SF6).  This 
rate is substantially less than the annual increases of 60–
100 ppt/yr (annually 5.9 ± 0.3%/yr) observed for tropo-
spheric F during the 1980s as CFC abundances were rap-
idly increasing.  Many replacement compounds (HCFCs, 
HFCs, and PFCs) and other gases contributing F to the 
atmosphere degrade very slowly in the stratosphere and, 
therefore, do not affect stratospheric hydrogen fluoride 
(HF) changes as much as shorter-lived gases.  Tropo-
spheric F from compounds having stratospheric lifetimes 
<100 yrs (CFCs, halons, HCFC-141b, and HFC-152a; 
see Table 1-3) peaked in 2001 and was decreasing slow-
ly during 2005–2008 (trend of −0.4 ± 0.1%/yr).  Strato-
spheric changes in HF are likely to be between these two 
ranges (−0.4%/yr to +1.6%/yr).  

Stratospheric column FTIR measurements of HF, 
carbonyl fluoride (COF2), and Fy

* (where Fy
* = HF + 

2×COF2) also suggest a decrease in accumulation rate 

for atmospheric F beginning in 1999 (Figure 1-23).  Dur-
ing 2005–2008 the rate of increase was 0.4%/yr, which is 
smaller than observed during the late 1980s–early 1990s.  
This change in rate is consistent with tropospheric changes 
in F-containing gases propagating to the stratosphere and 
a lag associated with transport.  While the abundance and 
rates of change observed for stratospheric Fy

* are fairly 
well calculated with a 2-D model (Chipperfield et al., 
1997) in which tropospheric changes for a subset of F-
containing gases were considered, the calculated F abun-
dance is likely a lower limit for F as some less abundant 
fluorine source gases were not included in the model.  
Data from other FTIR sites have also reported continued 
increases in HF column abundances.  The measurements 
from Kiruna, Sweden, for example, indicate that an aver-
age increase in HF column of 1%/yr (± 0.3%/yr) occurred 
during 1996–2008 (relative to 2000; updates to Mikuteit 
(2008)).  The rates of increase in stratospheric HF columns 
derived from these ground-based observations are with-
in the expected range derived from surface observations 
(−0.4%/yr to +1.6%/yr).

1.5	C hanges in other trace gases that 
influence ozone and climate

In addition to the Cl- and Br-containing ODSs, other 
trace substances can affect stratospheric ozone.  The most 
important substances in this group are the greenhouse gas-
es.  As greenhouse gases have been recently assessed by 
the Working Group I of the IPCC Fourth Assessment Re-
port (AR4) (Forster et al., 2007; Denman et al., 2007) only 
updates on recent trends of mole fractions (Table 1-15), 
and information on sources and sinks are provided.  Fur-
thermore, in Figure 1-24 the development of the radiative 
forcing of the greenhouse gases discussed in this section is 
shown.  In Section 1.5.1, CH4, N2O, and sulfur compounds 
are discussed, which, apart from their direct influence on 
the abundance of the stratospheric ozone, also have an ef-
fect on the radiative forcing.  A special focus in this sec-
tion is the renewed increase of atmospheric CH4 mixing 
ratios (Rigby et al., 2008; Dlugokencky et al., 2009) and 
the re-evaluated influence of N2O on stratospheric ozone 
(Ravishankara et al., 2009).  Sulfur trace gases and SO2 as 
their main degradation product can potentially reach the 
stratosphere and can influence stratospheric ozone by en-
hancing its degradation through heterogeneous reactions.  
In Section 1.5.2, fluorinated greenhouse gases, which only 
indirectly influence stratospheric ozone via the green-
house effect, are discussed.

The influence of rockets on stratospheric ozone will 
be discussed in Section 1.5.3, as their emissions could be 
highly relevant because they are emitted either in or near 
the stratospheric ozone layer.
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1.5.1	C hanges in Radiatively Active Trace 
Gases that Directly Influence Ozone

In this section substances that are not controlled by 
the Montreal Protocol but that nevertheless have an influ-
ence on stratospheric ozone are discussed.

1.5.1.1	 Methane (CH4)

Apart from its well-established influence on radia-
tive forcing, methane (CH4) is both a sink of reactive chlo-
rine and a source of water vapor in the stratosphere and, 
therefore, influences the availability of inorganic halogen 
for depleting stratospheric ozone (see Section 1.4.1).  Fur-
thermore, CH4 is a significant sink of tropospheric OH 
radicals and, hence, changes in its abundance can lead to 
changes in the lifetimes of ozone-depleting substances 
removed by OH (e.g., CH3CCl3, HCFCs, VSLS).

A detailed description of the global methane budget 
and its uncertainties through 2005 is given in the IPCC 
AR4 (Forster et al., 2007).  They reported that the global 
average CH4 mole fraction in 2005 was 1774 ppb, which 
far exceeds the natural range during the last 650,000 years, 
and that the observed increase since preindustrial times is 
very likely due to anthropogenic activities (agriculture, 
fossil fuel use, etc.).  Here we focus on important results 

published afterwards and any similarities and differences 
between these recent and earlier studies.

For the IPCC A2 scenario, Portmann and Solomon 
(2007) compute methane-induced ozone increases over 
the 21st century of 2–12% below 20 km, and 0–4% be-
tween 20 and 40 km.  On the other hand, they compute 
ozone decreases of 0–12% between 40 and 60 km.  By 
2008, the radiative forcing of CH4 arising from mixing ra-
tio changes since 1750 had reached about 0.5 W/m2, sec-
ond only to CO2.  Indirect effects of atmospheric methane 
related to changes in stratospheric H2O and tropospheric 
ozone suggest that the present-day net radiative forcing of 
CH4 could be as large as 0.7 W/m2 (Forster et al., 2007).

After eight years of minimal net change, the mole 
fractions of CH4 began to increase in 2007 in both hemi-
spheres (Rigby et al., 2008; Dluogokencky et al., 2009).  
The growth rate was about 0.9 ± 3.3 ppb/yr from 1998–
2006, while the global growth rate for 2007–2008 averaged 
5.9 ppb/yr (NOAA) or 8.4 ppb/yr (AGAGE) (Table 1-15).  
The growth rate anomalies during 2006–2008 have been 
similar in magnitude to those observed in some years since 
1990.  The inverse analysis of Rigby et al. (2008) suggests 
that the renewed increase in growth rate was attributable 
either to increasing tropical and high latitude emissions or 
to a smaller high latitude emissions increase along with a 
few percent low latitude OH decrease (or to some combi-
nation of the two).  A second analysis of spatial gradients 
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Figure 1-23.  Time series of monthly-
mean total column HF (red circles) 
and COF2 (green triangles) (mole-
cules per square centimeter), as de-
rived from the Jungfraujoch (46.5°N) 
database, updated from the previ-
ous Assessment (Clerbaux and 
Cunnold et al., 2007).  Duchatelet et 
al. (2009) have provided an updated 
analysis for the COF2 results shown 
here, using a multispectral, multi-
window approach.  Data values are 
limited to June to November months 
to reduce variability.  Fits to the data 
sets are given by the black curves.  
Fy

* estimates (blue triangles) are 
calculated from HF + 2×COF2.  Also 
shown are column Fy

* estimates 
from a 2-D model (based on Chip-
perfield et al., 1997) shown by the 
orange curve, with corresponding fit, 
that are derived from surface obser-
vations of CFC-11, CFC-12, CFC-
113, and HCFC-22.
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Table 1-15.  Mole fractions of CO2, CH4, N2O, SF6, SO2F2, COS, and selected HFCs and PFCs.

Mole Fraction Annual Change in 
Mole Fraction

2005 2006 2007 2008 2005/06 2006/07 2007/08
CO2 [ppm] N 378.8 381.0 382.7 384.8 2.2 1.7 2.1

CH4 [ppb] N 1774.7 1775.4 1781.7 1787.6 0.7 6.3 5.9

CH4 [ppb] A 1774.2 1774.6 1780.8 1789.2 0.4 6.2 8.4

N2O [ppb] N 319.0 319.8 320.5 321.5 0.8 0.7 1.0

N2O [ppb] A 319.2 319.9 320.6 321.6 0.7 0.7 1.0

SF6 [ppt] N 5.6 5.9 6.2 6.4 0.3 0.3 0.2

SF6 [ppt] A 5.6 5.9 6.2 6.4 0.3 0.3 0.2

HFC-134a [ppt] N 34.4 38.8 43.2 47.6 4.4 4.4 4.4

HFC-134a [ppt] A 34.6 38.9 43.3 48.2 4.3 4.4 4.9

HFC-23 [ppt] A 
* 19.0 20.0 21.0 21.8 1.1 1.0 0.8

HFC-152a [ppt] A 4.1 4.5 5.3 5.9 0.4 0.8 0.6

HFC-143a [ppt] A 5.8 6.6 7.5 8.5 0.8 0.9 1.0

HFC-32 [ppt] A 1.3 1.6 2.1 2.7 0.3 0.5 0.6

HFC-125 [ppt] A 3.9 4.5 5.2 6.1 0.6 0.7 0.9

HFC-365mfc [ppt] A 0.1 0.3 0.4 0.4 0.2 0.1 0.1

HFC-245fa [ppt] ** 0.4 0.6 0.7 1.0 0.2 0.1 0.4

PFC-14 [ppt] A 75.1 75.7 76.4 77.1 0.6 0.7 0.7

PFC-116 [ppt] A 3.7 3.8 3.8 3.9 0.1 0.0 0.1

PFC-218 [ppt] A 0.4 0.4 0.5 0.5 0.0 0.1 0.0

SO2F2 [ppt] A 1.35 1.42 1.47 1.51 0.07 0.05 0.04

COS [ppt] N 488 491 494 491 2.2 2.9 −2.1

Data are global surface means. 
These observations are updated from the following sources:  Conway et al. (1994), Dlugokencky et al. (2009), Geller et 

al. (1997), Greally et al. (2005; 2007), Hall et al. (2007), Miller et al. (2010), Montzka et al. (1996; 2007), Mühle et 
al. (2009; 2010), O’Doherty et al. (2004; 2009), Prinn et al. (2000), Rigby et al. (2008), Stemmler et al. (2007), and 
Vollmer et al. (2006).

Annual changes in mole fraction are drived from the difference between year x and x-1.
N denotes data from NOAA.
A denotes data from AGAGE.
________
*	 Global averaged mixing ratios for HFC-23 before 2007 have been modeled using archived air data from the SH (Miller et al., 2010)
**	 Data are an average of measurements from the Jungfraujoch, Switzerland (47°N) and Cape Grim, Australia (40°S) (updated from Vollmer et al., 2006).
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and Arctic isotopic signals by Dlugokencky et al. (2009) 
suggests primarily an increased wetland source in both 
the high latitudes and tropics for 2007, while the 2008 in-
crease was predominantly seen at tropical latitudes.  They 
argued for little influence from OH variations.  Further-
more, an increase in interhemispheric exchange during the 
cool phase of the El Niño-Southern Oscillation (ENSO) 
(consistent with observed changes in the SF6 mean inter-

hemispheric difference), could have contributed, in part, to 
changes in Southern Hemisphere growth rates.  Bousquet 
et al. (2006) suggested that the relatively stable period for 
CH4 mixing ratios between 1999 and 2006 was a fortu-
itous combination of a decreasing wetland source masking 
an increasing anthropogenic energy-related source, with 
the chemical loss of CH4 due to OH playing a potential 
role in the observed atmospheric variability.  In compari-

Year Year

Figure 1-24.  Left panels: The evolution of radiative forcings from the sum of the major greenhouse gases (CO2, 
CH4, N2O), the ODSs (CFCs, HCFCs, halons, CH3CCl3, CCl4), and the Kyoto Protocol synthetic gases (HFCs, 
PFCs, SF6) in W/m2.  Right panels: The upper panel shows the evolution of radiative forcings (note change in 
scale) from individual HCFCs and their sum, and from the sum of Kyoto Protocol synthetic gases (HFCs, PFCs, 
and SF6), which appear individually or grouped together in the lower right panel (in mW/m2).  Forcings are cal-
culated from background mixing ratios in Table 1-1 and Table 1-15 and radiative efficiencies given in Chapter 5.
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son, Chen and Prinn (2006) evaluated growth rates and 
distributions of CH4 during 1996–2001 relative to earlier 
years and found decreased energy-related emissions and 
increased emissions from rice, with the 1998 anomaly due 
to increased global wetland and wildfire emissions.  Chen 
and Prinn (2006) note that their inferred increased rice 
emissions (about 25 Tg CH4/yr) could also be attributed to 
surrounding non-rice wetland emissions.

While the possibility of very large methane emis-
sions from plants (as proposed by Keppler et al., 2006) has 
been ruled out (Ferretti et al., 2007; Beerling et al., 2008; 
Bloom et al., 2010a), laboratory experiments have shown 
that UV-irradiated plant pectin produces CH4 (Vigano et 
al., 2008).  While not ascribed to aerobic methanogene-
sis, Carmo et al. (2006) presented evidence for a canopy 
source of CH4 from upland forest and Rice et al. (2010) 
reported a “bottom-up” estimate of global CH4 emissions 
of 60 ± 20 Tg/year from trees in flooded soils.

In the last decade, satellite observations have be-
come available that fill an important gap in the global 
coverage of the temporal and spatial variations of CH4 
(e.g., Frankenberg et al., 2005; Frankenberg et al., 2008).  
Furthermore, satellite observations have also detected an 
increase in global mixing ratios in recent years (Bloom et 
al., 2010b) and identified increased wetland emissions as 
a potential cause, consistent with in situ measurements.

Future trends in atmospheric CH4 are highly un-
certain and depend to a large extent on the proportion of 
the carbon stored in Arctic permafrost that emanates as 
CH4 following permafrost thaw and the extent of perma-
frost thawing.  Tarnocai et al. (2009) estimate that frozen 
Arctic soils contain about 1670 petagrams (Pg) of carbon.  
While current observations do not imply a large role for 
thawing permafrost, this could change with large future 
Arctic warming.  Additionally, large stores of CH4 exist 
in the form of frozen CH4 hydrates on the sea floor (Buf-
fett, 2004).  These potentially could be liberated either 
by warming induced by ocean circulation changes or via 
attempted extraction for fuel usage.  Changes in wetland 
extent, agricultural practice, and fossil fuel extraction (ex-
cluding hydrates) could also affect future atmospheric CH4 
levels, but have much smaller potential for impact than the 
large frozen soil-carbon reservoirs mentioned above.

1.5.1.2	N itrous Oxide (N2O)

The photochemical degradation of nitrous oxide 
(N2O) in the stratosphere leads to ozone-depleting nitric 
oxide (NO) and nitrogen dioxide (NO2) and to important 
free radical reservoir species (e.g., HNO3, ClONO2).  In 
addition, N2O is an important greenhouse gas.

Forster et al. (2007) reported that the global average 
mole fraction of N2O in 2005 was 319 ppb compared to a 
preindustrial value of 270 ppb.  The growth rate has been 

approximately constant since 1980 with more than one-
third of its emissions being anthropogenic (agriculture, 
etc.).  In 2005–2008 the average growth rate of N2O was 
0.8 ppb/yr (NOAA and AGAGE), with an average global 
mixing ratio in 2008 of 321.5 ppb (NOAA) and 321.6 
ppb (AGAGE) (Table 1-15).  N2O is an important ozone-
depleting and greenhouse gas.  For the A2 IPCC scenar-
io, Portmann and Solomon (2007) compute 21st century 
ozone decreases up to 8% in the 20–40 km altitude region 
from changes in N2O alone.  By comparing the Ozone 
Depletion Potential-weighted anthropogenic emissions of 
N2O with those of ozone-depleting substances, Ravishan-
kara et al. (2009) show that N2O emissions currently are 
the single most important emissions of a chemical that de-
pletes ozone.  Yet, N2O is not controlled by the Montreal 
Protocol.  The findings of Ravishankara et al. (2009) are 
discussed in more depth in Sections 5.2 and 5.4 of Chapter 
5.  Future anthropogenic emissions of N2O may increase if 
nitrogen-containing fertilizer use is enhanced for the pro-
duction of biofuels, as discussed by Crutzen et al. (2008).  
Limiting or reducing future N2O emissions, one target of 
the Kyoto Protocol, would enhance the recovery of the 
ozone layer from its depleted state and would also reduce 
anthropogenic forcing of the climate system.

Recently, Huang et al. (2008) used AGAGE, 
NOAA/ESRL, and Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO) observations, the 
3-D MATCH model (1.8° × 1.8°), and a Kalman filter to 
deduce regional N2O emissions.  The effects of model er-
rors were assessed using a large ensemble of 2-D model 
inversions.  They concluded that global N2O emissions 
with 66% probability errors are 16.3+

−1
1.
.
5
2 and 15.4+

−1
1.
.
7
3 Tg 

N (N2O)/yr, for 1997–2001 and 2001–2005, respectively.  
Emissions from the equator to 30°N increased significant-
ly from the earlier Bouwman et al. (1995) estimates, while 
emissions from the southern oceans (30°S–90°S) de-
creased significantly.  Relative to Bouwman et al. (1995), 
Huang et al. (2008) found that land emissions from South 
America, Africa, and China/Japan/South East Asia are 
larger, while land emissions from Australia/New Zealand 
are smaller.  Their study also showed a shift of the oce-
anic sources from the extratropical to the tropical oceans 
relative to Bouwman et al. (1995).  Between the periods 
1996–2001 and 2002–2006, emissions increased in China/
Japan/South East Asia, 0°–30°N oceans, and North West 
Asia; emissions decreased in Australia/New Zealand, 
30°S–90°S oceans, 30°N–90°N oceans, and Africa.  The 
lower tropical ocean emissions in 1997–2001 relative to 
2002–2005 could result from the effects of the 1997–1998 
El Niño in the earlier period.

The N2O fluxes from the equator to 30°N region 
reported by Hirsch et al. (2006) and Huang et al. (2008) 
are significantly larger than estimated by Bouwman et 
al. (1995) and Prinn et al.  (1990), while the emissions 
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from the southern oceans (30°S–90°S) are significantly 
smaller.  The differences between the two recent and two 
earlier studies may be due to either real long-term varia-
tions or different modeling and methodological approach-
es.  Huang et al. (2008) found that 23 ± 4% of the global 
total N2O emissions come from the oceans, which is at 
the low range of the Hirsch et al. (2006) and Bouwman 
et al. (1995) estimates.  Overall, the Hirsch et al. (2006) 
and Huang et al. (2008) studies show reasonably good 
agreement.  Considering the fact that Hirsch et al. (2006) 
only used N2O measurements from NOAA/ESRL for the 
1998 to 2001 time period and the inversion techniques and 
transport models used in the two studies differ as well, 
these good agreements may indicate that the relative con-
tributions of regional N2O surface fluxes to the global total 
may indeed have changed significantly from the Bouw
man et al. (1995) estimates for 1990 and the Prinn et al. 
(1990) estimates for 1978–1988.  In comparison with 
Prinn et al. (1990), the Huang et al. (2008) study shows 
smaller surface emissions in the 30°S–90°S and 30°N–
90°N regions, significantly higher fluxes in the 0°–30°N 
region, and similar fluxes in the 0°–30°S region.  Huang 
et al. (2008) concluded that uncertainty in modeling tropo-
sphere and stratosphere exchange is the most significant 
source of uncertainty in deriving regional N2O emissions.

High-precision measurements of atmospheric N2O 
over the last decade reveal subtle signals of interannual 
variability (IAV) superimposed upon the more prominent 
growth trend.  Nevison et al. (2007) explored the causes of 
both seasonal and interannual variability using compari-
sons of a 1993–2004 3-D model simulation to observa-
tions of N2O at five AGAGE stations.  The model does not 
include a stratospheric sink and thus isolates the effects of 
surface sources and tropospheric transport.  Both model 
and observations yield correlations in seasonal and inter-
annual variability among species, but only in a few cases 
are model and observed variability correlated to each oth-
er.  The results suggest that tropospheric transport contrib-
utes significantly to observed variability, especially at the 
Samoa station.  However, some features of observed vari-
ability (e.g., at Mace Head, Ireland) are not explained by 
the model simulation and appear more consistent with the 
effects of downward mixing of N2O-poor stratospheric air.

Finally, Jiang et al. (2007) carried out a systematic 
study of the N2O seasonal cycle and its latitudinal varia-
tion using AGAGE and NOAA/ESRL data.  The seasonal 
cycles were statistically significant at Alert (82°N, 62°W), 
Barrow (71°N, 157°W), Mace Head (53°N, 10°W), Cape 
Kumukahi (19°N, 155°W), Cape Matatula (14°S, 171°W), 
Cape Grim (41°S, 145°E), and South Pole (90°S, 102°W).  
The amplitude (peak to peak) of the seasonal cycle varies 
from 0.29 ppb at the South Pole to 1.15 ppb at Alert.  The 
month at which the seasonal cycle is at a minimum var-

ies monotonically from April (South Pole) to September 
(Alert).  The seasonal cycle in the Northern Hemisphere 
shows the influence of the stratosphere, owing to seasonal 
variations in exchange between the stratosphere and tro-
posphere in the Arctic; the seasonal cycle in the South-
ern Hemisphere suggests greater influence from surface 
sources.

1.5.1.3	 COS, SO2, and Sulfate Aerosols

Carbonyl sulfide (COS) and other sulfur-containing 
gases such as sulfur dioxide (SO2) are important precur-
sors of sulfate aerosols in the stratosphere (Notholt et al., 
2005; SPARC, 2006), which catalyze ozone depletion 
by ODSs (e.g., Newman and Pyle et al., 2003; Danilin 
and McConnell, 1995) and affect the radiative balance of 
the atmosphere (e.g., Forster et al., 2007).  The relative 
contributions of the sulfate aerosol precursors are diffi-
cult to quantify because SO2 has a short lifetime, and the 
nonvolcanic stratospheric sulfur (S) burden is not well 
determined.

COS is the most abundant sulfur-containing trace 
gas in the atmosphere.  Long-term trends in COS mixing 
ratios suggest that global changes during the past decade 
have been fairly small (Aydin et al., 2008; Montzka et al., 
2004; Montzka et al., 2007; Zander et al., 2005).  Updated 
data show a mean global surface mixing ratio of 491 ppt in 
2008 and a mean rate of increase of 1.8 ppt/yr during 2000–
2008 (Table 1-15).  The current background concentration 
is more than 60% higher than preindustrial values of ~300 
ppt (Montzka et al., 2004; Aydin et al., 2008).  Long-term 
COS trends from long-path infrared solar absorption meas-
urements above Jungfraujoch (Switzerland) (updated from 
Zander et al., 2005) show an annual increase in the total 
vertical column of 0.79 ± 0.09% over 2000–2008 (relative 
to January 2000 values) and an increased growth rate of 
1.26 ± 0.29%/yr over 2005–2008 (relative to January 2005 
values).  Over decadal-to-centennial periods, COS mixing 
ratios appear correlated to anthropogenic sulfur emis-
sions (Montzka et al., 2004).  The updated Jungfraujoch 
data also show this behavior, exhibiting decreases in total 
column COS during the late 1980s to early 1990s.  Both 
ground-based flask sampling and Jungfraujoch remote 
sensing results then show a reversal, with increases since 
the mid-2000s, concurrent with 5%/yr increases in global 
coal combustion since then (BP, 2009).

Global flask measurements show large seasonal 
changes across broad geographic scales (Montzka et al., 
2007).  The observed variations suggest an important role 
for the oceans in determining the seasonality in the SH 
and uptake by the terrestrial biosphere during the growing 
season in the NH.  The amplitude of observed seasonal 
changes in the NH suggests significantly larger vegetative 
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uptake of COS and, as a result, a shorter global lifetime of 
2-4 yrs (Montzka et al., 2007; Suntharalingam et al., 2008) 
than derived in earlier studies.

COS mixing ratio distributions derived from satel-
lites have provided an estimate of COS stratospheric loss.  
From correlations to measured CFC abundances, a strato-
spheric lifetime of 64 ± 21 years can be derived.  This 
lifetime suggests that COS contributes 34–66 Gg S/yr to 
the stratosphere (Barkley et al., 2008).  Given the wide 
range in estimates of sulfur emissions necessary to main-
tain the stratospheric sulfate aerosol layer, it is difficult to 
accurately estimate the contribution of sulfur from COS to 
this layer.  Some estimates from midlatitude data suggest 
that COS could contribute ~50% of aerosol sulfur mass 
being transported to the midlatitude lower stratosphere 
(Martinsson et al., 2005).  Other results implying 300–400 
Gg S/yr to explain observed seasonal changes above some 
NH sites would suggest a much smaller relative contribu-
tion of COS to stratospheric sulfur (Hofmann et al., 2009).  
This latter study also provided evidence for large changes 
in stratospheric aerosol during recent years.  Because COS 
mixing ratios in the background atmosphere have not in-
creased by more than a few percent since 2000, the cause 
for this aerosol increase is not likely attributable entirely 
to the observed COS changes (Hofmann et al., 2009).

Sources of atmospheric SO2 have been reviewed 
by Stern (2005) and Fisher et al. (2007).  Anthropogenic 
emissions of SO2 are mainly due to fossil fuel burning and 
metal smelting.  Natural sources consist of the oxidation of 
COS, dimethyl sulfide (DMS), carbon disulfide (CS2), and 
hydrogen sulfide (H2S), as well as emissions from volca-
nic activities.  Based on “bottom-up” estimates (see Box 
1-1), anthropogenic sulfur emissions reached a maximum 
of ~75 Tg S/yr in the 1980s (Stern, 2005).  Emissions 
subsequently decreased as a consequence of legislation 
addressing enhanced acidification (in industrialized coun-
tries) and because of reduced industrial activity in Eastern 
Europe (Stern, 2005).  In 2000, global emissions were es-
timated to be 55–62 Tg S/yr (Fisher et al., 2007), of which 
~17 Tg S/yr was emitted from Asia (Stern, 2005; Klimont 
et al., 2009).  In some projections future emissions from 
Asia are expected to increase substantially (e.g., 40 Tg S/
yr by 2030; Klimont et al., 2009), with the main increase 
expected to occur either in China (Fisher et al., 2007) or 
in India (Klimont et al., 2009).  SO2 mixing ratios decline 
rapidly with height and distance from the source regions to 
a few tens of ppt (SPARC, 2006), and therefore the same 
limitations for its transport into the stratosphere apply as 
for VSLS discussed in Section 1.3.

Natural sources of atmospheric SO2, which consist 
of volcanic eruptions and the oxidation of primarily oceanic 
substances (COS, DMS, and H2S), are estimated to account 
for 17–41 Tg S/yr (Haywood and Boucher, 2000).  Infre-
quent explosive volcanic eruptions do temporarily enhance 

the sulfate aerosol burden of the stratosphere dramatically.  
For example, in 1991 the eruption of Mt. Pinatubo added 
~10 Tg S into the atmosphere (Read et al., 1993; Guo et al., 
2004), which partly reached the stratosphere and signifi-
cantly affected the atmospheric radiative balance.  Deliber-
ately enhancing S in the stratosphere is being discussed as a 
geoengineering option for mitigating the heating influence 
from greenhouse gases (see Chapter 5).

1.5.2	C hanges in Radiative Trace Gases 
that Indirectly Influence Ozone

Carbon dioxide and fluorinated compounds are 
greenhouse gases and have no direct effect on stratospher-
ic ozone.  Nevertheless, they are discussed in this section, 
as their impact on global warming can indirectly lead to 
changes in stratospheric ozone, as discussed in Chapter 4 
of this Assessment.

1.5.2.1	 Carbon Dioxide (CO2)

Since 1750 CO2 has been the most important anthro-
pogenic greenhouse gas and it still continues to dominate 
atmospheric radiative forcing at 1.74 W/m2 in 2008 (Hof-
mann et al., 2006) (Figure 1-24).  The 2003.5–2008.5 in-
crease in CO2 radiative forcing (0.14 W/m2) was six times 
greater than the total direct forcing increase from all other 
radiatively active, long-lived gases in this same period.

In 2008, the global average CO2 mole fraction was 
384.8 ppm (Table 1-15).  The global growth rate of CO2 
averaged 2.1 ppm/yr between 2005 and 2008, when de-
rived with results from all 37 marine boundary layer sites 
in the NOAA/ESRL surface air sampling network.  This 
is similar to the average growth rate for the previous four-
year period (2.0 ppm/yr), but significantly higher than the 
average growth rate in the 1990s (1.5 ppm/yr).  The in-
crease in atmospheric growth rate in the last 8 years cor-
responds closely with acceleration in the combustion of 
fossil fuels (Boden et al., 2009; BP, 2009). The increase 
in global fossil fuel-based CO2 emissions averaged 0.8%/
yr in the 1990s and 3.2%/yr between 2000 and 2008 (with 
estimated emissions of 8.7 Pg C/yr in 2008).

The fraction of fossil carbon remaining in the at-
mosphere (airborne fraction) shows no discernible trend 
over the past 20 years, with 5-year means stable at about 
50% (Knorr et al., 2009).  There is significant interannual 
variability in the atmospheric growth (and airborne frac-
tion), of which about 50% can be explained by ENSO and 
volcanism (Bacastow, 1976; Reichenau and Esser, 2003) 
and their effect on carbon balance of the land biosphere.

Although the number of coupled climate carbon 
cycle models and their mechanistic sophistication has in-
creased, there is still no consensus as to the centennial-



1.82

Chapter 1

scale fate of the airborne fraction and the 50% radiative 
forcing discount that it has provided in recent decades.  
Most models predict a declining efficiency in the uptake 
of atmospheric carbon by the oceans by the middle of the 
century (Friedlingstein et al., 2006).  Whether or not this 
decline can be observed already in the Southern Ocean is 
a matter of scientific debate and is discussed in detail in 
Chapter 4.  The fate of the land biosphere sink of CO2 
is also uncertain, with some models predicting increased 
uptake due to boreal forest expansion and general CO2 fer-
tilization, while others predict drought-stress related die 
back of forests and losses in productivity (Friedlingstein 
et al., 2006).  The coupling of the carbon cycle to climate 
variability remains a first-order uncertainty in the predic-
tion of future climate.  This is especially true considering 
the uncertain fate of an estimated 1000 Pg C of carbon 
frozen in the top 3 meters of Arctic soils (Tarnocai et al., 
2009), which have not been considered in coupled climate 
carbon cycle models.

1.5.2.2	F luorinated Greenhouse Gases

With the exception of carbon tetrafluoride (CF4), 
the fluorinated compounds discussed in this section are 
virtually entirely of anthropogenic origin.  Hydrofluoro-
carbons (HFCs) are replacement chemicals for the long-
lived ODSs in various applications such as refrigeration, 
fire extinguishers, propellants, and foam blowing (IPCC/
TEAP, 2005).  The very long-lived perfluorocarbons 
(PFCs) and sulfur hexafluoride (SF6) have been emitted 
over past decades from established industrial processes 
and, in the case of PFCs, recently from newer applications 
largely in the electronics sector.  The newest compounds 
detected in the atmosphere are sulfuryl fluoride (SO2F2) 
(used as a replacement for CH3Br) and nitrogen trifluoride 
(NF3) used in the electronic sector.

By mid-2008, the contribution of the fluorinated 
substances (HFCs, PFCs, SF6) to radiative forcing had in-
creased to ~24 mW/m2.  Contributions were 16 mW/m2 
for HFCs (including HFC-23), 3.4 mW/m2 for SF6, and 
5.4 mW/m2 from the sum of CF4, C2F6, and C3F8 (Mühle et 
al., 2010), assuming a natural background for CF4 of 34.7 
ppt (Figure 1-24).  These contributions to total radiative 
forcing by 2008 are small compared to CO2 (1740 mW/
m2), CH4 (500 mW/m2), CFCs (262 mW/m2), and N2O 
(170 mW/m2), but amount to about half of the radiative 
forcing from HCFCs (45 mW/m2) (Figure 1-24).  How-
ever, these values are radiative forcings since preindustrial 
times.  Considering changes only over the past 5 years 
(2003.5–2008.5), CO2 direct radiative forcing increased 
by 139 mW/m2, that from N2O increased by 12 mW/m2, 
and that from CH4 increased by 4 mW/m2.  Radiative forc-
ing from the sum of HFCs, PFCs, and SF6 increased by 
8 mW/m2 over this same period, whereas the ODSs con-

trolled under the Montreal Protocol have positive and 
negative contributions (CFCs, Cl-solvents, and halons: 
−8 mW/m2; HCFCs: +8 mW/m2).  This means that during 
2003.5–2008.5, the change in direct radiative forcing from 
the sum of HFCs, PFCs, and SF6 was comparable to the 
change in direct radiative forcing from either CH4 or N2O.  
Further impacts of the potential large future increase of 
fluorinated greenhouse gases are discussed in Chapter 5 of 
this Assessment.

Summed emissions from HFCs used primarily as re-
placements for ODSs (i.e., not HFC-23) have increased since 
2004.  The sum of emissions (weighted by GWP) of HFCs 
used as ODS replacements increased by 8–9%/yr from 2004 
to 2008, and by 2008 amounted to 0.39 ± 0.03 gigatonnes 
of CO2 equivalents per year (Gt CO2-eq/yr).  Emissions of 
HFC-23, predominantly the result of HCFC-22 production, 
contributed an additional ~0.2 Gt CO2-eq/yr emission during 
2006–2008 (Montzka et al., 2010).  Recently published data 
with higher time resolution suggest that the 2008 HFC-23 
emission may be slightly less than this 3-year average (~0.17 
Gt CO2-eq/yr in 2008; Miller et al., 2010).

The following paragraphs are an update on the 
abundance and the sources of different types of fluorinated 
greenhouse gases (GHGs).

HFC-134a (CH2 FCF3 )

HFC-134a has replaced CFC-12 as the preferred 
refrigerant in refrigeration and mobile air conditioning 
(MAC), and it also has a minor usage in foam blowing 
applications.  Observed global abundances and rates of 
change estimated by two independent global sampling 
networks (NOAA and AGAGE) are in good agreement.  
HFC-134a has been growing steadily and reached a global 
mean mole fraction of ~48 ppt in 2008 (Table 1-15), with 
an average trend of 4.6 ppt/yr (or ~10%/yr) in 2007–2008.  
HFC-134a contributed ~8 mW/m2 to atmospheric radia-
tive forcing in 2008.

A 12-box model analysis of measured changes 
in the global atmospheric abundance of HFC-134a was 
used to derive global emissions of 149 ± 27 Gg/yr dur-
ing 2008 (approximately 125 ± 16 Gg/yr was derived for 
2005–2006).  Stohl et al. (2009) used regional-scale inver-
sions with a global coverage to derive global HFC-134a 
emissions in 2005–2006 of 130–140 Gg/yr, similar to the 
12-box model result for these years once uncertainties are 
considered.  Analyses of pollution events observed by 
high-frequency measurements and other regional stud-
ies provide insights into regional contributions to these 
global emissions.  In the Stohl et al. (2009) study for the 
period 2005–2006, about 40 Gg/yr was attributed to North 
America, 25 Gg/yr to Europe, 43 Gg/yr to Asia, and lesser 
amounts were derived for other regions of the globe.  For 
the United States alone, Stohl et al. (2009) derived 28–35 
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Gg/yr of HFC-134a emission in 2005 and 2006, which is 
similar to the 27 (12–39) Gg/yr HFC-134a emissions from 
the United States estimated from aircraft measurement 
campaigns in 2004 and 2006 (Millet et al., 2009).  In a 
separate study in which high-frequency data from three 
stations in Eastern Asia were considered, East Asian emis-
sions of HFC-134a were estimated at 19.2 Gg/yr in 2008, 
of which 12.9 ± 1.7 Gg/yr was attributed to China (Stohl et 
al., 2010).  This is only slightly higher than the HFC-134a 
emission estimate for China of 8.7 (6.5–12) Gg/yr in 2008 
derived from high-frequency atmospheric measurements 
in South Korea (Kim et al., 2010).

Because of the long lifetime of HFC-134a (13.4 
years, Table 1-3) and a relatively high GWP100 (1370, 
Chapter 5), the use of HFC-134a will eventually be phased 
out in Europe.  This will lead to a very gradual phase-
down of the use of HFC-134a in cars, which is expected 
to also take place outside Europe because of the global na-
ture of the car industry.  However, in developing countries 
the potential for growth of HFC-134a is potentially large 
(Velders et al., 2009).

HFC-23 (CHF3 )

HFC-23 is primarily emitted to the atmosphere 
from over-fluorination of chloroform during the produc-
tion of HCFC-22.  Other minor emissions of HFC-23 arise 
from the electronics industry, refrigeration, and fire ex-
tinguishers (Oram et al., 1998).  Due to its long lifetime 
of 222 years (Table 1-3) and continued emissions, HFC-
23 global mixing ratios reached 22 ppt in 2008, with a 
growth rate of 0.83 ppt/yr (Miller et al., 2010).  At this 
global abundance, HFC-23 contributed ~4 mW/m2 to the 
atmospheric radiative forcing in 2008 (Figure 1-24).

A study of Antarctic firn air suggested a 50% in-
crease in global HFC-23 emissions from 8.7 ± 2 Gg/yr dur-
ing the 1990s to a mean of 13.5 ± 2 Gg/yr during 2006–
2008 (Montzka et al., 2010).  HFC-23 emissions increased 
even though emissions reported by developed countries 
declined from 6–8 Gg/yr in the late 1990s to 2.8 Gg/yr in 
2007 and despite the destruction by incineration of 5–7 Gg 
of HFC-23 in developing countries in 2007–2008 through 
United Nations Framework Convention on Climate Change 
(UNFCCC) Clean Development Mechanism (CDM) proj-
ects (Montzka et al., 2010).  The increase inferred for global 
HFC-23 emissions is coincident with a substantial increase 
in HCFC-22 production in developing countries, which 
accounted for 60% of global HCFC-22 production in 2007.  
The mean yield of HFC-23 emission from global HCFC-22 
production during 2006–2008 was estimated at 1.7 ± 0.3%, 
which is slightly lower than the mean of 2.3% derived for 
the early 1990s (Montzka et al., 2010).

These firn-air-derived global emission estimates 
for HFC-23 are largely consistent with a recent analysis 

of archived air (back to 1978) and ongoing remote atmo-
spheric measurements at multiple sites since late 2007 
(Miller et al., 2010).  These ongoing data provide higher 
time resolution during 2006–2008 than the analysis of firn 
measurements, however, and suggest that global HFC-23 
emissions declined after 2006 and were 12.0 (+0.6/−0.7) 
Gg/yr in 2008.

East Asian HFC-23 emission magnitudes and dis-
tributions have been derived using inversion modeling of 
in situ measurements at three locations (Stohl et al., 2010).  
Emissions from this region during 2008 were dominated 
by 6.2 ± 0.7 Gg/yr from China.  This analysis yielded en-
hanced emissions from locations where HCFC-22 produc-
tion facilities are known to be located, both in China and 
Japan (Stohl et al., 2010).  The uncertainties (1 standard 
deviation) quoted in Stohl et al. (2010) do not include any 
systematic errors in their dispersion model or in the me-
teorological input data used in their inversion analysis.  A 
higher HFC-23 emission of 12 (8.6–15 Gg/yr) was derived 
in 2008 for China recently from a combined inversion/
ratio method based on data from the Korean Gosan sta-
tion (Kim et al., 2010).  This is similar to the 10 ± 5 Gg/
yr inferred from China for 2004 and 2005 in an earlier 
study (Yokouchi et al., 2005).  Substantial HFC-23 emis-
sions from China are likely ongoing in 2008 because less 
than half of HCFC-22 production in developing countries 
during this time was associated with the UNFCCC CDM 
projects (Montzka et al., 2010).

HFC-152a (CH3CHF2 )

HFC-152a is used as a foam-blowing agent and as 
an aerosol propellant (Greally et al., 2007).  In 2008 its 
globally averaged mole fraction was 5.9 ppt and its radia-
tive forcing 0.5 mW/m2.  It has a relatively short lifetime of 
1.5 years (Table 1-3), due to efficient removal by OH oxi-
dation.  HFC-152a has the smallest GWP100 (133; Chapter 
5) of all major HFCs.  Given its short lifetime, the increase 
in background concentrations (0.6 ppt/yr (+11%/yr) in 
2007–2008) implies a substantial increase of emissions 
in recent years.  Emissions derived from the observed at-
mospheric change were 50 Gg/yr in 2008 (AGAGE data), 
compared to 28 Gg/yr in 2004 (Greally et al., 2007).

As was found for HFC-134a, an analysis of mixing 
ratio enhancements above background levels from high-
frequency measurements suggest substantial emissions 
of HFC-152a from North America (12.3–15.1 Gg/yr), 
Asia (9.6–9.8 Gg/yr), and Europe (3.5–3.9 Gg/yr) during 
2005–2006 (Stohl et al., 2009).  The total global emissions 
derived from this regional study (29 Gg/yr in 2005 and 33 
Gg/yr in 2006) are similar to the global emission totals 
derived from the 12-box analysis of mean global mixing 
ratio changes (34 ± 4 in 2005 and 41 ± 4 Gg in 2005 and 
2006, respectively) once uncertainties are considered.



1.84

Chapter 1

HFC-143a (CH3CF3 )

Mixing ratios of HFC-143a, which is used mainly 
in refrigerant blends, of 1.8 ppt have been reported in 1997 
by Culbertson et al. (2004), with a strong increase (25%/
yr) in the second half of the 1990s.  Recent independent 
measurements from the AGAGE network show that HFC-
143a increased to 8.5 ppt in 2008, increasing by 1.0 ppt/
yr (13%/yr) in 2007–2008 (updated from Greally et al., 
2005), resulting in a radiative forcing of 1 mW/m2 and 
global emissions of 17 Gg/yr in 2008.

HFC-32 (CH2 F2 )

Mixing ratios of HFC-32, which is mainly used in 
refrigerant blends, were reported by Greally et al. (2005) 
to be 0.7 ppt in 2004 at Mace Head (Ireland).  Updated 
measurements from the AGAGE network show that mix-
ing ratios have increased to 2.7 ppt in 2008 with a yearly 
increase of 0.6 ppt (26%) in 2007–2008.  In 2008, emis-
sions of 8.9 Gg/yr have been derived by applying the 12-
box model to AGAGE measurements.

HFC-125 (CHF2 CF3 )

HFC-125 is used in refrigeration blends and for fire 
suppression (IPCC/TEAP, 2005).  Background mixing 
ratios have grown to 6.1 ppt in 2008, which results in a 
direct radiative forcing contribution of 1.7 mW/m2.  The 
interhemispheric gradient (2008) and growth rate (2007–
2008) were 1.4 ppt and 0.9 ppt/yr (16%/yr), respectively 
(O’Doherty et al., 2009; Table 1-15), from which global 
emissions increasing from 7.5 Gg in 2000 to 22 Gg in 
2008 are derived.  European emissions in 2007 have been 
estimated at 3.7–5.5 Gg/yr (O’Doherty et al., 2009).

HFC-365mfc (CF3 CH2 CF2 CH3 ) and HFC-245fa 

(CF3 CH2 CHF2 )

HFC-365mfc and HFC-245fa are replacements for 
HCFC-141b in foam blowing applications (Vollmer et al., 
2006).  HFC-365mfc showed low mixing ratios of 0.05 
ppt in early 2003 at Jungfraujoch (Switzerland) (Stem-
mler et al., 2007).  An update, using AGAGE and SOGE 
measurements, shows a global mixing ratio of 0.44 ppt in 
2008, with a mixing ratio increase of 0.05 ppt (11%/yr) 
in 2007–2008, and global emissions of 3 Gg/yr in 2008.  
Vollmer et al. (2006) reported HFC-245fa mixing ratios 
of 0.3 ppt at Jungfraujoch in 2004 and estimated global 
emissions of 5.1–5.9 Gg/yr during 2005.  The remote-
atmosphere mixing ratio of HFC-245fa (results from one 
site in each hemisphere) reached 1.0 ppt in 2008 and had 
increased by 0.4 ppt (32%) from 2007 to 2008 (Vollmer 
et al., 2006).

HFC-227ea (CF3CHFCF3 )

HFC-227ea is mainly used for fire suppression and 
to a lesser extent in metered dose inhalers, refrigeration, 
and foam blowing.  Laube et al. (2010) have recently re-
ported the use of firn air measurements from Greenland to 
reconstruct the atmospheric history of HFC-227ea in the 
Northern Hemisphere.  These results indicated the mixing 
ratio has grown from less that 0.1 ppt in the 1990s to 0.59 
ppt in 2007.  The rate of growth increased from 0.026 ppt/
yr in 2000 to 0.057 ppt/yr in 2007.  Global emissions were 
estimated to be ~1.8 Gg/yr in 2007.

Perfluorocarbons (PFCs)

Perfluorocarbons (PFCs) have very large radiative 
efficiencies and lifetimes in the range of 2,000 to 50,000 
years (Table 1-3).  PFC-14 (CF4) is largely emitted as a 
by-product of aluminium production and to a smaller de-
gree from the electronics industry (plasma etching), while 
for PFC-116 (C2F6) both sources are significant.  PFC-
218 (C3F8) is largely emitted by the electronics industry, 
with very small contributions from aluminium smelting 
and increasing contributions from refrigeration use.  The 
origin of PFC-c-318 (c-C4F8) is uncertain but possibly 
due to a combination of electronics (plasma etching) and 
plastics (PTFE) thermal decomposition (Harnisch, 1999; 
Harnisch, 2000).

Recently developed gas chromatography-mass 
spectrometry (GC-MS) instrumentation has been deployed 
at AGAGE sites, achieving significantly improved preci-
sions on annual means for CF4 (~0.1%), C2F6 (~0.8%), 
and C3F8 (~3%) (Greally et al., 2005; Miller et al., 2008; 
Mühle et al., 2010).  Global mixing ratios (2008) and an-
nual growth rates (2007–2008) for CF4, C2F6, and C3F8 of 
77.1 ppt and 0.9%/yr, 3.9 ppt and 2.6%/yr, and 0.5 and 
5.2%/yr, respectively, were measured in the AGAGE net-
work.  The radiative forcing contributions by 2008 for CF4, 
C2F6, and C3F8 were 4, 1, and 0.1 mW/m2, respectively.

The preindustrial CF4 level has been re-estimated 
at 34.7 ± 0.2 ppt (Mühle et al., 2010), based on analysis of 
Greenland and Antarctic firn air samples, slightly less than 
the 39 ± 6 ppt estimated previously (Harnisch et al., 1996).  
Direct evidence of a natural source (crustal degassing) of 
CF4 sufficient to maintain preindustrial CF4 abundances 
(34 ppt) has been found in desert groundwaters (Deeds et 
al., 2008).

From the early 1970s to the late 1990s, Greenland 
and Antarctic firn data suggest a small decline in CF4 
emissions from 13 Gg/yr to 11–12 Gg/yr (Worton et al., 
2007).  Mühle et al. (2010) report that emissions were ∼15 
Gg/yr in 1975, rising to ∼18 Gg/yr around 1980, generally 
declining to ∼11 Gg/yr in 2000, and stabilizing at ∼11 Gg/
yr thereafter.  They derive a growing difference between 
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emissions reported by the global aluminium industry and 
emissions derived from atmospheric measurements in the 
last years.  They suggest that either nonmetallic CF4 emis-
sions (possibly from the electronics sector) are growing 
or that the “bottom-up” approach to estimating CF4 emis-
sions from the aluminium industry is under-estimating 
emissions, or a combination of both.  The influence of the 
semiconductor industry on global C2F6 emissions can be 
seen in both “bottom-up” and “top-down” estimates of 
emissions, increasing from about 0.5 Gg/yr to 1.8 Gg/yr 
between 1990 and 2001 (Worton et al., 2007).

Sulfur Hexafluoride (SF6 )

Sulfur hexafluoride (SF6) is an important green-
house gas because it combines a high radiative efficiency 
with a very long lifetime and a considerable annual in-
crease.  Global average (NOAA, AGAGE) mixing ratios 
of SF6 reached 6.4 ppt in 2008, with a yearly (2007–2008) 
increase of 0.2 ppt/yr (3%), resulting in a contribution 
to radiative forcing of 3.4 mW/m2 by 2008.  Levin et al. 
(2010) found a similar mixing ratio of 6.7 ppt in 2008 and 
inferred a global emission of 7.16 Gg/yr in 2008.  Com-
parable global SF6 growth rates (0.2–0.3 ppt/yr) have 
been derived from the MIPAS satellite data in 2002–2004 
(Stiller et al., 2008), and solar spectroscopy at Jungfrau-
joch has been used to derive long-term trends in the total 
column of SF6 (Zander et al., 2008).

Nitrogen Trifluoride (NF3 )

NF3, which is used as a replacement for PFCs in 
plasma etching, in the semiconductor industry, and in the 
production of flat panel displays, has recently been discov-
ered in the atmosphere by Weiss et al. (2008).  Although 
NF3 has a high GWP it is not currently included in the 
Kyoto Protocol (Prather and Hsu, 2008).  In 2008 the mean 
global tropospheric concentration was 0.45 ppt, increasing 
at 0.05 ppt/yr, or 11%/yr (Weiss et al., 2008).  “Bottom-
up” emissions in 2006 were estimated at 0.14 Gg/yr (Rob-
son et al., 2006).  This emission figure was corrected to be 
0.62 Gg/yr in 2008, based on the measured global back-
ground abundance and trend by Weiss et al. (2008).

The lifetime and GWP of NF3 have been revised 
since the previous Assessment by Prather and Hsu (2008).  
As a result the NF3 lifetime (740 years) and GWP100 
(17,200) given in IPCC’s 4th Assessment (Forster et al., 
2007) have now been revised to 500 years and 17,500, re-
spectively (see Section 1.2.2 and Chapter 5).

Sulfuryl Fluoride (SO2 F2 )

Sulfuryl fluoride (SO2F2) is used as a fumigant 
to replace methyl bromide (except for quarantine/pre-

shipment uses).  The global total atmospheric lifetime 
of SO2F2 has been recently assessed to be 36 ± 11 years 
(Mühle et al., 2009), which is significantly longer than 
previous estimates (<5 years) (Table 1-3).  Oceanic hy-
drolysis is the major sink with the global oceanic uptake 
atmospheric lifetime being 40 ± 13 years.  Compared to 
hydrolysis, gas-phase tropospheric and stratospheric loss 
processes are only marginally important (Papadimitriou et 
al., 2008b; Dillon et al., 2008).  The global tropospheric 
background concentration of SO2F2 has increased from 
~0.3 ppt in 1978 to 1.51 ppt in 2008, with a yearly in-
crease (2007–2008) of 0.04 ppt (3%).  Papadimitriou et al. 
(2008b) calculated that the GWP100 of SO2F2 is 4780, sim-
ilar to that of CFC-11, using newly measured infrared ab-
sorption cross sections and the lifetime reported by Mühle 
et al. (2009).  A slightly lower GWP100 of 4740 is reported 
for SO2F2 in Table 1-11 owing to a slightly different radia-
tive efficiency being used in the calculations appearing in 
Chapter 5 (see note 19 to Table 1-11).  Sulbaek-Anderson 
et al. (2009b) list a GWP100 range of 120–7600 for SO2F2 
lifetimes from 1–100 years.  The emissions calculated 
from atmospheric observations increased from ~0.6 Gg in 
1978 to ~1.9 Gg in 2007.  Global production magnitudes 
of SO2F2 are on average 1.5 times emissions deduced from 
global atmospheric measurements.  This suggests that 
about one-third of SO2F2 may be destroyed during appli-
cation (like CH3Br) or the presence of additional losses.

1.5.3	E missions of Rockets and Their 
Impact on Stratospheric Ozone

In this section the historic and actual emissions of 
rockets and their potential to impact stratospheric ozone 
are discussed.  The future emissions and their impacts will 
be discussed in Section 5.4.2.5 of Chapter 5 of this As-
sessment.

A variety of propellant combinations contribute to 
the global emissions of rockets.  All produce gases and par-
ticles that affect ozone chemistry in the stratosphere and 
mesosphere to varying degrees.  The emissions from solid 
rocket motors (SRM) are much better understood than the 
emissions from the three liquid propellant types—liquid 
oxygen/kerosene (O2/HC), cryogenic (O2/H2), hypergolic 
(N2O4/hydrazine), and hybrid (N2O/HC).

It is thought that chlorine and aluminum oxide 
(“alumina”) from SRMs account for most of the global 
ozone loss associated with worldwide rocket launches.    
Global, annually averaged ozone losses due to these emis-
sions are estimated to be of the order of 0.1% or less (Ross 
et al., 2009), though this still has not been confirmed with 
observations or models.

Since the last Assessment of rocket impacts on 
stratospheric ozone (Newman and Pyle et al., 2003), there 
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have been some important developments that impact pro-
jections of ozone losses due to rockets.  First, the decreas-
ing trend in rocket launches at the start of the 21st century 
has reversed, with the global annual launch rate increas-
ing by 20% since 2005 (http://planet4589.org/space/log/
launchlog.txt).  Second, recent studies of the mass fraction 
of SRM sub-micron alumina emissions call into question 
the assumptions that have gone into previous model esti-
mates of the contribution of heterogeneous chlorine reac-
tions on alumina to global ozone loss.  Values for that sub-
micron mass ranging from 2% (Danilin et al., 2001), 8% 
(Schmid et al., 2003), 12% (Brady and Martin, 1997), and 
50% (Gossé et al., 2006) have now been reported.  These 
sub-micron particles have a disproportionately large im-
pact on ozone abundances, not only because of their high 
surface-to-mass ratios, but also because of their relatively 
long lifetimes above the tropopause compared to larger 
particles.  In addition, the previously assumed heteroge-
neous reaction rates may be low compared to the actual 
reactivity in stratospheric plumes (Danilin et al., 2003).  If 
the larger values of these parameters are confirmed, previ-
ous studies will have significantly underestimated ozone 
losses from SRMs by as much as a factor of ten.  It will 
also be the case that rocket emissions of alumina will have 
a greater impact on ozone than rocket emissions of chlo-
rine, in which case much larger impacts could be expected 
in cold, low-UV regions of the stratosphere (e.g., lower-
most stratosphere and polar vortices in springtime).  The 

geographic variations in ozone loss due to rockets have yet 
to be studied in detail.

There have been few studies of the role of rocket 
emissions of nitrogen oxides (NOx).  An estimate of global 
ozone loss from a hypergolic propellant (N2O4/hydrazine) 
rocket did show that it caused approximately 2% of the 
ozone loss from an SRM rocket of approximately the same 
payload (Ross et al., 2004).  However, there are no mea-
surements of NOx emissions from these rockets to validate 
the NOx emissions assumed in the model.

The impacts on ozone by rocket emissions other 
than alumina and chlorine remain unclear (e.g., water 
vapor, NOx, HCs, and soot).  Given the tendency for het-
erogeneous reactions to enhance ozone destruction, it is 
likely that all H2O-containing particles produced by rock-
ets, directly or as ice nucleation sources (e.g., alumina and 
soot), will be net-destroyers of ozone.  Since rockets emit 
exhaust throughout the stratosphere, the net impact of NOx 
emissions is most-likely ozone destruction via catalytic 
NOx reactions and increased aerosol surface area with sub-
sequent halogen activation.  Rocket emissions of H2O into 
the winter polar stratosphere and summer mesosphere can 
also increase occurrence frequencies of polar stratospheric 
and mesospheric clouds (Stevens et al., 2005; Meier, et 
al., 2010).  At current launch rates, the impacts of non-
SRM rocket emissions are thought to be less important 
than SRM emissions of alumina and chlorine (Ross et al., 
2009).
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