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SCIENTIFIC SUMMARY

As a result of the Montreal Protocol and its Amendments and Adjustments, organic chlorine in the global tropo-
sphere continues to decline slowly, and inorganic chlorine in the global stratosphere has stabilized.

(a) Total organic chlorine from long- and short-lived chlorocarbons continues to decline in the global troposphere.
Total tropospheric chlorine in 2000 was about 5% lower than observed at its peak (3.7 = 0.1 parts per billion
(ppb)) in 1992-1994, and the rate of change in 2000 was about —22 parts per trillion per year (ppt yr™") (-0.6%
yr ). The influence of methyl chloroform on this decline is diminishing. Total organic chlorine from chloro-
fluorocarbons (CFCs) is no longer increasing at Earth’s surface.

(b) Total inorganic chlorine in the atmosphere, as estimated from hydrogen chloride and chlorine nitrate total
column absorbance measurements, stopped increasing in 1997-1998 and has remained fairly constant since.
Because most atmospheric hydrogen chloride and chlorine nitrate reside in the stratosphere, this result provides
an estimate of chlorine changes in the stratosphere. These stratospheric changes are consistent with expecta-
tions based on our understanding of trace gas trends in the troposphere, stratospheric chemistry, and atmos-
pheric mixing processes.

(c) Space-based measurements show that the global mean growth rate of hydrogen chloride at 55 km has been sub-
stantially less since 1997 than it was before that time. Although the measurements since 1997 also show short-
term variations, the recent data do not show the steady increases observed in the early 1990s.

Recent results from observations of tropospheric and stratosphere bromine show the following:

(a) As of 2000, total organic bromine from halons continued to increase in the troposphere at about 0.2 ppt Br yr™!
(pmol mol™" yr™"), and halons accounted for nearly 8 ppt of bromine. Global trend data for methyl bromide, a
gas that is responsible for about half of the 20 ppt of total bromine in today’s stratosphere, have not been updated
since the previous Assessment. Atmospheric histories inferred from Southern Hemisphere air archives and
Antarctic firn air suggest that, assuming similar changes in both hemispheres, total organic bromine from the
sum of methyl bromide and halons has more than doubled since the mid-1900s.

(b) Measurements of inorganic bromine in the stratosphere indicate a rate of increase consistent with observed tro-
pospheric trends of halons and methyl bromide, but mixing ratios that are 4-6 ppt higher. Additional strato-
spheric bromine stems from the transport of nonanthropogenic, very short-lived gases (such as bromoform and
dibromomethane) and their degradation products to the stratosphere.

Ozone-depleting halogens in the troposphere, as assessed by calculating chlorine equivalents from measurements
of organic chlorine- and bromine-containing source gases, continue to decrease. As of mid-2000, equivalent organic
chlorine in the troposphere was nearly 5% below the peak value in 1992-1994. The recent rate of decrease is
slightly less than in the mid-1990s owing to the reduced influence of methyl chloroform on this decline.

Trends of ozone-depleting substances in the atmosphere have been updated, and 20™ century trends have been
deduced from air trapped in snow above glaciers (firn air).

(a) In 2000, tropospheric mixing ratios of CFC-11 and -113 were decreasing faster than in 1996, and mixing ratios
of CFC-12 were still increasing, but more slowly.

(b) Global methyl chloroform mixing ratios have been declining exponentially since 1998 because of the rapid
drop in emissions to low levels; mixing ratios in 2000 were less than one-half of the peak observed in 1992. As
a result, the rate of decline observed for methyl chloroform (and chlorine from methyl chloroform) during 2000
was about two-thirds of what it was in 1996.

(c) Newly reported measurements of air from firn allow inferences regarding 20™ century histories of ozone-
depleting substances in the atmosphere. These data confirm that nonanthropogenic sources of chlorofluorocar-
bons, halons, carbon tetrachloride, methyl chloroform, and hydrochlorofluorocarbons are insignificant. They
are consistent, however, with there being substantial natural emissions of both methyl chloride and methyl
bromide.
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. Atmospheric halocarbon measurements can provide some assessment of past global compliance with production
restrictions in the Montreal Protocol, and these considerations provide the foundation for projecting halocarbon
mixing ratios in future scenarios.

(a) The substantial reductions in emissions of ozone-depleting substances during the 1990s that are inferred from
measured atmospheric trends are consistent with controls on production and consumption in the fully amended
and adjusted Montreal Protocol. Consumption in developing countries is now a significant contributor to
global emissions. The year 1999 is the first in which production and consumption of a class of ozone-depleting
substances (the CFCs) were restricted in all Parties to the Montreal Protocol. Atmospheric measurements are
consistent with emissions derived from reported global production data for CFCs.

(b) The updated, best-estimate scenario (Ab) for future halocarbon mixing ratios suggests that the atmospheric
burden of halogens will return to the 1980, pre-Antarctic-ozone-hole levels around the middle of this century,
provided continued adherence to the fully amended and adjusted Montreal Protocol. Only small improvements
would arise from reduced production allowances in the future. Lack of compliance to the Protocol controls
would delay or prevent recovery of stratospheric ozone.

. With respect to hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), the gases used as interim sub-
stitutes for CFCs, halons, and chlorinated solvents, this Assessment found the following:

(a) Organic chlorine from the HCFCs in the troposphere reached nearly 180 ppt in 2000 and represented 6% of
total chlorine from anthropogenic gases. The rate of increase in organic chlorine from HCFCs remained con-
stant at about 10 ppt yr™' from 1996 to 2000.

(b) Discrepancies reported in past Assessments between atmospheric observations and expectations based on
industry-reported production and emissions have narrowed substantially for HCFC-142b. This improvement
stems from a better description of the functions relating emissions to usage in foam applications.

(c) Mixing ratios of HFC-134a and -23 have continued to increase in recent years, and by 2000 each had approached
about 15 ppt in the background atmosphere. Three additional HFCs (HFC-125, -124, and -152a) have been
identified in the remote troposphere, but their abundance in 2000 was low (1-3 ppt).

. New lifetime recommendations are made in this Assessment:

(a) The global lifetime of carbon tetrachloride is estimated to be 26 years, or about 25% shorter than in the pre-
vious Assessment. This shorter lifetime stems from identification of an ocean sink that is inferred from wide-
spread observations of carbon tetrachloride undersaturation in surface waters of the ocean. Emissions inferred
from this shorter lifetime and measured trends in 1996 are about a factor of 2 larger than those estimated from
industry production data for that year. This apparent discrepancy, however, is within the rather large uncertain-
ties in both estimates. Emissions inferred from atmospheric measurements and a lifetime of 26 years are about
7 times greater than the limits to global production set for 2005.

(b) In this Assessment, the global lifetime of Halon-1211 is taken to be 16 years based upon the mid-range of mod-
eling results. This lifetime estimate and estimates of emission magnitudes and atmospheric mixing ratios con-
tain substantial uncertainties. Observational studies and emission histories have not reduced the uncertainties
in the global lifetime of 9-25 years calculated in models.

(c) The lifetime of methyl chloroform has been revised from 4.8 to 5.0 years based upon new observations. The
implications of this change on our estimates of atmospheric hydroxyl suggest slightly longer lifetimes for
HCFCs, HFCs, methane, and all other gases removed from the atmosphere by this important oxidant.

. With respect to methyl bromide and methyl chloride, ozone-depleting gases with both natural and human-derived
sources, this Assessment found the following:

(a) A substantial imbalance remains in estimates of source and sink magnitudes for both methyl bromide and
methyl chloride; known sinks outweigh sources for both of these gases. New sources of methyl bromide from
individual crops and ecosystems have been identified, and new sources of methyl chloride from tropical plants
have been discovered. These findings have narrowed the budget imbalances for both of these gases. Additional
studies continue to show that the ocean is a small (10-20 Gg yr™') net sink for atmospheric methyl bromide,
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although this results from a balance of large production and loss terms. Our understanding of the saturation of
methyl bromide in ocean waters has been refined, but the estimates of net flux between the ocean and atmos-
phere remain essentially unchanged.

(b) Twentieth-century trends of methyl bromide and methyl chloride have been inferred for the Southern Hemisphere
from analyses of firn air. Provided these gases are neither produced nor destroyed in the firn, these trends sug-
gest 20™ century increases in the Southern Hemisphere of about 3 ppt for methyl bromide and 50 ppt for methyl
chloride.

(¢) The best estimate for the global lifetime of methyl bromide remains at 0.7 (0.5-0.9) years. Additional studies
directly related to estimating loss processes for methyl bromide have narrowed the uncertainties slightly, but
they do not suggest large revisions to this lifetime. The fraction of emissions derived from industrially pro-
duced methyl bromide is unchanged at 10-40% based upon our current understanding of source and sink
magnitudes.

Approaches to further accelerating the date of the recovery of the ozone layer are limited. This Assessment has
made hypothetical estimates of the upper limits of improvements that could be achieved if global anthropogenic
production of ozone-depleting substances were to stop in 2003 or if global anthropogenic emissions of ozone-
depleting substances were to stop in 2003. Specifically:

Production. Relative to the current control measures (Beijing, 1999) and trends in recent production data, the
equivalent effective chlorine atmospheric loading above the 1980 level, integrated from 2002 until the 1980 level
is reattained (about 2050), could be decreased by the following amounts:

e 5%, if production of hydrochlorofluorocarbons (HCFCs) were to cease in 2003.

* 4%, if production of chlorofluorocarbons (CFCs) were to cease in 2003.

e 4%, if production of methyl bromide were to cease in 2003.

e 1%, if production of halons were to cease in 2003.

e 0.3%, if production of methyl chloroform were to cease in 2003.

Emissions. Similarly, the equivalent effective chlorine atmospheric loading above the 1980 level, integrated from
2002 until the 1980 level is reattained (about 2050), could be decreased by the following amounts:

e 11%, if emissions of halons were to cease in 2003.

* 9%, if emissions of chlorofluorocarbons (CFCs) were to cease in 2003.

* 9%, if emissions of hydrochlorofluorocarbons (HCFCs) were to cease in 2003.
* 4%, if emissions of methyl bromide were to cease in 2003.

e 3%, if emissions of carbon tetrachloride were to cease in 2003.

* 2%, if emissions of methyl chloroform were to cease in 2003.

The decreases calculated for reduced production and emissions scenarios would be about a factor of 2 smaller if the
decreases were compared with the loading integrated from 1980, which is when significant ozone depletion was
first detected. Furthermore, the decreases calculated for the integrated equivalent effective chlorine atmospheric
loading would be smaller if the cessation in production or emission occurred later than 2003.

The hypothetical elimination of all anthropogenic production of a/l ozone-depleting substances would advance the
return of stratospheric loading to the pre-1980 values by about 4 years. The hypothetical elimination of all emis-
sions derived from anthropogenic production of al/l ozone-depleting substances would advance the return of strato-
spheric loading to the pre-1980 values by about 10 years.
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1.1 INTRODUCTION

This chapter provides an update on scientific
progress since the previous Scientific Assessment of Ozone
Depletion (WMO, 1999) regarding ozone-depleting sub-
stances (ODSs) in the atmosphere. This includes a dis-
cussion of the latest available data for observed trends in
the troposphere and stratosphere, emissions, lifetimes,
Ozone Depletion Potentials (ODPs), and Global Warming
Potentials (GWPs). On the basis of this updated informa-
tion, we relate observations of ODSs in the atmosphere to
expectations, and discuss the evidence that the Montreal
Protocol is effectively reducing ozone-depleting gases in
the atmosphere.

Also explored in this chapter are the potential future
mixing ratios of halocarbons based upon the current
Montreal Protocol and recent trends in halocarbon pro-
duction data. Scenarios are presented to investigate a
range of possible future halocarbon mixing ratios. A
number of hypothetical “cases” are also explored to
demonstrate how production and emission of different
ODSs will affect atmospheric halogen burdens in the
future.

A discussion of non-ozone-depleting gases, such
as carbon dioxide and methane, is also included here.
Although they do not participate directly in ozone-
destroying reactions, these gases influence stratospheric
ozone indirectly by affecting the availability of inorganic
chlorine and bromine, or by affecting stratospheric tem-
peratures and thus the occurrence and persistence of polar
stratospheric clouds, among other effects.

The discussions here focus on all significant ODSs
with atmospheric lifetimes long enough that they are rea-
sonably well mixed in the troposphere. This lifetime
cutoff was taken to be 0.5 years. Classic methods for cal-
culating ODPs for gases with lifetimes longer than 0.5
years are assumed to be valid. The details regarding
budgets, sources, sinks, ODPs, etc., for gases with shorter
lifetimes are discussed in Chapter 2.

1.2 HALOGENATED OZONE-DEPLETING
GASES IN THE ATMOSPHERE

Atmospheric measurements of ozone-depleting
substances provide a foundation for understanding
changes in Earth’s protective ozone layer. Since the pre-
vious Assessment (WMO, 1999) additional measurements
have refined our understanding of the amounts, distribu-
tions, and changes in ozone-depleting gases in the atmos-
phere. For example, measurements suggest that inorganic
chlorine in the stratosphere has now stabilized. This
plateau arises as a result of the slow but continued overall
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decline in organic chlorine observed globally in the tro-
posphere since 1992-1994. Also, new results from the
analysis of firn air provide further evidence that most
ozone-depleting gases are entirely of human origin.
Details regarding these results and others are found here.
In this chapter and in subsequent ones, the terms
concentration, mixing ratio, volume mixing ratio
(assuming ideal gas behavior), abundance, amount, and
loading refer to dry air mole fraction. These mole frac-
tions are expressed, for example, as parts per trillion (ppt;
pmol mol™"). The term “ton” is used to represent a metric
ton, which is 10° grams. Also, the term “Montreal
Protocol” is used to indicate the fully amended and
adjusted Montreal Protocol as of 2002 (Beijing
Amendments), unless otherwise specified.

1.2.1 Updated Atmospheric Observations
of Ozone-Depleting Gases
1.2.1.1 CHLOROFLUOROCARBONS (CFCs)

Updated ground-based measurements of chloroflu-
orocarbons (CFCs) show continued increases for global
surface mixing ratios of CFC-12 (CCLF,). Surface
mixing ratios of CFC-113 (CCLFCCIF,) peaked around
1996 and have been decreasing slowly thereafter. The
decrease noted for CFC-11 (CCLF) mixing ratios in 1996
has continued (Figure 1-1; Table 1-1; Montzka et al., 1999;
Prinn et al., 2000). Observed rates of change in the lower
atmosphere for all three of these CFCs were slightly
smaller in 2000 than in 1996 (Table 1-1; Prinn and Zander
et al., 1999). Although emissions of CFC-12 declined
substantially during the 1990s, mixing ratios of CFC-12
continue to increase because emissions are still larger than
the small losses associated with its long atmospheric life-
time (100 years).

Calibration differences between three global
ground-based measurement networks—the Atmospheric
Lifetime Experiment/Global Atmospheric Gases Experi-
ment/Advanced GAGE (ALE/GAGE/AGAGE; denoted
“AGAGE” in this chapter) network, the National Oceanic
and Atmospheric Administration/Climate Monitoring
and Diagnostics Laboratory (NOAA/CMDL; denoted
“CMDL” in this chapter) network, and the University of
California at Irvine (UCI) network—are on the order of
1-2% for CFC-11 and -12, and are slightly smaller for
CFC-113. The trends measured at Earth’s surface by these
three networks are similar in recent years (Table 1-1).

Updated column abundance measurements of CFC-
12 from the ground also show continued increases in the
atmospheric burden of this gas (Figure 1-2; Zander et al.,
2000). The mean rate of accumulation, however, has slowed
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Figure 1-1. Past and potential future atmospheric mixing ratios of CFCs. Measurements of ambient air (solid
lines) and histories inferred from measurements of firn air (long-dashed lines) define past burdens at Earth’s
surface. Potential future mixing ratios (short-dashed lines) have been calculated for different scenarios that
are described in Section 1.8 (Ab, best guess; EO, zero emissions (not attainable, but defines a lower limit);
Am, maximum allowed production; PO, zero production). Data sources for measurements of ambient air:
AGAGE global monthly means (solid green lines: Prinn et al., 2000); CMDL global monthly means (solid red
lines: Montzka et al., 1999); UCI global quarterly means (solid purple lines: D.R. Blake et al., 1996); and
University of East Anglia (UEA) results from Cape Grim, Tasmania (for 41°S only) (solid blue lines: Oram,
1999). See the notes to Table 1-1 for more details regarding sampling frequencies and techniques. Antarctic
histories have been derived from firn air extracted at the South Pole (red dashed lines: Butler et al., 1999) and
Law Dome, Antarctica (green dashed lines: Sturrock et al., 2002). The shading shows the range of mixing
ratios encompassed by the future scenarios.
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Figure 1-2. The time evolu-
tion of the monthly mean
vertical column abundances
of CFC-12 and HCFC-22
above the Jungfraujoch sta-
tion, Switzerland, from 1985
to 2002 (update of Zander et
al., 2000). Polynomial fits to
the June to November
columns are represented by
the solid lines; nonpara-
metric least-square fits
(NPLS, dashed lines) are
also shown but are notice-
able only for CFC-12.
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from 4.97 x 10" molec cm™ yr™! (or +0.71% yr™') in 1998
to 3.06 x 10" molec cm™ yr™" (or +0.43% yr ") in 2000.

Updated balloon-based measurements at northern
midlatitudes also reveal continued increases for CFC-12
in the stratosphere, up to 21 km altitude. Growth rates
between 1997 and 2001, however, are between 2 and 3
ppt yr™', which is less (significant at the 26 level) than
observed between 1978 and 1990, and also less (signifi-
cant at the 16 level) than observed between 1990 and 1997
(updated work from Engel et al., 1998).

Measured trends and atmospheric distributions
continue to suggest that CFC emissions in 2000 were sub-
stantially smaller than in the late 1980s and early 1990s
(Montzka et al., 1999; Prinn et al., 2000). The most recent
trends and interhemispheric gradients suggest, however,
that emissions are not yet insignificant. Persistent mixing
ratio gradients (or lack thereof) across latitudes on hemi-
spheric scales can provide some indication of emission
locations, but they are generally not useful for delineating
emission rates from any individual country despite asser-
tions to the contrary in some studies (Libo et al., 2001).

A number of less abundant CFCs have been meas-
ured in the atmosphere. CFC-13 (CCIF;), CFC-114
(CCIF,CCIF,), and CFC-115 (CCIF,CF;) have found use
as specialist refrigerants (R-13, R-114, R-115), aerosol
propellants (CFC-114, -115), and foam-blowing agents
(CFC-114). Small amounts of CFC-13 are also emitted
during aluminum production (Harnisch, 1997) and during
the manufacture of CFC-12. CFC-114a (CCl,FCF;),
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which is an isomer of CFC-114 (CCIF,CCIF,), has also
been detected in the background atmosphere (Oram, 1999;
Culbertson et al., 2000). The most likely origin of CFC-
114a is as a byproduct of the CFC-114 production process
(Chen et al., 1994).

Measurements of air samples collected at Cape
Grim, Tasmania (41°S), show that the abundance of all
four of these minor CFCs increased substantially between
1978 and the mid-1990s (Figure 1-1; Table 1-1; Oram,
1999). During the early 1990s, however, the growth rates
began to decline and by 1995 had all fallen to below 0.4
ppt yr . Inlate 1995, mixing ratios at Cape Grim were
3.5 ppt (CFC-13), 16.5 ppt (CFC-114), 1.8 ppt (CFC-
114a), and 7.5 ppt (CFC-115) (Table 1-1).

More recent measurements from Cape Grim show
mid-2000 mixing ratios of about 8 ppt and 16.7 ppt for
CFC-115 and -114, respectively (Sturrock et al., 2001).
CFC-115 was increasing at 0.1 ppt yr~!, while CFC-114
had stopped growing altogether. Mangani et al. (2000)
similarly reported negligible growth for CFC-114 in
recent years from samples collected in Antarctica. For
these gases, direct comparisons between reported results
are difficult because they often do not overlap in time,
and, in the case of CFC-114, the AGAGE and Mangani et
al. (2000) measurements may include significant contri-
butions from both C,CLF, isomers (CFC-114 and -114a).

Culbertson et al. (2000) measured CFC-13 and
-114a in air samples collected at a rural, continental site
in the United States in March-April 2000. The mean
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Table 1-1. Mixing ratios and growth rates of some important ozone-depleting substances.

Chemical Common or Mixing Ratio (ppt) Growth (1999-2000) Laboratory, Method
Formula  Industrial Name 1996 1998 2000 (pptyr") (% yr)
CFCs
CCLF, CFC-12 5324 538.4 542.9 2.3 0.42 AGAGE, in situ ®
525.9 531.0 534.5 1.9 0.35 CMDL, in situ *
523.2 529.3 534.0 1.8 0.34 CMDL, flasks *
526.2 532.0 535.7 1.9 0.35 UCI, flasks *
CCLF CFC-11 265.6 263.0 260.5 -1.1 -0.41 AGAGE, in situ ?
270.5 267.2 263.2 2.0 —0.76 CMDL, in situ *
269.5 265.9 262.6 -1.5 —0.56 CMDL, flasks *
266.3 263.7 261.0 -1.0 -0.39 UCI, flasks *
CCIF, CFC-13 3.5 UEA, SH, flasks ®
CCLFCCIF, CFC-113 83.2 82.9 82.0 -0.35 -0.43 AGAGE, in situ ?
84.2 83.0 82.1 -0.32 -0.39 CMDL, flasks °
83.1 82.1 81.1 -0.49 —-0.60 UCI, flasks *
CCIF,CCIF, CFC-114 16.5 UEA, SH, flasks °
CCLFCF, CFC-114a 1.8 UEA, SH, flasks °
CFC-114, -114a 17.1 17.2 -0.10 —0.58 AGAGE, in situ ®
CCIF,CF, CFC-115 7.8 8.1 0.16 0.20 AGAGE, in situ ®
7.5 UEA, SH, flasks ®
Halons
CBrCIF, Halon-1211 3.9 4.1 0.13 32 AGAGE, in situ °
3.5 3.8 4.0 0.10 2.5 CMDL, flasks *°
3.4 3.6 3.9 0.12 3.2 UCI, flasks *
3.8 4.2 4.4 0.13 2.9 UEA, SH, flasks °
CBrF, Halon-1301 2.8 2.9 0.08 2.8 AGAGE, in situ °
2.3 2.5 2.6 0.06 2.4 CMDL, flasks *
2.0 22 2.3 0.05 2.2 UEA, SH, flasks °
CBrF,CBrF, Halon-2402 0.48 CMDL, flasks °
0.42 0.42 0.43 0.001 0.2 UEA, SH, flasks °
CBr,F, Halon-1202 0.037 0.044 UEA, SH, flasks ®
Chlorocarbons—see also Chapter 2
CH,Cl Methyl chloride 538 536 AGAGE, SH, in situ ®
588 OQGlI, flasks ©
CCl, Carbon 100.5 98.2 96.1 —0.94 -0.97 AGAGE, in situ ?
tetrachloride  103.2 101.9 99.6 -0.95 -0.95 CMDL, in situ ?
103.1 101.4 99.2 -1.03 -1.03 UCI, flasks *
CH,CCl, Methyl 90.3 64.6 45.4 -8.7 -17 AGAGE, in situ ?
chloroform 96.9 68.9 46.4 -10.2 -20 CMDL, in situ ®
92.3 65.7 45.7 -9.1 -18 CMDL, flasks °
93.6 71.7 47.6 -13.0 -24 UCI, flasks *
HCFCs
CHCIF, HCFC-22 122.4 132.7 143.2 54 3.8 AGAGE, in situ ?
121.5 131.4 141.9 5.1 3.7 CMDL, flasks °
CH,CCLF HCFC-141b 9.5 13.0 1.8 15 AGAGE, in situ ®
5.4 9.1 12.7 1.7 15 CMDL, flasks °
43 UT, flasks ®
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Table 1-1, continued.

Chemical Common or Concentration (ppt) Growth (1999-2000) Laboratory, Method
Formula Industrial Name 1996 1998 2000 (ppt yr'h) (% yr)
CH,CCIF, HCFC-142b 10.4 12.5 1.1 9.4 AGAGE, in situ ®

7.7 9.6 11.7 1.0 8.9 CMDL, flasks °

9.2 UT, flasks ®
CHCLF HCFC-21 0.29 UEA, SH, flasks °
CHCIL,CF, HCFC-123 0.03 UEA, SH, flasks °
CHCIFCF, HCFC-124 0.89 1.34 0.35 30 AGAGE, insitu®
Bromocarbons—see also Chapter 2
CH,Br Methyl bromide 9-10 Many ¢

8.4 8.1 AGAGE, SH, in situ ®

Global mixing ratios and growth rates at Earth’s surface unless otherwise specified. AGAGE: 4-5 in situ electron capture detection (ECD) sampling
sites, 2 in situ gas chromatography-mass spectrometry (GC-MS) sampling sites, 2 flask sampling sites; CMDL: 5 in situ sampling sites, 8-10 remote
flask sampling sites; UEA: University of East Anglia, analysis of archive flasks and regularly sampled flasks filled at Cape Grim, Australia (41°S);
UCI: quarterly sampling from a multitude of sites between 47°S and 71°N.; UT: University of Tokyo, 2 flask sampling sites; OGI: Oregon Graduate
Institute, quarterly flask sampling at ~40 sites. NH, Northern Hemisphere; SH, Southern Hemisphere.

Data sources: AGAGE: Prinn et al. (2000); Sturrock et al. (2001); ftp://cdiac.esd.ornl.gov/pub/ale gage Agage. CMDL: Butler et al. (1999); Montzka
et al. (1999, 2000); Hall et al. (2002); http://www.cmdl.noaa.gov. UEA: Fraser et al. (1999); Oram et al. (1995); Oram (1999). UCIL: D.R. Blake
et al. (1996); N.J. Blake et al. (2001). UT: Shirai and Makide (1998).

Measurements by gas chromatography with electron capture detection.
Measurements by gas chromatography with mass spectrometry detection.

a o o ®

See Section 1.5.

mixing ratio of CFC-13 was 3.6 = 0.3 ppt, which is in rea-
sonable agreement with the measurements of Oram
(1999). Conversely, the mixing ratio of CFC-114a was
7.9 £ 0.8 ppt, which is substantially higher than that
reported by Oram (1999).

1.2.1.2 HALONS

Although the phaseout was imposed on halon pro-
duction in developed countries earlier than for all other
halocarbons, mixing ratios of both Halon-1211 (CBrCIF,)
and Halon-1301 (CBrF,) continued to increase in the
atmosphere in 2000 (Figure 1-3). Global surface mixing
ratios of individual halons were less than 5 ppt in 2000
(Table 1-1). Since the previous Assessment (WMO, 1999)
a new set of regular measurements has become available
(Prinn et al., 2000; Sturrock et al., 2001). Among the lab-
oratories studying long-term trends of halons in the atmos-
phere, calibration differences are about 10-15% (UCI <
CMDL < AGAGE < University of East Anglia (UEA)) for
Halon-1211 and about 25% (UEA < CMDL < AGAGE)
for Halon-1301 (Butler et al., 1998; Fraser et al., 1999;
Montzka et al., 1999).

For Halon-1211, all four laboratories report rates
of increase in 2000 of about 3% yr™', or 0.1 to 0.13 ppt
yr! (Table 1-1). For Halon-1301, CMDL, UEA, and
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Results from OGI for CH;Cl have been scaled by 550/600; see Kurylo and Rodriguez et al. (1999).

AGAGE data suggest rates of increase of 0.05-0.08 ppt
yr~! or 2-3% yr™' in 2000 (Table 1-1). For both these
halons, these rates of increase are only slightly slower
than observed during the first half of the 1990s.

Two less abundant halons have been further moni-
tored in the atmosphere. Halon-2402 (CBrF,CBrF,) is
present at between 0.4 and 0.5 ppt in the global atmos-
phere (Table 1-1; Butler et al., 1998; Fraser et al., 1999),
and its rate of increase has slowed dramatically since the
mid-1990s (Fraser et al., 1999; Figure 1-3). Halon-1202
(CBr,F,) has been measured in background air at mixing
ratios of 0.04-0.05 ppt (Table 1-1; Figure 1-3; Engen et
al., 1999; Fraser etal., 1999). During 1995-1996 the abun-
dance of Halon-1202 was increasing at 17% yr™' (0.007
ppt yr') in the Southern Hemisphere, although updated
measurements by UEA suggest that this rate is much
smaller now (Figure 1-3). Although this halon has been
used by the military in a few minor applications, most is
produced from over-bromination during the production of
Halon-1211 (UNEP, 1998b).

1.2.1.3 CARBON TETRACHLORIDE (CCl,)

Global surface mixing ratios of carbon tetrachlo-
ride (CCl,) have decreased since about 1990; mixing ratios
in 2000 were between 95 and 100 ppt (Figure 1-4; Table
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Figure 1-3. Past and potential future atmospheric mixing ratios of halons. Measurements of ambient air
(solid lines) and histories inferred from measurements of firn air (long-dashed lines) define past burdens at
Earth’s surface. Potential future mixing ratios (short-dashed lines) have been calculated for different sce-
narios that are described in Section 1.8 and the caption to Figure 1-1. Data inferred from firn air are from the
same sources as described in Figure 1-1. Data sources for measurements of ambient air: UEA from Cape
Grim, Tasmania (for 41°S only) (solid blue lines: Fraser et al., 1999); AGAGE global mean data (solid green
lines: Sturrock et al., 2001); UCI global quarterly means (solid purple lines: Blake et al., 2001); and CMDL
global means (solid red lines: Butler et al., 1998; Montzka et al., 1999). The shading shows the range of

mixing ratios encompassed by the future scenarios. See the notes to Table 1-1 for more details regarding
sampling frequencies and techniques.
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Figure 1-4. Past and potential future atmospheric
mixing ratios of carbon tetrachloride (CCl,) and methyl
chloroform (CH,;CCl,;). Measurements of ambient air
(solid lines) and histories inferred from measurements
of firn air (long-dashed lines) define past burdens at
Earth’s surface. Potential future mixing ratios (short-
dashed lines) have been calculated for different
scenarios that are described in Section 1.8 and the
caption to Figure 1-1. Data sources and shading are
the same as described in Figure 1-1.
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1-1; Simmonds et al., 1998a; Montzka et al., 1999; Prinn
etal., 2000). The observed rates of change have remained
fairly constant since 1993 at about —1% yr' or —1 ppt
yr~'. The interhemispheric difference has also been fairly
constant at about 2% (North > South) since 1993 and sug-
gests that significant emissions of carbon tetrachloride
remain (see Section 1.6). Calibration differences between
CMDL, UCI, and AGAGE are 3 to 4%.

1.2.1.4 MEeTHYL CHLOROFORM (CH;CCl,)

The rapid decline in emissions of methyl chloro-
form (CH,CCl,) and its relatively short lifetime have
together resulted in rapidly decreasing mixing ratios in
recent years (Figure 1-4; Montzka et al., 2000; Prinn et
al., 2001). The global mean surface mixing ratio in 2000
was approximately 46 ppt (Table 1-1), compared with the
maximum of 130 ppt observed in 1992. Hemispheric dif-
ferences were 2 to 3% in 2000, or much smaller than in
earlier years.

Fairly constant exponential decay with a time con-
stant of (5.5 yr)™! was observed for methyl chloroform
during 1998-2000 (Montzka et al., 2000). This implies
that the absolute rate of decline for methyl chloroform is
becoming smaller: it peaked at —14 to —15 ppt yr™' in
1995-1996, and was one-third less in 1999-2000, or about
—10 ppt yr™! (Table 1-1).

Scale differences between CMDL and AGAGE
were stated as being ~10% in Prinn and Zander et al.
(1999), and even larger among a broader range of labora-
tories. Since then scale revisions by AGAGE (Scripps
Institution of Oceanography (SIO), SIO-93 to SIO-98;
Prinn et al., 2000) and CMDL (Hall et al., 2002) suggest
that the AGAGE-CMDL differences are now on the order
of <3%. There is a small time dependence to this differ-
ence. Similar mixing ratios are reported by UCI in 2000
(Table 1-1).

1.2.1.5 HYDROCHLOROFLUOROCARBONS (HCFCs)

Updated measurements of hydrochlorofluorocar-
bons (HCFCs) indicate that global mixing ratios of the
three most abundant HCFCs continue to increase in the
atmosphere, owing to sustained emissions (Figure 1-5).
Updated measurements suggest global mixing ratios for
HCFC-22 (CHCIF,) of 140-145 ppt in 2000 and a fairly
constant growth rate of about 5 ppt yr™' (Table 1-1; Figure
1-5; Simmonds et al., 1998b; Montzka et al., 1999).
Sturrock et al. (2001) reported slightly faster increases
from samples collected only at Cape Grim, Tasmania (6.3
ppt yr). Hemispheric differences have been fairly con-
stant in recent years at about 10% (North > South).
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Mean total column abundances of HCFC-22 meas-
ured above the Jungfraujoch station, Switzerland, in 1995
were 1.66 x 10'° molec cm™, increasing by 8.71 x 10"
molec cm™ yr~! (or 5.2% yr™'); for 2000, these figures
were 2.11 x 10" molec cm™, increasing by 8.93 x 10"
molec cm™ yr! (or 4.2% yr™'), thus indicating that the
absolute rate of atmospheric accumulation during those 5

years did not change substantially (Figure 1-2; an update
of Zander et al., 2000).
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Figure 1-5. Past and potential future atmospheric
mixing ratios of HCFCs. Measurements of ambient air
(solid lines) and histories inferred from measurements
of firn air (long-dashed lines) define past burdens at
Earth’s surface. Potential future mixing ratios (short-
dashed lines) have been calculated for different sce-
narios that are described in Section 1.8 and the cap-
tion to Figure 1-1. Data sources: mixing ratios from
Antarctic firn (long-dashed green line: Sturrock et al.,
2002); AGAGE global means (solid green lines: Prinn
et al., 2000; Sturrock et al., 2001); CMDL global means
(solid red lines: Montzka et al., 1999); UEA from Cape
Grim, Tasmania (for 41°S only) (solid blue lines: Oram
et al., 1995); SIO from Cape Grim (41°S only) (solid
black line: Miller et al., 1998). See the notes to Table
1-1 for more details regarding sampling frequencies
and techniques. The shading shows the range of
mixing ratios encompassed by the future scenarios.

Updated measurements show that the global mean
surface mixing ratio of HCFC-141b (CH,CCLF) rose
from about 5 ppt in mid-1996 to nearly 13 ppt in mid-2000
(Table 1-1; Figure 1-5; Montzka et al., 1994, 1999;
Simmonds et al., 1998b; Prinn et al., 2000; Sturrock et al.,
2001). The current growth rate is slightly less than 2 ppt
yr~'. Northern Hemispheric mean mixing ratios were

approximately 3 ppt higher than Southern Hemispheric
means in mid-2000.
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Global mean surface mixing ratios of HCFC-142b
(CH,CCIF,) have risen from 7 to 8 ppt in mid-1996 to
about 12 ppt in mid-2000, with a current growth rate of
1.0 ppt yr ' (Table 1-1; Figure 1-5; Montzka et al., 1994;
1999; Simmonds et al., 1998b; Prinn et al., 2000; Sturrock
etal., 2001). Northern Hemispheric means were 2 to 2.5
ppt higher than Southern Hemispheric means in mid-2000.
Calibration differences are about 5% or less for HCFC-
22, -141b, and -142b among laboratories reporting results
recently (Table 1-1).

Since the previous Assessment, three other HCFCs
have been reported in the background atmosphere: HCFC-
123 (CHCL,CF,), HCFC-124 (CHCIFCF,), and HCFC-21
(CHCLF) (Table 1-1). From measurements at Cape Grim,
Sturrock et al. (2001) reported late-1998 tropospheric
mixing ratios of 0.53 ppt and 0.1 ppt for HCFC-124 and
-123, respectively, the former having a growth rate of 0.06
ppt yr! (13%). Oram (1999) found similarly low levels
of HCFC-123 at Cape Grim from archived samples col-
lected between 1978 and 1993, but noted that the mixing
ratio doubled between 1990 and 1993. Oram (1999) also
reported measurements of HCFC-21 over the same period.
Mixing ratios were typically in the range 0.2-0.4 ppt, with
no significant trend.

1.2.1.6 MEeTHYL BROMIDE (CH,Br)

Our understanding of the concentration of methyl
bromide (CH;Br) in the atmosphere during the 1990s
remains much the same as was given in the previous
(1998) Assessment (WMO, 1999). No new global trends
have been reported since those of Khalil et al. (1993).
Recent data from research cruises encompassing a wide
latitudinal span in both hemispheres (Yokouchi et al.,
2000a; Li et al., 2001; Groszko and Moore, 1998; King et
al., 2000), from aircraft missions (Schauffler et al., 1999),
and from two midlatitude, ground-based sites (Miller,
1998) suggest that the mean global mixing ratio of atmos-
pheric CH,Br ranged from 9 to 10 ppt before reductions
in industrial production began in the late 1990s, consis-
tent with that reported in the 1998 Assessment. These
new studies, along with that of Wingenter et al. (1998),
suggest that the best estimate of the global, area-weighted,
mean hemispheric ratio lies between 1.2 and 1.3 (North >
South). This hemispheric ratio varies seasonally from
1.1 to 1.4, driven mainly by seasonality in Northern
Hemispheric mixing ratios. Recent published compar-
isons between the National Center for Atmospheric
Research (NCAR) and UCI show measurements agreeing
within an average of 7% (Schauffler et al., 1999).

The vertical distributions and weak tropospheric
gradient observed by N.J. Blake et al. (1996; 1997) are
supported by measurements of Schauffler et al. (1999).
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The tropospheric gradient in mixing ratio of 3-14%
reported by Schauffler et al. (1999) is consistent with that
reported in the 1998 Assessment, which noted a 0-15%
vertical gradient in the tropospheric mixing ratio.
Additionally Schauffler et al. (1999) noted that CH,Br
mixing ratios in the lower stratosphere (20 km) were
reduced by 40% in the tropics and by 70% at Northern
Hemispheric midlatitudes (July) relative to amounts
observed in the troposphere.

1.2.1.7 MEeTHYL CHLORIDE (CH,CI)

Khalil and Rasmussen (1999) recently published a
detailed analysis of global measurements of methyl chlo-
ride (CH,Cl) conducted over 16 years (1981-1997) at loca-
tions distributed throughout both hemispheres, during
which methyl chloride reportedly decreased by about 4%.
As noted in Chapter 2 of the 1998 Assessment (Kurylo
and Rodriguez et al., 1999), Khalil and Rasmussen’s
global mean mixing ratio of 606 ppt is somewhat higher
than the average of 550 + 30 ppt obtained by other inves-
tigators. New results continue to suggest global means
closer to 550 ppt than 600 ppt (Sturrock et al., 2001;
Yokouchi et al., 2000b; Table 1-1). Khalil and Rasmussen
(1999) reported a mean annual latitudinal distribution in
the CH,Cl mixing ratio in which the tropics were about
40 ppt higher than the poles, and they inferred that this
had to be caused by a tropical terrestrial source. They also
reported a seasonal cycle with an amplitude of about 10%,
explicable mainly in terms of seasonal changes in
hydroxyl radical (OH) abundance. In more recent work
involving land-based and shipboard measurements
extending from the Canadian Arctic through the Pacific
and Indian Oceans to the Antarctic between 1996 and
1998, Yokouchi et al. (2000b) found CH,Cl mixing ratios
ranging from 500 ppt in the high Arctic and Antarctic to
570 ppt near the equator. Although this latitudinal distri-
bution was measured only over a fraction of a year, it is
similar to the annual mean distribution reported by Khalil
and Rasmussen (1999).

1.2.2 Twentieth Century Atmospheric
Histories for Halocarbons
from Firn Air

Since the previous Assessment (WMO, 1999), 20
century atmospheric histories for halocarbons have been
reconstructed from the analysis of air trapped in snow
above glaciers, also known as firn air (Figures 1-1, 1-3,
1-4, and 1-5; Butler et al., 1999; Sturges et al., 2001a;
Sturrock et al., 2002). Conclusions drawn from the firn-
air results rely on the assumption that these halocarbons
are neither produced nor destroyed in the firn. These firn-



SOURCE GASES

air data show that mixing ratios of CFCs, halons, and
HCFCs in the oldest air sampled are generally less than
2% of the amounts measured today in the background
atmosphere. Furthermore, and consistent with these halo-
carbons not being destroyed or produced in firn air over
time, the 20™ century atmospheric histories reconstructed
from firn-air results and firn diffusion models are reason-
ably consistent with calculated histories based on records
of industrial halocarbon production (Prinn et al., 2000).
Somewhat higher amounts of carbon tetrachloride (5 ppt)
and methyl chloroform (2-4 ppt) have been reported in
the deepest and oldest samples, although these amounts
were close to the detection limit of the instruments used
in these analyses. These results suggest that nonindus-
trial sources of these halocarbons are insignificant.
Mixing ratios for methyl chloride and methyl bro-
mide were only 10-30% lower than present day in firn air
from Antarctica dating back to the early 1900s (Butler et
al., 1999; Sturges et al., 2001a). The results are consis-
tent with the presence of substantial nonindustrial emis-
sions of these gases. Consistent results were observed for
methyl bromide in firn samples at four different locations
in Antarctica. These suggest that levels of methyl bro-
mide in the Southern Hemisphere have increased by about
3 ppt since the early 20" century and about 2 ppt since the
mid-20" century (see Section 1.5). Unfortunately,
Northern Hemispheric firn-air profiles of methyl bromide
show significant anomalies near the snow-ice transition, a
feature not observed in the Antarctic profiles. For methyl
chloride, firn data from both hemispheres suggest that the
atmospheric burden over the last half of the 20" century

increased by about 10%. Additional details and discus-
sion of these results appear in Section 1.5.

1.2.3 Total Atmospheric Chlorine

1.2.3.1 ToTtaL ORGANIC CHLORINE IN THE

TROPOSPHERE

Total organic chlorine (CCl,) contained in long-
lived chlorine-bearing source gases continues to decrease
slowly in the lower atmosphere. In mid-2000, CCl, was
~3.5 parts per billion (ppb) (Table 1-2), or about 5% lower
than the peak observed in 1992-1994. The decrease still
results primarily from the exponential decline observed
for methyl chloroform (Table 1-2; Table 1-1; Figure 1-4).
This situation is changing, however, because the absolute
rate of decrease observed in 1999-2000 for methyl chlo-
roform had diminished by one-third compared with 1995-
1996 and will continue to lessen in the future (Montzka et
al., 1999; see also Section 1.8).

By 2000 total chlorine from aggregated CFCs was
no longer increasing (Table 1-2). Continued increases in
chlorine from CFC-12 (3.6-4.6 ppt Cl yr™') in 2000 were
similar in magnitude to declines in chlorine from the sum
of CFC-11 and CFC-113 (Table 1-1).

The rate of increase in chlorine from HCFCs has
been fairly constant since 1996 (Tables 1-1 and 1-2).
HCFC-22 accounts for approximately 80% of chlorine
from HCFCs in today’s atmosphere and for about half of
the annual increase in chlorine from all HCFCs (5 ppt Cl
yr~! out of about 10 ppt Cl yr™!). Continued increases in

Table 1-2. Contributions of halocarbons to total organic chlorine (CCl,) in the troposphere.

Total CCl, (ppt C)

Contribution to Total

Rate of Change in Total

CCl, (%) CCl, (ppt C1 yrh)
1996 2000 1996 2000 1996 2000
Aggregate CFCs 2161 2156 59 61 71 —-0.6
CH,Cl 550 550 15 16 0.0 0.0°
CCl, 407 384 11 11 -4.0 -3.8
Aggregate HCFCs 142 182 4 5 10.3 9.7
CH,CCl, 278 139 8 4 —40.8 -27.2
Short-lived gases ° 100 100 3 3 00? 00?
Halon-1211 4 4 0 0 0.2 0.1
Total CCl, 3642 3516 =27 =22

(0.8%yr')  (-0.6% yr)

Bold-faced type is used to highlight the largest changes from 1996 to 2000. Some differences for 1996 from WMO (1999) arise because of small recent
adjustments to absolute calibration scales and because the results presented here are an average of AGAGE and CMDL global means. Similar con-

clusions could be drawn with data from UCI (Table 1-1).

® Presumed to be zero; not well documented.
® Gases such as CH,Cl,, CHCI,, and C,Cl,.
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HCFC-141b and -142b mixing ratios account for the addi-
tional annual chlorine increase.

The four minor CFCs accounted for about 50 ppt
of Cl, or less than 1.5% of the total tropospheric chlorine
burden in 2000 (CFC-13, -114, -114a, and -115). About
70% of this 50 ppt is from CFC-114. The current rate of
growth for chlorine in these minor CFCs is small (<1 ppt
Clyr™'; Table 1-1).

1.2.3.2 ToTAL INORGANIC CHLORINE IN THE
STRATOSPHERE

In a stratosphere unperturbed by polar stratospheric
clouds or recent volcanism, more than 95% of inorganic
chlorine (Cl,) is accounted for by the two reservoirs
hydrogen chloride (HCl) and chlorine nitrate (CIONO,)
(Zander et al., 1992, 1996). Furthermore, because tropo-
spheric HCl and CIONO, mixing ratios are small, the sum
of their vertical column abundances is a good surrogate
of the Cl, loading and its evolution in the stratosphere.
Past reports of total column abundances of HCI and
CIONO,, as well as their sum (Cl,) derived from observa-
tions at Jungfraujoch (Switzerland, 46.5°N) through 1999,
showed increases commensurate with trends in CCl, at
Earth’s surface but delayed by 3-4 years owing to air trans-
port rates between the troposphere and the stratosphere
(Prinn and Zander et al., 1999; Mahieu et al., 2000).

An update of measurements from the Jungfraujoch
now shows that the monthly mean total column abun-
dances of HCI and CIONO, have stopped increasing
(Figure 1-6). Updates of column abundance measure-
ments of HCI at Kitt Peak (Arizona, U.S., 31.9°N)
(Rinsland et al., 1991; Wallace et al., 1997) and of HCI
and CIONO, at Lauder (New Zealand, 45°S) (Matthews
et al., 1989; Reisinger et al., 1995) also show similar
overall long-term trends. These results provide robust
evidence that the loading of inorganic Cl, in the unper-
turbed stratosphere has recently stabilized in response to
the production regulations on ozone-depleting substances
outlined in the Montreal Protocol. Within the uncertainty
of these measurements, the trends in total column HCI
and CIONO, are consistent with the trends for chlorinated
organic trace gases measured at Earth’s surface.

1.2.3.3 HYDROGEN CHLORIDE (HCI) AT 55 KM
ALTITUDE IN THE STRATOSPHERE

An independent assessment of total Cl, near the
stratopause has been provided by measurements of HCI
made since 1991 at 55 km altitude by the Halogen
Occultation Experiment (HALOE) instrument aboard the
Upper Atmosphere Research Satellite (UARS) (Russell et
al., 1996; Prinn and Zander et al., 1999). At that altitude,
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most Cl, (~ 93-95%, globally) is in the form of HCI. The
broad changes in mean global HCI at 55 km measured by
HALOE show a period of monotonically increasing HCI
mixing ratios before 1997, and much slower mean changes
thereafter (updates to Anderson et al., 2000; Figure 1-7).
These long-term trends are consistent with expectations
from ground-based measurements after considering lag
times associated with transport of tropospheric air to the
stratosphere and stratospheric mixing processes (Waugh
etal., 2001; Hall and Plumb, 1994).

What remain unexplained in the HALOE HCI data
are abrupt changes that occurred over shorter periods, such
as those observed in early 1997 (Waugh et al., 2001; Engel
et al., 2002) and in 2000 (Figure 1-7). These changes
strongly suggest that additional atmospheric processes
affect trends in HCI at 55 km (Randel et al., 1999;
Considine et al., 1999). Several possible mechanisms
likely to cause the early-1997, abrupt peaking of Cl, at 55
km altitude were considered by Waugh et al. (2001) (such
as changes in transport and chemistry partitioning), but
none could explain a sharp decrease as early as 1997 in
upper stratospheric Cl,, given the measured tropospheric
halocarbon trends and our understanding of atmospheric
transport rates and mixing processes. HALOE measure-
ments of methane, however, are anticorrelated with HCI
since 1997. This suggests that transport may contribute
to the variability observed in the HCI record, but trans-
port effects alone do not resolve these tendencies (per-
sonal communication, J. Russell 111, Hampton University,
U.S.,2001).

1.2.3.4 STRATOSPHERIC CHLORINE COMPARED WITH
TROPOSPHERIC CHLORINE

Evaluations of total chlorine (Cl,,,) in the strato-
sphere have been derived from measurements of CCl, and
Cl, throughout the stratosphere with the Atmospheric
Trace Molecule Spectroscopy (ATMOS) shuttle-based
Fourier transform infrared (FTIR) spectrometer (Gunson
et al., 1996). Average stratospheric Cl,,, was measured at
2.58 £0.10 ppb in 1985 (Zander et al., 1992) and 3.53
0.10 ppb in 1994 (Zander et al., 1996). From measure-
ments of a suite of chlorine-bearing source-, sink-, and
reservoir species with a balloonborne FTIR spectrometer
launched on 8 May and on 8 July 1997 from Fairbanks
(Alaska, 64.8°N), Sen et al. (1999) derived a nearly con-
stant value of Cl,,, equal to 3.7 + 0.2 ppb between 9 and
38 km altitude. Each of these studies confirmed that the
bulk of inorganic stratospheric chlorine is well explained
by the photodissociation of organic source gases meas-
ured in the troposphere after considering time lags associ-
ated with air transport and mixing processes.
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Figure 1-6. Upper frame: Time series of June to November (to avoid significant variability during winter and
spring periods) monthly mean vertical column abundances of HCI (open circles) and CIONO, (open triangles)
derived from solar observations at the Jungfraujoch between 1983 and 2001 (update from Mahieu et al.,
2000). Inorganic chlorine (Cl,, filled triangles) is obtained by summing the HCI and CIONO, column measure-
ments. Lines represent nonparametric least-squares fits with 20% weighting. Lower frame: The temporal
evolution of global organic chlorine loading (CCl,) determined from in situ measurements at the ground (solid
line: Prinn et al., 2000), and CCl, lagged by 3.5 years (dashed line).

1.2.4 Total Atmospheric Bromine

1.2.4.1 TotAL ORGANIC BROMINE IN THE

TROPOSPHERE

Total organic bromine (CBr,) in the troposphere
results primarily from surface emissions of methyl bro-
mide, halons, and short-lived bromocarbons. Recent
trends in CBr, are uncertain because global atmospheric
trends in methyl bromide since 1992 are not yet well doc-
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umented. Firn-air measurements suggest significant
increases for this gas during 1900-1998, but they do not
tightly constrain recent atmospheric trends. Changes in
the growth rate of methyl bromide are perhaps likely
during the 1990s because of the restrictions placed on
industrial production in developed countries then (see the
fully revised and amended Montreal Protocol).

Total organic bromine from halons has continued
to increase since 1996 owing to continued anthropogenic
production and use. The aggregate contribution of halons
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Figure 1-7. The time evolution of monthly mean HCI
at altitudes of 54-56 km between 70°N and 70°S as
measured by HALOE (green line: an update of
Anderson et al., 2000). From this HCI record, total
inorganic chlorine (Cl,) mixing ratios at 55 km (red
line) and their +1 standard deviations (orange
shading) were derived using weighted contributions
at 55 km altitude from all important source gases as
determined from NCAR 2-D model calculations
(Brasseur et al., 1990). Also shown are (i) CCl, at
Earth’s surface based on the Ab scenario in
Madronich and Velders et al. (1999) (dashed blue
line), (ii) this surface result lagged by 6 years (solid
blue line), and (iii) this lagged CCl, convolved with a
3-yr-wide “age spectrum” (black line: an update of
Waugh et al., 2001).

to CBr, was 0.7 ppt in 1978, 6.7 ppt in 1996, and 7.7 ppt
in 2000, and was increasing at 0.2 ppt Br yr™' in 2000
(Table 1-1; Figure 1-8).

Shorter-lived gases with predominantly natural
sources, such as bromoform (CHBr;) and dibro-
momethane (CH,Br,), also add to the bromine burden of
the atmosphere. Atmospheric measurements indicate
between 1 and 3 ppt of organic bromine is present near
the tropopause in the form of these gases (Shauftler et al.,
1998; Pfeilsticker et al., 2000). Although the precise
amount of organic plus inorganic bromine delivered to
the stratosphere by these short-lived gases is uncertain
(see Chapter 2), we estimate that in 2000 methyl bromide
accounted for about 50% of CBr,, and the halons
accounted for about 40% of CBr,.
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Figure 1-8. Past measured trends for bromine in
the troposphere (lines) and stratosphere (points):
global tropospheric bromine from methyl bromide
as measured in ambient air and firn air (short dashed
line: Khalil et al., 1993; Butler et al., 1999; Sturges
et al., 2001a); global tropospheric bromine from the
sum of methyl bromide plus halons as measured in
ambient air, archived air, and firn air (solid line: Butler
et al., 1999; Fraser et al., 1999; Sturges et al.,
2001a), or as derived from firn-air and global flask
samples (long-dashed line: Butler et al., 1998); and
total inorganic bromine derived from stratospheric
measurements of BrO and photochemical modeling
that accounts for BrO/Br, partitioning (open squares:
Harder et al., 2000; Fitzenberger et al., 2000;
Pfeilsticker et al., 2000). The years indicated on the
abscissa are sampling times for tropospheric data.
For stratospheric data, the date corresponds to
when that air was last in the troposphere (i.e., sam-
pling date minus mean time in stratosphere).

1.2.4.2 ToTAL INORGANIC BROMINE IN THE
STRATOSPHERE

The burden and trend of inorganic bromine (Br,)
in the stratosphere can be estimated indirectly from meas-
urements of organic source gases in the stratosphere
(Schauffler et al., 1998; Wamsley et al., 1998) and from
stratospheric bromine monoxide (BrO) measurements and
calculated BrO/Br, partitioning (Harder et al., 2000;
Pfeilsticker et al., 2000; Sinnhuber et al., 2002). In strat-
ospheric air in which most organic source gases had
become oxidized, Bry was estimated in early 1999 to be
18.4 (+1.8/-1.5) ppt from organic precursor measure-
ments and 21.5 + 3.0 ppt from coincident BrO measure-
ments and photochemical modeling (Pfeilsticker et al.,
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2000; measurements were made at 25 km in air inferred
to have a 5.6-yr mean age). Lower in the stratosphere,
Br, is a much smaller fraction of total bromine; these same
investigators estimated Br, to be 1.5 ppt in air just above
the local Arctic tropopause (about 9.5 km).

1.2.4.3 STRATOSPHERIC BROMINE COMPARED WITH
TROPOSPHERIC BROMINE

Spectrometric BrO measurements allow for esti-
mates of total stratospheric Br,. These measurements sug-
gest an increase in Br, over time and a stratospheric
burden that is 4 to 6 ppt higher than indicated by the tro-
pospheric burdens of halons and methyl bromide alone
(Figure 1-8; an update of Pfeilsticker et al., 2000).
Measurements of long- and short-lived gases at the
tropopause and throughout the stratosphere suggest that
an additional 1 to 3 ppt of bromine reaches the strato-
sphere in the form of organic short-lived gases, such as
dibromomethane and bromoform (Schauffler et al., 1998;
Wamsley et al., 1998; Pfeilsticker et al., 2000). This addi-
tional bromine does not appear to account for all the BrO
measured, however. The remaining difference may sug-
gest the presence of unmeasured, brominated organic
gases reaching the stratosphere, or an influx of inorganic
bromine into the stratosphere (see Chapter 2), or calibra-
tion errors either in the measurement of BrO or the organic
source gases (Fitzenberger et al., 2000).

1.2.5 Effective Equivalent Chlorine
and Effective Equivalent
Stratospheric Chlorine

The net effect of changes in both atmospheric chlo-
rine and bromine can be gauged roughly by computing
effective equivalent chlorine (EECI) and effective equiv-
alent stratospheric chlorine (EESC) from ground-based
measurements of halocarbons (Prather and Watson, 1990;
Daniel et al., 1995; Montzka et al., 1996a, 1999; WMO,
1999). EECI is calculated with ground-based halocarbon
measurements, consideration of the enhanced efficiency
of bromine to deplete stratospheric ozone (a factor of 45
used here; see discussion of ¢ in Section 1.4.4), and con-
sideration of the relative rates at which halocarbons
decompose and release their halogen into the stratosphere.
Ground-based measurement networks of the most abun-
dant ODSs indicate that total ozone-depleting halogen
measured in the troposphere peaked in 1992-1994 (Figure
1-9; Montzka et al., 1996a; Cunnold et al., 1997). Updated
observations show that EECI in tropospheric air declined
from 1995 through 2000 at a mean rate of about 1.2%
yr!, or 24 ppt EECl yr!. As of mid-2000, EEC] was about
5% below the peak that was observed in 1992-1994.
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Figure 1-9. Burden and trends in aggregate tropo-
spheric Cl plus Br from purely anthropogenic halo-
carbons expressed as effective equivalent chlorine.
(a) Effective equivalent chlorine estimated from
ground-based measurements of the major CFCs,
methyl chloroform, carbon tetrachloride, Halon-
1211, Halon-1301, and HCFCs (blue line with dia-
monds: Montzka et al., 1999; red line with squares:
Prinn et al., 2000), and from the same gases as in
scenario Ab (thin smooth line). The time scale on
the x-axis refers to the date tropospheric air was
sampled; to convert to effective equivalent strato-
spheric chlorine (EESC), add approximately 3 years
to these dates. (b) The rate of change in effective
equivalent chlorine as measured by [AGAGE +
CMDL halon] measurements (red squares); CMDL
measurements only (blue diamonds); [AGAGE +
UEA halon] measurements (green plus symbols:
halon data from Fraser et al., 1999); and in scenario
Ab (thin solid line). Rates of change correspond to
the 12-month difference over the previous 12
months. In both panels, total bromine was multiplied
by 45, and the absolute fractional release assumed
for CFC-11 was 0.8 (see Section 1.4.4).



Smaller declines and slower rates of decline are inferred
when halon measurements by UEA at Cape Grim are con-
sidered (Figure 1-9; update of Fraser et al., 1999).

Although decreases observed for methyl chloro-
form are the primary reason for the turnover in EECI, the
influence of methyl chloroform on EECI is diminishing.
Furthermore, the increases still observed for CFC-12 and
halons are slowing the decline of EECI (Fraser et al., 1999;
Montzka et al., 1999). As a result of these influences,
EECI decreased in 2000 at a rate that was only about two-
thirds of the rate 3 to 4 years earlier (Figure 1-9). As the
influence of methyl chloroform continues to lessen, a sus-
tained decrease in EECI is assured only if trends for other
halocarbons decrease further or become more negative
(Montzka et al., 1999; see also Section 1.8).

Whereas EECl reflects the time evolution of equiv-
alent effective halogen only in the troposphere, EESC pro-
vides an estimate of that burden in the stratosphere. EESC
is derived by simply adding a 3-year time lag to EECIl (see
Section 1.8). Although EESC provides a useful measure
to gauge the combined influence of tropospheric chlorine
and bromine trends on stratospheric ozone-depleting
halogen, it has important limitations. First, stratospheric
halocarbon abundances lag tropospheric abundances by a
few months to 6 years, depending upon location. Despite
this range, a lag of 3 years is generally used in the calcu-
lation of EESC to approximate the mean transport time
for air from the surface to the lower-mid stratosphere,
which is where most ozone depletion has been observed.
The 3 years is typical of the average age of air (time since
air was in the troposphere; see Section 1.4.3) in these
regions. Second, stratospheric halocarbon burdens are
not determined by tropospheric burdens at a single time
in the past. They instead represent a mean of tropospheric
burdens from a range of earlier years (Hall and Plumb,
1994); this can result in errors with this simple technique
especially when atmospheric mixing ratios are changing
nonlinearly. Finally, Prather (1997) pointed out that the
rate at which halogens are removed from the stratosphere
has its own time scale in addition to the lag time associ-
ated with transport of halocarbons into the stratosphere.
For short-lived halocarbons such as methyl bromide,
whose tropospheric abundance could decrease rapidly rel-
ative to the rates at which air is transported into or out of
the stratosphere, the decay of stratospheric inorganic
halogen resulting from a rapid drop in tropospheric burden
would be delayed and would not be well approximated by
a single lag time. This effect is less important for most
chlorinated ODSs because they have atmospheric life-
times that are long relative to these transport rates.

Trends for EECI and EESC depend upon our under-
standing of the equivalency factor for bromine (alpha (t)),
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which varies over different latitudes and altitudes and is
weighted by the distribution of stratospheric ozone
(Daniel et al., 1999; see also Section 1.4.4). Although 45
represents a globally-weighted mean for alpha, higher
estimates for this equivalency factor would suggest
smaller decreases for EECI during years in which bromine
continued to increase.

1.2.6 Fluorine in the Stratosphere

Measurements of hydrogen fluoride (HF) and car-
bonyl fluoride (COF,), which are primarily concentrated
in the stratosphere (Zander et al., 1992), provide an esti-
mate of changes in the total fluorine burden of the
atmosphere (Sen et al., 1996). Although fluorine does not
catalytically destroy stratospheric ozone, trends in F;
(defined here as F; = [HF] + 2 x [COF,]) have provided
an independent measure of changes in the abundance
of ozone-depleting substances (Gunson et al., 1994;
Anderson et al., 2000).

Since the previous Assessment (WMO, 1999), long-
term investigations of HF and COF, have continued, both
from the ground and from space. Related Jungfraujoch
results show a steady increase in column F; until the mid-
1990s, and a slower rate of increase afterward (Figure 1-
10; updates to Mahieu et al., 2000 and M¢len et al., 1998).
Two-dimensional (2-D) model calculations that include
atmospheric histories for the most abundant, anthro-
pogenic F-containing gases (CFC-12, CFC-11, CFC-113,
HCFC-22, Halon-1211, and Halon-1301, which all are
important ODSs) reproduce the measured trends in F;
above the Junfraujoch station reasonably well (Figure 1-
10; Chipperfield et al., 1997). This consistency provides
further evidence that anthropogenic ODSs undergo photo-
chemical degradation in the stratosphere and are respon-
sible for the large increases in stratospheric chlorine and
fluorine observed during the past 20 years or more. Similar
conclusions have been drawn from analyses of the near-
global mean HF measurements at 55 km from HALOE
(Anderson et al., 2000) and from ATMOS measurements
of individual F-containing gases between 1985 and 1994
over the altitude range of 8 to 60 km (Irion et al., 2002).

1.3 HALOCARBON SOURCES ESTIMATED
FROM INDUSTRIAL PRODUCTION

The combination of halocarbon production data
from both the Alternative Fluorocarbons Environmental
Acceptability Study (AFEAS, 2001) and the United
Nations Environment Programme (UNEP, 2002) have
allowed for the first time a rigorous estimate of total global
production and consumption of ozone-depleting halocar-
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Figure 1-10. Time series of monthly mean vertical column abundances of HF (open circles: update from
Mahieu et al., 2000); COF, (open triangles: update from Mélen et al., 1998); and their weighted sum, FJ (filled
triangles; where FJ=[HF] + 2x[COF,]) derived from observations at the Jungfraujoch (46.5°N) between 1983
and 2001. Only measurements from June to November are shown to avoid the significant variability observed
during winter and spring. The thick lines through the individual datasets represent nonparametric least-
squares fits with 20% weighting. Also shown is column Fjabove the Jungfraujoch calculated with a two-
dimensional model (Chipperfield et al., 1997). The model-calculated F; minima occur in late summer/fall. The
10-12% high bias in the model calculations compared with the summer/fall observations is believed to arise in
part from systematic uncertainties in the meridional transport of the 2-D model (see discussion in Chapter 4).
Long-term column HF measurements above Kitt Peak indicate rates of change similar to those observed at
the Jungfraujoch, but are not shown here (Rinsland et al., 2002b).

bons. Although the UNEP data provide more complete Harris, World Bank, 1999). In the case of methyl chloro-

geographical coverage than AFEAS, they are not audited. form, global production data were derived from a similar
The audited AFEAS data provide discrimination of pro- combination of an industrial database (McCulloch and
duction data by individual gases for all Parties other than Midgley, 2001) and data in UNEP (2002). For the halons,
China, India, and Korea. For this report, the aggregated global production data were derived from Fraser et al.
additional production in these countries was subdivided (1999), updates to UNEP (1999), UNEP (2002), and also
into individual compounds as follows: HCFCs were from reports to the Parties on the Multilateral Fund, for
treated as being produced in the same ratio as in the example, as described in Bingfeng et al. (2000).

AFEAS data, and only CFC-11 and -12 contributed to the None of these substances is emitted immediately
additional production of CFCs, consistent with there being after it is produced; emissions occur over a period during
little production of CFC-113 outside of the companies and after use that varies depending upon the application.
reporting to AFEAS (personal communication, M.R. In some cases, notably where the substance is used as a sol-
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vent, emissions are prompt and can be well characterized
in quantity and timing. Since the previous Assessment
(WMO, 1999), emission functions that relate the quantities
of fluorocarbons in use to the quantities released into the
atmosphere have been intensively re-examined and, in
some cases, revised (Ashford, 2000). In the case of HCFC-
142D this has resulted in a significant change in the emis-
sion function and the calculated quantities emitted
(AFEAS, 2001). It is also apparent that containment of
most CFCs and HCFCs began to improve in the early
1990s. For example, emissions of CFC-11 from foam
blowing showed a sharp reduction after about 1992
(McCulloch et al., 2001), and these changes are included
in the revised release functions. Emissions from some
refrigeration applications have been reduced in recent years
(UNEP, 1998a; Calm, 1999), but these systems represent
only a small fraction of total emissions from refrigeration.
A single emission function for refrigeration has been used
for more than 30 years (McCulloch et al., 2001, 2002).

Ongoing work by the Technology and Economic
Assessment Panel (TEAP) has also allowed for inde-
pendent estimates of halons, as discussed below.

1.3.1 CFCs and HCFCs

For substances used in refrigeration, there is an ini-
tial loss of between 5% (CFC-12) and 35% (HCFC-22),
and complete emission within 10 years for the average
system (Gamlen et al., 1986; Midgley and Fisher, 1993;
McCulloch et al., 2002). This is consistent with the
average linear loss rate of 11% yr™! described by Baker
(1999). However, the actual distribution of emissions is
approximately normal around 4.5 + 2 years.

1.3.2 Halons

Halons are primarily used as fire extinguishing
agents, although Halon-1301 also received minor use as
a cold-temperature refrigerant. UNEP (1998b) suggests
that production data as reported to the UNEP Ozone
Secretariat is accurate. Two estimates of emissions for
Halon-1211 and -1301 have been made using similar pro-
duction data (Fraser et al., 1999; updated UNEP, 1999),
but since very different emission functions were used,
markedly different emission rates were obtained (see
Section 1.6). Further, the extent of inadvertent halon
emissions from some production facilities has yet to be
characterized but may be substantial (UNEP, 1999).

1.3.3 Carbon Tetrachloride (CCl,)

The principal identified use of carbon tetrachloride
is as feedstock for the production of CFC-11 and -12, and
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from this process releases to the atmosphere arise only
from fugitive losses. Large discrepancies existed in
UNEP consumption data for past years owing to confu-
sion over reporting procedures, and although these have
been addressed by TEAP (UNEP, 1998b), there may still
be significant omissions and unrecorded sources (see
Section 1.6). TEAP suggests emissions of 41(+50%,
-25%) Gg from total production of 203 Gg in 1996
(UNEP, 1998D), but, as discussed in Section 1.6, this is
only about half of the emissions necessary to account for
observed burdens and trends in that year given the updated
lifetime estimate of 26 years (see Section 1.4).

1.3.4 Methyl Chloroform (CH,CCl,)

Industrial production and release to the atmosphere
of methyl chloroform declined dramatically in the 1990s
(McCulloch and Midgley, 2001; UNEP, 2002). Global
anthropogenic emissions in 1999-2000 were estimated at
about 20 Gg yr™', or only 3% of the emissions estimated
for 1989-1990, the peak emission years. Declines in emis-
sion closely follow declines in production because methyl
chloroform was used predominantly in applications where
releases occurred soon after sales.

Firn results (Butler et al., 1999; Sturrock et al.,
2002) suggest mixing ratios in the early 1900s, before
industrial production began, of less than 4 ppt and con-
firm that use by industry was the main source of atmos-
pheric methyl chloroform.

Reports have suggested that small amounts of
methyl chloroform are emitted from biomass burning.
Upper limits quoted in an early study (Rudolph et al.,
1995) have since been revised downward with additional
laboratory work and suggest emissions may be on the
order of 2-10 Gg yr™' from burning (Rudolph et al., 2000).
Emissions of this magnitude would sustain global mixing
ratios of 0.5-2 ppt, consistent with inferences from the
analysis of firn air.

1.4 HALOCARBON LIFETIMES, OZONE
DEPLETION POTENTIALS, AND GLOBAL
WARMING POTENTIALS

1.4.1 Introduction

Halocarbon sinks chemically transform or physi-
cally remove halogen-containing source species from the
atmosphere after release. Known atmospheric sinks for
halocarbon source gases include photolysis, reaction with
hydroxyl radical (OH) in both the troposphere and strato-
sphere, reaction with electronically excited atomic oxygen
(O('D)) and atomic chlorine (Cl) chiefly in the strato-
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sphere, uptake in oceanic surface waters through chem-
ical and biological degradation processes, biological
degradation in soils, and possibly surface reactions on
minerals. Not all halocarbon source gases become
degraded by all of these sink processes. The quantitative
determinations of trace gas sink strengths are of interest
because the sinks control both the atmospheric lifetimes
and the location of halogen release from source gases.
The important sink processes for atmospheric life-
time are those that have significant strength on a mass or
molecule basis, that is, where loss frequency and atmos-
pheric abundance are co-located. A simple definition of
lifetime is the sum of the integrals over the entire atmos-
phere of the product of the first-order sink process fre-
quencies (the local instantaneous lifetimes) and the
normalized source gas mass or concentration distribution.

1.4.2 Lifetimes

For a given halocarbon, each relevant sink process
contributes to the additive first-order total loss frequency,
L, which is variable in space and time. A local halocarbon
lifetime, 7,,,, can be defined as the inverse of L evalu-
ated at a point in space and time:

1

. (1-1)
L(x,y,z,t)

7‘-local =

For consideration of global effects of the halocarbon, L
must be integrated globally, and the integral must be
weighted by the distribution of the halocarbon on which
the sink processes act. If we consider a normalized halo-
carbon distribution n(x, y, z, t), a global instantaneous life-
time can be defined as

Tglobal — .[dV i’l(V, t)(_l) (1_2)
[dV LV, t)n(V, 1)

where V is an atmospheric volume element. This expres-
sion can be averaged over a year to determine the global,
annually averaged lifetime. Because the total loss fre-
quency L is the sum of the individual sink process fre-
quencies, Ty, can also be expressed in terms of process
lifetimes; for example,

-1

1 1 1 1-3)

+ +
T T

T

ocean photolysis other processes

Note that in considering lifetime with respect to
individual sink processes, which may be defined or ana-
lyzed over limited domains, the associated burden (the

numerator in Equation (1-2)), however, must always be
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global and include all communicating reservoirs. When
the halocarbon distribution is time invariant, where emis-
sions, sinks, and atmospheric transport are in long-term
balance, the halocarbon burden B(¢) can be defined by

B _ B0 1)
dt 7'-globaI
and the lifetime 7, becomes a scale factor relating the

halocarbon emission rate E(¢) (or equivalently the sink
rate) to the atmospheric burden. This steady-state life-
time is also formally equivalent to the scale factor relating
the time-integrated atmospheric burden to a release of
halocarbon at a single point in time (Prather, 1996). For
source compounds that do not persist long enough to
become well mixed in the troposphere (here assumed for
gases with 7 < 0.5 years), distributions are strongly
dependent on the pattern of emissions. Consequently, the
concept of a single global lifetime, ODP, or GWP becomes
inappropriate for such short-lived gases (see Chapter 2).
In this chapter, only local lifetimes are reported for short-
lived gases (Table 1-3), and these lifetimes are not derived
from any actual steady-state global emission/distribution
patterns. (GWPs for these gases are not reported in Table
1-6 because of these concerns.) Finally, a discussion of
the ODP concept for short-lived gases is addressed in
Chapter 2.

WMO (1999) and IPCC (2001) include detailed
discussions of the various specific techniques for esti-
mating steady-state and non-steady-state global lifetimes,
to which the reader is referred. The techniques fall into
four general categories: (1) lifetimes derived from model-
calculated distributions and sink loss frequencies, (2) life-
times inferred by inverse methods from direct observa-
tions of halocarbon abundance with high precision and
accuracy over multiyear periods and requiring varying
degrees of knowledge about actual emissions, (3) life-
times determined relative to a reference species with an
independently derived lifetime through observations of
species correlations or knowledge of relative kinetic rate
parameters, and (4) lifetimes determined from some com-
bination of the above three techniques, where the total
lifetime is determined as the combination of individual
process lifetimes.

Important advancements have been made in our
understanding of halocarbon lifetimes since WMO (1999).
Those relate to improvements in understanding the life-
time of methyl chloroform and in choosing a globally
representative temperature that allows better estimates of
lifetimes of other gases destroyed by OH.

Recently reported analyses of methyl chloroform
lifetime based on observations from global sampling net-



works over multiyear periods (Montzka et al., 2000; Prinn
et al., 2000, 2001) suggest a slightly longer central value
than previous World Meteorological Organization (WMO)
and Intergovernmental Panel on Climate Change (IPCC)
reports (Kurylo and Rodriguez et al., 1999; Prather and
Ehhalt et al., 2001). Additionally, stratospheric in situ cor-
relation measurements (Volk et al., 1997) derive a some-
what shorter stratospheric lifetime than was adopted in
these Assessments. Because CH;CCl; acts as the refer-
ence compound for the relative determination of lifetime
with respect to tropospheric OH oxidation for the large
suite of hydrogenated halocarbons, changes in CH,CCl,
lifetime need to be carefully considered. Equation (1-3) is
employed to determine the value of 7,y for CH;CCl, (here
derived to be 6.1 years, see below), where 7,5, (= 5.0
years) is inferred from direct observations of CH,CCl,
and estimates of emissions; .1 (= 38-41 years) arises
from loss in the stratosphere and is inferred from observed
stratospheric correlations among CH,CCl;, CFC-11, and
the stratospheric age of the air mass observed; 7.,
(=94 years) is derived from a model of the oceanic loss
process; and Ty, processes 1S taken to be zero.

The total atmospheric lifetime value adopted here
of 5.0 years for methyl chloroform at steady state (i.e.,
unchanging distribution or balanced emission and loss)
lies between the mean lifetimes inferred from observa-
tions for non-steady-state periods of 5.2 (+0.2/-0.3) years
(Montzka et al., 2000) and 4.9 (+0.6/-0.5) years (Prinn et
al., 2001) and below the observationally derived upper
limit of 5.5 years (Montzka et al., 2000). Note that the
difference between these observational lifetimes is not
ascribed to simple uncertainties in calibration accuracy or
measurement precision. The Prinn et al. (2001) value per-
tains to the average global OH during 1978-2000, whereas
the Montzka et al. (2000) value refers specifically to 1998-
1999, a time period for which Prinn et al. (2001) suggest
that global OH fell below the long-term average, pro-
ducing a longer instantaneous lifetime.

The oceanic sink lifetime of methyl chloroform has
been reassessed recently based on a high-resolution model
of ocean processes and surface mixing, and a value of 94
years was calculated (Yvon-Lewis and Butler, 2002), sim-
ilar to the lifetime adopted in the previous Assessment
(WMO, 1999). Given the above-mentioned revisions, the
previously adopted process OH lifetime of 5.7 years would
require an unrealistically long stratospheric-loss lifetime
(much greater than 45 years), where recent reports indi-
cate even shorter values (<40 years). A longer lifetime of
6.1 years with respect to tropospheric hydroxyl radical
reaction is consistent with stratospheric-loss lifetimes of
38 to 41 years. This range of stratospheric-loss lifetime
lies between lower values inferred from tracer-tracer cor-
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relations (Volk et al., 1997; Schauffler et al., 2002) and
higher values calculated in multidimensional models
(WMO, 1999). The general effect of this updated recom-
mendation is to lengthen lifetimes of hydrogen-containing
halocarbons and methane by about 7% relative to the two
most recent Assessment reports, and to increase estimates
for their ODP and GWP values by a similar amount.
Spivakovsky et al. (2000) have computed a global
climatological distribution of tropospheric OH based on
observed distributions of the OH-controlling quantities.
Using this OH distribution and assuming a well-mixed
distribution for the OH reaction partner, they show that
selecting a temperature of 272 K to evaluate a tropospheric
average OH rate constant produces a good fit over a wide
range of activation energies in the Arrhenius rate constant
expression. As in IPCC (2001), this value is adopted here
in calculating lifetimes by reference to CH,CCl, in Table
1-3. WMO (1999) used an earlier 277 K estimate for this
value. The OH reaction rate constants used in generating
the Table 1-3 lifetimes are the new recommendations of
the NASA Panel for Data Evaluation (Sander et al., 2002).
The global lifetime for Halon-1211 (CBrCIF,) has
been reassessed. This gas is destroyed exclusively by pho-
tolysis in both the troposphere and stratosphere, which
makes it a somewhat special case among halogen source
gases. Past lifetime recommendations that depend on
cross section data and model calculations include 12-18
years (WMO, 1989), 18.5-20.1 years (WMO, 1991), 9.3-
28.2 years (Kaye et al., 1994), and 20 years (WMO, 1995).
The Halon-1211 lifetime has also been inferred from a
comparison between observed atmospheric burdens and
emission histories derived from halon production magni-
tudes. Uncertainty in both the atmospheric measurements
and available release histories (Fraser et al., 1999; an
update to UNEP, 1999) do not constrain these estimates
to better than 11-30 years (see Section 1.6). Finally, the
stratospheric component of the Halon-1211 lifetime has
been inferred from correlating stratospheric observations
of this halon to age of stratospheric air, nitrous oxide
(N,0), and CFC-11 (e.g., Volk et al., 1997). This strato-
spheric lifetime is difficult to combine appropriately with
modeled estimates of tropospheric loss, although the
available estimates suggest a global Halon-1211 lifetime
of about 14 years. Because of the uncertainties sur-
rounding observational-based lifetime estimates, the rec-
ommendation for the total steady-state lifetime of Halon-
1211 is updated here to 16 years based primarily on
reported model-calculated values known to include the
tail of the Halon-1211 absorption between 300 and 400
nm (Burkholder et al., 1991; Fraser et al., 1999). Clearly
additional laboratory, observational, and modeling studies
will be needed to reduce the uncertainties in this lifetime.
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Table 1-3. Halogenated trace gas lifetimes.

Industrial Designation Chemical Formula Lifetime (years) Notes
or Common Name

Halogen-substituted methanes

HFC-41 CH,F 2.4 1
HFC-32 CH,F, 4.9 1
HFC-23 CHF, 270 1

FC-14 (carbon tetrafluoride) CF, 50 000 2
Methyl chloride CH,(CI 1.3 1,3
Dichloromethane CH,Cl, 0.38 15, 16
Chloroform CHCl,4 0.41 15, 16
Carbon tetrachloride CCl, 26 5
HCFC-31 CH,CIF 1.3 4
HCFC-22 CHCIF, 12.0 1,6
HCFC-21 CHCLF 1.7 1,6
CFC-13 CCIF, 640 2
CFC-12 CCLF, 100 2,7
CFC-11 CCLF 45 2,7
Methyl bromide CH,Br 0.7 3
Dibromomethane CH,Br, 0.33 8, 15,16
Bromoform CHBr;, 0.07 8,15, 16
Bromodifluoromethane CHB1F, 5.8 4
Bromochloromethane CH,BrCl 0.37 8, 15,16
Bromodichloromethane CHB:Cl, 0.21 7,15, 1
Dibromochloromethane CHBr,Cl 0.19 7,15, 16
Halon-1301 CBrF, 65 2,7
Halon-1211 CBrCIF, 16 9
Halon-1202 CBr,F, 29 17
Methyl iodide CH,I 0.02 7,15, 16
Diiodomethane CH,I, Minutes 7,15, 16
Chloroiodomethane CH,CII Hours 7,15, 16
Trifluoroiodomethane CF,I <0.005 2,15
Halogen-substituted ethanes

HFC-161 CH,CH,F 0.21 2,15
HFC-152 CH,FCH,F 0.60 2,15
HFC-152a CH,CHF, 1.4 1,6
HFC-143 CH,FCHF, 3.5 1
HFC-143a CH,CF, 52 1
HFC-134 CHF,CHF, 9.6 1
HFC-134a CH,FCF, 14.0 1,6
HFC-125 CHF,CF, 29 1,6
FC-116 (perfluoroethane) CF,CF, 10 000 2
chloroethane CH,CH,C1 0.11 15

1,1 dichloroethane CH,CICH,Cl 0.19 10, 15
Methyl chloroform CH,CCl, 5.0
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Industrial Designation Chemical Formula Lifetime (years) Notes
or Common Name

HCFC-142b CH,CCIF, 17.9 1,6
HCFC-141b CH,CCLF 93 1,6
HCFC-123 CHCL,CF; 1.3 6,11
HCFC-124 CHCIFCF, 5.8 6,11
CFC-113 CCLFCCIF, 85 2
CFC-113a CCL,CF, NA NA
CFC-114 CCIF,CCIF, 300 2
CFC-115 CCIF,CF,4 1700 2
Halon-2402 CBrF,CBrF, 20 17
Halogen-substituted propanes

HFC-281ea CH,CHFCH, 0.06 15
HFC-2631b CH,CH,CF; 1.6 2
HFC-245ca CH,FCF,CHF, 6.2 1
HFC-245¢a CHF,CHFCHF, 4.0 2
HFC-245¢b CH,FCHFCF, 4.0 12
HFC-245fa CHF,CH,CF, 7.6 1
HFC-236¢b CH,FCF,CF; 13.6 1
HFC-236ea CHF,CHFCF, 10.7 1
HFC-236fa CF,CH,CF, 240 1
HFC-227ea CF,CHFCF, 342 1
FC-218 (perfluoropropane) CF,CF,CF, 2600 2
n-propyl chloride CH,CH,CH,CI 0.06 13, 15
HCFC-243cc CH,CF,CFCl, 26.4 4
HCFC-225ca CHCI,CF,CF, 1.9 11
HCFC-225¢cb CHCIFCF,CCIF, 5.8 11
n-propyl bromide CH,CH,CH,Br 0.04 15,16
n-propyl iodide CH,CH,CH,I 0.003 7, 15,16
isopropyl iodide CH,CHICH, 0.002 7,15
Halogen-substituted higher alkanes

HFC-365mfc CH,CF,CH,CF; 8.6 1
HFC-356mcf CH,FCH,CF,CF; 1.2 1
HFC-356mff CF,;CH,CH,CF, 8.1 1
HFC-338pcc CHF,CF,CF,CHF, 12.3 1
FC-318 (perfluorocyclobutane) c-C,Fq 3200 1
FC-31-10 (perfluorobutane) C/Fo 2600 2
HFC-43-10mee CF;CHFCHFCF,CF; 15.9 1
HFC-458mfcf CF,CH,CF,CH,CF, 23.2 1
FC-41-12 (perfluoropentane) CsF,, 4100 2
HFC-55-10meff CF,CF,CH,CH,CF,CF, 7.7 2
FC-51-14 (perfluorohexane) CeF s 3200 2
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Table 1-3, continued.

Industrial Designation Chemical Formula Lifetime (years) Notes
or Common Name
Fluorinated alcohols
CF,CH,OH 0.41 15
CF,CF,CH,OH 0.39 15
(CF;),CHOH 2.0 4
Fluorinated ethers
HFE-152a CH,O0CHF, 1.6 1
HFE-143a CH,OCF, 43 1
HFE-134 CHF,OCHF, 26 1
HFE-125 CHF,OCF, 136 1
HFE-227ea CF,OCHFCF, 11 2
HFCE-235da2 CHF,OCHCICF, 2.6 2
HFE-236ea2 CHF,OCHFCF, 5.8 2
HFE-236fa CF;0CH,CF; 3.7 2
HFE-245¢fal CHF,CH,OCF, 2.2 2
HFE-245fa2 CHF,0CH,CF; 4.9 1
HFE-245¢cb2 CH,0CF,CF, 5.1 4
HFE-254cb2 CH,OCF,CHF, 2.6 4
HFE-263fb2 CH,0CH,CF; 0.1 2
HFE-329mcc2 CF,CF,0CF,CHF, 6.8 2
HFE-338mcf2 CF,CF,0CH,CF, 43 2
HFE-347mcc3 CH,OCF,CF,CF, 5.2 4
HFE-347mcf2 CF,CF,0CH,CHF, 2.8 2
HFE-347pf3 CHF,O0CH,CF,CF, 59 4
HFE-347sy2 CF,CF(OCH,)CF, 3.7 4
HFE-356mec3 CH,OCF,CHFCF, 0.94 2
HFE-356mff2 CF;CH,0CH,CF, 0.4 15
HFE-356pcc3 CH,OCF,CF,CHF, 0.93 2
HFE-356pcf3 CHF,0CH,CF,CHF, 3.6 4
HFE-356pct2 CHF,CH,OCF,CHF, 2 2
HFE-365mcf3 CH,0CH,CF,CF,4 0.11 2,15
HFE-374pc2 ® CH,CH,OCF,CHF, 5 2
CF,CH(OCF,)CHF, 3.1 2
(CF5),CFOCH; 34 2
HFE-7100 C,F,OCH, 5 2
HFE-7200 C,F,0C,H; 0.77 2
H-Galden 1040x ° CHF,OCF,OCF,CF,0CHF, 6.3 2
HFE-236cal2 CHF,OCF,OCHF, 12.1 2
HFE-338pccl3 CHF,OCF,CF,0CHF, 6.2 2
Other fluorinated species
Trifluoromethylsulfurpentafluoride SF,CF, 800 18
Sulfur hexafluoride SF, 3200 2
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Table 1-3, continued.

Footnotes

For completeness, estimates for local lifetimes for some very short-lived (T < 0.5 years) species are included. As discussed in Chapter 2, the atmos-

pheric lifetimes for these species (defined as the ratio of burden to emission; see Prather and Ehhalt et al., 2001) depend on the location and time of
emission. Thus, these local lifetimes should not be used in estimation of semiempirical ODP, GWP, or EESC calculations for these gases.

Notes:

1.

Global lifetime estimated from a process lifetime with respect to tropospheric OH calculated relative to 6.1 years for CH;CCl;, assuming an
average temperature of 272 K (Spivakovsky et al., 2000; Prather and Ehhalt et al., 2001); OH rate constants from Sander et al. (2002); and strato-
spheric loss lifetimes inferred from IPCC (2001).

2. Prather and Ehhalt et al. (2001) and Ramaswamy et al. (2001).
3. See Section 1.5 for further discussion related to methyl halide global lifetimes.
4. Lifetime calculated as in Note 1 except that no estimate of a stratospheric loss lifetime was available to include in the lifetime estimate listed.
Hence this is an upper bound to the global lifetime estimate.
5. IPCC (2001) and including an oceanic loss term with 94-year lifetime observed in saturation data and ascribed to an unidentified process (Yvon-
Lewis and Butler, 2002).
6. Including oceanic loss term from Yvon-Lewis and Butler (2002). The contribution of oceanic loss to the lifetime of HCFC-21, HCFC-22, HCFC-
123, HCFC-124, HCFC-141b, HFC-125, and HFC-152a is small; for HFC-134a and HCFC-142b it is negligibly small at the reported precision.
7. WMO (1999).
8. Lifetimes listed include local tropospheric photolysis lifetimes from Table 2-9 in Kurylo and Rodriguez et al. (1999). Consideration of only tropo-
spheric OH loss results in local lifetimes of 0.34 years for CH,Br,, 0.21 years for CHBr;, and 0.37 years for CH,BrCl.
9. See Section 1.4 text for discussion.
10. OH rate constant from Qui et al. (1992).
11. Lifetime calculated as in Note 1, but with stratospheric loss from Naik et al. (2000).
12. Lifetime calculated as in Note 1, but with OH rate constant and stratospheric loss from Naik et al. (2000).
13. Markert and Nielsen (1992).
14.  OH rate constant from DeMore and Bayes (1999).
15. The values estimated correspond to local lifetimes in the free troposphere. For species that react with OH, the process lifetime due to OH reaction
is calculated using the rate constant at 275 K (for lifetimes greater than 10 days) or 300 K (for lifetimes less than 10 days) and OH concentration of
1 x 10° molec cm™. These should not be used in estimating ODP, GWP, or EESC because the atmospheric burden for these short-lived gases (t <
0.5 years) depends on the location and time of emissions.
16. See Chapter 2.
17.  From the 2-D model calculation in Fraser et al. (1999).
18. Takahashi et al. (2002).
a Referred to as HFE-374pcf2 in past Assessments.
b Also known as HFE-43-10pccc124.
Previous lifetime estimates of carbon tetrachloride inversely related to the lifetime at steady state. Once a
were derived from observations and modeling of pho- halogen source gas is in the stratosphere, release of a
tolytic loss rates in the stratosphere (Volk et al., 1997; halogen atom from the source gas through photolysis or
Prinn and Zander et al., 1999). Reports of widespread chemical reaction is a function of stratospheric local life-
observations of undersaturation of carbon tetrachloride in time or loss frequency and differs greatly from compound
the ocean (Huhn et al., 2001; Wallace et al., 1994) sug- to compound. More complete release of the halogen atom
gest an additional, significant loss for this gas (Yvon- catalyst in the stratosphere produces a greater extent of
Lewis and Butler, 2002). When combined with the other local photochemical loss of ozone, for a given source gas
loss processes, a revised global lifetime of 26 (17-36) or in comparing source gases, all else being equal.
years is now calculated for this gas (Yvon-Lewis and A point measurement of a given halogen source
Butler, 2002). molecule in the stratosphere can be recast as a fractional

release (FR), defined as

1.4.3 Fractional Release Factors

In considering the effect of halogen source gases o —-p
. - . entry ' point
on ozone, it is first necessary to determine the composi- FR=—"=F"" (1-5)
tion of tropospheric air entering the stratosphere, mostly pentry
through the tropical tropopause. For compounds with life-
times measured in years, the amount of halogen entering where p is the source compound mixing ratio or mole frac-

the stratosphere for a specific level of emission is
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tion. Observations of halogen source compounds at high
spatial resolution in the stratosphere, chiefly by in situ
techniques, show a compact relationship when plotted as
a scatter correlation of fractional release of compound x
to that of compound y. Identifying compound y as CFC-
11 produces the fractional release factor that is used in the
semiempirical determination of ODPs. It is essentially a
measure of the local release or availability of the inor-
ganic halogen compounds that actually produce the ozone
depletion, relative point by point to CFC-11. These rela-
tive fractional release factors are used in the calculation
of ODP, EECI, and EESC.

Although the correlations are compact, they are
typically not simply linear, because local loss frequencies
differ from compound to compound. Conceptually, the
fractional release factor could be globally integrated,
weighted by the local ozone loss. In practice, Schauffler
et al. (1999) suggest the use of a restricted range of the
correlation representing mid-high latitudes, where the
greatest loss of ozone occurs. Schauffler et al. (2002)
report fractional release factors for three ranges of strato-
spheric age of air, G, determined from N,O abundance
observed during the Stratospheric Aerosol and Gas
Experiment (SAGE) III Ozone Loss and Validation
Experiment (SOLVE), Stratospheric Tracers of
Atmospheric Transport (STRAT), and Photochemistry of
Ozone Loss in the Arctic Region in Summer (POLARIS)
aircraft campaigns. High values of N,O, near those in the
troposphere, are associated with air that has recently
entered the stratosphere, whereas low N,O values are
indicative of air that has cycled through the stratosphere
by the mean circulation. The mean halocarbon fractional
release values associated with ages of 2.0-4.5 years are
appropriate for the midlatitude middle stratosphere.
Earlier studies (Daniel et al., 1995) suggest a reference
CFC-11 fractional release value of 0.8 for air that had
passed through the mean circulation. Schauffler et al.
(2002) relate this to older stratospheric air (G = 4.5 years).
For 3.5-yr-old air, they indicate a CFC-11 fractional
release of 0.55. Relative fractional release values derived
from stratospheric observations of air of intermediate ages
are given in Table 1-4. Because these are relative quanti-
ties, they are sensitive to nonlinearities in the slopes of
correlation plots of release against age of air, but less sen-
sitive to the absolute CFC-11 reference value.

Models and a semiempirical framework have been
used to estimate fractional release factors for unmeasured
or currently nonexistent atmospheric source gases
(Solomon et al., 1992). Models predict ozone loss explic-
itly, however, so it is generally more straightforward to
integrate the modeled ozone loss and calculated ODP
directly as opposed to using a modeled release factor in
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the semiempirical approach. The fractional release values
for HCFC-141b and -142b used here and in past
Assessments (Table 1-4) are based upon a semiempirical
analysis of measured stratospheric profiles for methane
and other gases (Solomon et al., 1992). A recent analysis
of HCFC observations in the stratosphere, however, sug-
gests the possibility for much smaller (by factors of 3 to
5) fractional release values and ODPs for HCFC-141b and
-142b (Schauftler et al., 2002; Tables 1-4 and 1-5). Such
low estimates are difficult to reconcile with the earlier
estimates, given that only comparatively small refine-
ments have been noted for reaction rate constants and
other relevant model parameters since the original calcu-
lations were performed. Without additional research,
changes to ODPs calculated for these HCFCs cannot be
recommended at this time.

1.4.4 Ozone Depletion Potential

The Ozone Depletion Potential (ODP) is an inte-
grative quantity, distinct for each halocarbon source
species, that represents the extent of ozone depletion in
the stratosphere expected from the halocarbon on a mass-
for-mass basis relative to CFC-11. The formal definition
of ODP is the ratio of integrated perturbations to total
ozone, for a differential mass emission of a particular
compound relative to an equal emission of CFC-11. An
extensive discussion of the details of the ODP calculation
is given in WMO (1995).

Solomon and coworkers (Solomon et al., 1992;
WMO, 1995) introduced a semiempirical ODP formula-
tion that takes advantage of the relative nature of the ODP
definition to remove the requirement for explicit repre-
sentations of ozone-controlling photochemistry in the
context of chemistry-transport models. The quantities
required are physical properties of the halocarbons, their
lifetimes, a factor representing the distribution of inor-
ganic halogen release in the stratosphere obtained from
observation, and, in the case of bromine and iodine, an
analysis of the catalytic efficiency of ozone destruction
relative to chlorine, derived from knowledge of the kinetic
parameters of the partitioning of the halogen radical
families. For long-lived gases that are well mixed in the
troposphere, the semiempirical ODP definition is

OPD(x) =

. M, n
(fractional release factor)- o CEll .

TX

(1-6)

TCFC-II Mx 3

where the fractional release factors are discussed in Section
1.4.3 above, « is the relative effectiveness of any halogen
compared with chlorine for ozone destruction (taken to be
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Table 1-4. Fractional release factors relative to CFC-11 (CCI,F).

Compound Relative Fractional Release Factor * Schauffler et al. (2002) ° Notes
CFC-11 1 By definition
CFC-12 0.60 0.57 £0.05 1
CFC-113 0.75 0.65+£0.05 1
CFC-114 0.28 £0.02

CFC-114a 0.63 £0.10

CCl, 1.06 1.14 £ 0.06 1
HCFC-22 0.35 0.29 £0.02 1
CH,CCl, 1.08 1.29 £0.16 1
HCFC-123 1.11 1
HCFC-124 0.52 1
HCFC-141b 0.72 0.23 £0.11 1
HCFC-142b 0.36 0.08 £0.04 1
HCFC-225ca 1.1 2
HCFC-225¢b 0.5 2
CH,Cl 0.80 0.85+£0.03 2,3
CH,Br 1.12 4
Halon-1301 0.62 4
Halon-2402 1.22 4
Halon-1211 1.18 1.24 £0.07 4

Notes for Relative Fractional Release Factors in column 2:
1. Daniel et al. (1995).

. WMO (1999).

. Solomon et al. (1992).

. Schauffler et al. (1999).

S S I )

These fractional release estimates are used after multiplication by 0.8 (to account for absolute fractional release of CFC-11) in the calculation of

EESC (Table 1-17; Section 1.8). See Notes above for references.
Estimated for stratospheric air having a mean age of 2-4.5 years.

45 here for bromine; Daniel et al., 1999), 7, is the global
lifetime of the long-lived, well-mixed gas, M is the molec-
ular weight, and n, is the number of halogen atoms.
Daniel et al. (1999) have discussed, specifically for
bromine, the definitions and determination of the effec-
tiveness parameter, ¢, of a halogen radical family in cat-
alyzing ozone destruction, relative to the chlorine radical
family. Their suggested definition of ¢, to be most useful
in the ODP definition given in Equation (1-6) above, is
cast in terms of the column response of ozone perturbation
to inorganic halogen change. Although appearing as a
single, fixed, global quantity, it is actually an integrated
result with sensitivity to both kinetic parameters for chlo-
rine species and the other halogen of interest, and to atmos-
pheric transport behavior. For this reason, there is no
simple way to adjust o quantitatively to reflect new deter-
minations, for example, of individual rate coefficients.
Because a single global value is required by the
ODP definition, o represents the global correlation of
local photochemical behaviors, for the catalyst of interest
(e.g., bromine) and chlorine, with the distribution of ozone
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loss. Relative effectiveness for localized regions may
differ substantially. For example, Chipperfield and Pyle
(1998) model a value of 60 for bromine in the Arctic
vortex. The value of 45 used here represents a midlati-
tude result, which is intended to be more representative of
the global mean relative to ozone depletion. An impor-
tant point made by Danlin et al. (1996) and Chipperfield
and Pyle (1998) is that the relative effectiveness, o, can
be sensitive to the atmospheric state. Bromine is more
effective relative to chlorine in the Arctic vortex for higher
inorganic chlorine levels in the range of 2-4 ppb.
Semiempirical ODP values calculated for the current
atmosphere will be different from values calculated for a
future atmosphere containing less chlorine and altered
distributions of ozone loss.

Daniel et al. (1999) based their result on DeMore
et al. (1997), which did not make a recommendation for
products of the OH + chlorine monoxide (ClO) reaction,
but discussed studies showing the predominant product
channel is hydroperoxyl radical (HO,) + CI. Sander et al.
(2000) do recommend a value for the product channel
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Table 1-5. Updated Ozone Depletion Potentials for long-lived halocarbons.

Halocarbon Updated Updated Semiempirical WMO (1999) WMO (1999) Montreal

Model- Semiempirical * Schauffler et al. Model Semiempirical Protocol
Derived * (2002) €

CFC-11 1

CFC-12 1.0 0.96 0.82 0.9 1.0

CFC-113 1.0 0.90 0.90 0.9 0.8

CFC-114 0.94 1.00 0.85 1.0

CFC-115 0.44 0.40 0.6

Halon-1301 12 12 13 10.0

Halon-1211 6.0 6.0 5.1 5 3.0

Halon-2402 <8.6 6.0

Halon-1202 1.3¢

CCl, 0.73 0.78 1.20 1.1

CH,CCl, 0.12 0.15 0.11 0.12 0.1

HCFC-22 0.05 0.041 0.034 0.05 0.055

HCFC-123 0.02 0.012 0.02 0.02

HCFC-124 0.02 0.026 0.022

HCFC-141b 0.12 0.037 0.086 0.1 0.11

HCFC-142b 0.07 0.014 0.043 0.066 0.065

HCFC-225ca 0.02 0.017 0.025 0.025

HCFC-225¢cb 0.03 0.017 0.03 0.033

CH,CI 0.02

CH,Br 0.38 0.37 0.37°¢ 0.6

Upper limits for selected hydrofluorocarbons

HFC-134a <15x107°

HFC-23 <4x10*

HFC-125 <3x107

% Calculated from ODPs reported in Table 11-1 of WMO (1999) with lifetimes from Table 1-3 in this chapter.

® Calculated with updated lifetimes (Table 1-3) and fractional release factors (column 2, Table 1-4) except in the case of Halon-1202.

¢ Calculated with updated lifetimes (Table 1-3) and fractional release factors from Schauffler et al. (2002) (column 3, Table 1-4).

4 Derived from the semiempirical estimate in WMO (1991) by considering updated lifetimes for Halon-1202 and CFC-11 (Table 1-3) and an alpha of 45.

Value was erroneously reported in Table 11-1 of WMO (1999) as 0.57.

forming HCI, based on Lipson et al. (1999). Including
this product channel can substantially diminish the mod-
eled ClO abundance in the mid-stratosphere, by as much
as a factor of 2. In reducing the fraction of inorganic chlo-
rine present in the active C1O form, the new recommen-
dation has the effect of moderating the chlorine-induced
ozone change in that region, and consequently increasing
the modeled efficiency of bromine relative to chlorine.
Quantifying the change would require a comprehensive
reanalysis, but because the region most affected con-
tributes a relatively small portion of the column ozone
change, the overall value for o should not change greatly,
and the estimate of 45 from Daniel et al. (1999) remains
the best available at the present time.

To separate their study of the effectiveness param-
eter, «, from the effects of halogen fractional release dis-
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tributions for any source gas, Daniel et al. (1999) assumed
a hypothetical bromine source species characterized by
the CFC-11 fractional release pattern. They point out that
sources with significantly shorter atmospheric lifetimes
than CFC-11 would also be characterized by greater frac-
tional release lower in the stratosphere, which would pro-
duce a larger effectiveness parameter value. The effect
for iodine source species would be even more pronounced
than for bromine sources. This interaction between the
fractional release parameter and the effectiveness param-
eter introduces uncertainty into the ODP estimates and
should be analyzed further for new source species of
interest and in the light of projected changes in future strat-
ospheric chlorine loading.

Table 1-5 includes both model and semiempirical
ODP values. Semiempirical values are calculated using



updated lifetimes and two separate estimates of fractional
release factors (listed in Table 1-4). The values for CFC-
12 and CFC-113 are updated from the semiempirical
ODPs in Table 11-1 of WMO (1999), which were based
on the reference lifetimes of WMO (1995), not WMO
(1999). The value of 0.38 for CH,Br is based on a total
lifetime of 0.7 years and is essentially unchanged from
the semiempirical value given in Table 2-6 of the previous
Assessment (Kurylo and Rodriguez et al., 1999) and the
model-derived value reported in Table 11-1 of that
Assessment (Madronich and Velders et al., 1999). (Note
that the semiempirical value given in Table 11-1 of WMO
(1999) was incorrectly recorded.) ODPs derived for
HCFC-141b and -142b from the new observation-based
fractional release factors are much lower than those
derived from earlier model calculations (Schauffler et al.,
2002; Solomon et al., 1992). Further work will be required
to resolve these discrepancies.

1.4.5 Global Warming Potential

Global Warming Potentials (GWPs) are used to
estimate the integrated climate forcing of various green-
house gases compared with a reference gas, usually
chosen to be carbon dioxide (CO,). They provide a simple
way to gauge how decisions affecting greenhouse gas
emissions (e.g., in the Kyoto Protocol) may influence our
future climate in a relative sense (see, ¢.g., Ramaswamy
et al., 2001, and references therein). Furthermore they
allow the effects of these potential actions to be roughly
assessed in terms of a “carbon dioxide equivalent” emis-
sion. Radiative effects of CFC alternatives are also
assessed with the use of GWPs.

Because of the recent publication of Climate
Change 2001 : The Scientific Basis (IPCC, 2001), we only
report updates to that work here. We refer the reader to
Chapter 6 of IPCC (2001) for a thorough discussion of
radiative forcing and GWPs.

The GWP of a particular compound is defined as
the ratio of the time-integrated radiative forcing from the
instantaneous emission of 1 kg of some gas relative to
that of 1 kg of a reference gas. Mathematically, the GWP
is given by

TJU a, ~[x(t)]dt
GWP,(TH) = L
j a, - [r(n)]dr

0

(1-7)

where a, is the radiative forcing of a unit mass of species
x added to the current atmospheric composition, x(¢) is the
atmospheric decay function of the pulse of species x, a,
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and r(¢) are the corresponding quantities for the reference
gas, and TH is the time horizon over which the calcula-
tion is performed. The response function used in this
chapter is the same as in Granier and Shine et al. (1999)
and IPCC (2001). The formula for calculating r(f) where
CO, is the reference gas is also the same as in Granier and
Shine et al. (1999) and Ramaswamy et al. (2001). We
have adopted a present-day mixing ratio of atmospheric
CO, of 370 ppm (umol mol™'; see Section 1.7.1), higher
than that of both Granier and Shine et al. (1999) and
Ramaswamy et al. (2001) (364 ppm), reflecting the con-
tinued increasing atmospheric abundance of this
radiatively important gas. This increased CO, abundance,
relative to Ramaswamy et al. (2001), leads to a decrease
in the radiative forcing of a small addition of atmospheric
CO,, and a corresponding increase in all GWPs, of about
1.3%.

1.4.5.1 RADIATIVE FORCING UPDATES

Since Granier and Shine et al. (1999), three com-
prehensive modeling studies have been published that
estimate the radiative forcing efficiency of many radia-
tively important gases. Two of these, Highwood and
Shine (2000) and Jain et al. (2000), were considered in
Ramaswamy et al. (2001), and the third, Sihra et al.
(2001), was not published until after Ramaswamy et al.
(2001). For the majority of gases appearing in Tables 1-6
and 1-7, the radiative forcing efficiencies calculated by
Sihra et al. differ from the adopted Ramaswamy et al.
(2001) values by less than 20%; for all but one of these
gases, we retain the forcing efficiencies adopted for
Ramaswamy et al. (2001). HCFC-21 is changed because
of an error in its tabulated value in Granier and Shine et
al. (1999) and Ramaswamy et al. (2001) (see notes to
Table 1-6). Radiative efficiencies for six gases differed
by more than 20% between the Sihra et al. (2001) work
and Ramaswamy et al. (2001). Revisions to radiative
forcing efficiencies for two of these gases (HCFC-123
and HCFC-225ca) are recommended and are discussed in
the notes to Table 1-6. For the other four we retain the
Ramaswamy et al. (2001) recommendation either because
there was no other corroborative calculation to go along
with the Sihra et al. (2001) result (i.e., for HFE-143a and
H-Galden 1040x) or because the Sihra et al. values dif-
fered from those calculated in Jain et al. (2000) by more
than 20% (i.e., for CH;Br and CF,). The significant dif-
ferences between Sihra et al. (2001) and Jain et al. (2000)
for these and some other gases (e.g., HCFC-225¢cb, HFC-
134a, HFC-227ea, HFC-23, and HFC-32) suggest that fur-
ther study and understanding is required before adopting
new forcing efficiency values for these compounds.



SOURCE GASES

Table 1-6. Direct Global Warming Potentials (mass basis) for gases that have adequately characterized
lifetimes.

Industrial Designation Chemical Radiative Lifetime Global Warming Potential for
or Common Name Formula Efficiency (years) Given Time Horizon
(W m™ ppb™) 20 100 500
years years years
Carbon dioxide co, 1.53x107°® b 1 1 1
Methane CH, 3.7x 10" 12.0° 63 ¢ 234 74
Nitrous oxide N,O 3.1x10° 114 ¢ 278 300 158
Chlorofluorocarbons
CFC-11 CCLF 0.25 45 6330 4680 1630
CFC-12 CCLF, 0.32 100 10340 10720 5230
CFC-13 CCIF, 0.25 640 10160 14190 16520
CFC-113 CCLFCCIF, 0.30 85 6150 6030 2700
CFC-114 CCIF,CCIF, 0.31 300 7560 9880 8780
CFC-115 CCIF,CF, 0.18 1700 4990 7250 10040
Hydrochlorofluorocarbons
HCFC-21 CHCLF 0.14° 1.7 498 148 46
HCFC-22 CHCIF, 0.20 12.0 4850 1780 552
HCFC-123 CHCL,CF, 0.14° 1.3 257 76 24
HCFC-124 CHCIFCEF, 0.22 5.8 1950 599 186
HCFC-141b CH,CCLF 0.14 9.3 2120 713 222
HCFC-142b CH,CCIF, 0.20 17.9 5170 2270 709
HCFC-225ca CHCIL,CF,CF; 0.20 ¢ 1.9 404 120 37
HCFC-225¢cb CHCIFCF,CCIF, 0.32 5.8 1910 586 182
Hydrofluorocarbons
HFC-23 CHF, 0.16 270 9500 12240 10350
HFC-32 CH,F, 0.09 4.9 1800 543 169
HFC-41 CH,F 0.02 2.4 304 90 28
HFC-125 CHF,CF, 0.23 29 5970 3450 1110
HFC-134 CHF,CHF, 0.18 9.6 3200 1090 337
HFC-134a CH,FCF, 0.15 14.0 3370 1320 410
HFC-143 CH,FCHF, 0.13 3.5 1160 347 108
HFC-143a CH,CF; 0.13 52 5540 4400 1600
HFC-152 CH,FCH,F 0.09 0.60 176 52 16
HFC-152a CH,CHF, 0.09 1.4 411 122 38
HFC-227ea CF,CHFCF, 0.30 342 5760 3660 1200
HFC-236¢b CH,FCF,CF, 0.23 13.6 3420 1320 409
HFC-236ea CHF,CHFCF, 0.30 10.7 3850 1350 420
HFC-236fa CF,CH,CF, 0.28 240 7620 9650 7700
HFC-245ca CH,FCF,CHF, 0.23 6.2 2200 682 212
HFC-245fa CHF,CH,CF; 0.28 7.6 3180 1020 316
HFC-365mfc CH,CF,CH,CF, 0.21 8.6 2370 782 243
HFC-43-10mee CF,CHFCHFCF,CF; 0.40 15.9 3890 1610 502
Chlorocarbons
Methyl chloroform CH,CCl, 0.06 5.0 476 144 45
Carbon tetrachloride CCl, 0.13 26 2540 1380 437
Methyl chloride CH,Cl 0.01 1.3 56 17 5
Bromocarbons
Methyl bromide CH,Br 0.01 0.7 16 5 1
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Table 1-6, continued.

Industrial Designation Chemical Radiative Lifetime Global Warming Potential for
or Common Name Formula Efficiency (years) Given Time Horizon
(W m™ ppb™) 20 100 500
years years years

Bromodifluoromethane CHBrF, 0.14 5.8 1290 397 123
Halon-1211 CBrCIF, 0.30 16 4460 1860 578
Halon-1301 CBrF, 0.32 65 7970 7030 2780
Halon-2402 CBrF,CBrF, 033" 20 3460 1620 505
Fully fluorinated species
Sulfur hexafluoride SF, 0.52 3200 15290 22450 32780
Trifluoromethylsulfurpentafluoride SF;CF, 0.57 800 12370 17500 21500
FC-14 CF, 0.08 50000 3920 5820 9000
FC-116 C,F, 0.26 10000 8110 12010 18280
FC-218 C,Fy 0.26 2600 5940 8690 12520
FC-31-10 C,Fy 0.33 2600 5950 8710 12550
FC-318 c-C,Fy 0.32 3200 6870 10090 14740
FC-41-12 CsFp, 0.41 4100 6120 9010 13330
FC-51-14 CFiu 0.49 3200 6230 9140 13350
Halogenated alcohols and ethers

(CF;),CFOCH, 0.31 34 1130 338 105

(CF;),CHOH 0.28 2.0 718 214 66
HFE-125 CHF,0CF, 0.44 136 12970 14670 8530
HFE-134 CHF,0CHF, 0.45 26 11470 6220 1970
HFE-143a CH,0CF, 0.27 43 2480 744 231
HFCE-235da2 CHF,O0CHCICF, 0.38 2.6 1150 343 107
HFE-245cb2 CH,OCF,CF, 0.32 5.1 2300 697 216
HFE-245fa2 CHF,OCH,CF, 0.31 4.9 2150 649 201
HFE-254cb2 CH,0OCF,CHF, 0.28 2.6 1190 353 110
HFE-347mcc3 CH,0CF,CF,CF, 0.34 52 1860 566 176
HFE-356pcf3 CHF,0CH,CF,CHF, 0.39 3.6 1660 494 153
HFE-374pc2 CH,CH,OCF,CHF, 0.25 5 1810 548 170
HFE-7100 C,F,OCH, 0.31 5 1310 397 123
HFE-7200 C,F,0C,H; 0.30 0.77 189 56 17
H-Galden 1040x CHF,OCF,0C,F,OCHF, 1.37 6.3 5940 1840 572
HFE-236cal2 CHF,0OCF,0OCHF, 0.66 12.1 7560 2780 864
HFE-338pcc13 CHF,OCF,CF,O0CHF, 0.87 6.2 4770 1480 459

Lifetimes are from Table 1-3. GWPs for some gases that were tabulated in IPCC (2001) are not reported here because they have lifetimes less than 0.5
years (see notes to Table 1-3).

Assumes a global surface mean mixing ratio of 370 ppm.

CO, atmospheric response function is as described in WMO (1999) and Ramaswamy et al. (2001).

These lifetimes are adjustment times including feedbacks of emissions on lifetimes (see Ramaswamy et al., 2001).

The GWPs listed for methane include indirect effects of tropospheric ozone production and stratospheric water vapor production (Solomon and
Wauebbles et al., 1995; Ramaswamy et al., 2001).

The Sihra et al., (2001) radiative efficiency for HCFC-21 of 0.14 W m™2 ppb ™" is adopted rather than the 0.17 W m ™2 ppb ' value in WMO (1999)
and Ramaswamy et al. (2001). The value of 0.17 was incorrectly tabulated in WMO (1999) (see Sihra et al. (2001) for discussion of error).

The radiative efficiency from Sihra et al. (2001) and Jain et al. (2000) was adopted here because these studies were in good agreement and because
the estimate adopted by Ramaswamy et al. (2001) originated from Fisher et al. (1990), in which a lower resolution calculation was performed.

The radiative efficiency from Sihra et al. (2001) and Jain et al. (2000) was adopted here because these studies were in good agreement and because
the estimate adopted by Ramaswamy et al. (2001) was based upon an unpublished calculation made for WMO (1995).

Radiative efficiency from Sihra et al. (2001).

Referred to as HFE-374pcf2 in past Assessments; however, the current name unambiguously defines the compound.

1" Also known as HFE-43-10pccc124.

a o o ®
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Table 1-7. Direct Global Warming Potentials (mass basis) relative to carbon dioxide for gases whose
lifetimes are determined only by indirect means rather than by laboratory measurements, or for which
uncertainty exists in our understanding of the important loss processes.

Industrial Chemical Radiative  Lifetime Global Warming Potential for
Designation or Formula Efficiency  (years) Given Time Horizon
Common Name (W m2 ppb™) 20 100 500
years years years
Nitrogen trifluoride NF, 0.13 740 7780 10970 13240
Perfluorocyclopropane c-C,F, 0.42 >1000 >11950 >17070 >21920
HFE-227ea CF,CHFOCEF, 0.40 11.0 4270 1520 471
HFE-236ea2 CHF,OCHFCF, 0.44 5.8 3170 973 302
HFE-236fa CF,CH,OCF, 0.34 3.7 1610 480 149
HFE-245fal CHF,CH,0CF, 0.30 2.2 948 282 88
HFE-329mcc2 CF,CF,0CF,CHF, 0.49 6.8 2880 904 281
HFE-338mcf2 CF,CF,0CH,CF, 0.43 43 1810 543 169
HFE-347mcf2 CF,CF,0CH,CHF, 0.41 2.8 1240 368 114
HFE-356mec3 CH,OCF,CHFCF; 0.30 0.94 334 99 31
HFE-356pcc3 CH,OCF,CF,CHF, 0.33 0.93 363 108 34
HFE-356pcf2 CHF,CH,OCF,CHF, 0.37 2.0 876 260 81
(CF;),CHOCHF, 0.41 3.1 1250 373 116
-(CF,),CH(OH)- 0.30 0.85 239 71 22

All lifetimes were taken from Ramaswamy et al. (2001). The GWPs differ from those in Ramaswamy et al. (2001) because an additional significant
figure was retained and because an updated CO, mixing ratio was assumed (370 ppm).

1.4.5.2 DIrRecT GLoBAL WARMING POTENTIALS

The “direct” portion of a compound’s GWP repre-
sents the part that is due to the infrared absorptive and
emissive properties that lead to a reduction in the net radi-
ation exiting the troposphere. Here we have divided our
compilation of direct GWPs into two tables. Table 1-6
includes compounds whose lifetimes are relatively well
established, whereas Table 1-7 has compounds whose life-
times are more uncertain, either because of a dearth of
laboratory measurements or an incomplete understanding
of the loss processes. Compounds characterized by life-
times less than 0.5 years are not included in the tables
because of the difficulties involved in making meaningful
estimates of a global lifetime and a global radiative effect.
In comparing Tables 1-6 and 1-7 with past direct GWP
tables (e.g., Granier and Shine et al., 1999; Ramaswamy
et al., 2001), note that there is now an additional signifi-
cant figure tabulated for all GWP values greater than 10.
This does not imply that there is any improvement in
the accuracy of the GWP values, which is believed to be
+35%. The additional significant figure is included to
facilitate tracking GWP changes in the future by reducing
the impact of rounding.
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1.4.5.3 NET GLoBAL WARMING POTENTIALS

As discussed in past Assessments, the impacts of
many chlorocarbons and bromocarbons on climate are
complicated by their destruction of stratospheric ozone.
The destruction of ozone offsets part, and in some cases
all, of the direct forcing for the period in the future when
ozone destruction occurs. Table 1-8 includes estimates of
these net GWPs for selected halocarbons. These values
are updated from Daniel et al. (1995) for revised halo-
carbon lifetimes (Table 1-3), assumption of the relative
effectiveness for ozone destruction of bromine compared
with chlorine (assumed to be 45 here), future ozone loss
scenario (using EESC from scenario Ab; see Section 1.8),
and time of emission (assumed in year 2002 here).

The net GWP values here differ from those in
Ramaswamy et al. (2001) primarily because of the dif-
ferent assumed time of emission of the radiatively active
compound in conjunction with the time dependence of
polar and global ozone depletion.

1.4.6 Hydroxyl Radical Changes with Time

Reaction with tropospheric hydroxyl radical (OH)
is the chief sink for many of the halocarbons in the com-
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Table 1-8. Net Global Warming Potentials of selected halocarbons (on an equal mass basis).

Time Horizon = 2022

Time Horizon = 2102

(20 years) (100 years)
Direct Net Direct Net
Species Min Max Min Max
CFC-11 6330 -938 4910 4680 -524 3660
CFC-12 10340 6660 9620 10720 7660 10120
CFC-113 6150 1770 5290 6030 2470 5330
HCFC-22 4850 4020 4690 1780 1420 1710
HCFC-123 257 —-147 177 76 —44 53
HCFC-124 1950 1490 1860 599 450 570
HCFC-141b 2120 -34 1700 713 —-109 552
HCFC-142b 5170 4260 4990 2270 1810 2180
CH,CCl, 476 —2080 -26 144 —659 -13
CcCl, 2540 -5460 972 1380 —3440 433
CH,Br 16 -7650 —1490 5 -2270 —444
Halon-1211 4460 —67410 -9630 1860 -33360 -5050
Halon-1301 7970 —77490 —8780 7030 —59280 -5970

Net Global Warming Potentials are calculated from updated lifetimes and radiative data reported in this chapter, and include the indirect cooling effects
that result from stratospheric ozone depletion as well as the direct radiative effects. The magnitude of the cooling is estimated using the future EESC
of scenario Ab, a value for alpha of 45, and an emission pulse in the year 2002. The min/max ranges of the net GWPs reflect the uncertainty in the
change in ozone radiative forcing from 1980 to 1990 of —0.153 to —0.03 W m™ (Ramaswamy et al., 2001).

pendium of ODPs and GWPs discussed in this chapter.
The halocarbon lifetimes, on which the ODPs and GWPs
depend, are determined by the morphology of the steady-
state halocarbon distributions, the kinetics of the OH reac-
tion, and the OH distribution. The time horizon for halo-
carbon effects summarized by ODPs and GWPs is decades
to centuries, and halocarbon lifetimes with respect to tro-
pospheric losses can be decades. It is noteworthy that
time invariance of the lifetimes is a typical assumption
made to simplify the explanation of these concepts, which
also effectively implies an unchanging OH distribution.
Karlsdottir and Isaksen (2000), however, present a multi-
dimensional model result for the period 1980-1996 that
produces an increase in mean global tropospheric OH
levels of 7% over the period, driven largely by increases
in low-latitude emissions of nitrogen oxides (NO,) and
carbon monoxide (CO).

The distribution of OH is controlled by local pho-
tochemistry comprising the interactions of ozone, water,
solar ultraviolet radiation, CO, methane (CH,), nitrogen
oxides, and higher hydrocarbons. Wang and Jacob (1998)
describe the relationship of OH abundance to a ratio of
nitrogen oxide and hydrocarbon concentrations and
ascribe the apparent constancy of OH over the historical
industrial period to the conservation of this ratio even as
emissions for both increased. The model and analysis of
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Wang and Jacob (1998) suggests a 9% decline in weighted
global OH from preindustrial time, but Prather and Ehhalt
et al. (2001) note that no consensus exists on the magni-
tude of this change.

The importance of the OH distribution and its
changes with time in the context of this chapter includes
the effect of interannual variability on the methyl chloro-
form (CH,CCl;) reference OH lifetime. On longer time
scales, changes in the OH distribution would change some
halocarbon lifetimes, ODPs, and GWPs, increasing or
decreasing their impacts relative to the current values.
Future increases in direct and indirect greenhouse gases
could produce these changes through direct participation
in OH-controlling chemistry, indirectly through strato-
spheric ozone changes that could increase solar ultravi-
olet in the troposphere, and potentially through climate
change effects on biogenic emissions, humidity, and
clouds. Prinn et al. (2001) analyzed a 22-year record of
global CH;CCl; measurements and emission estimates
and suggest that global OH over that period varied from
about 5% above to 10% below the period average. This
inferred variability in OH contributes to the uncertainty
of the reference CH;CCl, lifetime and other lifetimes
based on it. These results through 1993 are essentially
consistent with the conclusions of Krol et al. (1998, 2001),
who used the same measurement and emission record but
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an independent calculation technique to infer an increase
of 0.46% yr~' over the shorter period of 1978-1993. Prinn
et al. (2001) infer that OH values in the late 1990s are
below those in the late 1970s to early 1980s, in agreement
with the longer CH,;CCl, lifetime reported by Montzka et
al. (2000) for 1998-1999 relative to the Prinn et al. (2001)
value for the full-period average. Inferences regarding
methyl chloroform lifetimes or trends in OH are quite sen-
sitive to any errors in the absolute magnitude of estimated
emissions. These errors could be significant and enhanced
during the late 1990s because annual emissions were drop-
ping precipitously then. Independent estimates of methyl
chloroform emissions and their changes during the late
1990s would provide a useful independent assessment of
these implied trends in global OH.

IPCC (Prather and Ehhalt et al., 2001), using sce-
narios generated by the IPCC Special Report on Emissions
Scenarios (Nakiéenovié et al., 2000) and on the basis of a
comparison of results from 14 models, predicts that global
OH could vary from a 20% decrease to a 6% increase by
2100. The range of these predicted changes is not materi-
ally greater than that already calculated by Prinn et al.
(2001). On the other hand, a 9% decrease from preindus-
trial time to the present and a projected 20% decrease
present to future would, in combination, give a substan-
tial change from the preindustrial atmospheric state. The
sense of the change is indicated to be most likely in the
direction of longer halocarbon lifetimes with respect to
oxidation by OH and enhanced atmospheric effects.

1.4.7 Other Sinks

Atmospheric in situ halocarbon sinks include pho-
tolysis and homogeneous gas-phase reactions with OH,
Cl, and O('D). The dynamics of tropospheric mixing
exposes tropospheric air to contact with the surface and
allows for irreversible deposition as well. Organisms in
surface ocean waters can both consume and produce halo-
carbons. Chemical degradation of dissolved halocarbons
can also occur through hydrolysis. Physical dissolution
into ocean waters occurs, but does not represent a signifi-
cant sink for these halocarbons. These processes are
highly variable in the ocean, depending on physical
processes of the ocean mixed layer, temperature,
productivity, surface saturation, and other variables.
Determining a net global sink through observation is a
difficult task. Yvon-Lewis and Butler (2002) have con-
structed a high-resolution model of the ocean surface
layer, its interaction with the atmosphere, and physical,
chemical, and biological ocean processes. They exam-
ined ocean uptake for a range of halocarbons, from
knowledge of solubilities and chemical and biological
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degradation rates. Although they do not find the ocean
sink to be significant for HFCs and HCFCs compared with
in situ atmospheric sinks, the reported 94-year oceanic
loss lifetimes for CH,CCl, and, coincidentally, for CCl,
as well, must be included in determining the total life-
times of these compounds.

Particular consideration of these surface sinks is
pertinent for the halocarbons that serve as reference com-
pounds, e.g., CFC-11 and CH,CCl,, and for halocarbons
with negligible atmospheric sinks. Kutsuna et al. (2000)
have observed degradation of CH;CCl; on the surface of
aluminosilica clay mineral surfaces under laboratory con-
ditions. They conclude that both on suspended particles
under dust-storm conditions and on surface material in
deserts, local sink rates may grow large enough to come
within an order of magnitude of atmospheric sinks.
Estimates of sink magnitudes on a global basis are not yet
available, but would appear to be small.

1.5 METHYL BROMIDE AND
METHYL CHLORIDE

Methyl bromide and methyl chloride differ from
the other “long-lived” ozone-depleting gases because they
have significant natural and anthropogenic sources.
Recent research has focused on identifying and quanti-
fying the natural sources and sinks of these two com-
pounds. The calculated atmospheric budgets of both
gases are largely out of balance, with identified sinks out-
weighing identified sources.

1.56.1 Methyl Bromide (CH;Br)

Since the 1998 Scientific Assessment (WMO,
1999), many publications have appeared and have
addressed the atmospheric history of methyl bromide
(CH;Br), its concentration and distribution in the atmos-
phere (see Section 1.2.1.6 of this chapter), its oceanic and
terrestrial fluxes, and its mechanisms of production and
degradation in nature. These studies have allowed for
refinements in our understanding of atmospheric methyl
bromide, but many of the significant uncertainties in 1998
remain. Although new sources have been identified, they
do not balance current estimates of loss, which remain
essentially unchanged from the previous Assessment
(Table 1-9). Analyses of firn air provide for the first time
an inferred, 20" century trend for atmospheric methyl bro-
mide in the Southern Hemisphere. These results may pro-
vide additional constraints to our understanding of source
and sink magnitudes. Interlaboratory differences for
absolute calibration of atmospheric methyl bromide are
approximately 10%.
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Table 1-9. Summary of the estimated source and sink strengths of methyl bromide (CH;Br).

Source or Sink Type Source or Sink Best Estimate Source or Sink Full Range
(Gg yr™) (Gg yr™)
Sources
Ocean * 63 23 to 119
Fumigation—soils ° 26.5 16 to 48
Fumigation—durables ° 6.6 4.8 t0 8.4
Fumigation—perishables ° 5.7 5.4 t0 6.0
Fumigation—structures ° 2 2t02
Gasoline 5 0to 10
Biomass burning 20 10 to 40
Wetlands* 4.6 2.31t09.2
Salt marshes* 14 7 t0 29
Shrublands* 1 0.5t02
Rapeseed* 6.6 4.8 to 8.4
Rice fields* 1.5 0.5t0 2.5
Fungus* 1.7 0.5t05.2
Peatlands* 0.9 0.1to3.3
Subtotal (Sources) 159 77 to 293
Sinks
Ocean * =77 -37 to —133
OH and hv -80 —60 to —100
Soils © —47 —32 to —154
Plants (not quantified) (not quantified)
Subtotal (Sinks) —204 —129 to -387
Total (Sources + Sinks) * —45 220 to +71

See text for further explanation and references related to the values listed. Ranges listed for wetlands and shrublands were assumed here to be a factor
of 2. Loss due to hydroxyl has been revised, considering the updated analysis of methyl chloroform (see Section 1.4). Table is adapted and aug-
mented from Yvon-Lewis (2000).

* All asterisked items were estimated from measurements of net fluxes and may be influenced by sinks within them. Thus, they represent minimum
gross fluxes.

The oceanic source has been adjusted to accommodate the slightly smaller undersaturations reported since the 1998 Assessment (WMO, 1999; see
text). The source is calculated as source = net oceanic flux — sink, where net oceanic flux is —14 (~11 to —20) Gg yr™".

Fumigation estimates are taken directly from Kurylo and Rodriguez et al. (1999) and are based upon industrial production data for 1992.

¢ Revised uptake to soils is included here as discussed in Varner et al. (1999a), Crill (2000), and Yvon-Lewis (2000).

The possible range for sources plus sinks here is not a straightforward calculation of highest and lowest values, because the oceanic net flux must
hold to within the range of —11 to —20 Gg yr'. See p. 2.22 in Kurylo and Rodriguez et al. (1999) for a complete explanation. The total range given
in this table is a range of extremes, requiring all sinks to be at their highest values while all sources are at their lowest possible values and vice versa.
The likelihood of such occurrences is extremely low. Root mean square error on total sinks of 204 Gg yr~' is estimated from the indicated full
ranges as —157 to —327 Gg yr'; root mean square error of 45 Gg yr™' on the sum of sources and sinks is estimated at —171 to +14 Gg yr'.

1.5.1.1 ANTHROPOGENIC AND ANTHROPOGENICALLY in land-use patterns are not included here, nor are there
INFLUENCED SOURCES data available to quantify them.

Methyl bromide use as a fumigant in non-Article

The main anthropogenic sources of CH;Br include 5(1) countries (developed countries as defined by the
fumigation of soils for planting and of agricultural prod- Montreal Protocol) was scheduled to have begun
ucts for import and export, biomass burning inasmuch as decreasing after 1998. The Montreal Protocol specifies
it is influenced by humans, and automobile emissions that produetion of CH3Br in developed countries be
from burning of leaded gasoline (Table 1-9). Possible reduced from the 1991 levels by 25% in 1999 and by 50%
alterations of natural emissions associated with changes in 2001. Data reported to the UNEP Ozone Secretariat
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(UNEP, 2002) are consistent with such a reduction and
suggest further that global consumption in 1999 was ~11
Gg less than that in 1998.

Little has changed in our understanding of the
degree to which the combustion of leaded fuel contributes
to emissions of atmospheric CH;Br. Currently about 86%
of all gasoline sold in the world is unleaded, and this will
likely rise to 89% by 2005 (personal communication, M.P.
Walsh, international consultant, Arlington, Virginia, U.S.,
2001). Automobile emissions today remain a small part
of the global budget (5 +5 Gg yr™', or ~3% of the total
emissive flux estimated from sinks), although they were
substantially larger in the past (Thomas et al., 1997).
Similarly, little new information on the emission of methyl
bromide from biomass burning has emerged since 1998.
The studies of N.J. Blake et al. (1996) and Mano and
Andreae (1994) reported in the 1998 Assessment (WMO,
1999) remain our best estimates, supporting globally aver-
aged emissions of 20 (10-40) Gg yr .

1.5.1.2 SuRFACE INTERACTIONS: NATURAL SOURCES
AND SINKS

Ocean

New work continues to confirm that the ocean
remains the largest identified source and second largest
sink for atmospheric CH,Br. This has allowed for refine-
ments in our understanding of methyl bromide saturation,
and there is some suggestion that methyl bromide in tem-
perate waters is supersaturated in the spring and summer
and undersaturated in the fall and winter (King et al.,
2000), which is consistent with observations of seasonal
cycles in the North Sea by Baker et al. (1999). This could
explain some of the apparently anomalous supersatura-
tions in the open ocean observed in previous investiga-
tions (e.g., Lobert et al., 1996; Groszko and Moore, 1998),
although not all observed saturation anomalies fit such a
pattern (e.g., King et al., 2000; Northeastern Atlantic data
in Baker et al.,1999). Combining results from the various
expeditions, and using a bimodal relationship to tempera-
ture similar to that suggested by Groszko and Moore
(1998), King et al. (2000) determined that the overall
effect of including these seasonal differences on a global
scale lowered the estimated net flux slightly downward
from —21 (-32 to —3) to —14 (20 to —11) Gg yr'. These
findings do not affect the estimate of lifetime relative to
oceanic loss, but they do reduce the budget imbalance
slightly (lifetime relative to oceanic loss is calculated
directly from rates of hydrolysis and nucleophilic substi-
tution in seawater and rates of air-sea exchange).

Two isotopic studies of CH,Br consumption in the
open ocean have been published, supporting the carlier
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finding of significant biological removal of CH,Br in sea-
water (Tokarczyk and Saltzman, 2001; Tokarczyk et al.,
2001). The best estimate of the partial lifetime of atmos-
pheric CH;Br with respect to oceanic loss remains 1.9
(1.1-3.9) years (Yvon-Lewis and Butler, 1997), as reported
in the 1998 Assessment (WMO, 1999).

Soils

Soil fluxes of CH,Br are slightly better constrained
than in 1998. The soil sink reported in the 1998
Assessment (WMO, 1999) was large, —42 Gg yr', but
also included large uncertainties (214 to —10 Gg yr™).
This wide range stems from two studies reporting sub-
stantially different means. Shorter et al. (1995) had esti-
mated a global sink of 42 + 32 Gg yr !, whereas Serca et
al. (1998) arrived at —143 £ 70 Gg yr~!. The difference
between these two studies was in part due to the measure-
ments for cultivated soils, but was also a function of the
choice of procedure for extrapolating. The estimate for
losses to agricultural soils is much larger in the Serca et
al. (1998) study. Because of this, Serca et al. (1998) also
suggested a mean flux of —94 + 54 Gg yr~' by taking an
arithmetic mean of the results from the two studies for
agricultural soils. After making additional measurements
at 40 globally distributed sites, Varner et al. (1999a)
revised their estimate of agricultural losses upward, but
only by a small amount. Based upon these new data and
considerations of previously reported data, Crill (2000)
revised the range for loss of atmospheric methyl bromide
to soils, narrowing it to —154 to —32 Gg yr~'. Adjusting
the total soil loss for the new measurements of losses to
cultivated soils, Yvon-Lewis (2000) suggested a mean flux
of —47 Gg yr™!, within the range reported by Crill (2000).

Recent reports have suggested that at least some
soils can produce CH;Br and even emit CH;Br to the
atmosphere. Keppler et al. (2000) identified an abiotic
mechanism for the production of halogenated hydrocar-
bons in soil that yields high production rates. This mech-
anism involves iron, halide ion, and organic matter, and
the reaction can be fast. How much of this production
reaches the atmosphere, and whether such production is
limited to peatlands or is ubiquitous, is presently
unknown. The study of Rhew et al. (2001) showed that
shrublands could be a net source or sink of CH;Br and
CH,CI. Because this study focused on net fluxes, it does
not relate directly to estimates of lifetime.

Plants and Plant Ecosystems

In the 1998 Assessment (WMO, 1999), a poten-
tially significant plant sink was reported but not quanti-
fied globally (Jeffers and Wolfe, 1997). Because of a lack



of additional studies related to this loss, calculating a par-
tial lifetime of atmospheric methyl bromide from plants
is not yet possible.

In the past 4 years, however, considerable attention
has been given to the study of net fluxes from isolated,
terrestrial ecosystems. Dimmer et al. (2001) measured
CH;Br net fluxes from Irish peatlands, Varner et al.
(1999b) measured net fluxes from New Hampshire wet-
lands, and Rhew et al. (2000, 2001) studied the net fluxes
of methyl bromide from salt marshes and shrublands.
Extrapolating these measurements globally yields net flux
estimates of 0.9 Gg yr~' for peatlands, 4.6 Gg yr™' for wet-
lands, and 14 Gg yr™' for salt marshes. Shrublands were
reported as having a net flux of <1 Gg yr'. Lee-Taylor
and Holland (2000), modeled published fungal produc-
tion rates, deriving a global net flux of 1.7 Gg yr'. From
studying cultivated crops, Gan et al. (1998) calculated a
net flux of 6.6 Gg yr™' for rapeseed, and Redeker et al.
(2000) calculated a net flux of 1.5 Gg yr™' for rice fields.
What is important to note is that all these studies report
measurements of net fluxes and, although useful in nar-
rowing the gap between sources and sinks in the atmos-
pheric budget of CH,Br, they are not suited alone for deter-
mining gross fluxes or partial atmospheric lifetimes.

1.5.1.3 ATMOSPHERIC LIFETIME

Although new publications have confirmed biolog-
ical losses in the ocean, refined the magnitude of losses to
soils, and revised our understanding of global OH bur-
dens (see Section 1.4.2), the best estimate of the methyl
bromide global lifetime remains 0.7 years (0.5-0.9 year
root mean square (rms) uncertainty; 0.4-1.1 year full
range; Kurylo and Rodriguez et al. (1999)). A couple of
things have the potential to change the calculated atmos-
pheric lifetime of CH;Br, however. First, the magnitude
of the soil sink remains highly uncertain. Measurements
have been made that help in reducing uncertainties, but
the result also depends upon the method of extrapolation
chosen. Furthermore, the determination that any addi-
tional sinks, such as plants, might be significant would
reduce further the estimated lifetime for methyl bromide.

1.5.1.4 A TwWeNTIETH CENTURY, SOUTHERN
HemisPHERIC TREND AND ITS IMPLICATIONS

Since the previous Assessment (WMO, 1999), two
papers have inferred atmospheric histories for methyl bro-
mide from measurements of Antarctic firn air (Butler et
al., 1999; Sturges et al., 2001a). These studies, based upon
samples collected at a total of four locations in Antarctica,
suggest that mixing ratios of methyl bromide in the
Southern Hemisphere have increased by about 3 ppt since
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1900 (Figure 1-11). The 2-ppt increase suggested for the
latter half of the last century is roughly coincident with
the onset of methyl bromide use as a fumigant in the early
1960s (Singh and Kanakidou, 1993), but other sources or
sinks also may have changed over that time as well. The
rate of increase of about 0.6% yr~' from about 1970 to
1990 inferred from firn air agrees with the real-time meas-
urements of Khalil et al. (1993) for the Southern
Hemisphere during 1978-1993 and with the data obtained
from archived flask air filled at Cape Grim, Tasmania,
over this same period (Figure 1-11; Miller, 1998). The
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Figure 1-11. Southern Hemispheric history of
methyl bromide suggested by Antarctic firn air meas-
urements from four locations, and by archived air
samples and flask samples collected at Cape Grim,
Tasmania (41°S). The solid line is an atmospheric
history derived from firn air measurements at South
Pole, Antarctica, estimated with a vertical diffusion
model that fits the history of the CH;Br/CO, ratio to
the observed CO, and CH,Br firn air profiles (see
Butler et al., 1999, for details). The green circles
are firn data from Siple Dome, Antarctica, plotted
against dates determined from CO, measurements
and the ratio of CH,Br and CO, diffusivities (Butler
et al., 1999); the red circles are from firn air at
Dronning Maud Land, Antarctica, and are plotted
against dates adjusted from CFC-12 measurements
and the ratio of CH;Br and CFC-12 diffusivities
(Sturges et al., 2001a); blue diamonds are similar
data for Dome C, Antarctica (Sturges et al., 2001a);
and yellow (Khalil et al., 1993) and light blue (Miller,
1998) plus symbols are from analyses of flask sam-
ples collected at Cape Grim.
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work of Butler et al. (1999), which reported results for
firn air dating back to the end of the 19" century, indi-
cated that atmospheric methyl bromide may have
increased as much as 1 ppt in the first half of the 20" cen-
tury, but the causes for this earlier apparent increase, and
whether they continued into the latter half of the century,
are unknown.

Atmospheric histories derived from the analysis of
firn air, however, have significant uncertainties. Dating
of firn air is imprecise (Schwander et al., 1988), and the
atmospheric histories derived for methyl bromide pre-
sume that in situ production or degradation are insignifi-
cant during the long time that the firn air is exposed to the
surrounding snow. Whereas all Antarctic sites sampled
have yielded a similar atmospheric history for CH,Br
regardless of their differences in temperature, deposition
rate, depth, and lock-in zone thickness (Figure 1-11),
Arctic sites exhibited large elevations of methyl bromide
and other gases near the bottoms of the profiles (not
shown; Butler et al., 1999; Sturges et al., 2001a). Further,
the profiles from the Northern Hemispheric sites differed
dramatically from one another, as would be expected for
site-specific disturbances. That this was not observed in
the Antarctic increases confidence in the reported atmos-
pheric history from these sites. The mechanism for
increases of certain compounds, including methyl bro-
mide, at the bottom of the Arctic profiles is not known.

An understanding of atmospheric changes for
methyl bromide during the 20™ century can provide some
insight into the relative magnitude of present-day sources.
Of particular interest is the magnitude of industrially
derived emissions relative to the total annual flux of
methyl bromide. This quantity can be estimated directly
from our understanding of source and sink magnitudes:
for emissions derived from fumigation of 41 Gg yr™', with
an rms range of 30-62 Gg yr', divided by the best esti-
mates for sinks (204 Gg yr~' and rms range of 157-327;
Table 1-9), the calculated contribution of industrially pro-
duced methyl bromide to a 10-ppt global atmospheric
burden ranges from 10 to 40%. As suggested above, the
atmospheric trend inferred from the Antarctic firn air pro-
vides a second approach for estimating this fraction. The
results suggest that from 1950 to 1995, CH;Br in the
Southern Hemisphere increased by 2 to 2.5 ppt (Figure
1-11). If we assume that either Northern Hemispheric
mixing ratios increased by the same proportion as in the
Southern Hemisphere or that Northern Hemispheric
mixing ratios in 1950 were the same as those in the
Southern Hemisphere, then the firn results suggest that
CH,Br in the global atmosphere has increased 25-40%
from 1950 to 1995, regardless of lifetime or other budget
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considerations. Therefore, were this increase solely due
to fumigation, 40% would represent an upper limit for the
contribution from fumigation. However, it also appears
from the firn data that CH,;Br in the Southern Hemisphere
increased about 0.7 ppt during the first half of the century,
perhaps because of changing land-use practices, increases
in biomass burning, or the post-1925 onset of leaded-fuel
combustion in automobiles. If this underlying trend had
continued through the second half of the century, then the
contribution of industrially produced methyl bromide
would be 1.5-3 ppt, or 15-30% of the 1995 atmospheric
burden. Given the assumptions above, then, the overall
range of 15-40% for this fraction suggests emissions
related to fumigation of 30-80 Gg yr™' in 1995. Although
bromine emissions from combustion of leaded fuel have
decreased dramatically since 1970, they were similar in
1950 to what they were in 1990 (Thomas et al., 1997) and
do not strongly influence this conclusion.

1.5.1.5 ATMOSPHERIC BUDGET

The calculated budget for atmospheric methyl bro-
mide remains out of balance, with estimated sinks still
outweighing estimated sources (Table 1-9). However, the
new findings on ecosystem net fluxes have narrowed the
gap between calculated sources and sinks (Crill, 2000;
Yvon-Lewis, 2000; Butler, 2000). The most complete
summary is that of Yvon-Lewis (2000), from which Table
1-9 has been adapted and augmented. This budget is for
the mid-1990s, before the scheduled reductions of methyl
bromide production. Because measurements relating to
plants usually involve estimates of net fluxes, any plant
sink is incorporated implicitly into the source terms for
those elements that are reported as such in the table.
Quantifying the plant sink, while affecting the calculated
lifetime, would not affect the budget balance.

1.5.2 Methyl Chloride (CH,CI)

Methyl chloride (CH,Cl), the most abundant halo-
carbon in the atmosphere, is derived largely from natural
sources. Until 1996 most of the input to the atmosphere
was considered to originate from the oceans, but investi-
gations in recent years have indicated that terrestrial
sources, probably located in the tropics, dominate the
atmospheric budget, and that these sources are more sig-
nificant than hitherto appreciated. Moreover, the pre-
sumption that abiotic reactions constitute the only sinks
for atmospheric CH,Cl is being displaced by recognition
that microbial degradation in soil may represent a meas-
urable sink of atmospheric CH,Cl. Although new find-
ings have allowed constraints to be placed on some source



terms in the atmospheric budget, major uncertainties still
exist regarding the magnitude of several sources and sinks.
As is seen for methyl bromide, a shortfall is apparent
between known sources and modeled sinks of methyl
chloride.

1.5.2.1 ATMOSPHERIC DISTRIBUTION AND TRENDS

There is emerging evidence that CH,Cl is elevated
in air masses associated with land in the tropics (Khalil
and Rasmussen, 1999; Yokouchi et al., 2000b; see also
Section 1.2.1.7). CH,Cl mixing ratios of up to 1400 ppt
have been recorded in calm weather off the subtropical
Okinawa and Hateruma Islands in southern Japan (Li et
al., 1999; Yokouchi et al., 2000b) and up to 850 ppt at
inland locations on various continents (Khalil and
Rasmussen, 1999). Interestingly, the high CH,Cl mixing
ratios observed by the Japanese researchers were strongly
correlated with elevated amounts of the plant-derived ter-
pene, a-pinene, which has an atmospheric lifetime of only
a few hours. This finding is consistent with high emis-
sions of CH,Cl from tropical coastlands. In subsequent
work on the marine boundary layer in the Western Pacific
and Southeastern Indian Ocean, Li et al. (2001) found that
the CH,CI mixing ratio was enhanced (up to 950 ppt) in
air masses derived from forested tropical islands.

An indication of long-term trends in atmospheric
CH,CI has been obtained by analysis of air trapped in
polar firn in Antarctica and Greenland (Figure 1-12; Butler
etal., 1999). An increase of about 10% was inferred since
the mid-1900s for both hemispheres, suggesting that the
anthropogenic contribution, if reflected by the apparent
20™ century increase, is comparatively small. Global
measurements from 1981-1997 suggest an overall
decrease of about 4% over this shorter period (Khalil and
Rasmussen, 1999).

1.5.2.2 SoURCES OF ATMOSPHERIC METHYL
CHLORIDE

The principal sources of atmospheric CH;Cl iden-
tified to date are biomass burning and the oceans, although
tropical plants may exceed all other sources (Yokouchi et
al., 2002; Table 1-10). Except for the tropical plant source,
the latest estimates of emissions do not differ substantially
from those reported in the 1998 Assessment (WMO, 1999;
Graedel and Keene, 1999). The net flux from the oceans
was revised sharply downward in 1996 to 200-400 Gg
yr~! (Moore et al., 1996). This estimate represents the bal-
ance between emissions of CH,Cl in tropical waters and
uptake in the cold waters of latitudes above 50°. Khalil et
al. (1999) analyzed data collected by several groups of
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Figure 1-12. Southern Hemispheric history of
methyl chloride suggested by Antarctic firn air meas-
urements from two locations, and by atmospheric
measurements from flask samples collected in
Antarctica and at Cape Grim, Tasmania. The solid
line is an atmospheric history derived from firn air
measurements at South Pole, Antarctica, estimated
with a vertical diffusion model that fits the history of
the CH;CI/CO, ratio to the observed CO, and CH,Cl
firn air profiles (see Butler et al., 1999, for details).
The open green circles are data from Siple Dome,
Antarctica, plotted against dates derived from
adjusted CO, measurements and diffusivities (Butler
et al., 1999), and the open blue diamonds and red
triangles are annual means of “real-time” measure-
ments from flask samples collected in Antarctica and
Cape Grim, respectively (Khalil and Rasmussen,
1999; these data have been lowered by 8.3% to
account for a calibration difference).

investigators between 1983 and 1996 and confirmed the
weaker oceanic source, calculating a net global flux of
600 Gg yr ' (after adjusting for calibration). For biomass
burning, Lobert et al. (1999) estimated emissions of
CH;Cl from nine different burning categories on a 1° lati-
tude by 1° longitude grid. Fluxes were derived from bio-
mass inventories based upon emission ratios relative to
both CO and CO, and the chlorine content of the fuel feed-
stock. Calculated global emissions of 911 Gg yr' (range
655-1125 Gg yr’!) from burning, most of which are
believed confined to the tropics and subtropics, agree with
the previous approximation of 1.0 + 0.5 Tg yr™' (Andreae
et al., 1996; N.J. Blake et al., 1996; Rudolph et al., 1995).

Recently, Yokouchi et al. (2002) suggested that
methyl chloride emissions from tropical plants might be
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Table 1-10. Estimated source and sink strengths for atmospheric methyl chloride (CH,ClI).

Source or Sink Type Source or Sink Best Estimate Source or Sink Full Range
(Ggyr™) (Gg yr)
Sources
Oceans 600 * 325 to 1300
Biomass burning 911° 655 to 1125
Tropical plants 910 ¢ 820 to 8200
Fungi 160 ¢ 43 to 470
Salt marshes 170 ¢ 65 to 440
Wetlands 40 fe 6 t0 270
Coal combustion 105" 5 to 205
Incineration 45h 15to 75
Industrial 10"
Rice 51
Subtotal (Sources) 2956 1934 to 12,085
Sinks
Reaction with OH in troposphere -31807 —2380 to —3970
Loss to stratosphere -200? —100 to —300
Reaction with Cl in marine boundary layer 370 & ~180 to —550
Microbial degradation in soil —180 ¢ —100 to —1600
Loss to polar oceans —75 & Lm —37to 113
Subtotal (Sinks) —4005 —2797 to —6533
Total (Sources + Sinks) -1049 —4599 to +9288

The destructive flux from reaction with OH is calculated with revised OH (see Section 1.4).

Khalil et al. (1999), adjusted for calibration.
Lobert et al. (1999).

Yokouchi et al. (2002).

Watling and Harper (1998).

Rhew et al. (2000).

Varner et al. (1999a).

Dimmer et al. (2001).

McCulloch et al. (1999); Keene et al. (1999).
Redeker et al. (2000).
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Khalil and Rasmussen (1999), after calibration adjustment applied; see text.

Khalil and Rasmussen (2000), after calibration adjustment applied; see text.

Moore et al. (1996).

Unlike in Table 1-9, loss to polar oceans here is from field observations alone and is given as a net sink.

the largest known source. They determined that a spe-
cific group of ferns and trees in Southeast Asia alone pro-
duced 910 Gg yr™', about one-fourth of the annual flux as
estimated by sinks. The uncertainty in this estimate is
large, and this source certainly warrants additional inves-
tigation.

Release of CH,Cl by wood-rotting fungi has been
estimated by Watling and Harper (1998) at 160 Gg yr™!
(Table 1-10), of which 75% is derived from tropical and
subtropical forests. This assessment was based on the
conservative assumption that only CI” from wood itself
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was available for fungal uptake. If, however, Cl™ in leaf
litter and soil is accessible to these fungi, emissions could
be much greater. Dimmer et al. (2001) reported field
measurements of CH;Cl fluxes from forest floors.
Although the sites (conifer plantations in Western Ireland)
cannot be regarded as globally representative of temperate
coniferous forest, an extrapolation of the observed emis-
sion fluxes led to an estimate of 85 Gg yr~' from such
forests worldwide, suggesting that the order of magnitude
of the overall flux from fungi in forest ecosystems is sim-
ilar to that predicted by Watling and Harper (1998).



In addition to the methyl chloride source reported
by Yokouchi et al. (2002), Rhew et al. (2000) found large
net CH,Cl fluxes from halophytic plant species in the
middle and upper vegetation zones of Californian salt
marshes. Assuming that the sites were representative of
salt marshes globally, the authors postulated a global flux
of 170 Gg yr™' from this source (Table 1-10). Subsequent
investigations on shrubland ecosystems in Southern
California demonstrated significant emissions from some
plant species at particular seasons (Rhew et al., 2001).
However, such emissions were counterbalanced by soil
uptake during other seasons, and therefore the biome was
in fact a small net sink for CH;Cl. Fluxes of CH,CI from
peatland ecosystems have been monitored by investiga-
tors in Northeastern United States (Varner et al., 1999b)
and Western Ireland (Dimmer et al., 2001), although in
neither case was it clear whether emissions came from
plants or the soil. On the basis of these measurements
Varner et al. (1999b) postulated global emissions from
wetlands of 48 Gg yr™', whereas Dimmer et al. (2001) esti-
mated global emissions of 5 Gg yr™' from peatlands and
35Ggyr ' from wetlands. These estimates must be treated
with caution because data in each investigation were
restricted to ecologically similar temperate sites and were
collected over a short period. Emissions of CH,Cl have
also been noted from the soil of California rice paddies,
which have been extrapolated to global emissions of 5 Gg
yr~! from this crop (Redeker et al., 2000).

A novel abiotic mechanism for formation of CH,Cl
in soils rich in organic matter in the presence of Fe’* and
high chloride concentrations has recently been proposed
(Keppler et al., 2000). Such a process may yield signifi-
cant fluxes in highly saline environments, but no field
measurements have yet been conducted. Anthropogenic
release of CH;Cl during coal combustion, incineration,
and industrial processes was quantified in the Reactive
Chlorine Emissions Inventory (McCulloch et al., 1999).
Emissions from these sources contribute in all about 160
Gg yr!, or less than 10% of total known sources (Table
1-10).

1.5.2.3 SINKS OF ATMOSPHERIC METHYL CHLORIDE

Reaction with OH radical is the dominant pathway
for removal of CH,Cl from the atmosphere. Khalil and
Rasmussen (1999) estimated that the atmospheric lifetime
of CH,Cl with respect to OH attack varied from 0.8 years
in the tropics to 12 years at the poles, with an average
global lifetime of 1.4 years. This partial lifetime has been
revised to 1.5 years in this Assessment based upon the
considerations discussed in Section 1.4.2. Reaction with
chlorine radicals in the marine boundary layer also could
constitute another loss process, particularly in tropical lat-
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itudes (Keene et al., 1996). Using a chlorine concentra-
tion of 5 x 10~ radicals cm® in the marine boundary layer,
Khalil and Rasmussen (1999) estimated this sink as up to
0.4 Tg yr~'. This would represent a partial atmospheric
lifetime of 13 years with respect to this loss alone.

Some evidence exists for a potentially substantial
sink of atmospheric CH;ClI involving microbially medi-
ated uptake by soil (Khalil and Rasmussen, 2000). On
the basis of measurements of CH,Cl uptake by soils from
Brazil and Greenland, these authors estimated a global
uptake of 0.18 Tg yr™' (0.2 Tg before adjusting for cali-
bration discrepancies) by soils. This number is uncertain,
and may be an underestimate; the ubiquitous occurrence
in soil from pristine environments of microbial species
capable of utilizing CH,;CI as sole carbon and energy
source implies a large and substantial soil sink for CH,Cl
(Harper, 2000; McAnulla et al., 2001). The loss of 0.2 Tg
yr~' (0.18 Tg yr™' adjusted for calibration) translates to a
partial atmospheric lifetime of 28 years.

Moore et al. (1996) noted undersaturations of
CH,Cl in the polar oceans, which Khalil and Rasmussen
(1999) combined with other data to calculate a global,
polar sink of 83 Gg yr' (75 Gg yr' adjusted for calibra-
tion). Uncertainties in the sink term given by Moore et
al. (1996) suggest that this value could range from 37 to
113 Gg yr’'. This small sink, if irreversible, amounts to
an atmospheric lifetime of ~70 years.

Combining the lifetimes of 1.5, 13, 28, and 70 years
for losses to reaction with OH, reaction with CI, consump-
tion in soils, and degradation in seawater, respectively,
yields an atmospheric lifetime of 1.3 years for CH,Cl
(Table 1-3).

1.5.2.4 ATMOSPHERIC BUDGET

The imbalance between calculated emissions from
known sources and the estimated global sink for atmos-
pheric CH,Cl is about 1.0 Tg yr' out of a total estimated
flux of 4.0 Tg yr™' (or 25%). All sources quantified to
date are situated predominantly in the tropics, a location
consistent with source deconvolution calculations. Using
a global 3-D model of atmospheric CH,Cl, Lee-Taylor et
al. (2001) were able to reproduce the observations of
Khalil and Rasmussen (1999) by adding a tropical terres-
trial source of 2.5 Tg yr~' and reducing emissions from
Southeast Asia. Any major as-yet-unidentified source
must necessarily show a similar global distribution to be
consistent with observations. In this context observations
of high CH,Cl mixing ratios in air masses associated with
forested tropical coastlines (Yokouchi et al., 2002) are
highly significant and should provide a focus for future
investigations on potential sources of atmospheric CH,CL.
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1.6 ATMOSPHERIC HALOCARBON OBSERVA-
TIONS COMPARED WITH EXPECTATIONS

1.6.1 Consistency Between Atmospheric

Halocarbon Measurements and
Known Sources and Sinks

Consistency between atmospheric measurements
and known sources and sinks for halocarbons are assessed
here in two complementary ways: (1) atmospheric meas-
urements are compared with mole fractions that are cal-
culated from emissions derived from industrial produc-
tion data (see Section 1.3), and (2) the industry-based
annual emission estimates are compared with global emis-
sions inferred from the atmospheric measurements. The
measurements we consider here are global means esti-
mated from multiple surface sampling sites (the AGAGE,
CMDL, and UCI monitoring networks; D.R. Blake et al.,
1996; Montzka et al., 1999; Prinn et al., 2000) and global
means inferred from measurements at a single site (the
Australian air archive, Langenfelds et al., 1996; Fraser et
al., 1996). Calculations were performed with two-
dimensional models (Cunnold et al., 1994, 1997; Fraser
etal., 1999; Oram et al., 1995). Any unexpected differ-
ences between the calculated and observed mixing ratios
or the calculated and the industry-based emission esti-
mates may represent unaccounted for production and
emissions, but these differences may also arise from sys-
tematic errors in measurement calibration or consistency,
in halocarbon loss rates (lifetimes), or in modeling the
atmosphere.

1.6.1.1 CFCs

Measured mixing ratios for CFC-11 and -12 are 5-
10% higher than those calculated from emissions derived
from production data throughout the entire period of
measurement (Figure 1-13). For CFC-12 during the 1990s
the discrepancy became small compared with the uncer-
tainties in this analysis. For both these gases, mixing
ratios reported by different laboratories agree quite well
(Table 1-1), and this consistency argues against measure-
ment error being the source of the discrepancies.

The differences noted for mixing ratios are also
apparent in a comparison of emissions derived from meas-
urements or industry production data before 1992 (Figure
1-14). The observations before that year suggest approxi-
mately 5-10% larger emissions of CFC-11 and -12 com-
pared with those derived from industry production data.
After 1992 the uncertainties in the analysis become large,
and any discrepancies are well within this uncertainty. In
the case of CFC-11, these differences also could be rec-
onciled if its lifetime were somewhat longer than the cur-
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rent best estimate of 45 years (see Section 1.4). For CFC-
12, scaling the lifetime by some constant factor cannot
remove these differences; in fact it seems most likely that
the industry emissions estimates from 1993 to 1997 are
slightly high. This is consistent with improved contain-
ment of CFCs in applications (UNEP, 1998a), although
the extent to which practices to reduce ODSs emissions
have been adopted is difficult to ascertain.

Past discussion regarding CFC-113 noted that
observations substantially underestimated calculated
global means (Fraser et al., 1996; Prinn and Zander et al.,
1999; Figure 1-13). This situation stems from the pre-
sumption in these studies that significant amounts of CFC-
113 were produced by companies not reporting to AFEAS.
However, it is now apparent that the only significant
source that is not counted by AFEAS is Russian produc-
tion (Bingfeng et al., 2000). The actual Russian produc-
tion is unknown, but capacity for CFC-113 amounted to
some 12,000 tons yr~' prior to the total shutdown that was
accomplished there in 2000 (personal communication, E.
Pedersen, World Bank, 2002). This represents a max-
imum of 5% of the 1989 reported production, with result-
ing emissions significantly less than the confidence limits
on global emissions (Figure 1-14). The global emissions
inferred from measurements are generally consistent with
AFEAS data accounting for global production of this gas.
There is a small divergence after 1995 for reasons not cur-
rently understood (Figure 1-14).

1.6.1.2 METHYL CHLOROFORM

For methyl chloroform artificially good agreement
is shown in Figure 1-13, because industry release esti-
mates are used here to derive the OH field and methyl
chloroform lifetime (Prinn et al., 2001). An independ-
ently calculated OH field by Spivakovsky et al. (2000)
results in a methyl chloroform lifetime within 10% of that
inferred by Prinn et al. (2001), but a number of other
models of the OH distribution give much larger differ-
ences (e.g., Hein et al., 1997; Hauglustaine et al., 1998).
The small discrepancy between the measured and
expected mixing ratios after 1996 has been interpreted as
indicating lower OH values at that time (Prinn et al.,
2001). On the basis of an uncertainty of approximately
3% (except during 1996-1999) for industry-based emis-
sions of methyl chloroform, it has been concluded that the
effective OH in a 12-box, 2-D model averaged from 1979
to 2000 has an uncertainty of £14% (Prinn et al., 2001).

1.6.1.3 CARBON TETRACHLORIDE

With loss to the ocean now included (Yvon-Lewis
and Butler, 2002), the lifetime of carbon tetrachloride is
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Figure 1-13. Measured and calculated global mean surface mixing ratios for major CFCs, methyl chloroform,
carbon tetrachloride, and HCFC-22. Observations are from AGAGE in situ instruments (green lines: Prinn et
al., 2000), from CMDL in situ instruments and flask measurements (red lines: Montzka et al., 1999), and from
UCI flask measurements (purple lines: D.R. Blake et al., 1996, all gases except HCFC-22). For HCFC-22, the
AGAGE global means before 1992 are derived from measurements of the Australian air archive (Miller et al.,
1998) and a 12-box model calculation. Global surface mixing ratios were calculated with a 12-box model
(Cunnold et al., 1997) using global emissions from a combination of AFEAS (2001) and UNEP (2002) data and
lifetimes of 45 (29-76), 100 (77-185), 85 (54-143), 5.0 (4.5-5.6), and 12.0 (10.3-13.7) years for CFC-11, CFC-
12, CFC-113, methyl chloroform, and HCFC-22, respectively (black lines). Uncertainties in calculated mixing
ratios (shaded gray area) were derived from the lifetime ranges indicated, uncertainties in model parameters,
and uncertainties in industry emissions estimates. No calculated mixing ratios are shown for carbon tetrachlo-
ride because an independent record for historic production and emission of this gas is lacking. For CFC-113
mixing ratios have also been calculated (black dashed line) based on global emission estimates by Fisher et
al. (1994); corresponding calculations for the other gases are not shown because the results differ by less than
1% from the latest results.
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Figure 1-14. Estimates of annual emissions from industry (full black lines: based upon data from AFEAS
(2001) and UNEP (2002); see Section 1.3) and inferred from measurements (green lines and red symbols) for
CFC-11, CFC-12, CFC-113, and carbon tetrachloride. Uncertainties on industry emissions for CFC-11 are
from McCulloch et al. (2001); for CCl,, see UNEP (1998b) and McCulloch et al. (2002). The black dashed line
for CFC-113 indicates previous global emissions estimates that included an allotment from companies not
reporting to AFEAS (Fisher et al., 1994). The only available global emission estimate for CCl, derived from
industry data was made by UNEP (1998b) for 1996 and is indicated by a black symbol. Release estimates
based on atmospheric measurements by AGAGE (green lines: Prinn et al., 2000) were made with a 12-box
model (Cunnold et al., 1997) and lifetimes of 45 (29-76), 100 (77-185), 85 (54-143), and 26 (17-36) years for
CFC-11, CFC-12, CFC-113, and carbon tetrachloride, respectively. The effect of these lifetime uncertainties,
which were derived from an ensemble of model calculations reported in WMO (1999), and, for CCl,, uncer-
tainty in the oceanic loss (Yvon-Lewis and Butler, 2002), is indicated by the green error bars. Emission
estimates derived using the same AGAGE model applied to CMDL (Montzka et al., 1999) flask sample meas-
urements (red diamonds) and CMDL in situ measurements (red asterisks) are also shown. All emission esti-
mates derived from atmospheric measurements have been smoothed over 3-yr intervals to reduce the effects
of measurement imprecision. Units of emission are 10°g yr'(10°g = 1 Gg).
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estimated to be 26 (17-36) years, or about 25% shorter
than in Prinn and Zander et al. (1999) (see Section 1.4.2).
Emissions estimated for 1996 by TEAP (UNEP, 1998b)
are below those inferred from measured trends and this
lifetime (Figure 1-14), and suggest that either (1) releases
of CCl, are higher than estimated, or (2) the current, best-
estimate lifetime is too short (Figure 1-14). Calibration
differences are too small to account for these large dis-
crepancies (Table 1-1).

Uncertainties in lifetime estimates for CCl, are sig-
nificant and account for much of the uncertainty range
shown in Figure 1-14. Some insights into emissions of
CCl, can be gleaned from a study of their relationship to
CFC production, which was believed to account for the
majority of carbon tetrachloride emissions (Simmonds et
al., 1998a). The molar ratio, [total global CCl, emis-
sions]/[total global production of CFC-11 and CFC-12],
ranges between 0.12 and 0.16 during 1978-1993 when the
global CCl, emissions are inferred from atmospheric
measurements using a lifetime of 26 years (see Figure 1-
15). Some fraction of global CCl, emissions, however,
arises from processes not related to CFC production;
TEAP (UNEP, 1998b) estimated that fraction at 30% in
1996. Such emissions, if included as a constant in other
years, suggest fugitive emissions of CCl, arising from
CFC production of 11 + 0.6% during 1978-1993. After
1993 as global CFC production declines, however, this
ratio increases dramatically (Figure 1-15). Such a change
suggests either that fugitive releases of CCl, during CFC
production have increased by a factor of between 1.5 and
2 in recent years, or that CCl, emissions not related to
CFC production are much higher than previously realized.

1.6.1.4 HCFCs

In the past there have been large discrepancies
between measured and calculated mixing ratios of HCFC-
142b and, to a lesser extent, HCFC-141b (Montzka et al.,
1994; Oram et al., 1995; Simmonds et al., 1998b). New
industry-based emission estimates (see Section 1.3;
AFEAS, 2001), however, result in much better agreement
for HCFC-142b (Figures 1-16 and 1-17). For HCFC-142b
and -141b, emissions inferred from measurements are still
slightly larger than the industry estimates, whereas for
HCFC-22 the industry releases appear to be on the high
side, and a somewhat shorter lifetime (more OH) would
result in a better fit. The incorporation of the time-
dependent OH field derived by Prinn et al. (2001) worsens
the differences between industry-derived emissions and
those calculated from atmospheric observations of HCFC-
22 (Figure 1-16). The effect of these potential OH changes
on the other HCFC plots is negligible, and is not shown.
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Figure 1-15. The molar ratio of global carbon tetra-
chloride emissions relative to aggregated CFC-11
and -12 global production (dashed line with open cir-
cles; left axis scale). In an attempt to better describe
the fraction of CCl, emissions resulting from CFC
production, this ratio is calculated alternatively by
subtracting 22 Gg of CCl, emissions for all years
(solid line with crosses; left axis scale) based upon
UNEP (1998b) estimates that 30% of CCl, emissions
in 1996 were unrelated to CFC production in 1996
(UNEP, 1998b). In this analysis global emissions for
carbon tetrachloride were inferred from measure-
ments (Prinn et al., 2000; Montzka et al., 1999) pre-
suming a 26-yr global lifetime (Yvon-Lewis and
Butler, 2002; Section 1.4.2). Also shown is the global
aggregated CFC-11 and CFC-12 production in
recent years (thin black line, right axis scale; UNEP,
2002).

1.6.1.5 HALONS

In the previous Assessment (WMO, 1999), sub-
stantial differences were noted between measured trends
and mixing ratios of Halon-1211 and those derived from
production data and release functions (Fraser et al., 1999;
Butler et al., 1998). Since then TEAP (an update to UNEP,
1999) has made global estimates of emissions for both
Halon-1211 and -1301 from independently derived func-
tions that relate production to emission. For both halons,
mixing ratios calculated from these two emissions histo-
ries are substantially different but provide a better picture
of the uncertainties involved with this calculation than
were possible previously (Figure 1-17). Fairly significant
differences are also apparent in results from different lab-
oratories for both halons: inter-laboratory differences
range up to 15% for Halon-1211 and 30% for Halon-1301.
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Figure 1-16. Estimates of emissions from industry (solid black lines) and inferred from measurements (green
lines, red and blue symbols) for the most abundant HCFCs and HFC-134a. The green lines indicate global
release estimates from measurements at one to three sites and the AGAGE model (Cunnold et al., 1997; Prinn
et al., 2000; Miller et al., 1998) using global lifetimes of 14.0 years for HFC-134a, 9.3 years for HCFC-141b, 17.9
years for HCFC-142b, and 12.0 years for HCFC-22. The effect of an uncertainty of +14% in the tropospheric
lifetime of these compounds due to hydroxyl (see Prinn et al., 2001) is indicated by the green error bars. The
red diamonds are annual release estimates obtained using the same AGAGE model applied to CMDL flask
measurements (7-8 sites; Montzka et al., 1999). The blue triangles are estimates obtained from an independent
set of measurements (at 41°S only) and a separate model (UEA: Oram et al., 1995, 1996). The black dashed
line on the HCFC-22 panel indicates emissions inferred from AGAGE measurements with the time-dependent
OH burden suggested by Prinn et al. (2001). Units of emission are 10° g yr' (10°g =1 Gg).
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Figure 1-17. Observed and calculated global mean surface mixing ratios for selected halons and HCFCs over
time. Observations are global means from CMDL flask measurements (open red diamonds: Butler et al., 1998;
Montzka et al., 1999); global means from AGAGE in situ instruments (green crosses or solid green lines: Prinn
et al., 2000; Sturrock et al., 2001); global means from UCI quarterly flask measurements (open purple squares:
Blake et al., 2001, Halon-1211 only); and global means derived from an analysis of the Cape Grim Air Archive
by UEA (blue triangles: Fraser et al., 1999; Oram et al., 1995). Mixing ratios were calculated with 2-D models
and lifetimes of 17 years for Halon-1211 and 62 years for Halon-1301 (Fraser et al., 1999), 9.3 yrs for HCFC-
141b, and 17.9 years for HCFC-142b. Mixing ratios calculated with emissions of halons derived from industry
production data are from Fraser et al. (1999) (black dashed lines, halons only) and updated UNEP (1999) (gold
line). Mixing ratios of HCFCs are calculated from a combination of AFEAS (2001) and UNEP (2002) emissions
with updated release functions for HCFC-142b from foams (black lines; see Section 1.3), and, for comparison,
with the older release function for HCFC-142b from foams (dashed blue line, HCFC-142b panel only).
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Within these rather large uncertainties there is broad con-
sistency between calculated and observed mixing ratios
for both halons.

1.6.1.6 REGIONAL EMISSIONS

Initially using a simple long-range transport model
(Simmonds et al., 1996) and more recently a Lagrangian
dispersion model (Ryall et al., 2000), the European emis-
sion source strengths required to support the AGAGE
observations of pollution episodes at Mace Head, Ireland,
have been determined (see Table 1-11). Simmonds et al.
(1996) compared the pre-1995 estimates with industry-
derived emission estimates for Europe. They showed
agreement of the values within a factor of 2 and, in partic-
ular, roughly similar declines in the emissions from 1987
to 1994. These studies demonstrated the almost complete
phaseout of European emissions of methyl chloroform
and CFC-113. Although the releases of CFC-11 and -12
have dramatically declined, by more than a factor of 10,
European emissions of these gases are still continuing at
detectable and non-negligible levels. The contributions
of source regions to Mace Head fall off rapidly to the east
and south, with contributions falling by more than 3 orders
of magnitude toward the eastern Mediterranean, which is
a result of both fewer transport events to Mace Head and
greater dilution during transport to Mace Head (Ryall et
al., 2000).

1.6.2 Are Atmospheric Measurements
Consistent with Compliance with the
Fully Amended Montreal Protocol?

Atmospheric measurements can provide an indirect
and independent assessment of production and consump-
tion data reported to UNEP. This assessment can then be
considered in light of the magnitude of known production
reported to UNEP and limits to production and consump-
tion outlined in the Montreal Protocol. Significant uncer-
tainties in this approach arise from uncertainties in
measurements and trace gas lifetimes, in model calcula-
tions of mixing ratios and emissions, and in the release
functions that relate emissions to industry production data.

Global measurements can provide estimates of
global emissions (Figures 1-14 and 1-16) and hence an
indication of the accuracy of global production and con-
sumption data, but this analysis addresses compliance only
for ODSs that are restricted worldwide. Through 2001,
limits to production and consumption of ODSs in both
developed and developing countries applied only to CFCs.
By 2005, global limits to production and consumption by
Parties to the Protocol will apply also to halons, methyl
chloroform, carbon tetrachloride, and methyl bromide.
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Global production of ODSs declined dramatically
during the 1990s because of limits set by the Protocol on
production in developed (non-Article 5(1)) countries
where most ODSs had occurred. In the data reported to
UNEP, production in non-Article 5(1) countries was
below the allowable limits throughout the 1990s (Figure
1-18).

As mentioned above, global limits apply only to
CFC production and consumption at the present time;
reported global production in 1999 was less than the
allowed consumption during that year by about 20 x 10°
ODP-tons. Measurements of all three major CFCs sug-
gest 5-10% higher mixing ratios than expected based on
reported global production in 1999 (Figure 1-13). These
elevated mixing ratios do not necessarily imply additional
unreported production of these gases in 1999; for CFC-11
and -12, the mismatch is present throughout the entire
measurement period and unaccounted-for emissions in
recent years cannot explain this discrepancy. In fact,
observed and calculated mixing ratios for CFC-12 have
been converging during the 1990s, indicating that emis-
sions estimated by industry since 1995 may be overesti-
mates by an average of about 30 X 10> ODP-tons yr~' (or
30 Gg; Figure 1-14), consistent with improved contain-
ment in recent years (UNEP, 1998a). For CFC-113 good
consistency is observed until the beginning of the 1990s.
After that a small divergence becomes apparent. This mis-
match could be reconciled with about 10 x 10° ODP-tons
of additional CFC-113 emission in recent years. If the
small discrepancies for CFCs noted here were all attrib-
uted to errors in reported production, the measured atmos-
pheric trends would suggest slightly less aggregate CFC
production in the late 1990s than reported to UNEP. CFC
production reported to UNEP in 1999 was somewhat (~20
x 10°> ODP-tons) below the Montreal Protocol limit for
that year (UNEP, 2002); the atmospheric measurements
are not inconsistent with this assertion.

For halons, production data reported to the UNEP
Ozone Secretariat for 1995-1999 are similar to the global
limit that will apply beginning in 2002. If the trends indi-
cated by the data in 1998 and 1999 persist into the future,
production would be quite below the limits allowed in
2002 (Figure 1-18). Assessing the accuracy of reported
production with atmospheric measurements for halons
(Figure 1-17) is difficult because of the rather large uncer-
tainties in measurement calibration, in the relation
between production and emission for halons, and in the
atmospheric lifetime for Halon-1211. Within these rather
large uncertainties the atmospheric observations are
broadly consistent with known production reported to
UNEDP for both Halon-1211 and Halon-1301.
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Table 1-11. European emission source strengths required to support the AGAGE observations of each
halocarbon and greenhouse gas at Mace Head, Ireland, over the period 1987-2000 (emissions in thou-

sand tons per year).

Year CFC-11 CFC-12 CFC-113 CH,CCl, CCl, CHCL, CH, N,O

1987 215 153 68 207 27 47 900 2200

1988 132 98 43 115 20 22 500 1 800

1989 94 87 63 159 26 22 700 1300

1990 67 64 63 153 12 31500 1 800

1991 52 59 44 108 14 35200 2700

1992 27 32 31 88 9 31 000 1 600

1993 20 22 21 75 6 23 600 1 600

1994 25 31 20 115 5 40 900 2 400

1995 9 15 5 31 3 20 24 800 1 400

1996 8 14 4 19 4 15 27 800 1 500

1997 9 13 2 8 3 19 27 300 1700

1998 10 13 2 2 3 20 25 800 1 600

1999 9 11 1 0 2 19 32 000 1 600

2000 6 6 1 0 1 16 20 500 1 000
HCFC-141b HCFC-142b HCFC-22 HFC-134a HFC-152a

1995 8 6 23 3 0.4

1996 9 6 20 0.5

1997 13 9 34 11 0.7

1998 14 8

1999 12 8 29 13 1

2000 9 4 20 10 0.7

A simple long-range transport model (Simmonds et al., 1996) was employed for the 1987-1994 period and a Lagrangian dispersion model (Ryall et al.,

2000) thereafter.

For carbon tetrachloride, difficulties have arisen in
reporting appropriate data to UNEP (UNEP, 1998b). In
light of this, limits to production and consumption are
compared with emissions derived from measurements
rather than consumption or production data reported to
the UNEP Ozone Secretariat (Figure 1-18). For most uses,
emissions of CCl, closely follow sales, so this approach
can yield some insight. Global limits on CCl, production
apply only after 2005, so it is not meaningful to ask if
atmospheric measurements suggest compliance until after
that date. Inferred emissions in 1999, however, are about
7 times greater than the limits to global production set for
2005.

For methyl chloroform, global production reported
in 1999 was substantially lower than the limit for non-
Article 5(1) countries. In addition, production in 1999
was already comparable with the global production limit
for 2002.

For HCFCs, limits to global production apply only
after 2015. Global production is below the current con-
sumption limit for non-Article 5(1) countries (Figure 1-18).
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1.7 OTHER TRACE GASES

1.7.1  Carbon Dioxide (CO,)

Changes in climate and meteorological conditions
affect the ozone layer, because ozone depletion and climate
change share common physical and chemical processes.
Anthropogenic carbon dioxide (CO,) is the major contrib-
utor to the increase in radiative forcing from trace gas
changes since preindustrial times. For this reason, atmos-
pheric CO,, the global carbon cycle, and mankind’s impacts
on them through such activities as fossil fuel combustion
and changes in land use are addressed in considerable detail
in Chapter 3 of the IPCC Climate Change 2001 report
(Prentice et al., 2001). Similarly, the 2001 IPCC Special
Report on Emissions Scenarios, or SRES (Nakic¢enovic et
al., 2000) presents a wide range of projected emissions of
CO, and other radiatively important trace gases over the
coming century. We present here only a very brief over-
view of the main points, and we refer the reader to those
IPCC reports for detailed discussions and references.
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The atmospheric burden of CO, has increased by
about 35% since 1750, to a mean abundance of ~370 parts
per million (ppm) in 2000 (Table 1-12). Systematic meas-
urements of atmospheric CO, since the late 1950s show
a regular increase, with a mean growth rate at Earth’s
surface of ~1.5 ppm yr' (0.4% yr") over the past two
decades (Figure 1-19; Tans et al., 2002). This increase is
roughly half of that expected from the combustion of fossil
fuels and cement production, the difference being due to
CO, uptake by the oceans and by the terrestrial biosphere.
There is considerable interannual variability in this rate
of increase that is due to the effects of climate variability
(e.g., El Nifio events) on these uptake processes (Battle et
al., 2000; Le Quere et al., 2002). This variability is also
shown by measurements of total CO, column abundances
above the Jungfraujoch (Zander et al., 2002).

CO, from fossil fuel burning will continue to be
the dominant factor determining atmospheric CO, levels
during the 21% century. Among the six emissions sce-
narios considered by the SRES (Nakicenovic et al., 2000),
the projected range of CO, abundances in 2100 was
between 540 and 970 ppm, substantially higher than
present-day amounts (Figure 1-19). Among the largest
uncertainties in these projections are the effects of climate
change on rates of deep ocean mixing, as well as on sur-
face ocean and terrestrial biological productivity.

1.7.2 Methane (CH,))

Atmospheric methane (CH,) is a greenhouse gas
whose radiative properties and atmospheric chemistry
affect both climate and stratospheric ozone. Because
methane is a sink for reactive chlorine and a source of
H,O vapor, it directly influences the availability of inor-
ganic halogen for depleting stratospheric ozone. Further-
more, the atmospheric chemistry of methane affects
hydroxyl radical (OH) abundance on global scales. This
can alter degradation rates (lifetimes) of methane and
ozone-depleting substances such as methyl chloroform
and HCFCs. Finally, methane affects climate. Hansen
and Sato (2001) estimate a change in radiative forcing for
CH, in 2000 compared with preindustrial time, including
direct and indirect effects, of 0.7 £ 0.2 W m~2, which is
one-half the change in forcing due to CO, increases.

Although global concentrations of methane have
varied in preindustrial times, amounts present in today’s
atmosphere are thought to be higher than at any time in
the past 420,000 years. Whereas the globally averaged
methane mole fraction in 2000 was estimated to be
between 1752 ppb (updates of Dlugokencky et al., 2001)
and 1784 ppb (AGAGE network, Tohoku University
gravimetric scale; Cunnold et al., 2002) (Table 1-12),
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measurements of CH, in air extracted from polar ice indi-
cate that its abundance during the last 420,000 years of
the preindustrial era varied between about 350 ppb during
glacial times and about 700 ppb during interglacial
periods (Petit et al., 1999). From ice-core measurements
in Antarctica and Greenland, and Antarctic firn and
archived air from southern midlatitudes, Etheridge et al.
(1998) showed that the globally averaged methane mole
fraction was relatively constant at 695 ppb from 1000 to
1800 A.D., and increased through the industrial era.

Systematic measurements of atmospheric CH, show
that its global abundance at Earth’s surface continues to
increase (Figure 1-19); the average growth rate was 7.9 £
0.1 ppb yr'! from 1984 to 2000, and the rate of increase
slowed from about 14 ppb yr'! in the early 1980s to less than
5 ppb yr'! in the late-1990s (except during 1998). The 1999-
2000 global growth rate was less than 2 ppb yr™' (Table 1-
12). Significant interannual variability is superimposed on
the long-term decrease in growth rate (Dlugokencky et al.,
1998, 2001; Simpson et al., 2002; Cunnold et al., 2002).
Monitoring of the vertical column abundance of CH, above
the Jungfraujoch since the mid-1980s also confirms the con-
tinued slowing of the rate of CH, accumulation in the atmos-
phere, which was found equal to 0.72% in 1987-1988,
0.51% in 1991-1992, 0.32% in 1995-1996, and 0.14% in
1999-2000 (Zander et al., 2002).

The cause of the decrease in methane growth rate is
not fully understood. Although the major sources of atmos-
pheric methane are known, they are poorly quantified.
Bottom-up assessments from individual sources of emis-
sion rates and their changes over time are not reliable
enough to discern small changes in global emission rates.
Changes in hydroxyl radical abundance also would affect
methane growth rates, but much uncertainty remains
regarding trends of this important atmospheric oxidant
(see Section 1.4; Krol et al., 1998; Prinn et al., 2001).
Dlugokencky et al. (1998) have suggested that the recent
methane trends can be explained by an approach of the
system to steady state, i.e., fairly constant emissions and
lifetime in recent years. Resolution of these issues has
important implications for projecting future concentrations.

IPCC (Prather and Ehhalt et al., 2001) calculated
future CH, abundances from 2000 to 2100 based on CH,
emission rates in the six illustrative scenarios in the IPCC
Special Report on Emissions Scenarios (Naki¢enovic et
al., 2000; Figure 1-19). By 2100, CH, mixing ratios range
from about 1575 ppb (i.e., 10% below present-day mixing
ratios; 1880 ppb in 2050) for IPCC scenario B1, which
emphasized relatively small global population and
resource-efficient technologies, to 3730 ppb (2560 ppb in
2050) for scenario EO (not shown in Figure 1-19), which
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Table 1-12. Mixing ratios and growth rates for HFCs, FCs, sulfur hexafluoride, nitrous oxide, methane,
carbon dioxide, and carbon monoxide.

Species Common or Mixing Ratio Growth (1999-2000) Laboratory (No. of sites),
Industrial Name 1996 1998 2000 ppxyr! % yr! Method

HFCs (ppt)
CHF, HFC-23 11.7 13.5 15.5 0.9 5.8 UEA, SH (1), flask *
CHF,CF, HFC-125 0.92 1.4 0.3 22 AGAGE (2), in situ *
CH,FCF, HFC-134a 7.9 14.6 3.5 27 AGAGE (2), in situ *

3.0 7.6 13.8 32 26 CMDL (8), flask *
CH,CHF, HFC-152a 1.3 1.7 0.2 12 AGAGE (2), in situ *
FCs (ppt)
CF, FC-14 76.0 MPAE, NH (1), flask ?
CF,CF, FC-116 2.2 UEA, SH (1), flask *
c-C,Fyq FC-318 1.0 UEA, SH (1), flask *
SF, (ppt) Sulfur hexafluoride 3.5 3.9 UH, SH (1), flask ®

3.6 UEA, SH (1), flask *

3.8 43 4.7 0.21 4.6 CMDL (7), flask °

42 4.6 0.18 4.0 CMDL (5), in situ ®

N,O (ppb) Nitrous oxide 312.7 314.1 316.0 1.0 0.32 AGAGE (4-5), in situ ®

312.0 3138 3157 085 027  CSIRO, SH (1), flask ®
3122 3132 3152 10 032 CMDL (7), flask
3127 3143 3172 1.1 035 CMDL(5),insitu®

CH, (ppb) Methane 1761.7 17747 17844 13 007  AGAGE (4-5), in situ ®
1681.3 16958 1707.6 1.7  0.10  CSIRO, SH (1), flask ©
1729.7 17432  1751.6 07  0.04  CMDL (42), flask °
17512 17647 1771.1 2.1 0.2  UCI (~40), flask ©

CO, (ppm) Carbon dioxide 361.6 365.4 368.6 1.1 0.31 CMDL (44), flask ¢*
CO (ppb) Carbon monoxide 112.1 144.5 1122 -11.6 -9.9 AGAGE, NH (2-3), in situ ©
110.8 132.1 106.0 -13.5 -12.3 CMDL, NH (24), flask °
52.3 56.4 51.0 23 4.4 AGAGE, SH (2), in situ ¢
50.8 56.2 506 22 42 CSIRO, SH (1), flask °
54.3 60.3 559 -18 32 CMDL, SH (19), flask ©

Global mixing ratios (dry air mole fractions) and growth rates are at Earth’s surface unless otherwise specified as being from Northern Hemisphere
(NH) or Southern Hemisphere (SH) sites only. Laboratories: Advanced Global Atmospheric Gases Experiment (AGAGE); Global Atmospheric
Sampling Laboratory, Commonwealth Scientific and Industrial Research Organization (CSIRO), sampling at 41°S; Max-Planck-Institut fiir
Aeronomie (MPAE), sampling at Lindau, Germany; Climate Monitoring and Diagnostics Laboratory (CMDL), National Oceanic and Atmospheric
Administration (NOAA); University of East Anglia (UEA), sampling at 41°S; University of Heidleberg (UH), sampling at 41°S; University of
California at Irvine (UCI), quarterly sampling at about 40 sites.

Data sources: AGAGE: Prinn et al. (2000); Cunnold et al. (2002); ftp://cdiac.esd.ornl.gov/pub/ale gage Agage. CMDL: Dlugokencky et al. (2001);
Montzka et al. (1996b); Novelli et al. (1998); Tans et al. (2002); www.cmdl.noaa.gov. CSIRO: Langenfelds et al. (2002). MPAE: Harnisch et al.
(1999). UEA: Oram et al. (1998); Oram (1999). UCI: Simpson et al. (2002). UH: Maiss and Brenninkmeijer (1998).

Many other groups measure CO,; only results from the most extensive network are included here (see Prentice et al., 2001).
Measurements by gas chromatography-mass spectrometric detection.

Measurements by gas chromatography-electron capture detection.

Measurements by gas chromatography-flame ionization detection.

Measurements by nondispersive infrared detection.

Measurements by gas chromatography-mercuric oxide reduction detection.

o a6 o ® %
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Figure 1-19. Long-term trends (annual mean data)
and possible future levels of carbon dioxide (CO,),
methane (CH,), and nitrous oxide (N,O). Data are
global means from CMDL (red lines: Tans et al., 2001;
Dlugokencky et al., 2001; Hall et al., 2002), AGAGE
(green lines: Prinn et al., 2000; Cunnold et al., 2002),
and UCI (purple line: Simpson et al., 2002, methane
only); CSIRO Cape Grim data are from 41°S only (light
blue lines: Langenfelds et al., 2002). The scenarios
(plotted from 2000) are from IPCC (2001; Appendix
I): A1F1, a future with rapid economic growth and
intensive use of fossil fuels; A2, slower economic
development, but with continuously increasing global
population; B1, progress toward economic and envi-
ronmental sustainability, and clean, resource-efficient
technologies abound; B2, intermediate levels of eco-
nomic development, continuously increasing global
population, and less rapid technological changes.

included rapid population growth through the century and
regional solutions to environmental problems. Though
the range of values is large, the scenarios provide a range
of potential future atmospheric composition for given
amounts of CH, emissions.

1.7.3 Nitrous Oxide (N,O)

Nitrous oxide (N,0) is the major source of ozone-
depleting nitrogen oxides (NO,) in the stratosphere. These
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reaction products of N,O photochemistry make a signifi-
cant contribution to both anthropogenic and natural ozone
depletion. New rate constants for some stratospheric reac-
tions indicate an enhanced role for NO, in ozone loss
(Portmann et al., 1999). Consequently, it is possible that
enhanced future N,O emissions could noticeably delay
stratospheric ozone recovery (Randeniya et al., 2002).
The atmospheric burden of N,O has been
increasing steadily for decades (Figure 1-19). NOAA/
CMDL and AGAGE data show that the globally averaged
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mixing ratio in January 2001 was 315-317 ppb (Prinn et
al., 2000; Hall et al., 2002). Its rate of increase has aver-
aged ~0.75 ppb yr~!, with some interannual variability
since the late 1970s. Its lifetime is currently estimated at
120 (97-137) years, although its “perturbation” lifetime is
4-6% shorter (Prather, 1998).

Most updates in our understanding of the sources
and sinks of atmospheric N,O since the 1998 Assessment
(WMO, 1999) were assessed in Chapter 4 of the Third
Assessment Report (TAR) for the IPCC (Prather and
Ehhalt et al., 2001). A number of studies discussed in that
report show a preindustrial tropospheric abundance of N,O
of ~270 ppb, suggesting an increase in the atmospheric
burden of about 17% since then. Little has changed in our
overall understanding of the atmospheric budget of this
gas since the 1998 Assessment. Known sources of 15-18
Tg yr™!, mainly from natural soils, agricultural activities,
biomass burning, and the ocean, can be accounted for by
known sinks and observed increases. However, the uncer-
tainties in the source estimates are large. The suggested
need for a large stratospheric or exotic source of N,O to
account for the isotopic composition of the troposphere
has been found by a number of studies not to be necessary
(Prather and Ehhalt et al., 2001).

1.7.4 Carbon Monoxide (CO)

In the troposphere, carbon monoxide (CO) is
closely linked to the cycles of ozone and methane, and
plays an important role in the control of the OH radical
concentration. Hydroxyl radical, in turn, controls the life-
time of many reduced compounds (e.g., CH,, HCFCs,
HFCs, and CH,CCl,). Therefore, predicting future con-
centrations of these ozone-relevant and radiatively impor-
tant gases depends partly on how well the CO budget and
its potential for change is understood. CO could be
assigned a GWP because of its effect on the lifetime of
other greenhouse gases (e.g., Prather, 1996; Daniel and
Solomon, 1998; Prather and Ehhalt et al., 2001). In this
regard, emitting 100 Tg of CO is equivalent to emitting 5
Tg of CH, (Wild and Prather, 2000; Derwent et al., 2001).
Most budgets evaluated by Prather and Ehhalt et al. (2001)
estimate a current annual source of CO to the troposphere
in the range of 2000 to 3000 Tg.

1.7.4.1 ATMOSPHERIC GLOBAL DISTRIBUTION AND

TRENDS

Modern direct measurements indicate that trends
in atmospheric CO were positive until the mid- to late-
1980s at least in the Northern Hemisphere, but since then
the mean trend has been negative (Zander et al., 2000;
Khalil and Rasmussen, 1994; Mahieu et al., 1997; Novelli
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etal., 1998), e.g., reaching a decrease of —0.6% yr~' above
the Jungfraujoch in 1999-2000 (Zander et al., 2002). CO
exhibits both short- and long-term changes on regional
and global scales and, after an overall increase over sev-
eral decades, it appears that CO has declined in many parts
of the world (Table 1-12; see also Kurylo and Rodriguez
et al., 1999). Causes of these recent changes have not
been identified with certainty, but decreases in tropical
biomass burning (Yung et al., 1999), decreases in Northern
Hemispheric urban emissions (Bradley et al., 1999), and
increases in OH concentrations due to stratospheric ozone
depletion (Krol et al., 1998; Law, 1999) may have played
a role (although one study suggests decreases in OH in
the 1990s (Prinn et al., 2000)). Short-term increases in
CO column abundances and surface mixing ratios were
observed during the strong El Nifio of 1998, probably as a
result of enhanced burning then (Wotawa et al., 2001;
Rinsland et al., 2000). No long-term change has been
detected in CO mixing ratios at Cape Point, South Africa,
during 1978-1998 (Scheel et al., 1995).

1.7.4.2 CO SOURCES AND SINKS

CO has significant atmospheric photochemical
sources from the oxidation of CH, and non-methane
hydrocarbons, as well as emissions from fuel combustion
and biomass burning. Considerable uncertainties exist in
the CO budget. Recent evaluations of global sources and
budget suggest that the principal sources are biomass
burning, fossil fuel combustion, agricultural waste
burning, biofuel combustion, and industrial processes.
The global surface source is estimated at 1550 Tg yr~!
(Prather and Ehhalt et al., 2001).

The most important sink of CO is reaction with OH.
Uncertainties in OH distributions and the reaction rate
constant of CO + OH result in a large range of estimates
for this sink. McCabe et al. (2001) have studied the
kinetics of CO 4+ OH for atmospheric conditions in the
laboratory, decreasing the uncertainty in the rate coeffi-
cient significantly. Atmospheric CO is consumed by soils;
recent studies (Potter et al., 1996; Sanhueza et al., 1998;
King, 2000) suggest global consumption by soils of 100-
300 Tg yr!, lower than the 190-580 Tg yr! proposed by
Conrad and Seiler (1985), which has been widely used in
previous Assessment budgets.

1.7.4.3 Isotoric DATA

Isotopic studies of atmospheric CO (Brennink-
meijer et al., 1999) provide an absolute technique by
which atmospheric mixing ratios of CO are determined
(Brenninkmeijer et al., 2001). Confirmation that CO
undergoes mass-independent fractionation (Rckmann et



al., 2001) indicates that previous '*C data may need a
small, but significant, correction (Rockmann and
Brenninkmeijer, 1998). Additional work is needed in
defining fractionation of some CO production processes,
notably, CH, and non-CH, hydrocarbon oxidation, and its
combustion sources.

1.7.5 Carbonyl Sulfide (COS)

Carbonyl sulfide (COS) is the most abundant sulfur-
containing trace gas in the atmosphere. Because it has a
lifetime that is long relative to atmospheric mixing times
(>1 year), much of the COS emitted or produced in the tro-
posphere reaches the stratosphere. Some fraction of strat-
ospheric COS becomes photolyzed and contributes sulfur
to the stratospheric aerosol layer. This aerosol provides
surfaces that enhance the concentration of ozone-depleting
radicals; it also plays an important role in the radiative bal-
ance of the atmosphere. Earlier work had suggested that
COS might be the main source of nonvolcanic sulfate to
the stratosphere (Crutzen, 1976). More recent work, how-
ever, based on revised reaction rates, cross sections, and
photolytic quantum yields, has suggested that COS may
account for a smaller fraction of the sulfate present in the
stratospheric Junge layer than previously thought (Chin
and Davis, 1995; Kjellstrom, 1998; see also Chapter 2).

A combination of results from total column
abundances (Rinsland et al., 2002a; Mahieu et al., 1997,
Griffith et al., 1998), periodic surface measurements
(Bandy et al., 1992; Thornton et al., 1996), and an analysis
of firn air in both hemispheres (Sturges et al., 2001b) sug-
gests that the atmospheric burden of COS was fairly con-
stant from the mid-1900s to the early 1990s. In the 1990s
updated results suggest a slight decrease (about 1% yr™'
or smaller) (Mahieu et al., 1997; Sturges et al., 2001b);
Rinsland et al. (2002a) have inferred a mean tropospheric
decrease from 1978 to 2002 at 32°N equal to 0.25 + 0.04%
yr~'. Firn air results suggest that the recent decreases may
have been more pronounced in the Northern Hemisphere
than in the Southern Hemisphere (Sturges et al., 2001b);
they also point to the possibility of lower COS mixing
ratios in the oldest air sampled in Antarctica. Results from
an Antarctic ice core suggest that preindustrial mixing
ratios of COS were 25% lower than observed in the
modern atmosphere (Aydin et al., 2002).

Although numerous sources and sinks of COS have
been identified, much uncertainty remains regarding the
magnitude of these fluxes. Until recently, best estimates
of total sources outweighed sinks for COS by ~30%,
despite evidence to suggests fairly constant mixing ratios
over time in the atmosphere. More recent work by Kuhn
et al. (1999), Kesselmeier et al. (1999), and Simmons et
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al. (1999) confirmed the earlier work of Castro and
Galloway (1991) and suggests a much enhanced role for
soils in the removal of COS from the atmosphere. With
this new understanding of soil losses and some revision in
the net influence of open and coastal oceans, Watts (2000)
suggested that the magnitude of known sinks is similar to
known sources despite the large uncertainties. The magni-
tude of sinks or sources and a mean atmospheric concen-
tration of about 500 ppt imply a COS global lifetime of
about 4 years (Chin and Davis, 1995; Watts, 2000).

1.7.6 Hydrofluorocarbons (HFCs)

The most abundant hydrofluorocarbons (HFCs) in
the present-day atmosphere are HFC-23 (CHF;) and HFC-
134a (CH,FCF;). Since the previous Assessment, the tro-
pospheric abundance of each has continued to increase.
In addition, three more HFCs have been identified in the
background atmosphere: HFC-125 (CHF,CF;), HFC-
143a (CH,CF,), and HFC-152a (CH,CHF,). Their atmos-
pheric mixing ratios are relatively low but are increasing
at significant rates.

1.7.6.1 HFC-134a

HFC-134a (CH,FCF,) is used extensively as a
refrigerant and air-conditioning agent, and to a lesser
degree as a foam-blowing agent. Updated measurements
show that the global mean surface mixing ratio of HFC-
134a had risen to just under 15 ppt by mid-2000 (Table 1-
12; Figure 1-20; Simmonds et al., 1998b; Montzka et al.,
1999; Prinn et al., 2000; Sturrock et al., 2001). The cur-
rent growth rate of about 3.0 ppt yr~' has approximately
doubled since 1996. Calibration differences between
CMDL and AGAGE are less than 5%.

IPCC (Prather and Ehhalt et al., 2001) calculated
future HFC-134a abundances from 2000 to 2100 based
on HFC-134a emission rates in the six illustrative sce-
narios in the IPCC Special Report on Emissions Scenarios
(Nakic¢enovi¢ et al., 2000; Figure 1-20). By 2100, HCFC-
134a mixing ratios range from about 380 ppt (290 ppt in
2050) in IPCC scenario B1 to 960 ppt (535 ppt in 2050)
in [PCC scenario Al.

1.7.6.2 HFC-23

Although HFC-23 (CHF,) has found minor uses in
refrigeration, plasma etching, and as a fire extinguishant,
its major atmospheric source is as a byproduct from the
manufacture of HCFC-22 (Oram et al., 1998). In addi-
tion, Engen et al. (1998) reported elevated levels of HFC-
23 when sampling the emissions from an aluminum
production plant.
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Figure 1-20. Long-term trends (annual mean data) and possible future levels of HFCs. Data are global means
from CMDL (red line: Montzka et al., 1996b, HFC-134a only), and AGAGE (green lines: Prinn et al., 2000;
Sturrock et al., 2001). Cape Grim results are for 41°S only (blue lines: Oram et al., 1996; 1998). The scenarios

(plotted after 2000) are from IPCC (2001; Appendix II).

The only available time series of tropospheric
HFC-23 measurements are those of Oram et al. (1998).
The mixing ratio of HFC-23 at Cape Grim has risen from
2 pptin 1978 to 15.5 ppt in 2000 (Table 1-12; Figure 1-
20). Despite the emission reductions that have occurred
in developed countries as a result of improved HCFC-22
process control and capture of the HFC-23 byproduct, the

growth rate of HFC-23 at Cape Grim has increased in
recent years from 0.55 ppt yr~! in 1995 to 0.9 ppt yr™! (6%
yr ') in late 1999. This may have resulted from increased

HCFC-22 production in developing countries recently
(McFarland and van Gerwen, 2000).

The presence of HFC-23 in the atmosphere has
been confirmed by Engen et al. (1998) and Culbertson et
al. (2000). In the latter study, a mean mixing ratio of 18 £
2 ppt was measured in air samples collected at a rural,
continental site in the United States in March-April 2000.

IPCC (Prather and Ehhalt et al., 2001) calculated
future HFC-23 abundances from 2000 to 2100 based on
HFC-23 emission rates in the six illustrative scenarios in
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the IPCC Special Report on Emissions Scenarios
(Nakiéenovié et al., 2000; Figure 1-20). By 2100, HCFC-
23 mixing ratios are about 32-34 ppt (35 ppt in 2050) in
all IPCC scenarios.

1.7.6.3 HFC-125, HFC-143a, aND HFC-152a

The major use of HFCs -125 (CHF,CF;) and -143a
(CH;CF;) is as refrigerants, whereas HFC-152a
(CH,CHE,) is used primarily as a foam-blowing agent and
aerosol propellant. The current tropospheric background
abundance of these HFCs is relatively low, in the range of
1-3 ppt (Table 1-12; Prinn et al., 2000; Culbertson et al.,
2000; Sturrock et al., 2001). Southern Hemispheric
growth rates in mid-2000, based on measurements at Cape
Grim, were about 0.2 ppt yr ' and 0.1 ppt yr~! for HFC-
125 and HFC-152a, respectively (Sturrock et al., 2001).

IPCC (Prather and Ehhalt et al., 2001) calculated
future HFC-125, -143a, and -152a abundances from 2000
to 2100 based on respective emission rates in the six illus-
trative scenarios in the IPCC Special Report on Emissions
Scenarios (Nakiéenovié et al., 2000; Figure 1-20; HFC-
143a not shown). By 2100, mixing ratios are about 60-
140 ppt for HFC-125 (30-60 ppt in 2050), 90-200 ppt for
HFC-143a (40-70 ppt in 2050), and 80 ppt for HFC-152a,
(55 ppt in 2050) for all these IPCC scenarios.

1.7.7  Fluorocarbons (FCs), SF,, and SF,CF,

Due to a combination of long atmospheric lifetimes
(>1000 years) and strong infrared absorption cross sec-
tions, fluorocarbons (FCs) are among the most potent
greenhouse gases known, having GWPs about 4 orders of
magnitude higher than that of CO, (see Table 1-6). These
gases are useful tracers of atmospheric transport in both
the troposphere and the stratosphere. The only important
sinks for FCs and sulfur hexafluoride (SF,) are photolysis
or ion reactions in the mesosphere.

1.7.71 CF, aAnD C,F;

The most abundant FCs in the present-day atmos-
phere are CF, (FC-14) and C,F, (FC-116). Approximately
50% of the current atmospheric burden of CF, (~80 ppt)
was present in preindustrial times, implying a natural,
probably geochemical, source (Harnisch et al., 1996a;
Harnisch and Eisenhauer, 1998). The predominant source
of both compounds in recent times is believed to be the
aluminum industry. Other minor sources include the semi-
conductor industry and from the production of CCIF,CF,
(CFC-115), where C,F, can be formed as a byproduct due
to overfluorination.

The current background atmospheric mixing ratio
of CF, is about 80 ppt (Table 1-12; Harnisch et al., 1999;
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Culbertson et al., 2000). The measurements of Harnisch
et al. (1999) show that the growth rate of CF, has slowed
in recent years from 1.07 = 0.14 ppt yr~' over the period
1978-1990 to 0.72 +0.11 ppt yr~' between 1992 and 1998
(Figure 1-21). These growth rates correspond to global
emission rates of (16.3 +2.0) x 10® kg yr' and (11.0 +
1.7) x 10° kg yr' and, allowing for estimated emissions
of CF, from the semiconductor industry, imply a reduc-
tion of CF, emissions from aluminum production of about
40%. This observation concurs with an aluminum
industry estimate of a 30% decrease in FC emissions
between 1990 and 1993 (Marks, 2000).

The current background atmospheric concentration
of C,F, is about 3 ppt (Harnisch et al., 1996b; Oram, 1999;
Culbertson et al., 2000). Analysis of the Cape Grim air
archive shows that the mixing ratio of C,F in the Southern
Hemisphere has increased from 0.7 ppt in 1978 to 2.2 ppt
in late 1995 (Figure 1-21; Oram, 1999). The growth rate
over this period was approximately constant at 0.08 ppt
yr~!, which contrasts strongly with the behavior of CF,
whose growth rate has declined since the early 1990s.
Assuming emissions of C,F, from aluminum production
have fallen along with those of CF,, an additional,
increasing source of C,F is required to maintain a constant
emission rate.

IPCC (Prather and Ehhalt et al., 2001) calculated
future CF, and C,F abundances from 2000 to 2100 based
on respective emission rates in the six illustrative sce-
narios in the IPCC Special Report on Emissions Scenarios
(Nakidenovic et al., 2000; Figure 1-21). Mixing ratios
projected for 2100 in the range of IPCC scenarios are 210-
400 ppt for CF, (135-185 ppt in 2050) and 10-25 ppt for
C,F, (7-10 ppt in 2050).

1.7.7.2 c-C,F; AND C,F,

Since the previous Assessment (WMO, 1999), two
other FCs have been detected in the background atmos-
phere, perfluorocyclobutane (c-C,Fg; FC-318) and per-
fluoropropane (C,Fg; FC-218). The origin of ¢c-C,Fq is
uncertain, although it is used in small amounts by the
semiconductor industry (cleaning and plasma etching),
and in very small amounts in some refrigeration blends
(Harnisch, 2000). C,Fq is used for plasma etching and a
small amount (~0.1 x 10° kg yr™") is emitted during alu-
minum production (Harnisch, 1997, 2000).

The abundance of ¢-C,F at Cape Grim increased
from 0.6 ppt in 1978 to about 1 ppt by late 1995 (Table 1-
12; Figure 1-21; Oram, 1999). The 1995 growth rate of
0.012 ppt yr ' was about 80% lower than the maximum of
0.057 ppt yr ! measured over the period 1983-1989. In
this way, its behavior is similar to that of CF,, whose
growth rate has slowed in response to reduced emissions
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Figure 1-21. Long-term trends (annual mean data) and possible future levels of fluorocarbons and sulfur
hexafluoride. Data are from the Northern Hemisphere (pink line: MPAE, Harnisch et al., 1999, FC-14 only),
means from Cape Grim, Tasmania (blue lines: UEA, Oram, 1999; black line: SIO, Vollmer and Weiss, 2002,
SFg only; orange line: UH, Maiss and Brenninkmeijer, 1998, SF, only), and global surface means (red line:
CMDL, Hall et al., 2002, SF4 only). The scenarios (plotted from 2000) are from IPCC (2001; Appendix I1).

from the aluminum industry. However, c-C,F has not
been reported in studies of the composition of emissions
from aluminum plants, so the cause of the observed
decrease in growth rate remains unclear. Measurements
of ¢-C,F have also been reported in stratospheric air.
Sturges et al. (2000a) reported a Northern Hemispheric,
upper tropospheric mixing ratio of about 1.0 ppt for 1994,
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and Travnicek (1998) reported a 1997 mixing ratio of 0.7
ppt and calculated an annual global emissions rate of about
0.7 x 10° kg yr! over the period 1978-1997.

In recent years the first atmospheric measurements
of C,F have also been reported. From a stratospheric
profile collected in 1997, Sturges et al. (2000a) estimated
an upper tropospheric mixing ratio of approximately 0.3



ppt. The full profile between 11 and 32 km implies a long
atmospheric lifetime for this gas and recent tropospheric
increases. In addition, Culbertson et al. (2000) measured
a similar mean C,F¢ mixing ratio of 0.26 = 0.03 ppt in
samples collected at a rural, continental U.S. site in
March-April 2000.

1.7.7.3 SuLFUR HEXAFLUORIDE (SF)

Sulfur hexafluoride (SF) is used mostly as an insu-
lating fluid in step-down transformers and as a cover gas
in magnesium production. Atmospheric SF, continues to
rise (Table 1-12, Figure 1-21), with current (2000) global
surface means estimated at 4.7 ppt (Hall et al., 2002) and
global growth rates of 4-5% yr'. Vertical column abun-
dances of SF, monitored above the Jungfraujoch increased
by an average of 3.49 x 10'> molec cm™ yr~! from 1987
to 2001, which corresponds to 12.9% yr™' during 1987-
1988 and 5.1% yr ' during 1999-2000 (Zander et al.,
2002). IPCC (Prather and Ehhalt et al., 2001) calculated
future SF, abundances from 2000 to 2100 based on
respective emission rates in the six illustrative scenarios
in the IPCC Special Report on Emissions Scenarios
(Nakicenovic et al., 2000; Figure 1-21). By 2100 mixing
ratios are estimated to be about 55-65 ppt (20-25 ppt in
2050) in all these scenarios.

1.7.7.4 TRIFLUOROMETHYLSULFURPENTAFLUORIDE
(SF;CF,)

Another long-lived greenhouse gas has recently
been found in the atmosphere (Sturges et al., 2000b).
Trifluoromethylsulfurpentafluoride (SF;CF,) has an
atmospheric lifetime of about 800 years (Table 1-3;
Takahashi et al., 2002) and, on a per-molecule basis, has
the largest radiative forcing of any gas found in the atmos-
phere to date. Measurements of SF;CFj; in air trapped in
polar snow (firn) show its abundance has risen from near
zero in the 1960s to about 0.12 ppt in 1999, and is cur-
rently growing at 0.008 ppt yr~'. The only known source
of SF,CF; is as a byproduct of the manufacture of certain
fluorinated chemicals (Santoro, 2000).

1.8 HALOGENATED SOURCE GASES IN
THE FUTURE

Scenarios were developed to describe the range of
future mixing ratios of ODSs given our current under-
standing of sources, sinks, banks or reservoirs of une-
mitted material and emission rates from these, and poten-
tial future production. The baseline scenario Ab was
designed as a best estimate of future trace gas mixing
ratios based upon current trends in production and con-
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sumption, and limits to these as defined by the fully
amended and adjusted Montreal Protocol. Scenario Am
was an attempt to define atmospheric mixing ratios in a
world where future production and consumption rates
were at the maximum allowed by the fully amended and
adjusted Montreal Protocol. It must be kept in mind that
for some gases, notably the HCFCs, this concept is ill
defined because upper limits to global production apply
only after 2016. The Pc scenario was constructed to show
how continued constant production of ODSs at 1999 rates
into the future, in clear violation of the Montreal Protocol,
would affect future EESC. Hypothetical scenarios were
also developed in which emissions of all ODSs (E0) or a
selected class of ODSs ceased in 2003. These hypothet-
ical cases were constructed to show how future emissions
of different compound classes affect future EESC and to
define a lower limit to future EESC. Additional, poten-
tially achievable cases were also constructed to show the
effects of zero production from 2003 onward for groups
of ODSs and all ODSs together (PO). More details
regarding the assumptions made in developing these sce-
narios and cases are included in Tables 1-13 and 1-14.

1.8.1 Development of the Baseline

Scenario Ab

To create the baseline scenario Ab, a set of emis-
sions was derived for each halocarbon for 1950-2000 so
that mixing ratios calculated in a simple box model would
match as closely as possible the observed mixing ratios
(Tables 1-15 and 1-16; Figure 1-22). Where possible,
emissions were based on historical industry production
data and emission functions as described in Section 1.3
(e.g., McCulloch and Midgley, 2001; McCulloch et al.,
2001; AFEAS, 2001; UNEP, 2002). Some discrepancies
exist, however, between measured and calculated mixing
ratios (see Section 1.6), and in order to provide a history
without discontinuities, scale factors were sometimes
applied to these emissions to better match the observed
atmospheric mole fractions (Tables 1-15 and 1-16).

Future emissions were derived for 2000-2100
based upon (1) current trends in halocarbon production
and emission, (2) the size of unemitted reserves (adjusted
to reflect scale factors applied to past emissions), (3) rela-
tionships between production and emission as a function
of application, and between reserves and emission, and
(4) considering future production restrictions outlined in
the latest Amendments (Beijing) of the Montreal Protocol.
The Beijing Amendments (1999) to the Montreal Protocol
included limits on the production of HCFCs in both devel-
oped (freeze in 2004) and developing (freeze in 2016)
countries, stricter limits on the production of ODSs by
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developed countries for use in developing countries, as
well as a global phaseout of a new species, bromochloro-
methane (CH,BrCl), in 2002.

For methyl chloride and methyl bromide, scenarios
were developed for past years based upon available firn
air and real-time measurements (Khalil et al., 1993; Khalil
and Rasmussen, 1999; Butler et al., 1999; Sturges et al.,
2001a). Mixing ratios were set for the late 1990s at 9.5
ppt CH;Br and 550 ppt for CH,;Cl based upon discussions
in Kurylo and Rodriguez et al. (1999). Future mixing ratios
in scenarios were calculated assuming that restrictions on
production resulted in emission reductions in the same year
(Table 1-13). Future emissions of CH,CI were kept con-
stant to sustain a mixing ratio of 550 ppt for all scenarios.

1.8.2 Projecting Future Halocarbon
Mixing Ratios

Future mixing ratios of a trace gas depend upon
future emission rates and the rate at which the gas is
removed from the atmosphere. Atmospheric removal
rates are determined by the chemical and physical charac-
teristics of a trace gas, and cannot be purposefully altered
by humans. In the absence of emissions, future mixing
ratios can be calculated on the basis of trace gas lifetimes.
Because lifetimes of ODSs range from less than | year to
more than 100 years, however, the expected rate of decline
in the absence of emissions varies substantially for dif-
ferent halocarbons.

Emissions of most ODSs, however, are not yet
insignificant. Substantial amounts of some ODSs exist in
current applications and will be released to the atmos-
phere in future years. Furthermore, production of some
halocarbons continues under the allowances prescribed
by the Montreal Protocol. Predicting future mixing ratios
of ODSs requires a good understanding of emission rates
of ODSs from present-day applications, the size of pro-
duced but unemitted reserves (banks), the magnitude of
future production, and halocarbon atmospheric lifetimes.
Managing or controlling future mixing ratios is possible
only through controlling current rates of emission and
future production.

In what follows, some salient points regarding
future halocarbon mixing ratios and the development of
scenarios are discussed.

1.8.21 CFCs

Reserves of unemitted but produced CFCs vary
substantially for different individual CFCs because they
were used in different applications. CFC-11 was used
extensively in foams from which only a small portion of
the CFC becomes released each year. As a result a very
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large reservoir of CFC-11 exists in foams today, and future
emissions will depend mostly upon the rate at which CFC-
11 escapes from foams together with the amount of future
production. Emission models suggest that the reservoir
of unemitted CFC-12 and -113 is substantially smaller,
owing to use in applications where release is more rapid
(AFEAS, 2001). For these two gases, future emissions
will be more closely tied to the magnitude of future pro-
duction. Differences in the calculated future scenarios
reflect the size of reserves for each gas relative to the
potential magnitude of future production (Figure 1-1).

1.8.2.2 METHYL CHLOROFORM

Reserves of produced but unemitted methyl chlo-
roform (CH,CCl,) are thought to be small owing to past
use predominantly as a solvent and cleaning agent.
Accordingly, future emissions should be closely tied to
future production. Known production in recent years has
been about 20 Gg yr ' (McCulloch and Midgley, 2001),
or quite small compared with earlier years, and should
decrease as the allowances for production and consump-
tion in developing countries diminish through 2015. The
exponential decline in mixing ratios in recent years will
continue as long as methyl chloroform emissions remain
small relative to its atmospheric burden. Future produc-
tion within limits allowed by the Protocol could slow this
decline (Figure 1-4). Furthermore, if some nonindustrial
emissions exist and persist in the future, perhaps as a result
of biomass burning (Rudolph et al., 2000), the exponen-
tial rate of decay would slow until some non-zero steady-
state mixing ratio was reached. Current estimates of non-
industrial emission magnitudes suggest that this steady-
state mixing ratio would be <2 ppt (see Section 1.3).

1.8.2.3 CARBON TETRACHLORIDE

Significant mismatches between observed and cal-
culated mixing ratios of carbon tetrachloride (CCl,) sug-
gest potential difficulty in reliably estimating future
amounts of this important ODS (see Section 1.6).
Improvements in this area will come only after certain
questions are addressed. These questions include the fol-
lowing: (1) How much carbon tetrachloride is emitted
from processes not related to the production of CFCs, and
how have these releases changed over time? (2) Are fugi-
tive releases of CCl, on the order of 11% from production
of CFCs in the years 1978-1993 reasonable? (3) Did those
fugitive releases more than double to become about 25%
in 1995-1999 as the bulk of CFC production shifted to
countries operating under Article 5(1) of the Montreal
Protocol (Figure 1-15; Article 5(1) refers to developing
countries as defined by the Montreal Protocol)?
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Table 1-13. Description of scenarios for future ODS emissions.

Scenario

Description

Ab:

Baseline
(best-guess
scenario
following the
Beijing
Amendments,
1999) =
Reference

Developed countries (non-Article 5(1)):

Future production of CFCs was continued at the current level of capacity for "essential uses" and export to
Article 5(1) countries. The bank of unemitted reserves in 2000 was estimated to be 656 Gg for CFC-11 and
60 Gg for CFC-12. Future production of CCl, was governed by the quantities required for CFC manufacture;
global emissions of CCl, were estimated as a fraction (40%) of global CFC production (see Figure 1-15).
Future production of methyl chloroform was zero. Emission of halons in future years was estimated as a per-
centage of unemitted global reserves: 98 Gg for Halon-1211 and 62 Gg for Halon-1301 in 2000. Production
of HCFCs was continued with the same trends as now; after 2003 production is assumed to decline according
to consumption limits required by the Protocol. Controls on global production of CH,Br were presumed to
result in a global emission decrease of 30 Gg yr!' (out of 212 Gg yr!) in the future as governed by the phase-
out schedule of the Protocol; 75% of this emission was phased out according to the schedule for production
decreases in non-Article 5(1) countries, and 25% was phased out according to this schedule in Article 5(1)
countries. Emissions from quarantine pre-shipment applications were held constant into the future at 12 Gg
yr!; emissions from biomass burning and gasoline combustion were also held constant in all scenarios.

Developing countries (Article 5(1)):

Production of CFCs and methyl chloroform was allowed to continue at the current (frozen) level, with phase
down dates mandated in the Montreal Protocol, and there was no production allotted in Countries with
Economies in Transition (the de facto situation). Emissions of carbon tetrachloride were estimated at almost
40% of CFC-11 and -12 produced. Emissions of halons were estimated as a percentage of unemitted glob-
al reserves. The size of this unemitted stock of Halon-1211 in 2000 was enhanced slightly to account for
potential additional production in Article 5(1) countries. For Halon-1301 production in A5(1) countries was
taken from Fraser et al. (1999). Production and consumption of HCFCs was kept constant at current levels
until phase down is required (after 2015). For a discussion of future production and emission of CCl, and
CH;Br, see the discussion for non-Article 5(1) countries.

Am:
Maximum
production

Production of CFCs, halons, and HCFCs is projected forward at the maximum allowed under the
Protocol.

CFCs: The maximum global production allotment for CFCs is, according to UNEP (2002), 160 ODP-ktons
yr~! through 2004, decreasing to zero in 2010. This is 17.5% above the 1999 production in the Ab scenario.
For the maximum scenario, the Ab production of CFC-11, -12, and -113 was therefore multiplied by 1.175
for the years 2000-2004 (a scale factor of 1.0 was applied to CFC production during 2005-2009). The emis-
sions of carbon tetrachloride were consequently also multiplied by the same factor, since they are linked in
the calculation to the production of CFC-11 and -12. The UNEP production limit for CCl, was not applied.

Halons: For Halon-1211 a global bank of 114 Gg in 2000 was used, instead of 98 Gg as in Ab. For the com-
bined halons, a total global production was applied of 45 ODP-ktons through 2004, and 22.5 ODP-ktons split
among the years 2005-2009. This production was divided over Halon-1211 and -1301 according to their pro-
duction split in 1999 in the Ab scenario.

HCFCs: Future production and consumption of HCFCs was estimated by keeping production in non-Article
5(1) countries constant at the 1999 level of 27 ODP-ktons yr' and by increasing production in Article 5(1)
countries by 3% yr' starting in 1999 at 9.4 ODP-ktons yr'. The Protocol limits for production and con-
sumption were applied for later years. The production of HCFCs in future years was split among HCFC-22,
-141b, and -142b, as it was in 1999 (AFEAS, 2001). Production of methyl chloroform and methyl bromide
are all at their practical maxima and so are the same as in the Ab scenario.

Pc:
Continued
production

Continued production of all ODSs at a constant level reported by UNEP (2002) for the year 1999 was
assumed. This additional production would be in excess of the limits set by the amended Montreal Protocol.
Global production magnitudes reported by UNEP (ODP-Gg yr ') for 1999 and used in this scenario were:
147.2 for CFCs, 25.2 for halons, 1.78 for methyl chloroform, and 36.2 for HCFCs. Carbon tetrachloride pro-
duction was kept constant in the future at 67.7 Gg yr ' based upon production of CFC-11 and -12 in 1999.
Methyl bromide emission was held constant at the 1999 level. For the CFCs (CFC-11, -12, and -113), halons
(1211 and 1301), and HCFCs (HCFC-22, -141b, and -142b), the 1999 production of the individual species
was calculated from the aggregated ODP-weighted UNEP total using the ratio in the Ab scenario for 1999.
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Table 1-14. Description of cases for future ODS production and emissions.

Case

Description

EO0: Zero emission

Anthropogenic emissions of all ODSs set to zero from 2003 onward, i.e., banks destroyed and

(hypothetical scenario) production stopped. In practice, this is an unachievable scenario. This case is used to show the

natural removal rates of ODS from the atmosphere and describes a lower limit for ODS mixing
ratios in the future atmosphere.

Emission contribution

No emission of CFCs (including from existing equipment) from 2003 onward. Other species as

of CFCs to Ab in scenario Ab.
Emission contribution No emission of carbon tetrachloride (including from existing equipment) from 2003 onward.
of CCl, to Ab Other species as in scenario Ab. Since the emissions of CCl, are fugitive and in the calculations

related to the production of CFC-11 and -12, this is the same as a zero production case.

Emission contribution
of CH,CCl, to Ab

No emission of methyl chloroform (including from existing equipment) from 2003 onward. Other
species as in scenario Ab.

Emission contribution
of halons to Ab

No emission of halons (including from existing equipment) from 2003 onward. Other species as
in scenario Ab.

Emission contribution
of HCFCs to Ab

No emission of HCFCs (including from existing equipment) from 2003 onward. Other species as
in scenario Ab.

Emission contribution
of CH;Br to Ab

No anthropogenic emission of methyl bromide (including from existing equipment) from 2003
onward. Total reduction of 42 Gg (30 for controllable uses and 12 for Quarantine and Pre-
Shipment (QPS) uses). Other species as in scenario Ab. The emissions of CH;Br are from disper-
sive uses, so there is no substantial bank. As a result, this case is identical to a zero methyl bro-
mide production case. Nonindustrial emissions of 160-170 Gg yr' were presumed and were kept
constant in the future.

PO0: Zero production

Production of all ODSs set to zero from 2003 onward. Emissions continue based upon size of
unemitted reserves (based on the cases described below).

Production contribu-
tion of CFCs to Ab

No production of CFCs from 2003 onward. Emission of CFC-12 equals its production after 2002
(bank is depleting rapidly), so for CFC-12 this equals zero emissions. Production of CFC-114
and -115 already zero in Ab. Non-CFCs as in scenario Ab.

Production contribu-
tion of CH;CCl, to Ab

No production of methyl chloroform from 2003 onward. Other species as in scenario Ab.

Production contribu-
tion of halons to Ab

No production of halons from 2003 onward. Global production of Halon-1211 and -1301 in
1999 is, according to Fraser et al. (1999), 29.0 ODP-ktons and according to UNEP (2002), 25.2
ODP-ktons in 1999. This case was derived by estimating emissions from the halon production
predicted in Fraser et al. (1999) for 2003-2009 (zero after 2009) and subtracting these emissions
from those calculated in the Ab scenario. Halon-1202 emissions were presumed to be zero, since
they arise as a byproduct of Halon-1211 production. Halon-2402 production was limited to
Russia. The amount produced decreased rapidly from 2.45 ktons in 1990 to 0.152 ktons in 1999
(UNEP, 1999). The 1996 number is only a small fraction of the emission. Halon-2402 production
is therefore assumed zero in this case (from 2003 onward) (same as in Ab, in agreement with
Madronich and Velders et al. (1999) and Fraser et al. (1999)).

Production contribu-
tion of HCFCs to Ab

No production of HCFCs from 2003 onward. Other gases as in scenario Ab.

Production contribu-
tion of CH,Br to Ab

No production of CH,Br from 2003 onward. Because emissions are presumed to be prompt after
production, this case is identical to the case of zero CH,Br emissions.
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Table 1-15. Source of production, emission, and observation data used in creating scenarios.

Details Related to Creating Mean Details Related to Calculating Expected Mixing Ratios
Set of Global Observations * and Past Mixing Ratios in Scenarios from
Mean Period Source of Mean a Simple Box Model Calculation °
AGAGE/ of Observations Lifetime  Production Emission Emission
CMDL Ratio Overlap after Scaling ¢ Used In Data Function Scale
(s.d.) Box Model Source Revised? Factor ¢
(years)
CFC-12 1.008 1991-1999  AGAGE 100 AFEAS, No 1.045 (£1980)
(0.002) UNEP 0.8 (1993-94)
CFC-11 0.980 1990-1999  AGAGE 45 AFEAS, Yes, foam ° 1.068
(0.002) UNEP
CFC-113 0.993 1994-1999  AGAGE 85 AFEAS No 0.98
(0.005) only
CCl, 0.973 1993-1999  AGAGE 26 f f f
(0.006)
CH,CCl, 0.975 1993-1999 AGAGE 4.8 & No Variable
(0.008) (0.9 to 1.25)
HCFC-22 0.993 1998-2000 CMDL 11.8 AFEAS, No 1.0
(0.007) UNEP
HCFC-141b 1.011 1998-2000 CMDL 9.2 AFEAS, No 1.0
(0.006) UNEP
HCFC-142b 1.049 1998-2000 CMDL 18.5 AFEAS, Yes, foam " 1.0
(0.008) UNEP
Halon-1211 1.068 1998-2000 CMDL 16 i No 1.18 (£1992)
(0.006)
Halon-1301 1.139 1998-2000 CMDL 65 j No Variable
(0.004)
CH,Br NA NA k 0.7 NA NA NA
CH,CI NA NA ! 1.3 NA NA NA

NA, Not available.

a

Mean halocarbon measurements were derived from the longest available global data record after adjusting this data record by the factor [1 + (1-x)/2],
where x is the mean AGAGE/CMDL ratio indicated. Scenarios were created to match these measurements for past years. AGAGE data are reported
on the SIO-98 scale (Prinn et al., 2000); CMDL data are reported on scales as described in Hall et al. (2002).

Calculated mixing ratios also appear in Scenarios and provide the basis for calculating future emissions and mixing ratios. Citations referred to are
AFEAS (2001) and UNEP (2002) unless otherwise specified.

¢ Data record from the group indicated was scaled by half the AGAGE vs. CMDL ratio.

To create a set of emissions consistent with global observations (Section 1.8 only), emissions derived from industrial production were scaled by this
factor up to the point at which measurements become available.

McCulloch et al. (2001).

CCl, emission estimated in the future from CFC-11 and -12 production (see text).

McCulloch and Midgley (2001).

Emission functions for foams adjusted as described in Ashford (2000) and McCulloch et al. (2001).

Updated UNEP (1999).

Fraser et al. (1999).

Southern Hemispheric firn data were scaled by a constant of 1.16 to approximate global mixing ratios (see Section 1.5).

Southern Hemispheric firn data were scaled by a constant of 1.06 to approximate global mixing ratios (see Section 1.5).

- & = = 5 oo
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Table 1-16. Calculated global surface mixing ratios (ppt) in the Ab baseline scenario. Dates are for the beginning
of the year indicated.

Year CFC-12 CFC-114 cql, HCFC-22 HCFC-142b Halon-1202 Halon-2402 CH,Cl1
CFC-11 CFC-113 CFC-115 CH,CCl, HCFC-141b Halon-1211 Halon-1301 CH;Br

1990 2563 4741 680 154 51 1057 1247 820 00 12 227 0.03 1.66 031 9.0 5505
1991 2626 4880 740 15.7 56 1058 1288 88.1 0.0 1.7 2.54 0.03 185 034 90 5506
1992 2674 5002 783 159 60 1055 1291 %44 00 24 2.79 0.03 198 036 9.1 5506
1993 2712 5115 814 16.0 65 1051 1278 1008 0.2 33 294 003 207 038 92 550.6
1994 2712 5187 829 16.1 70 1045 1188 1068 09 42 3.10 004 217 040 93 550.7
1995 2706 5248 832 16.2 75 1037 1078 1128 2.1 52 3.25 004 233 042 94 550.7

1996 2695 5300 832 16.2 79 1027 970 1186 38 6.3 340 004 246 043 95 5507
1997 2682 5342 827 16.3 83 101.6 89 1250 55 74 3.55 005 255 043 95 5507
1998 2606 5374 826 163 8.6 1005 693 1305 71 85 3.69 005 264 043 95 5507
1999 2647 5395 823 163 8.8 9.2 586 1361 9.0 94 3.83 005 273 042 95 5507
2000 2626 5405 817 164 9.0 979 4999 1416 108 105 397 0.05 282 041 93 550.7

2001 2605 5412 811 164 9.1 96.7 426 1493 130 122 4.07 004 290 041 93 5507
2002 2582 5419 804 164 9.1 955 366 1564 154 139 4.13 004 297 040 9.1 5507
2003 2558 5427  79.6 164 9.1 94.4 316 1629 181 155 4.16 003 304 039 90 5507
2004 2533 5419 788 164 92 933 275 1689 209 171 4.16 003 311 038 89 550.7
2005 2507 5411 780 164 92 923 240 1744 238 187 4.14 002 317 037 88 550.7

2006 2480 5385 772 164 92 90.3 212 1782 265 201 4.09 002 323 036 85 5507
2007 2452 5360 763 164 92 88.5 188 1806 289 213 4.03 002 328 035 85 5507
2008 2424 5314 755 163 92 85.6 167 1820 311 223 395 0.01 332 034 84 5507
2009 2393 5269 747 163 92 82.8 150 1827 330 232 3.86 0.01 337 032 84 5507
2010 2361 5225 739 163 92 80.1 136 1828 348 240 3.76 0.01 340 031 84 5507

2011 2327 5173 730 16.2 92 77.1 123 1825 365 247 3.66 0.01 344 030 84 550.7
2012 2292 5122 722 162 92 742 112 1808 377 252 3.54 000 346 029 84 5507
2013 2256 5071 713 16.2 92 714 103 1782 385 255 343 000 349 028 84 5507
2014 2219 5020 705 16.1 92 68.7 95 1748 391 256 331 000 351 027 84 5507
2015 2182 4970 697 16.1 92 66.1 87 171.0 394 257 3.19 000 352 026 84 550.7

2016 2143 4921 689 16.0 9.1 63.6 80 1670 396 257 3.07 000 354 025 82 5507
2017 2105 4872 681 16.0 9.1 612 74 1620 393 255 295 000 355 024 82 5507
2018 2066 4823 673 159 9.1 589 69 1562 388 251 2.83 000 355 023 82 5507
2019 2027 4775 665 159 9.1 56.7 63 1501 380 247 271 000 356 022 82 550.7
2020 1989 4728  65.7 15.8 9.1 54.6 59 1439 371 241 2.59 000 356 021 82 550.7

2021 1950 4681 649 15.8 9.1 52.5 54 1376 361 236 248 000 355 020 82 5507
2022 1912 4634 642 15.7 9.1 50.5 50 1312 349 229 237 000 355 019 82 5507
2023 1874 4588 634 15.7 9.1 48.6 47 1248 337 223 226 000 354 018 82 5507
2024 1836 4542 627 15.6 9.1 46.8 43 1186 324 216 2.16 000 353 018 82 5507
2025 1799 4497 620 15.6 9.1 45.0 40 1126 310 209 2.05 000 352 017 82 550.7

2030 1620 4278 584 153 9.1 371 2.8 868 247 176 1.59 000 344 013 82 5507
2035 1455 4069 551 151 9.0 30.6 1.9 669 191 146 1.22 000 333 010 82 550.7
2040 1305 3871 519 14.8 9.0 253 1.3 516 146 120 0.93 000 319 008 82 550.7
2045 1169 3682 490 14.6 9.0 209 09 393 110 9.8 0.70 000 3.04 006 82 550.7
2050 1047 3502 462 144 9.0 172 0.6 276 17 7.6 0.52 000 288 005 82 550.7

2055 938 3332 435 14.1 89 142 0.5 187 52 5.8 0.39 000 272 004 82 550.7
2060 839 3169 410 139 89 11.7 0.3 125 34 44 0.29 000 256 003 82 550.7
2065 751 3015 387 13.7 89 9.7 0.2 83 2.1 34 0.21 000 241 002 82 5507
2070 672 2868 365 134 89 8.0 02 55 13 2.6 0.16 000 225 002 82 5507
2075 602 2728 344 132 8.8 6.6 0.1 36 08 1.9 0.12 000 211 001 82 550.7

2080 538 2595 324 13.0 8.8 54 0.1 24 05 1.5 0.09 0.00 197 001 82 550.7
2085 482 2468  30.6 12.8 8.8 45 0.1 16 03 1.1 0.06 0.00 1.83 001 82 550.7
2090 431 2348 288 12.6 8.8 3.7 0.0 10 02 0.8 0.05 0.00 1.71 001 82 550.7
2095 386 2233 272 124 87 31 0.0 07 0.1 0.6 0.03 0.00 159 001 82 550.7
2100 345 2124 256 122 8.7 25 0.0 05 0.1 0.5 0.03 0.00 148 000 82 550.7
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Figure 1-22. Global atmospheric surface mixing ratios (ppt) in the baseline scenario Ab (lines) and the mean
AGAGE-CMDL observations (circles; see Table 1-15 for origin; Prinn et al., 2000; Montzka et al., 1999).

In the Ab and Am scenarios, future emissions of rates (Butler et al., 1999; Fraser et al., 1999; UNEP, 1999,

CCl, were estimated from CFC production and a molar and updates). In the Ab scenario, mixing ratios of Halon-
ratio [total CCl, emission]/[global CFC production] of 1301 continue to increase until about 2020 primarily
0.38 as estimated for recent years (see Figure 1-15). These because of emission from reserves. Scenario results for
projections (Figure 1-4) will be reasonable for carbon Halon-1211 also suggest that emissions from reserves are
tetrachloride only if a// significant emissions of this gas important, but the magnitude and date of peak mixing
become diminished in the future along the time frame pro- ratios are strongly influenced by future production rates
jected for reductions in CFC production. as well (Figure 1-3).

Additional uncertainty in future halon mixing ratios
1.8.2.4 HaLons arises because the size of these reserves is not well

defined; this added uncertainty is not explicitly included
in the calculated scenarios but is considered elsewhere
(see Section 1.8.4). For Halon-1211, estimates of reserves
derived from production data and functions relating
releases to production vary from 65 to 136 Gg in 2000
(Fraser et al., 1999; UNEP, 1999, updated). Reserves cal-
culated with emissions derived from atmospheric meas-
urements (Butler et al., 1998, 1999) and an atmospheric
lifetime of 16 years are about 100 Gg in 2000; those

A large fraction of present-day halon emissions
arise from use of a banked halon, defined here as material
that is contained in inventories and installed equipment.
As aresult, future mixing ratios are tied to the rate of emis-
sions from these halon banks in addition to the magnitude
of future production (Figure 1-3). Although progress has
been made in reducing production for future uses (UNEP,
1997), halon banks are large relative to current emission
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derived from independent measurements at Cape Grim
by UEA (Fraser et al., 1999) are substantially smaller. For
reference, current increases observed for Halon-1211 of
0.1 ppt yr! would require emissions of about 10 Gg yr!
to sustain (for a 16-yr lifetime). For Halon-1301, esti-
mates of reserves range from 45 Gg (UNEP, 1999,
updated) to 65 Gg (Fraser et al., 1999) and, for reference,
measurements suggest annual emissions of about 3 Gg
yr! (for a 65-yr lifetime).

1.8.25 HCFCs

Uncertainty in future mixing ratios of HCFCs stems
primarily from projecting how these gases will fulfill the
needs of developing nations. Consumption is currently
frozen in non-Article 5(1) countries, and soon reductions
in consumption will be mandated there as well (see Figure
1-18). Production in non-Article 5(1) countries, however,
is capped only after 2004; this production could provide a
substantial allotment of HCFC for use in Article 5(1)
countries, depending upon demand. In addition, produc-
tion in Article 5(1) countries is not restricted until after
2015, although the extent to which these countries would
invest substantial capital in the manufacture and use of
such time-limited materials remains a major uncertainty.
Production (as ODP-tons) in developing countries aver-
aged 10% of production in non-Article 5(1) countries in
the late 1990s (UNEP, 2002).

In the Ab scenario, future global HCFC production
was presumed to decrease according to the consumption
limits outlined for non-Article 5(1) countries and a small,
constant allotment was included for production in coun-
tries operating under Article 5(1) of the Protocol. This
scenario would underestimate future production, emis-
sions, and consequent mixing ratios of HCFCs if demand
for these gases in developing countries increased substan-
tially in future years. In the Am scenario, production and
consumption of HCFCs was increased as described in
Table 1-13. This enhanced demand leads to higher HCFC
mixing ratios in the future (Figure 1-5); this enhanced
HCEFC production accounts for about one-third of the
14.5% higher integrated EESC calculated for scenario Am
compared with scenario Ab (Table 1-17).

1.8.2.6 MEeTHYL BROMIDE AND METHYL CHLORIDE

Atmospheric releases resulting from industrial
production represent only a fraction of total releases of
these gases to today’s atmosphere (see Section 1.5).
Uncertainty in the magnitude of this fraction limits our
ability to accurately describe how methyl bromide mixing
ratios will respond to production limits in the revised and
amended Montreal Protocol (Section 1.5.1.4). Scenarios
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for methyl bromide were developed by prescribing future
emission decreases of about 30 Gg, or 15% of the total
annual flux, according to the schedule of production
restrictions in the current Protocol (Table 1-13; see also
Section 1.5). Anthropogenic emissions from quarantine
and preshipment applications (12 Gg yr ') and from non-
fumigation activity (biomass burning and automobile
emissions) were kept constant in the future in all scenarios.
No limits apply to methyl chloride production or con-
sumption; total emissions of this gas were held constant
in the future in all scenarios.

Both methyl bromide and methyl chloride are
unique among ozone-depleting halocarbons because a
substantial fraction of their sources and sinks arises from
biological processes. These processes may be affected
significantly by changes in future climate. Because our
understanding of these process is limited, we cannot pre-
dict if such changes would act to enhance or diminish
mixing ratios of these gases in the future atmosphere (see
also Section 1.8.5).

1.8.2.7 EFFECTIVE EQUIVALENT CHLORINE

As the influence of methyl chloroform on effective
equivalent chlorine (EECI) has lessened, the decline
observed for EECI has slowed (see Section 1.2; Figure 1-
9). This is because mixing ratios of CFC-12, halons, and
the HCFCs continued to increase in 2000. Future trace
gas trends in scenario Ab (the best-guess scenario) result
in continued declines in EECI in the near future; the mean
rate of change for EECI during 2000-2010 in this scenario
is =0.9% yr' (Figure 1-9). In scenario Ab, EECI con-
tinues to decline because projected mixing ratios for CFC-
12 and total bromine peak and subsequently begin
decreasing during 2000-2005, and because enhanced
declines in other CFCs are projected for that period as
well (Figure 1-22). In scenario Am, EECI decreases at
—0.7% yr!, slightly slower than in the Ab scenario.

1.8.3 Scenario Results: Calculated Mixing
Ratios and EESC

The concept of effective equivalent stratospheric
chlorine (EESC) has been used in the past to gauge the net
effect of tropospheric halocarbon trends on the loading of
ozone-depleting halogen in the stratosphere (Prather and
Watson, 1990; Solomon and Wuebbles et al., 1995;
Madronich and Velders et al., 1999; Daniel et al., 1995).
As such, EESC provides a rough estimate of the time scale
for ozone recovery in an otherwise unchanging atmos-
phere. The concept of EESC has limitations, however, par-
ticularly because of stratospheric mixing processes and
other effects (Prather, 1997; see also discussion in Section
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Table 1-17. Comparison of scenarios and cases: the year when EESC drops below the 1980 level, and
integrated EESC differences (relative to baseline scenario Ab). ?

Scenarios and Cases

Year (x) when

Percent difference in Percent difference in

EESC is expected y ¥
to drop below 1980 _[ EESC dt j EESC dt
value * 1980 2002
above the 1980 above the 1980
level relative to level relative to
scenario Ab * scenario Ab *
Scenarios
Ab: Beijing Amendments (1999) 2043.9 0.0 0.0
Am: Maximum allowed production 2048.0 8.3 14.5
Pc: Continued production Not reached >115° >202°
Cases ¢
PO: Zero production of all anthropogenic ODSs 2039.9 8.1 -14.1
Contribution CFC production to Ab 2042.8 2.2 -3.8
Contribution CH;CCl; production to Ab 2043.9 0.2 0.3
Contribution Halon production to Ab 2043.6 0.6 -1.1
Contribution HCFC production to Ab 2042.6 3.1 54
Contribution anthropogenic CH;Br production to Ab ~ 2042.9 2.3 —4.0
EO: Zero emission of all anthropogenic ODSs 2033.8 -19.3 -33.8
Contribution CFC emissions to Ab 2041.1 5.4 -94
Contribution CCl, emissions to Ab 2043.5 -1.5 2.7
Contribution CH;CCl, emissions to Ab 2043.7 -0.9 -1.6
Contribution Halon emissions to Ab 2040.7 -6.1 -10.8
Contribution HCFC emissions to Ab 2042.3 —4.9 —-8.6
Contribution anthropogenic CH;Br emissions to Ab 2042.9 23 —4.0

The dates and percent differences in integrated EESC were calculated with the fractional release values in column 2 of Table 1-4.

The integrated percent differences indicated for Scenario Pc represent lower limits because the integration was run only through 2100 and EESC in
this scenario does not reach the 1980 level by 2100 (see Figure 1-23).

Contributions of ozone-depleting substances to future EESC were calculated in the hypothetical “Cases” by setting production or emission to zero in

2003 and subsequent years for the indicated chemical or group of chemicals.

1.2.5). Furthermore, the chemical and dynamical state of
the atmosphere has not been constant, and changes in
aerosols, trace gas mixing ratios, and stratospheric tem-
peratures are also expected to influence ozone chemistry
and the efficiency of halogens to deplete stratospheric
ozone in the future. Whereas different scenarios are
gauged in this chapter in terms of integrated EESC and the
date when EESC returns to the value estimated for 1980,
discussions relating to future ozone concentrations in light
of the broad range of additional atmospheric changes that
are possible can be found in Chapters 3 and 4.

EESC was calculated as described in past
Assessments for the updated scenarios. These calcula-
tions were performed with a slightly reduced efficiency
for bromine relative to chlorine, on a per-atom basis, for
the destruction of ozone compared to WMO (1999) (o =
45; see Section 1.4.4). Furthermore, an absolute fractional
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release of 0.8 for CFC-11 was included in this calculation
to provide consistency with past reports, although the data
of Schauftler et al. (2002) suggest that a more appropriate
estimate may be 0.55. This absolute degradation amount
does not affect calculations of ODP or relative changes in
EESC presented in this chapter, but it is important when
considering the influence short-lived gases have on the
burden of ozone-depleting halogen, particularly in the
lower stratosphere (see Chapter 2).

Despite the limitations of EESC, different scenarios
and cases are compared with respect to the year (x) EESC
returns to the value estimated for 1980, and by the per-
centage differences in time-integrated EESC from 2002
or 1980 through the year (x) (Table 1-17; Solomon and
Wuebbles et al., 1995; Madronich and Velders et al.,
1999). Because of the revised value for alpha, and because
time-varying past histories for CH,Br and CH,ClI are now
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Figure 1-23. Estimates of
future EESC based on the base-
line scenario (Ab, solid line), the
maximum scenario (Am, long-
dashed line), and the hypothet-
ical cases of zero emissions in
2003 and thereafter (EO) and
zero production in 2003 and

thereafter (P0O) of all anthro-
pogenic ODSs. Also shown are
results from the scenario with
continued ODS production in
the future at 1999 rates (Pc),

production that is substantially
larger than allowed in the fully
revised and amended Montreal
Protocol. Additional description
of these scenarios is found in

Tables 1-13 and 1-14.

300 — — 1 T T T T ]
3000 .
2500 | .
g 2000 1980 level ]
O i ]
ﬂ L i
o 1500 ]
1000} . .
- —— Ab Baseline ]
L ++++« EO Zero emissions i
i = = Am Maximum production
500 — .= PO Zero production ]
i == Pc Continued production -
o, ., v v oy ]

1940 1980 2020 2060

considered (Section 1.8.1), the EESC value in 1980 is cal-
culated here to be 1.784 ppb, somewhat lower than in
Madronich and Velders et al. (1999).

Future EESC and time-integrated EESC were cal-
culated from halocarbon mixing ratios in selected sce-
narios (Table 1-17). For the baseline scenario (Ab), the
calculated EESC reaches the 1980 level again in about
2044. This is a few years earlier than estimated in
Madronich and Velders et al. (1999), 4 years longer than
if production of all ODSs were to cease in 2003, and 10
years longer than if emission of all ODSs were negligible
after 2003. In the maximum-emissions scenario (Am),
EESC drops to the 1980 level in about 2048.

The cases provide a gauge of maximum potential
reductions in EESC that would be achievable from further
restrictions to future production or future production and
emission of ODSs. Implementation of any new control
measures, however, must include a consideration of costs
and feasibility in addition to any atmospheric benefits, but
those considerations are not discussed here. From the zero-
production cases presented in Table 1-17, the influence of
future ODS production allowances is apparent.
Allowances for continued production of HCFCs, methyl
bromide, and CFCs have the largest influence on integrated
EESC in the future. The zero-emission cases quantify the
contribution of future emissions plus future production to
future EESC (relative to the Ab scenario) and suggest that
ODS emissions from reserves of unemitted material will
affect EESC as much as or more than the current future
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ODS production allowances. The exception is methyl bro-
mide, where reserves are presumed to be negligible; its
influence on future EESC is primarily dependent upon the
magnitude of future production.

To show the effect of noncompliance with the
Montreal Protocol, the Pc scenario was constructed. This
scenario demonstrates that with continued, constant pro-
duction of ODSs, even at the reduced amounts reported
for 1999, EESC remains well above the 1980 level through
2100 (Figure 1-23). In the Pc scenario, the integrated
EESC through 2100 is about 3 times as high as in the base-
line scenario (Table 1-17). The results from this scenario
demonstrate clearly that atmospheric halogen will decline
to pre-Antarctic-ozone-hole conditions only with adher-
ence to future limits on production of ozone-depleting
substances.

1.8.4 Uncertainty in the Baseline Scenario

The Ab scenario is constructed as a best guess for
future ODSs emissions and mixing ratios. There are sev-
eral sources of uncertainties in these quantities.

First, uncertainty in the Ab scenario arises because
of our inability to predict future global HCFC production.
Limits apply to production or consumption of HCFCs in
countries operating under Article A5(1) of the Protocol
only after 2016 based upon amounts produced or con-
sumed in 2015.

Second, emissions of carbon tetrachloride not
related to industrial CFC production are poorly character-



ized. Accordingly, it is difficult to know accurately how
emissions not related to CFC production will change in
the future.

Third, there are uncertainties in the release rates of
ODSs to the atmosphere. In these scenarios, future annual
emissions are calculated as a fraction of the unemitted
reserves (or “bank”). This release fraction is based on an
analysis of the quantities present in, and emitted from, the
banks over the past decade (1990-1999). These release
fractions are held constant from 2000 onward.
Destruction of reserves or changes in the use patterns of
ODSs would change the estimated release fraction and
thereby the emissions and shape of the effective equiva-
lent stratospheric chlorine (EESC) curve in the future, but
less so for the integrated EESC values. For integrated
EESC, when the emissions occur is less important; if the
ODS reaches the stratosphere before the EESC value falls
below the 1980 value (approximately 2040), it contributes
to the integrated value.

Fourth, the size of reserves of produced but une-
mitted ODSs is uncertain. In creating scenario Ab, histor-
ical emissions were adjusted so that the calculated mixing
ratios were consistent with measurements. These adjust-
ments depend on the lifetimes and release rates to the
atmosphere of ODSs, and they affect our estimates of
present-day banks of unemitted ODSs. This is especially
true for Halon-1211, considering the large uncertainty in
reserves and in its global lifetime. To understand the influ-
ence these uncertainties have on the calculation of future
EESC, selected sensitivity tests were performed and com-
pared with the results of the Ab scenario. If the lifetime of
Halon-1211 were 11 years, EESC would drop to the 1980
amount (integrated from 2002 onward) 2.0 years earlier,
and the integrated EESC would be 7.9% smaller than com-
pared with the Ab scenario in which a 16-yr lifetime for
Halon-1211 is presumed. An additional future production
for this halon totaling 22.9 Gg over the years 2000 to 2009
(from Fraser et al., 1999) and a 35-Gg larger bank in 2000
yields an increase in integrated EESC of 3.5% (integrated
from 2002) and a delay in recovery of only 0.5 years.
Smaller Halon-1211 reserves in 2000 of 65 Gg (Fraser et
al., 1999; instead of 98 Gg in Ab) result in integrated EESC
being —3.4% compared with the Ab scenario.

Fifth, a simple box model is used for the calcula-
tion of mixing ratios in scenarios, as has been done in past
ozone Assessments. Advantages of the simple model are
that it maintains consistency with past reports and is more
easily interpreted than the 2-D and 3-D interactive models.
Simple box models have many limitations that affect the
accuracy of atmospheric mixing ratios calculated from
emissions. For example, the exponential decay time con-
stant of a trace gas in the absence of emissions is the same
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as the trace gas lifetime in a one-box model. In the real
atmosphere, however, this time constant can be different
from the steady-state trace gas lifetime (Prather, 1996).
Although such effects are thought to be small for long-
lived ODSs, they are predicted to be substantial for some
short-lived gases such as methyl bromide (Prather, 1997).

Sixth, accurate predictions of future halocarbon
mixing ratios rely on an understanding of loss rates in the
future (see Section 1.8.5). The composition of the atmos-
phere is changing, and this may alter the chemical or
dynamical processes that regulate lifetimes of ODSs (Krol
etal., 1998; Prinn et al., 2001; Butchart and Scaife, 2001).

1.8.5 Potential Influence of Future
Climate Change on Halogenated
Source Gases

About 80% of the equivalent chlorine in today’s
atmosphere arises from direct anthropogenic release of
ODSs. Climate change could influence future atmos-
pheric amounts of these gases by affecting the rates at
which these gases are removed from the atmosphere
(Prinn et al., 2001; Butchart and Scaife, 2001). For CFCs,
halons, and CCl,, rates of atmospheric removal are gov-
erned by the flux of high-energy light in the stratosphere
and the rate at which air is mixed through the stratosphere.
If changes in climate were to affect rates of air transport
through the stratosphere, trace gas lifetimes would be
altered. The lack of predictive understanding of such
changes does not allow a reliable estimate of whether life-
times would become longer or shorter in the future in an
atmosphere with elevated greenhouse gas abundances.
For methyl chloroform, HCFCs, methyl halides, and other
chemically reduced gases, climate change could influence
loss rate through changes in mean global concentrations
of the hydroxyl radical. This oxidant plays a key role in
determining the lifetime of these important ozone-
depleting substances. Amounts of this short-lived, but
powerful atmospheric oxidant depend directly on
humidity, sunlight, temperature, and the abundance of
many different trace gases likely to be affected by climate
change and human behavior in the future.

The remaining 20% of ODSs in today’s atmosphere
arises from CH,Cl, CH;Br, and short-lived brominated
gases (see Section 1.2.4 and Chapter 2). These gases are
unique among ODSs because the predominant sources are
believed to be nonindustrial, and climate change could
affect the magnitude of sources for these gases. As a result
there is less direct control over mixing ratios of these gases
in the atmosphere. Our current understanding is limited
for predicting even the net change in sources and sinks
one might expect in the future for these methyl halides as
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a result of climate change or wide-scale land-use change.
The influence of temperature on air-sea concentration dif-
ferences have been identified recently (Groszko and
Moore, 1998; King et al., 2000), but the relevance of this
information to trace gas fluxes in and out of the future
ocean has yet to be demonstrated.
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