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Dedicated to the Memory of
Gérard Mégie
1946-2004

This report is dedicated to the memory of our friend and colleague, Prof. Gérard Mégie of the
Centre National de la Recherche Scientifique of Paris, France.

Gérard worked as a member of the Scientific Assessment Panel of the Montreal Protocol since the
very beginning; he was a participant in the Les Diablerets Panel Review Meeting in 1989. Later, he
became a Cochair of the Scientific Assessment Panel, cochairing the 1998 and 2002 assessment reports.
To that role, he brought his rare combination of scientific excellence and leadership talent, built upon
many years as a teacher, researcher, internationally acclaimed scientist, and leader in the atmospheric sci-
ence community.

One mark of Gérard’s insightfulness was his work to guide the Panel toward its increasing
emphasis on the connections between the ozone layer and the climate system. The Panel’s assessment
report for 2006 does contain that emphasis, and indeed it is captured in separate chapters on these issues.

Gérard was dedicated to communicating scientific understanding at many levels, ranging from
international decisionmaking to the realm of the general public and schools. This is exemplified by his
thoughtful work associated with the Panel’s efforts to provide a set of “frequently asked” questions and
answers about the ozone layer.

Gérard’s many contributions to atmospheric science, as well as his role in forging interactions of the
scientific community at its interface with society, have had a lasting impact. He leaves a legacy of scien-
tific leadership that has helped shape the world’s actions on the ozone layer. This legacy will endure.
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PREFACE

The present document will be part of the information upon which the Parties to the United Nations Montreal
Protocol will base their future decisions regarding protection of the Earth’s stratospheric ozone layer.

The Charge to the Assessment Panels

Specifically, the Montreal Protocol on Substances that Deplete the Ozone Layer states (Article 6): . . . the Parties
shall assess the control measures . . . on the basis of available scientific, environmental, technical, and economic informa-
tion.” To provide the mechanisms whereby these assessments are conducted, the Protocol further states: “. . . the Parties
shall convene appropriate panels of experts” and “the panels will report their conclusions . . . to the Parties.”

To meet this request, the Scientific Assessment Panel, the Environmental Effects Assessment Panel, and the
Technology and Economic Assessment Panel have each periodically prepared major assessment reports that updated the
state of understanding in their purviews. These reports have been scheduled so as to be available to the Parties in advance
of their meetings at which they will consider the need to amend or adjust the Protocol.

The Sequence of Scientific Assessments

The present 2006 report is the latest in a series of ten scientific assessments prepared by the world’s leading experts
in the atmospheric sciences and under the international auspices of the World Meteorological Organization (WMO) and
the United Nations Environment Programme (UNEP). This report is the sixth in the set of major assessments that have
been prepared by the Scientific Assessment Panel directly as input to the Montreal Protocol process. The chronology of
all the scientific assessments on the understanding of ozone depletion and their relation to the international policy process
is summarized as follows:

Year Policy Process Scientific Assessment

1981 The Stratosphere 1981: Theory and Measurements. WMO No. 11.
1985 Vienna Convention Atmospheric Ozone 1985. Three volumes. WMO No. 16.

1987 Montreal Protocol

1988 International Ozone Trends Panel Report 1988.

Two volumes. WMO No. 18.

1989 Scientific Assessment of Stratospheric Ozone: 1989.
Two volumes. WMO No. 20.

1990 London Adjustment and
Amendment

1991 Scientific Assessment of Ozone Depletion: 1991. WMO No. 25.

1992 Methyl Bromide: Its Atmospheric Science, Technology, and Economics
(Montreal Protocol Assessment Supplement). UNEP (1992).

1992 Copenhagen Adjustment
and Amendment

1994 Scientific Assessment of Ozone Depletion: 1994. WMO No. 37.

Xiii
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1995 Vienna Adjustment

1997 Montreal Adjustment
and Amendment

1998 Scientific Assessment of Ozone Depletion: 1998. WMO No. 44.

1999 Beijing Adjustment
and Amendment

2002 Scientific Assessment of Ozone Depletion: 2002. WMO No. 47
2006 Scientific Assessment of Ozone Depletion: 2006. WMO No. 50

2007 19" Meeting of the Parties
The Current Information Needs of the Parties

The genesis of Scientific Assessment of Ozone Depletion: 2006 occurred at the 15th Meeting of the Parties to the
Montreal Protocol in Nairobi, Kenya, at which the scope of the scientific needs of the Parties was defined in their
Decision XV/53 (4), which stated that “...for the 2006 report, the Scientific Assessment Panel should consider issues
including:

(a)  Assessment of the state of the ozone layer and its expected recovery;

(b)  Evaluation of specific aspects of recent annual Antarctic ozone holes, in particular the hole that occurred in
2002;

(c)  Evaluation of the trends in the concentration of ozone-depleting substances in the atmosphere and their con-
sistency with reported production and consumption of ozone-depleting substances;

(d)  Assessment of the impacts of climate change on ozone-layer recovery;

(e)  Analysis of atmospheric concentrations of bromine and the likely quantitative implications of the results on
the state of the ozone layer;

(f)  Description and interpretation of the observed changes in global and polar ozone and in ultraviolet radia-
tion, as well as set future projections and scenarios for those variables, taking also into account the expected
impacts of climate change...”

The Assessment Process

The formal planning of the current assessment was started early in 2005. A Scientific Steering Committee con-
sisting of five scientists from various countries assisted the Scientific Assessment Panel’s Cochairs throughout the plan-
ning, preparation, review, and finalization of the 2006 assessment. The Cochairs and Scientific Steering Committee con-
sidered suggestions from the Parties regarding experts from their countries who could participate in the process.
Furthermore, an ad hoc international scientific group also suggested participants from the world scientific community. In
addition, this group contributed to crafting the outline of the assessment report. As in previous assessments, the partici-
pants represented experts from the developed and developing world. In addition to the scientific expertise, the devel-
oping country experts bring a special perspective to the process, and their involvement in the process has also contributed
to capacity building.

The information of the 2006 assessment is contained in eight chapters associated with ozone-layer topics:

I. SOURCE GASES
Chapter 1. Long-Lived Compounds
Chapter 2. Halogenated Very Short-Lived Substances

Xiv
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II. OZONE CHANGES
Chapter 3. Global Ozone: Past and Present
Chapter 4. Polar Ozone: Past and Present
III. FUTURE EXPECTATIONS FOR OZONE, OZONE-DEPLETING SUBSTANCES, AND UV
Chapter 5. Climate-Ozone Connections
Chapter 6. The Ozone Layer in the 21* Century
Chapter 7. Surface Ultraviolet Radiation: Past, Present, and Future
Chapter 8. Halocarbon Scenarios, Ozone Depletion Potentials, and Global Warming Potentials

A special resource for the Panel’s work was the 2005 Special Report of the Intergovernmental Panel on Climate
Change (IPCC) and the Technology and Economics Assessment Panel (TEAP) of the Montreal Protocol, Safeguarding
the Ozone Layer and the Global Climate System: Issues Related to Hydrofluorocarbons and Perfluorocarbons. This
report was used as a basis for many scenarios for modeling runs and hypothetical cases that are included here.

The initial plans for the chapters of the 2006 Scientific Assessment Panel’s report were examined at a meeting that
occurred on 26-27 July 2005 in Paris, France. The Lead Authors, Steering Committee, and Cochairs focused on the con-
tent of the draft chapters and on the need for coordination among the chapters.

The first drafts of the chapters were examined at a meeting that occurred on 30 November-2 December 2005 in
Herndon, Virginia, United States, at which the Lead Authors, Steering Committee, Cochairs, and a small group of interna-
tional experts focused on the scientific content of the draft chapters.

The second drafts of the chapters were reviewed by 125 scientists worldwide in a mail peer review. Those com-
ments were considered by the authors. At a Panel Review Meeting in Les Diablerets, Switzerland, held on 19-23 June
2006, the responses to these mail review comments were proposed by the authors and discussed by the 77 participants.
Final changes to the chapters were decided upon at this meeting. The Executive Summary contained herein (and posted
on the UNEP web site on 18 August 2006) was prepared and completed by the attendees of the Les Diablerets meeting.

The 2006 State-of-Understanding Report

In addition to the scientific chapters and the Executive Summary, the assessment also updates the 2002 assessment
report’s answers to a set of questions that are frequently asked about the ozone layer. Based upon the scientific under-
standing represented by the assessments, answers to these frequently asked questions were prepared, with different read-
erships in mind, e.g., students and the general public. These updated questions and answers are included in this report.

The final result of this two-year endeavor is the present assessment report. As the accompanying list indicates, the
Scientific Assessment of Ozone Depletion: 2006 is the product of 310 scientists from 34 countries who contributed to its
preparation and review' (205 scientists prepared the report and 183 scientists participated in the peer review process).

What follows is a summary of their current understanding of the stratospheric ozone layer and its relation to
humankind.

' Participants were from Argentina, Armenia, Australia, Austria, Belgium, Bolivia, Canada, Czech Republic, Denmark, Egypt, Estonia, Finland,
France, Germany, Greece, India, Israel, Italy, Japan, Kenya, Malaysia, New Zealand, Norway, Poland, Russia, South Africa, Spain, Sweden,
Switzerland, The Netherlands, The People’s Republic of China, Togo, United Kingdom, and United States of America.
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EXECUTIVE SUMMARY

The provisions of the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer include the requirement
that the Parties to the Protocol base their future decisions on the updated scientific, environmental, technical, and eco-
nomic information that is assessed through Panels drawn from the worldwide expert communities. To provide that input
to the decision-making process, advances in scientific understanding were assessed by the Scientific Assessment Panel in
1989, 1991, 1994, 1998, and 2002. This information helped support discussions among the Parties that led to the subse-
quent Amendments and Adjustments of the 1987 Protocol. The 2006 Scientific Assessment summarized here is the sixth
in that series. The information contained in this Executive Summary is based on the eight detailed chapters of the full
report.

The previous Assessment presented evidence that the tropospheric abundances of most ozone-depleting substances,
as well as of stratospheric chlorine, were stable or decreasing due to actions taken under the Montreal Protocol (see
schematic Figure 1a, b), with the stratospheric abundances showing a time lag due to the time for surface emissions to
reach the stratosphere. Based on these facts, it was stated that “The Montreal Protocol is working, and the ozone-layer
depletion from the Protocol’s controlled substances is expected to begin to ameliorate within the next decade or so.”

(a) Figure 1. Ozone-Depleting Substances, the
Ozone Layer, and UV Radiation: Past,
Present, and Future.

(a) Production of ozone-depleting substances
(ODSs) before and after the 1987 Montreal
Protocol and its Amendments, from baseline
scenario A1. Chlorofluorocarbons (CFCs) are
(b) shown in black; additional ODSs from
hydrochlorofluorocarbons (HCFCs) are in gray.
Note: HCFCs, which have been used as CFC
replacements under the Protocol, lead to less
ozone destruction than CFCs.

(b) Combined effective abundances of ozone-
depleting chlorine and bromine in the
stratosphere. The range reflects uncertainties
due to the lag time between emission at the
surface and the stratosphere, as well as
different hypothetical ODS emission scenarios.

oDS
production

Ozone-depleting
chlorine and bromine
in the stratosphere

o (c) Total global ozone change (outside of the

5 o polar regions; 60°S-60°N). Seasonal, quasi-
8 g" biennial oscillation (QBO), volcanic, and solar
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T represents the evolution of ozone predicted by

models that encompass the range of future
potential climate conditions. Pre-1980 values,
to the left of the vertical dashed line, are often
used as a benchmark for ozone and UV
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(d) Estimated change in UV erythemal
/////// /// (“sunburning”) irradiance for high sun. The gray
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Ultraviolet radiation
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/. area shows the calculated response to the
’//// ozone changes shown in (c). The hatched
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//// occur due to climate-related changes in clouds
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An important next step is to ask whether stratospheric ozone and surface ultraviolet (UV) radiation are responding
as expected to the controls on ozone-depleting substances imposed by the Protocol (see schematic Figure 1c, d). In
addressing this question, it is necessary to consider factors other than ozone-depleting substances that also influence
ozone and UV radiation. These factors include natural dynamical variability, volcanic eruptions, solar variations,
acrosols (airborne fine particles), and climate change.

Pre-1980 values are often used as a benchmark for ozone and UV recovery. However, because of the above-
mentioned factors, if and when ozone and UV radiation return to their pre-1980 values would not be associated solely
with the return of ozone-depleting substances to their pre-1980 values (see schematic Figure Ic, d).

We address the behavior of ozone-depleting substances, the response of stratospheric ozone and UV radiation to
ozone-depleting substances and other factors to date, and the future evolution of ozone and UV radiation. We first present
the main findings, then the detailed supporting evidence, and finally the implications for policy formulation.

RECENT MAJOR FINDINGS AND CURRENT SCIENTIFIC UNDERSTANDING

Since the Scientific Assessment of Ozone Depletion: 2002, numerous laboratory investigations, atmospheric
observations, and theoretical and modeling studies have produced new key findings and have strengthened the overall
understanding of the ozone layer and its effect on UV radiation. These advances are highlighted in the following sum-
mary of the current understanding of the impact of human activities and natural phenomena on the ozone layer, as well as
the coupling between climate change and stratospheric ozone depletion.

Ozone-Depleting Substances

The previous Assessment noted that the tropospheric abundances of ozone-depleting gases were declining, whereas
the stratospheric abundances were at or near their peak. Now we ask: Are the tropospheric and stratospheric abundances
of ozone-depleting gases showing further changes that can be linked to policy actions, and how are they expected to
evolve in the future?

. The total combined abundances of anthropogenic ozone-depleting gases in the troposphere continue to
decline from the peak values reached in the 1992-1994 time period.

- The shorter-lived gases (e.g., methyl chloroform and methyl bromide) continue to provide much of the decline
in total combined effective abundances of anthropogenic chlorine-containing and bromine-containing ozone-
depleting gases in the troposphere. The early removal of the shorter-lived gases means that later decreases in
ozone-depleting substances will likely be dominated by the atmospheric removal of the longer-lived gases.

- By 2005, the total combined abundance of anthropogenic ozone-depleting gases in the troposphere had
decreased by 8-9% from the peak value observed in the 1992-1994 time period. The overall magnitude of
this decrease is attributable to the estimated changes in emissions and is consistent with the known atmos-
pheric lifetimes and our understanding of transport processes.

- The tropospheric abundances of hydrochlorofluorocarbons HCFC-22, -141b, and -142b increased much less
than projected in the previous Assessment. The implication is that emissions have been lower than antici-
pated.

— The sum of bromine from halons and methyl bromide in the troposphere has decreased by 3-5% since 1998
because of decreases in methyl bromide abundance. Methyl bromide abundance has decreased by 14%
between 1997 and 2004. This decrease was larger than expected and suggests that when anthropogenic emis-
sions of methyl bromide are reduced, its atmospheric abundance decreases more than previously thought.
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EXECUTIVE SUMMARY

The combined stratospheric abundances of the ozone-depleting gases show a downward trend from their
peak values of the late 1990s, which is consistent with surface observations of these gases and a time lag for
transport to the stratosphere.

— Measurements of hydrogen chloride give a clear signature in the stratosphere of the decrease in stratospheric
ozone-depleting gases since reaching their peak in the late 1990s.

- Stratospheric bromine has increased in line with its tropospheric trends in preceding years. A decrease in
stratospheric bromine has not yet been identified. Bromine continues to play a major role in stratospheric
ozone depletion.

Our quantitative understanding of how halogenated very short-lived substances contribute to halogen levels
in the stratosphere has improved significantly since the 2002 Assessment, with brominated very short-lived
substances believed to make a significant contribution to total stratospheric bromine and its effect on stratos-
pheric ozone.

— Brominated very short-lived substances (which are mainly of natural origin) contribute ~5 parts per trillion
(ppt) of bromine (estimates range from 3 to 8 ppt) to current levels of total stratospheric bromine (which are
about 18 to 25 ppt). These values are derived from observations of tropospheric bromine source gases and
bromine monoxide in the stratosphere, based on our current understanding of chemical transformations and
transport of very short-lived substances to the stratosphere.

- Chlorinated very short-lived source gases, which are mainly of anthropogenic origin, have now been observed
at levels of about 50 ppt in the tropical upper troposphere and currently may be a small source of chlorine to
the stratosphere.

— Evidence suggests that iodine is currently much less important than bromine and chlorine for stratospheric
ozone destruction.

Ozone, Ultraviolet Radiation, and Other Related Changes to Date

The previous Assessment noted that stratospheric ozone depletion was expected to begin to reverse within the next

decade or so. Now we ask: Are there any signs of this beginning? Have other factors influenced the behavior of ozone
during this period? Has surface UV radiation responded as anticipated?

Our basic understanding that anthropogenic ozone-depleting substances have been the principal cause of the
ozone depletion over the past few decades has been strengthened. During the recent period of near-constant
abundances of ozone-depleting gases, variations in meteorology have been particularly important in influ-
encing the behavior of ozone over much of the polar and extrapolar (60°S-60°N) regions.

PoLArR OzONE

Springtime polar ozone depletion continues to be severe in cold stratospheric winters. Meteorological vari-
ability has played a larger role in the observed variability in ozone, over both poles, in the past few years.

— Large Antarctic ozone holes continue to occur. The severity of Antarctic ozone depletion has not continued
to increase since the late 1990s and, since 2000, ozone levels have been higher than in some preceding
years. These recent changes, seen to different degrees in different diagnostic analyses, result from increased
dynamical activity and not from decreases in ozone-depleting substances.
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- The Antarctic ozone hole now is not as strongly influenced by moderate decreases in ozone-depleting gases,
and the unusually small ozone holes in some recent years (e.g., 2002 and 2004) are attributable to dynamical
changes in the Antarctic vortex.

— The anomalous Antarctic ozone hole of 2002 was manifested in a smaller ozone-hole area and much smaller
ozone depletion than in the previous decade. This anomaly was due to an unusual major stratospheric sudden
warming.

- Arctic ozone depletion exhibits large year-to-year variability, driven by meteorological conditions. Over the
past four decades, these conditions became more conducive to severe ozone depletion because of increas-
ingly widespread conditions for the formation of polar stratospheric clouds during the coldest Arctic winters.
This change is much larger than can be expected from the direct radiative effect of increasing greenhouse gas
concentrations. The reason for the change is unclear, and it could be because of long-term natural variability
or an unknown dynamical mechanism. The change in temperature conditions has contributed to large Arctic
ozone losses during some winters since the mid-1990s.

— The Arctic winter 2004/2005 was exceptionally cold, and chemical ozone loss was among the largest ever
diagnosed. The Arctic remains susceptible to large chemical ozone loss, and a lack of understanding of the
long-term changes in the occurrence of polar stratospheric clouds limits our ability to predict the future
evolution of Arctic ozone abundance and to detect the early signs of recovery.

- The role of chemical reactions of chlorine and bromine in the polar stratosphere is better quantified. Inclusion
of these advances results in improved agreement between theory and observation of the timing of both Arctic
and Antarctic polar ozone loss.

GLoBAL OzoNE (60°S-60°N)

The decline in abundances of extrapolar stratospheric ozone seen in the 1990s has not continued.

- Ozone abundances in the extrapolar regions, 60°S-60°N, have not further declined in recent years. The mid-
latitude column (i.e., overhead) ozone values for the 2002-2005 period were approximately 3% below pre-
1980 values in the Northern Hemisphere and approximately 6% in the Southern Hemisphere, essentially the
same as in the 1998-2001 period.

- The contribution of polar ozone depletion to midlatitude ozone depletion is substantial; the extent of the con-
tribution is estimated to be about one-third in the Northern Hemisphere and one-half in the Southern
Hemisphere. The larger contribution in the Southern Hemisphere is to be expected, given the larger polar
ozone depletion in the Antarctic relative to the Arctic region, and may explain the differences in magnitude
and seasonality of the long-term ozone changes in midlatitudes between the two hemispheres.

- Changes in tropospheric and stratospheric meteorology are partially responsible for the observed Northern
Hemisphere midlatitude winter ozone decline from 1979 to the mid-1990s and the ozone increase thereafter.
Quantification of these dynamical effects on long-term trends ranges from ~20% to up to 50%, depending on
the study. Most of these dynamically induced ozone changes appear to occur in the lowermost stratosphere.

— Upper stratospheric ozone declined between 1979 and the mid-1990s, with the largest decrease of about 10-
15% near 40 km over midlatitudes, but has been relatively constant during the last decade. Lower stratos-
pheric (20-25 km) ozone over midlatitudes also showed a decrease of up to 10% from 1979 to the mid-1990s
and has been relatively constant thereafter.
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- Ozone abundances in the Northern Hemisphere midlatitude lowermost stratosphere (12-15 km) show a strong
decrease between 1979 and the mid-1990s, followed by an overall increase from 1996 to 2004, giving no net
long-term decrease at this level. This lowermost stratosphere ozone change contributed significantly to the
column ozone change during the last decade. Southern Hemisphere observations do not show a similar
increase in the 12-15 km altitude range since the mid-1990s.

- Total column ozone over the tropics (25°S-25°N) remains essentially unchanged. This finding is consistent
with the findings of the previous Assessments.

. Observations together with model studies suggest that the essentially unchanged column ozone abundances
averaged over 60°S-60°N over roughly the past decade are related to the near constancy of stratospheric
ozone-depleting gases during this period.

— The slowing of the decline and leveling off of midlatitude upper stratospheric (35-45 km) ozone over the past
decade have very likely been dominated by the corresponding changes in stratospheric ozone-depleting gases.

— Over the past decade, changes in stratospheric ozone-depleting gases have likely contributed to the slowing of
the midlatitude total column ozone decline and the general leveling off of ozone abundances. Transport has
also played an important role in ozone changes, particularly in the lowermost stratosphere, making attribution
of column ozone changes to changes in ozone-depleting gases more difficult than in the upper stratosphere.

STRATOSPHERIC TEMPERATURE AND SURFACE UV RADIATION

. The stratospheric cooling observed during the past two decades has slowed in recent years.

- Satellite and radiosonde measurements reveal an overall decrease in the global-mean lower stratospheric tem-
perature of approximately 0.5 K/decade over the 1979-2004 period, with a slowdown in the temperature
decline since the late 1990s. The overall temperature decrease is punctuated by transient warmings of the
stratosphere associated with the major volcanic eruptions in 1982 and 1991. Model calculations suggest that
the observed ozone loss is the predominant cause of the global-mean cooling observed over this period.

- The lower stratospheric cooling is evident at all latitudes, in particular in both the Arctic and Antarctic
winter/spring lower stratosphere, but with considerable interannual variability in those regions.

— Satellite observations show larger cooling trends in the upper stratosphere, with values of 1 to 2 K/decade,
but little additional decline since the middle 1990s. Model calculations suggest that the upper stratosphere
trends are due, about equally, to decreases in ozone and increases in well-mixed greenhouse gases.

- The long-term cooling rate of the Antarctic stratosphere has likewise reduced compared with what was seen
by the time of the previous Assessment. There has been large variability in Antarctic temperatures in recent
years.

. Measurements from some stations in unpolluted locations indicate that UV irradiance (radiation levels) has
been decreasing since the late 1990s, in accordance with observed ozone increases. However, at some Northern
Hemisphere stations UV irradiance is still increasing, as a consequence of long-term changes in other factors
that also affect UV radiation. Outside polar regions, ozone depletion has been relatively small, hence, in many
places, increases in UV due to this depletion are difficult to separate from the increases caused by other factors,
such as changes in cloud and aerosol. In some unpolluted locations, especially in the Southern Hemisphere, UV
irradiance has been decreasing in recent years, as expected from the observed increases in ozone at those sites.
Model calculations incorporating only ozone projections show that cloud-free UV irradiance will continue to
decrease, although other UV-influencing factors are likely to change at the same time.
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. In polar regions, high UV irradiances lasting for a few days have been observed in association with episodes
of low total ozone. Erythemal (i.e., sunburning) irradiance averaged over several days has been increased by
~70% over sub-Antarctic regions when ozone-depleted air from the polar region passes over. In Antarctica during
October, instantancous enhancements that can exceed a factor of three have been observed. Over northern Europe
and Alaska, the observed enhancements were smaller.

The Future of the Ozone Layer and Surface UV Radiation

The previous (2002) Assessment noted that climate change would influence the future of the ozone layer. Now we
ask: How has our understanding of this issue progressed? How has our increased understanding led to an improved esti-
mate of the state of the future ozone layer?

Previous Assessments have relied heavily on two-dimensional models for projections of future ozone, and these
models are used again here. The 2002 Assessment noted the emerging use of three-dimensional Chemistry-Climate
Models; we have now used these models extensively in this current 2006 Assessment.

. It is unlikely that total ozone averaged over the region 60°S-60°N will decrease significantly below the low
values of the 1990s, because the abundances of ozone-depleting substances have peaked and are in decline.
Two-dimensional models and three-dimensional Chemistry-Climate Models suggest that the minimum total column
ozone values in this region have already occurred. This conclusion is consistent with the observation that over this
region, ozone has not declined further in the 2002-2005 period.

. The decrease in ozone-depleting substances is the dominant factor in the expected return of ozone levels to
pre-1980 values. Changes in climate will influence if, when, and to what extent ozone will return to pre-1980
values in different regions.

— The current best estimate is that global (60°S-60°N) ozone will return to pre-1980 levels around the middle of
the 21 century, at or before the time when stratospheric abundances of ozone-depleting gases return to
pre-1980 levels.

- Model simulations suggest that changes in climate, specifically the cooling of the stratosphere associated
with increases in the abundance of carbon dioxide, may hasten the return of global column ozone to pre-1980
values by up to 15 years, depending on the climate-gas scenario used. However, this would not be considered
a “recovery” of stratospheric ozone from ozone-depleting gases, because perceptible depletion due to anthro-
pogenic ozone-depleting substances will still be contributing to the ozone levels.

. The Antarctic ozone hole is expected to continue for decades. Antarctic ozone abundances are projected to
return to pre-1980 levels around 2060-2075, roughly 10-25 years later than estimated in the 2002 Assessment.
The projection of this later return is primarily due to a better representation of the time evolution of ozone-
depleting gases in the polar regions. In the next two decades, the Antarctic ozone hole is not expected to improve
significantly.

. Large ozone losses will likely continue to occur in cold Arctic winters during the next 15 years. The high vari-
ability in the volume of polar stratospheric clouds in these cold winters limits our ability to predict their future
occurrences. According to Chemistry-Climate Models, Arctic ozone levels are expected, on average, to return to
pre-1980 levels before 2050.

. Climate change will also influence surface UV radiation through changes induced mainly to clouds and the
ability of the Earth’s surface to reflect light. Acrosols and air pollutants are also expected to change in the future.
These factors may result in either increases or decreases of surface UV irradiance, through absorption or scat-
tering. As ozone depletion becomes smaller, these factors are likely to dominate future UV radiation levels.
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ADDITIONAL SCIENTIFIC EVIDENCE AND RELATED INFORMATION

For the purpose of this report, ozone-depleting substances are considered as being either long-lived (more than 6

months in the atmosphere) or very short-lived (less than 6 months in the atmosphere), and these are considered in the next
two sections. The atmospheric lifetime determines the likelihood of halogens emitted in the troposphere reaching the
stratosphere, and so being able to deplete stratospheric ozone. The cumulative effective abundance of halogens in the
stratosphere is quantified as equivalent effective stratospheric chlorine (EESC).'

Long-Lived Ozone-Depleting Substances

ATMOSPHERIC TRENDS

The decline in the abundance of methyl chloroform and methyl bromide, which are shorter lived than chlo-
rofluorocarbons (CFCs), contributed the most to the decline in effective equivalent tropospheric chlorine
levels. By 2005, the abundances of the total combined anthropogenic ozone-depleting gases in the troposphere
had decreased by 8-9% from the peak value observed in the 1992-1994 time period. The total decline was ~120
parts per trillion (ppt) between 2000 and 2004, of which ~60 ppt was due to the decline of methyl chloroform and
~45 ppt due to methyl bromide. The CFCs together accounted for less than 23 ppt of the decline. The contribu-
tion of hydrochlorofluorocarbons (HCFCs) was to add 12 ppt.

Total tropospheric chlorine-containing chemicals (approximately 3.44 parts per billion (ppb) in 2004) con-
tinued to decrease. Recent decreases (20 ppt/year or 0.59% in 2003-2004) have been at a slightly slower rate than
decreases in earlier years (23 ppt/year or 0.64% in 1999-2000) primarily because of the reduced contribution from
methyl chloroform. The declines in total chlorine (CI) during 2000-2004 were slightly faster than projected for
these years in the Ab scenario of the previous (2002) ozone assessment report (baseline scenario following the
1999 Beijing Amendments).

- Chlorofluorocarbons, consisting primarily of CFC-11, -12, and -113, accounted for 2.13 ppb (~62%) of
total Clin 2004 and accounted for a decline of 9 ppt of Cl from 2003-2004 (or nearly half of the total Cl
decline in the troposphere over this period). Atmospheric mixing ratios of CFC-12, which account for about
one-third of the current atmospheric chlorine loading, have been constant within 1% (5 ppt) since 2000, and
some in situ and Northern Hemisphere column (i.e., overhead) measurements show that peak values were
attained in 2003. CFC-11 mixing ratios are decreasing at approximately 0.8%/year (1.9 ppt/year) and CFC-113
mixing ratios are decreasing at approximately 1%/year (0.8 ppt/year), which is twice as fast as in 1999-2000.

- Hydrochlorofluorocarbons (HCFCs), which are substitutes for CFCs, continue to increase in the atmos-
phere. HCFCs accounted for 214 ppt, or 6%, of total tropospheric chlorine in 2004 versus 180 ppt
(5%) of total Cl in 2000. HCFC-22 is the most abundant of the HCFCs and is currently (2000-2004)
increasing at a rate of 4.9 ppt/year (3.2%/year). HCFC-141b and HCFC-142b mixing ratios increased by 1.1
ppt/year (7.6%/year) and 0.6 ppt/year (4.5%/year) over this same period, or at about half the rates found for
these two gases in 1996-2000. The rates of increase for all three of these HCFC compounds are significantly
slower than projected in the 2002 Ozone Assessment (6.6, 2.6, and 1.6 ppt/year for HCFC-22, HCFC-141b,
and HCFC-142b, respectively).

! Equivalent effective stratospheric chlorine (EESC), a metric noted in the previous Assessment, has found widespread use. EESC is a

gauge of the overall stratospheric burden of ozone-depleting halogen. It is derived from ground-based measurements of ozone-
depleting substances, with consideration given to the number of chlorine and bromine atoms in ozone-depleting substances, the rates
at which different ozone-depleting substances release their halogen once they reach the stratosphere, and the higher per-atom effi-
ciency for bromine relative to chlorine in destroying ozone.
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- Methyl chloroform has continued to decrease and contributed 13.5 ppt (or more than half) of the overall
decline observed for total tropospheric Cl in 2003-2004. It is currently still the largest contributor to the
decline in tropospheric chlorine.

The stratospheric chlorine burden derived from ground-based total column and space-based measurements
of inorganic chlorine is now in decline. This is consistent with the decline in tropospheric chlorine from long-
lived halocarbons. The burden of total stratospheric chlorine derived from satellite measurements agrees, within
+0.3 ppb (about 12%), with the amounts expected from surface data when the delay due to transport is considered.
The uncertainty in this burden is large relative to the expected chlorine contribution from shorter-lived gases.

Total organic tropospheric bromine from halons and methyl bromide peaked in about 1998 at 16.5 to 17 ppt
and has since declined by 0.6-0.9 ppt (3-5%). This observed decrease was solely a result of declines observed for
methyl bromide. Bromine from halons continues to increase, but at slower rates in recent years (0.1 ppt Br/year in
2003-2004).

- Atmospheric amounts of methyl bromide declined beginning in 1999, when industrial production
was reduced. By mid-2004, mixing ratios had declined 1.3 ppt (14%) from the peak of 9.2 ppt measured
before 1999. Reported production of methyl bromide for emissive uses decreased by 50% during this
same period.

- Both the recently observed decline and the 20™ century increase inferred for atmospheric methyl bro-
mide were larger than expected. Although industrial emissions of methyl bromide were thought to account
for 20% (range 10-40%) of atmospheric methyl bromide during 1992-1998 (i.e., before production was
reduced), observed concentrations are consistent with this fraction having been 30% (range 20-40%). This
suggests that fumigation-related emissions could have a stronger influence on atmospheric methyl bromide
mixing ratios than estimated in past Assessments, though uncertainties in the variability of natural emission
rates and loss, and in the magnitude of methyl bromide banked in recent years, limit our understanding of this
sensitivity.

- Mixing ratios calculated from updated emission estimates are in good agreement with the measure-
ments for halon-1211, but they exceed all the halon-1301 measurements since 1980 by more than 10%.
Atmospheric increases in halon-1211 (0.06 ppt/year) in 2000-2004 were about half those in 1996-2000. It is
currently unclear whether halon-1301 continues to increase.

EmissioN ESTIMATES

Global emissions of CFC-11 (88 Gg/yr, where 1 Gg = 10° grams), CFC-12 (114 Gg/yr), and CFC-113 (6 Gg/yr)
in 2003 were approximately 25%, 25%, and 3% of their maximum values around 1986. Emissions of CFC-
11, CFC-12, and CFC-113 have all continued to decrease since 2000.

Regional emission estimates for CFCs, methyl chloroform, and carbon tetrachloride have been reported for
the first time. Differences between developed and developing regions are indicative of the differing schedules of
phase-out. However, the patchiness in the present coverage (especially in developing regions such as Southeast
Asia) and the uncertainties in the regional estimates mean that useful comparisons between summed regional emis-
sions and global emissions derived from trends cannot currently be made. Regional emission estimates of methyl
chloroform indicate that global emissions after 2000 may have been roughly 22 Gg/year, which is not statistically
different from the estimate of 12.9 Gg/year (for 2002) obtained from industry/United Nations Environment
Programme data.

While emissions of HCFC-22 have remained nearly constant from 2000 to 2004, emissions of HCFC-141b
and HCFC-142b decreased by approximately 15% over the same period.
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Hydrofluorocarbon-23 (HFC-23) emissions estimated from atmospheric measurements have increased from
about 6 Gg/yr in 1990 to about 13 Gg/yr in 2001 (an increase of approximately 120%). These emissions are a
byproduct of HCFC-22 production. HFC-23 mixing ratios (18 ppt in 2004) have continued to increase, at approxi-
mately 0.7 ppt/yr (4%/yr), in 2001-2004.

Halogenated Very Short-Lived Substances

Observations show that the total inorganic bromine (Br,) in the stratosphere is more abundant than can be
accounted for by the sum of bromine delivered to this region by “long-lived” brominated source gases. Very
short-lived substances (VSLS) are defined as trace gases whose local tropospheric lifetimes are comparable to or
shorter than tropospheric transport time scales, such that their tropospheric distributions are non-uniform. Here,
VSLS are considered to have atmospheric lifetimes of less than 6 months.

Various lines of evidence show that brominated VSLS contribute about 5 ppt (with estimates ranging from 3
to 8 ppt) to total stratospheric Br:

- The estimate of total stratospheric Br, abundance existing in the late 1990s is about 18-25 ppt. This value is
derived from different observations of bromine monoxide (BrO). This is greater than the 16-17 ppt of bromine
delivered to the stratosphere by “long-lived” brominated source gases (i.e., the halons and methyl bromide,
CH,Br) during this period.

- Measurements of organic brominated very short-lived source gases in the tropical upper troposphere amount
to about 3.5 ppt. Compounds resulting from source gas degradation and other sources of tropospheric inor-
ganic bromine may contribute comparable amounts.

Levels of total stratospheric bromine continue to show evidence for a trend that is consistent with that of tro-
pospheric total bromine. Further studies are required to determine if the recent decline in tropospheric bromine
will be reflected in stratospheric bromine abundance.

It is unlikely that iodine is important for stratospheric ozone loss in the present-day atmosphere. There is
little evidence for measurable iodine in the form of iodine oxide (IO) in the lower stratosphere (i.e., about 0.1 ppt).
This difference in behavior compared with bromine may be partly attributed to the short photochemical lifetime
and lower abundances of iodine source gases, and aerosol uptake of iodine in the stratosphere.

The sum of the chlorine content from very short-lived source gases in the tropical upper troposphere is now
estimated to be about 50 ppt. While 50 ppt of inorganic chlorine (Cl,) from VSLS would represent only 1-2% of
Cl, from long-lived source gases (~3500 ppt), it would represent a significant contribution to background Cl, due
only to naturally occurring methyl chloride (550 ppt). The value of 100 ppt for Cl, from short-lived species in the
previous Assessment also included a contribution of 50 ppt from phosgene.

The majority of known brominated and iodinated very short-lived source gases are predominantly of nat-
ural origin and are nearly unchanged in the past few decades, as indicated by firn air studies. Some have small
anthropogenic sources and have increased slightly in the Northern Hemisphere (e.g., certain brominated tri-
halomethanes) and a few are almost exclusively anthropogenic (notably n-propyl bromide (n-PB)).

Chlorinated very short-lived source gases originate largely from anthropogenic emissions, although natural

sources also contribute. There is evidence for significant recent declines in concentrations of some chlorinated very
short-lived source gases, notably chloroform, dichloromethane, and tetrachloroethene.
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The route by which VSLS are most likely to reach the stratosphere is transport out of the boundary layer by
deep convection in tropical regions (particularly if co-located with regions of high emissions over tropical
oceans) followed by quasi-horizontal transport into the lower stratosphere. The fraction of source gas and
product gas transported into the stratosphere also depends on the local chemical lifetime, where source gases
decompose, and the loss of product gases by heterogeneous processes involving aerosols and clouds.

Global Ozone (60°S-60°N)

TotaL CoLumN OzoNE

Global mean total column (i.e., overhead) ozone values for 2002-2005 were 3.5% below 1964-1980 average
values. The 2002-2005 values are similar to the 1998-2001 values. This behavior is evident in all available global
datasets, although differences of up to 1% between annual averages exist between some individual sets.

There are differences between the two hemispheres in the evolution of total column ozone at midlatitudes:

- Averaged for the period 2002-2005, total column ozone for the Northern Hemisphere (NH) and Southern
Hemisphere (SH) midlatitudes (35°-60°) are about 3% and 5.5%, respectively, below their 1964-1980 average
values and are similar to their 1998-2001 values. The NH shows a minimum around 1993 followed by an
increase. The SH shows an ongoing decrease through the late 1990s followed by the recent leveling off.

— There are seasonal differences between the NH and the SH in ozone changes over midlatitudes. Changes
since the pre-1980 period over northern midlatitudes (35°N-60°N) are larger in spring, whereas those over
southern midlatitudes (35°S-60°S) are nearly the same throughout the year.

Total column ozone over the tropics (25°S-25°N) remains essentially unchanged. These findings are consistent
with the findings of the previous Assessments.

VERTICAL OZONE DISTRIBUTION

Upper stratospheric ozone declined during 1979-1995, but has been relatively constant during the last decade.
Measurements from Stratospheric Aerosol and Gas Experiment (SAGE I+11) and Solar Backscatter Ultraviolet
spectrometer (SBUV(/2)) satellite instruments show significant declines through 1995 when averaged over 60°N-
60°S and altitudes of 35 to 50 km. The net ozone decrease was ~10-15% over midlatitudes, with smaller, but
significant changes over the tropics. Available independent Umkehr, lidar, and microwave ozone measure-
ments confirm these findings.

Lower stratospheric ozone declined over the period 1979-1995, but has been relatively constant with signifi-
cant variability over the last decade. At midlatitudes of both the Northern and Southern Hemispheres, measure-
ments by the SAGE I+II and SBUV(/2) satellite instruments showed declines of up to 10% by 1995 between 20 and
25 km altitude. These decreases did not continue in the last decade.

In the lowermost stratosphere of the Northern Hemisphere, between 12 and 15 km, a strong decrease in
ozone was observed between 1979 and 1995, followed by an overall increase from 1996 to 2004 leading to
no net long-term decrease at this level. These changes in the lowermost stratosphere have a substantial influ-
ence on the column. The Southern Hemisphere midlatitude data do not show similar increases since 1995 at
these altitudes.
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UNDERSTANDING PAST CHANGES IN GLOBAL OZONE

. There is good overall agreement between observed long-term changes in extrapolar ozone and model simula-
tions that include the effects of increasing halogens. The models generally reproduce the observed ozone changes
as a function of altitude, latitude, and season, confirming our understanding that halogen changes are the main
driver of global ozone changes. This link is supported by the statistical fit of globally averaged ozone observations
with equivalent effective stratospheric chlorine (EESC; see footnote at the beginning of this section of the Executive
Summary). However, there are discrepancies between the modeled and observed changes. Notably, the models
tend to perform less well in simulating changes in the SH compared with the NH.

. Empirical and model studies have shown that changes in tropospheric and stratospheric dynamics have been
partially responsible for the observed NH midlatitude winter ozone decline from 1979 to the mid-1990s and
the ozone increase thereafter. Whether this is due to dynamical variability or results from a long-term trend in
stratospheric circulation is not yet clear. Estimates of these dynamical effects on long-term trends range from
~20% up to 50% for the winter period.

. The inclusion of additional inorganic bromine (Br,) from very short-lived substances (VSLS) in models
yields simulations with larger ozone destruction at midlatitudes and polar regions, compared with studies
including only long-lived bromine source gases. In both regions, the enhanced ozone loss occurs in the lower
stratosphere via interactions of this bromine with anthropogenic chlorine. Midlatitude ozone loss is most enhanced
during periods of high aerosol loading. Ozone loss through chemical reactions involving bromine and odd-hydrogen
(HO,) is also enhanced at midlatitudes under all conditions. The impact on long-term midlatitude ozone trends
(1980-2004), assuming constant VSLS Br,, is calculated to be small because aerosol loading was low at the start
and end of this time period.

. Several independent modeling studies confirm that dilution of ozone-depleted polar air makes a substantial
contribution to midlatitude ozone depletion, especially in the Southern Hemisphere, where polar ozone loss
is much larger. Long-term annually averaged model-based estimates indicate that about one-third of the depletion
in the Northern Hemisphere (with large interannual variation), and about one-half in the Southern Hemisphere,
results from polar loss. This is supported by the observation that polar ozone depletion in the Antarctic spring is
strongly correlated with southern summer midlatitude ozone depletion.

. Identification of the solar cycle signal in observed ozone has been improved because of the absence of major
volcanic eruptions over the past 15 years. The deduced solar cycle variation in column ozone has a mean ampli-
tude of 2-3% (from minimum to maximum) in low to midlatitudes from the extended data series.

Polar Ozone

ARcTIC

. Arctic spring total ozone values over the last decade are lower than values observed in the 1980s, but some-
what larger than those in the 1990s; they are highly variable depending on dynamical conditions. For current
halogen levels, anthropogenic chemical loss and variability in ozone transport are about equally important for year-
to-year Arctic ozone variability. Lower-than-average Arctic vortex temperatures result in larger halogen-driven
chemical ozone losses.

. For the “coldest” Arctic winters, the volume of air with temperatures low enough to support polar stratos-
pheric clouds (called “V,.”) has increased significantly since the late 1960s. This change is much larger than
expected from the direct radiative effect of increasing greenhouse gas concentrations. The reason for the change is
not clear, and it could be due to long-term natural variability or an unknown dynamical mechanism.
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. Column ozone chemical loss in the 2004/2005 Arctic winter was among the largest ever diagnosed. The
2004/2005 Arctic stratosphere was exceptionally cold, particularly at altitudes below 18 km, leading to a value of
Vpsce 25% larger than the previous record value. Various independent studies and methods suggest that the chem-
ical column ozone loss in 2004/2005 was among the largest ever observed.

. The chemical loss of column ozone for Arctic winters exhibits a near-linear relation with V. during each
winter. A similar relation between ozone loss and Vg is now seen for two independent analyses of chemical
ozone loss, increasing our confidence in the robustness of this relation. Observations of the large Arctic ozone loss
in 2004/2005 are in line with the relationship established for prior winters.

ANTARCTIC

. Large Antarctic ozone holes continue to occur. The severity of Antarctic ozone depletion has not continued to
increase since the late 1990s and, since 2000, ozone levels have been higher in some years. These recent
changes, evident to different degrees in different diagnostic measures, result from increased dynamical wave
activity and not from decreases in ozone-depleting substances.

. In September 2002, the first-ever observed major stratospheric sudden warming occurred in the Southern
Hemisphere. This early spring warming caused a drastic reduction of the ozone hole area and resulted in
a less severe ozone hole. This warming resulted from anomalously strong dynamical wave activity in the
Southern Hemisphere. The Antarctic winter of 2004 was also dynamically very active and had higher ozone
levels than in previous years.

GENERAL

. Large interannual variability in polar stratospheric temperatures complicates the interpretation of tempera-
ture trends. Previously reported estimates of temperature trends in polar regions have differed from assessment to
assessment. In retrospect, it is evident that temperature trends derived over time scales of 1-2 decades, though they
may appear statistically significant, are not robust because of large interannual and decadal variability in observed
temperatures. Therefore, changes in reported temperature trends do not necessarily indicate systematic changes in
physical or chemical processes.

. Calculated chemical loss rates of polar ozone substantially increase in models that assume: 1) more efficient
ozone destruction by reactions involving two chlorine monoxide (C10) molecules (referred to as the C10
dimer cycle) and 2) higher concentrations of bromine. The higher concentrations of bromine are assumed
because of new evidence that natural bromocarbons play a considerable role in the stratospheric bromine budget.
More efficient ozone destruction by the C1O dimer cycle is supported by analyses of the first stratospheric observa-
tions of the CIO dimer. These two changes to models improve the comparison between measured and modeled
Arctic ozone loss rates that was noted in the past Assessment. These changes also improve comparison between
theory and observation of the timing of ozone loss over Antarctica.

. For the first time, measurements show unambiguously that nitric acid trihydrate (NAT) polar stratospheric
cloud (PSC) particles can nucleate above the ice frost point, and there is additional evidence of their wide-
spread occurrence. Widespread, low-number-density NAT clouds can lead to denitrification and enhanced ozone
loss. Incorporating NAT nucleation above the ice frost point into chemical transport models has improved denitri-
fication simulations, but discrepancies in interannual variability remain, probably because the NAT nucleation
mechanisms are not fully understood.
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Impact of Climate Change

The stratospheric cooling observed during the past two decades has slowed in recent years.

- Satellite and radiosonde measurements reveal an overall decrease in the global-mean lower stratospheric
temperature of approximately 0.5 K/decade over the 1979-2004 period, with a slowdown in the temperature
decline since the late 1990s. The overall temperature decrease is punctuated by transient warmings of the
stratosphere associated with the major volcanic eruptions in 1982 and 1991. Consistent with the previous
Assessment, model calculations indicate that the observed ozone loss is the predominant cause of the
global-mean lower stratospheric cooling observed over this period.

- The cooling of the lower stratosphere is evident at all latitudes. The annual-mean temperature in the Arctic
lower stratosphere has decreased by approximately 1 K over the 1979-2004 period. There continues to be a
large interannual variability in the winter and springtime, which makes it difficult to determine reliable trends
in the Arctic lower stratosphere.

- A considerable interannual variability in the temperature of the Antarctic lower stratosphere has become evi-
dent in recent years; this has reduced the estimate of the decadal-scale cooling trend in that region from that
in the previous Assessment.

- Satellite observations show large global-mean cooling trends in the upper stratosphere (1 to 2 K/decade over
1979-2004), but there is little additional decline since the middle 1990s. The conclusion of the previous
Assessment, that the observed upper stratosphere trends are due to approximately similar contributions from
decreases in ozone and increases in well-mixed greenhouse gases, is reaffirmed.

Future increases of greenhouse gas concentrations will contribute to the average cooling in the stratosphere.
Estimates derived from climate models (AOGCMs, coupled ocean-atmosphere general circulation models) and
Chemistry-Climate Models (CCMs) with interactive ozone consistently predict continued cooling of the global
average stratosphere. The predicted cooling rate within the next two decades is dependent on the prescribed sce-
nario and the type of model used for the Assessment. At 50 hPa (an altitude of about 20 km), an average of all
AOGCMs gives approximately 0.1 K/decade, while CCMs predict a larger cooling of about 0.25 K/decade caused
by the interactive consideration of ozone changes. All models calculate a stronger cooling at 10 hPa (about 30 km),
averaging approximately 0.5 K/decade. Simulations of polar temperatures in the future are less certain than global
mean temperatures because of greater interannual variability.

Chemical reaction rates in the atmosphere are dependent on temperature, and thus the concentration of
ozone is sensitive to temperature changes. Decreases in upper stratospheric temperature slow the rate of photo-
chemical ozone destruction in this region. Hence the concentration of upper stratospheric ozone increases in
response to cooling. Cooling of the polar lower stratosphere would lead to more efficient chlorine activation on
aerosols and polar stratospheric clouds, and enhanced ozone destruction. Therefore, the concentration of ozone in
the springtime polar lower stratosphere would decrease in response to cooling.

INTERACTIONS BETWEEN STRATOSPHERE AND TROPOSPHERE

Changes to the temperature and circulation of the stratosphere affect climate and weather in the tropo-
sphere. Consistent evidence for this coupling comes from both observational analyses and models, but the mecha-
nisms responsible are not well understood. The dominant tropospheric response comprises changes in the strength
of the midlatitude westerlies (the prevailing winds from the west). Observations and models suggest that Antarctic
ozone depletion, through its effects on the lower stratospheric vortex, has contributed to the observed strengthening
of tropospheric winds and Antarctic surface cooling during December-February.
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Updated datasets of stratospheric water vapor concentrations now show differences in long-term behavior.
Recent trend analyses, which are based on only two available multiyear datasets, cast doubt on the positive stratos-
pheric water vapor trend that was noted in the previous Assessment. Balloonborne water vapor measurements at
Boulder, Colorado, for the period 1980-2005 show a significant increase of 5-10% per decade over altitudes of 15-
28 km. Global water vapor measurements from the Halogen Occultation Experiment (HALOE) satellite instrument
for 1991-2005 do not show a corresponding positive lower stratospheric trend. Interannual water vapor changes
derived from HALOE data exhibit quantitative agreement with temperature variations near the tropical tropopause.
In contrast, the long-term increases inferred from the Boulder data are larger than can be explained by observed
tropopause temperature changes or past increases in tropospheric methane.

The Ozone Layer in the 215t Century

The slowing of the decline and leveling off of midlatitude upper stratospheric (35-45 km) ozone over the past
10 years has very likely been dominated by changes in equivalent effective stratospheric chlorine (EESC).
Gas-phase chemistry, modulated by changes in temperature and other gases such as methane, directly controls
ozone in this region, and observed ozone increases are similar to those modeled from EESC decreases.

Over the past 10 years, changes in EESC have likely contributed to the slowing of midlatitude total column
ozone decline and the leveling off of column ozone. Transport also has played an important role, particularly in
the lowermost stratosphere, making attribution of ozone changes to solely EESC difficult. For northern midlati-
tudes, increases in ozone have been greater than expected from EESC decreases alone; whereas over southern
midlatitudes, ozone changes are more consistent with the range expected from EESC decreases.

The decline in EESC has not caused the large annual variations observed in Arctic ozone depletion. Indeed,
the onset of ozone recovery in the Arctic has not been detected. The large interannual variations driven by
changes in meteorology are likely to preclude the detection of the first stage of recovery.

MobDEL PROJECTIONS

Two-dimensional models and three-dimensional coupled Chemistry-Climate Models (CCMs), both of which incor-

porate many of the factors that affect ozone as well as their feedbacks, have been used in this Assessment to make projec-
tions of the evolution of ozone throughout the 21 century. The model projections guiding the conclusions below were
based on the surface time series of halocarbons from the “Ab” scenario (baseline scenario following the Beijing
Amendments) from the 2002 ozone assessment, as well as the well-mixed greenhouse gas concentrations from the Third
Assessment Report of the Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. To
focus on long-term changes, the projected ozone anomalies have been decadally smoothed.

The CCMs used to project future ozone abundances have been critically evaluated and more emphasis has
been given to those models that best represent the processes known to strongly affect column ozone abun-
dances. The CCMs vary in their skill in representing different processes and characteristics of the atmosphere.
However, there is sufficient agreement between the majority of the CCMs and the observations, so that some confi-
dence can be placed in their projections.

Averaged over 60°S to 60°N, total column ozone is projected to increase by 1% to 2.5% between 2000 and
2020, reaching 1980 values at the same time or before EESC in that region declines to 1980 values (2040-
2050). By 2100, ozone should be up to 5% above 1980 values. Both two-dimensional models and CCMs suggest
that minimum total column ozone values have already occurred in this region. Ozone exceeds pre-1980 values at
the time EESC returns to 1980 values in nearly all models that include coupling between well-mixed greenhouse
gases and temperature (interactive two-dimensional models and the CCMs). Similarly the elevated ozone levels in
2100 are observed in all interactive two-dimensional models and in the one CCM that extended to 2100.
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Antarctic springtime ozone is projected to increase by 5% to 10% between 2000 and 2020, reaching 1980
values close to when Antarctic EESC decreases to 1980 values (2060-2075), and changing little thereafter.
Different diagnostic indicators of ozone depletion show different sensitivities to EESC. The most rapid change
(decrease) occurs in the ozone mass deficit and the slowest change (increase) occurs in ozone minimum values and
October ozone anomalies. Minimum ozone values remain roughly constant between 2000 and 2010 in many
models. The projected onset of decreases in the ozone mass deficit occurs between 2000 and 2005, whereas the
projected onset of increases in minimum Antarctic ozone does not occur until after 2010 in many models.

Arctic springtime ozone is projected to increase by 0% to 10% between 2000 and 2020, reaching 1980 values
much earlier than when Arctic EESC decreases to 1980 values (2060-2070). By 2100, Arctic ozone is pro-
jected to be substantially above 1980 values. While the large interannual variability in projected Arctic ozone
obscures the date when the ozone turnaround due to decreasing EESC occurs, this is projected to occur before
2020. The increase in Arctic ozone does not follow EESC as closely as in the Antarctic, and in the majority of
CCMs, Arctic ozone exceeds 1980 values before the Antarctic. There is no indication of future large decreases in
Arctic column ozone in any of the model simulations. There is large uncertainty in predictions of Arctic ozone
because of the smaller ozone depletion and the larger interannual variability in the Arctic stratosphere.

The projected ozone in 2100 is sensitive to future levels of the well-mixed greenhouse gases. For example,
expected future increases in nitrous oxide (N,O) will increase stratospheric nitrogen oxides (NO,), which may
exacerbate ozone depletion. However, the expected stratospheric cooling induced by increasing concentrations of
greenhouse gases, primarily carbon dioxide (CO,), is expected to slow gas-phase ozone depletion reactions and,
thereby, increase ozone. The net effect on ozone amounts will depend on future levels of the different well-mixed
greenhouse gases. The importance of this temperature feedback is demonstrated by the non-interactive two-
dimensional models, which predict that extrapolar column ozone will be less than or near 1980 values through the
latter half of the century.

Human activities are expected to affect stratospheric ozone through changes in tropospheric emissions of
trace gases. Enhanced methane (CH,) emission (from wetter and warmer soils) is expected to enhance ozone pro-
duction in the lower stratosphere, whereas an increase in nitrous oxide emission (from extended use of artificial
fertilizer) is expected to reduce ozone in the middle and high stratosphere. Also, changes in non-methane
hydrocarbons and NO, emissions are expected to affect the tropospheric concentrations of hydroxyl radical
(OH) and, hence, impact the lifetimes and concentrations of stratospheric trace gases such as CH, and organic
halogen species.

Future changes of stratospheric water vapor concentrations are uncertain. If water vapor concentrations
increase in the future, there will be both a radiative and a chemical effect. Modeling studies suggest increased
water vapor concentrations will enhance odd hydrogen (HO,) in the stratosphere and subsequently influence
ozone depletion. Increases in water vapor in the polar regions would raise the temperature threshold for the for-
mation of polar stratospheric clouds, potentially increasing springtime ozone depletion.

UV Radiation and Its Changes

Some unpolluted sites show that UV radiation has been decreasing since the late 1990s. However, at some
midlatitude stations in the Northern Hemisphere, surface UV irradiance continued to increase at rates of a
few percent per decade. The observed increases and their significance depend on location, wavelength range, and
the period of measurements. These increases cannot be explained solely by ozone depletion and could be attributed
to a decreasing tendency in aerosol optical extinction and air pollution since the beginning of the 1990s and partly
to decreasing cloudiness, as estimated from satellites.
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Tropospheric aerosols are responsible for the overestimation of UV irradiance from satellite instruments
(e.g., TOMS, the Total Ozone Mapping Spectrometer) that use solar backscattered ultraviolet radiation to
derive surface UV irradiance. At clean sites the agreement with ground-based measurements is good. However,
over more polluted locations the bias can be as large as 40%, because the lowermost atmosphere containing the
absorbing aerosols is not adequately probed by the measurements. The presence of clouds and snow or ice cover
can also lead to significant biases. New algorithms have been developed to improve the parameterization of acrosol,
snow, and ice effects on satellite-derived surface UV irradiance, as well as of cloud effects using Advanced Very
High Resolution Radiometer (AVHRR) and Meteosat images, showing on average good agreement with ground-
based UV observations. Although the TOMS instrument is no longer available, the continuity of satellite-derived
global UV data is maintained with the new Ozone Monitoring Instrument (OMI) onboard the Aura satellite.

Clouds are the major factor limiting the detectability of long-term changes in UV radiation due to ozone
changes or other factors. Even if ozone trends were linear, at least 10-15 years of measurements would be needed
for detecting a trend in UV radiation. At most extrapolar locations, the effects on UV-B radiation from ozone
depletion are relatively small, and the influence of clouds is dominant.

Air pollutants may counterbalance the UV radiation increases resulting from ozone depletion. Observations
confirm that UV-absorbing air pollutants in the lower troposphere, such as ozone, nitrogen dioxide (NO,) and sulfur
dioxide (S0O,), attenuate surface UV irradiance by up to ~20%. This effect is observed at locations near the emis-
sion sources. Air pollution exerts stronger attenuation in UV compared with attenuation in total solar irradiance.

Ozone Depletion Potentials and Global Warming Potentials

The effectiveness of bromine compared with chlorine for global ozone depletion (on a per-atom basis), typi-
cally referred to as o, has been re-evaluated upward from 45 to a value of 60. The calculated values from three
independent two-dimensional models range between 57 and 73, depending on the model used and depending on the
assumed amount of additional bromine added to the stratosphere by very short-lived substances.

Ozone Depletion Potentials (ODPs) have been re-evaluated, with the most significant change being a 33%
increase for bromocarbons due to the update in the estimate for the value of . A calculation error in the pre-
vious ozone assessment leading to a 13% overestimate for the ODP of halon-1211 has been corrected.

Direct and indirect Global Warming Potentials (GWPs) have been updated. The direct GWPs were revised
for changes in radiative efficiencies of HFC-134a, carbon tetrafluoride (CF,), HFC-23, HFC-32, HFC-227ea,
and nitrogen trifluoride (NF;), as well as changes in the lifetimes of trifluoromethylsulfurpentafluoride
(SF;CF,) and methyl chloride (CH,;Cl). In addition, the direct GWPs for all compounds are affected by slight
decreases in the CO, absolute Global Warming Potentials for various time horizons. Indirect GWPs have been
updated primarily to reflect the later return of ozone-depleting substances to 1980 levels estimated in this Assessment
compared with the earlier Assessment and to account for the increased bromine efficiency factor.

IMPLICATIONS FOR POLICY FORMULATION

The results from over three decades of research have provided a progressively better understanding of the interac-

tion of human activity and the ozone layer. New policy-relevant insights into the roles of ozone-depleting gases have
been conveyed to decisionmakers through a series of international state-of-understanding assessment reports. The
research findings in the Scientific Assessment of Ozone Depletion: 2006 that are given above and are summarized here
provide direct current scientific input to governmental, industrial, and other policy decisions associated with protection of
the ozone layer:
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Our basic understanding that anthropogenic ozone-depleting substances have been the principal cause of the
ozone depletion over the past decades has been strengthened.

The Montreal Protocol is working: There is clear evidence of a decrease in the atmospheric burden of ozone-
depleting substances and some early signs of stratospheric ozone recovery. As noted earlier in this Executive
Summary:

- Abundances of ozone-depleting substances, taken together, are clearly decreasing in the lower atmosphere.
Nearly all the abundances of individual ozone-depleting substances are also decreasing.

- There are clear indications that the equivalent effective stratospheric chlorine (which is a standardized measure
of ozone-depleting capacity of bromine and chlorine in the stratosphere; see footnote in the previous section
of this Executive Summary) has also started to decrease.

— In the last decade, the depletion of the global ozone layer has not worsened.

- Measurements from some unpolluted locations show that UV radiation has decreased since the late 1990s, in
accordance with observed ozone increases at those sites.

The unusually small 2002 Antarctic ozone hole was characterized by a smaller area and higher ozone levels
than observed during the past decade. This was due to an unusually strong meteorological event (a “major
stratospheric sudden warming”) and was not due to changes in ozone-depleting gases. The 2003 and 2005 ozone
holes exhibited severe depletions as observed since the early 1990s. Severe Antarctic ozone losses will very likely
continue to be observed for at least the next 10-20 years because of the expected slow decline of the long-lived
ozone-depleting gases.

Bromine is now estimated to be approximately 60 times as effective as chlorine in global ozone depletion, on
a per-atom basis. This value is larger than the effectiveness of 45 used in the 2002 Assessment. This increase in
the effectiveness of bromine increases the Ozone Depletion Potential of bromine-containing compounds, evaluated
using the semi-empirical method that has been used in previous Assessments.

Long-term recovery of the ozone layer from the effects of ozone-depleting substances is expected to span
much of the 21* century and is estimated to occur later than projected in the previous Assessment (2002). An
important milestone in the recovery process is the time when combined chlorine and bromine amounts (equivalent
effective stratospheric chlorine, EESC) decline to pre-1980 values.

— The date when equivalent effective stratospheric chlorine at midlatitudes returns to pre-1980 levels is now
calculated to be 2049, for the case of global compliance with the Montreal Protocol with no significant excep-
tions (Scenario A1). This date is about 5 years later than projected in the previous (2002) Assessment. This
projected later date primarily results from (i) an increase in CFC-11 and CFC-12 emissions due to the larger
recent estimates of amounts currently contained in equipment and products (banks) and (ii) an increase in
HCFC-22 emissions due to larger estimated future production, as reported in the 2005 Intergovernmental
Panel on Climate Change/Technology and Economic Assessment Panel (IPCC/TEAP) Special Report on
Safeguarding the Ozone Layer and the Global Climate System: Issues Related to Hydrofluorocarbons and
Perfluorocarbons.

- The return to pre-1980 conditions of equivalent effective stratospheric chlorine for the Antarctic vortex is
projected to occur around 2065, more than 15 years later than the return of midlatitude equivalent effective
stratospheric chlorine to pre-1980 levels. This projected later recovery is because, unlike in previous
Assessments, we now recognize that the age of air is greater in the Antarctic lower stratosphere, which affects
the amount of ozone-depleting gases available for ozone depletion. The equivalent effective stratospheric
chlorine evaluation for the Antarctic vortex has not been presented in previous Ozone Assessments.
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. Potential options for accelerating the recovery of the ozone layer have been evaluated. The table provided
below shows hypothetical estimates of the upper limits of improvements that could be achieved if global anthro-
pogenic production of ozone-depleting substances were to stop after 2006, if emissions were eliminated from
existing banks at the end of 2006, or if global anthropogenic emissions of ozone-depleting substances were to stop
after 2006. Some options show greater effectiveness for accelerating recovery of the ozone layer than in previous
Assessments, for reasons noted below.

Table 1. Percentage reductions in integrated equivalent effective stratospheric chlorine relative to the
baseline (A1) scenario that can be achieved in the hypothetical cases.

Compound or Compound Group Column A: Column B: Column C:
All Emissions All Emissions All Emissions
Eliminated from Eliminated from Eliminated after
Production after 2006 Existing Banks at 2006
End of 2006
Chlorofluorocarbons (CFCs) 0.3 11 11
Halons 0.5 14 14
Carbon tetrachloride (CCl,) 3 (a) 3
Methyl chloroform (CH,CCl,) 0.2 (a) 0.2
Hydrochlorofluorocarbons (HCFCs) 12 4 16
Methyl bromide (CH,Br) (anthropogenic) 5 (a) 5

! Column A corresponds to a hypothetical elimination of all emissions from production after 2006. Column B corresponds to a hypothetical elimina-
tion of all emissions from banks existing at the end of 2006 (for example, capture and destruction). Column C corresponds to a hypothetical elimina-
tion of all emissions after 2006 and is approximately equal to the sum of columns A and B.

(a) For these compounds, banks are uncertain and therefore emissions are equated to production in these calculations.

The percentage cumulative (integrated) reductions in equivalent effective stratospheric chlorine for halons
and CFCs, integrated from 2007 until the 1980 level is reattained (shown in Column B), are larger than previ-
ously reported. This is because recent bank estimates from the 2005 Intergovernmental Panel on Climate
Change/Technology and Economic Assessment Panel (IPCC/TEAP) Special Report on Safeguarding the
Ozone Layer and the Global Climate System: Issues Related to Hydrofluorocarbons and Perfluorocarbons
are significantly larger and likely more reliable than values presented in previous Assessments for CFC-11,
CFC-12, and halon-1211.

The percentage reduction in integrated equivalent effective stratospheric chlorine for HCFCs shown in
Column A is larger than previously reported. This is because of significantly larger estimates of future
HCFC-22 production in Article-5 countries.

The percentage reduction in integrated equivalent effective stratospheric chlorine for methyl bromide in
Column A is larger than previously reported. This is because of the upward revision of the fraction of anthro-
pogenic emissions relative to total methyl bromide emissions, as well as being due to the upward revision in
the ozone-depletion effectiveness of bromine atoms compared with chlorine atoms mentioned earlier.

In addition to the percentage reductions in integrated equivalent effective stratospheric chlorine, these
scenarios can reduce the time for equivalent effective stratospheric chlorine to drop below 1980 values. A
hypothetical elimination of all emissions of ozone-depleting substances after 2006 (Column C) would advance
this time by about 15 years, from 2049 to 2034. A hypothetical elimination of all emissions from production
of ozone-depleting substances after 2006 (Column A) would advance it by about 6 years, to 2043.
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- A methyl bromide phase-out has been in effect since 2005 in developed countries, with critical-use exemp-
tions granted in 2005 and 2006 at levels that are 30-40% of the 2003-2004 production levels. Two additional
hypothetical cases of critical and quarantine and pre-shipment (QPS) exempted uses of methyl bromide were
considered. In the analysis of both cases, equivalent effective stratospheric chlorine is integrated above the
1980 level from 2007 until it returns to the 1980 level. The size of the critical use exemptions is similar to the
estimated use of methyl bromide for QPS use.

> If critical-use methyl bromide exemptions continue indefinitely at the 2006 level compared to a cessa-
tion of these exemptions in 2010 or 2015, midlatitude integrated equivalent effective stratospheric
chlorine would increase by 4.7% or 4.0%, respectively.

> If production of methyl bromide for QPS use were to continue at present levels and cease in 2015, mid-
latitude integrated equivalent effective stratospheric chlorine would decrease by 3.2% compared with
the case of continued production at present levels.

Failure to comply with the Montreal Protocol would delay, or could even prevent, recovery of the ozone
layer. Emissions associated with continued or expanded exemptions, QPS, process agents, and feedstocks may
also delay recovery.

The role of very short-lived halogenated substances in stratospheric ozone depletion is now believed to be of
greater importance than previously assessed. This suggests that significant anthropogenic production of
such substances could enhance ozone depletion. Current understanding of the Ozone Depletion Potentials of
these classes of substances is:

- The Ozone Depletion Potentials of n-propyl bromide are 0.1 for tropical emissions and 0.02-0.03 for emis-
sions restricted to northern midlatitudes. These are unchanged from the previous Assessment.

— New analyses suggest upper-limit Ozone Depletion Potentials for CF,1 of 0.018 for tropical emissions and
0.011 for midlatitude emissions. The previous Assessment had an upper limit of 0.008.

- Any chlorinated very short-lived source gas with a lifetime of ~25 days, one chlorine atom, and a similar
molecular weight to CFC-11, has an Ozone Depletion Potential of about 0.003.

Understanding the interconnections between ozone depletion and climate change is crucial for projections of
future ozone abundances. The ozone-depleting substances and many of their substitutes are also greenhouse
gases; changes in ozone affect climate; and changes in climate affect ozone. These issues were recently the subject
of the IPCC/TEAP 2005 Special Report on Safeguarding the Ozone Layer and the Global Climate System. Issues
Related to Hydrofluorocarbons and Perfluorocarbons, and some aspects of the coupling between ozone depletion
and climate change have been considered in this 2006 Ozone Assessment. An important development has been the
emerging use of three-dimensional models that incorporate the interaction between chemistry and climate.
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SCIENTIFIC SUMMARY

The fully amended and revised Montreal Protocol is continuing to be very successful in reducing the emis-
sions and atmospheric abundances of most ozone-destroying gases. By 2005, the total combined abundance
of anthropogenic ozone-depleting gases in the troposphere had decreased by 8-9% from the peak value
observed in the 1992-1994 time period.

Tropospheric Chlorine

Total tropospheric chlorine-containing chemicals (approximately 3.44 parts per billion (ppb) in 2004) con-
tinued to decrease. Recent decreases (—20 parts per trillion per year (ppt/yr) or —0.59% in 2003-2004) have been
at a slightly slower rate than in earlier years (—23 ppt/yr or —0.64% in 1999-2000) primarily because of the reduced
contribution from methyl chloroform. The declines in total chlorine (CI) during 2000-2004 were slightly faster than
projected for these years in the Ab (most likely, or baseline) scenario of the previous (2002) Assessment (WMO,
2003).

Chlorofluorocarbons (CFCs), consisting primarily of CFC-11, -12, and -113, accounted for 2.13 ppb (~62%)
of total Clin 2004 and accounted for a decline of 9 ppt Cl from 2003-2004 (or nearly half of the total Cl
decline in the troposphere over this period). Atmospheric mixing ratios of CFC-12, which account for about
one-third of the current atmospheric chlorine loading, have been constant within 1% (5 ppt) since 2000, and some in
situ and Northern Hemisphere column measurements show that peak values were attained in 2003. CFC-11 mixing
ratios are decreasing at approximately 0.8%/yr (1.9 ppt/yr) and CFC-113 mixing ratios are decreasing by approxi-
mately 1%/yr (0.8 ppt/yr), which is twice as fast as in 1999-2000.

Hydrochlorofluorocarbons (HCFCs), which are substitutes for CFCs, continue to increase in the atmosphere.
HCFCs accounted for 214 ppt or 6% of total tropospheric chlorine in 2004 versus 180 ppt of CI (5% of total
Cl) in 2000. HCFC-22 is the most abundant of the HCFCs and is currently (2000-2004) increasing at a rate of 4.9
ppt/yr (3.2%/yr). HCFC-141b and HCFC-142b mixing ratios increased by 1.1 ppt/yr (7.6%/yr) and 0.6 ppt/yr
(4.5%/yr) over this same period or at about half the rates found for these two gases in 1996-2000. The rates of
increase for all three of these HCFC compounds are significantly slower than projected in the previous Assessment
(6.6, 2.6, and 1.6 ppt/yr for HCFC-22, HCFC-141b, and HCFC-142b, respectively) (WMO, 2003). HCFC-123 and
-124 are currently measured, but contribute less than 1% to total chlorine from HCFCs.

Methyl chloroform (CH,;CC]l,) has continued to decrease and contributed 13.5 ppt (or more than half) of the
overall decline observed for total tropospheric Cl in 2003-2004. It is currently still the largest contributor to
the decline in tropospheric chlorine. Globally averaged surface mixing ratios were 22.6 ppt in 2004 versus 46.4
ppt in 2000.

An imbalance exists between the emissions inferred from the atmospheric measurements and the emissions
needed to account for the stratospheric and ocean sinks and the more recently discovered soil sink of CCl,.
CCl, continues to decline at an approximately steady rate of 1 ppt/yr (about 1%/yr).

The globally averaged abundance of methyl chloride of 550 + 30 ppt is the same as that given in the previous
Assessment, and there has been no consistent trend in the atmospheric values in recent years. Mixing ratios at
midlatitudes of the two hemispheres are 5-10% lower than the high values measured in 1997-1998 (which were
probably related to large-scale effects of forest fires). Firn air measurements show an increase of approximately 50
ppt (10%) from 1940 to 1990.

Stratospheric Chlorine and Fluorine

The stratospheric chlorine burden derived by the ground-based total column and space-based measurements
of inorganic chlorine is now in decline. This is consistent with the decline in tropospheric chlorine from long-
lived halocarbons (CFCs, carbon tetrachloride, methyl chloroform, HCFCs, methyl chloride, and halon-
1211). The burden of total stratospheric chlorine derived from satellite measurements agrees, within £0.3 ppb
(about 12%), with the amounts expected from surface data when the delay due to transport is considered. The uncer-
tainty in this burden is large relative to the expected chlorine contribution from shorter-lived gases (0.05 to 0.1 ppb,
see Chapter 2).
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Column and satellite measurements of hydrogen fluoride continued to show the reduction in the upward
trend that began in the late 1990s. This reduction is consistent with the change in tropospheric fluorine burden
derived from CFCs, HCFCs, and hydrofluorcarbons (HFCs).

Total Tropospheric Bromine

Total organic bromine from halons and methyl bromide (CH;Br) peaked in about 1998 at 16.5 to 17 ppt and
has since declined by 0.6 to 0.9 ppt (3 to 5%). This observed decrease was solely a result of declines observed for
methyl bromide. Bromine (Br) from halons continues to increase, but at slower rates in recent years (+0.1 ppt Br/yr
in 2003-2004).

Atmospheric amounts of methyl bromide declined beginning in 1999, when industrial production was reduced.
By mid-2004, mixing ratios had declined 1.3 ppt (14%) from the peak of 9.2 ppt measured before 1999. Reported
production of methyl bromide for emissive uses decreased by 50% during this same period.

Both the recently observed decline and the 20™-century increase inferred for atmospheric methyl bromide
were larger than expected. Although industrial emissions of methyl bromide were thought to account for 20 (10-
40)% of atmospheric methyl bromide during 1992-1998 (i.e., before production was reduced), the observations are
consistent with this fraction having been 30 (20-40)%. This suggests that fumigation-related emissions could have
a stronger influence on atmospheric methyl bromide mixing ratios than estimated in past Assessments, though
uncertainties in the variability of natural emission rates and loss, and in the magnitude of methyl bromide banked in
recent years, influence our understanding of this sensitivity.

Mixing ratios calculated from updated emission estimates are in good agreement with the measurements for
halon-1211 but they exceed all the halon-1301 measurements since 1980 by more than 10%. Atmospheric
increases in halon-1211 (0.06 ppt/yr or 1%/yr) in 2000-2004 were about half those in 1996-2000. It is currently
unclear whether atmospheric mixing ratios of halon-1301 continue to increase.

Equivalent Effective Stratospheric Chlorine (EESC) and Effective Equivalent Chlorine (EECI)

The decrease in EECI over the past 10 years has been 20% of what would be needed to return EECI values to
those in 1980 (i.e., before the Antarctic stratospheric ozone hole). EECI has decreased at a mean rate of 29 ppt
EECI per year from 1994 to 2004 in the lower atmosphere. This amounts to a total decline of 277 ppt or §-9% for
EECI over this period. The reduction in stratospheric EESC is somewhat less because it takes a few years for near-
surface trends to be reflected in the stratosphere. These declines are slightly larger than projected in the previous
Assessment primarily because of the decline in methyl bromide.

The decline in the short-lived methyl chloroform and methyl bromide contributed the most to the decline in
the effective equivalent chlorine in the atmosphere. The total decline was about 120 ppt between 2000 and 2004,
of which about 60 ppt was due to the decline of methyl chloroform and about 45 ppt due to methyl bromide. The
CFCs together accounted for less than 23 ppt of this decline. The contribution of HCFCs was 12 ppt in the other
direction, i.e., an increase.

Emission Estimates

Global emissions of CFC-11 (88 Gg/yr), CFC-12 (114 Gg/yr), and CFC-113 (6 Gg/yr) in 2003 were approxi-
mately 25%, 25%, and 3% of their maximum values around 1986. Emissions of CFC-11, CFC-12 and CFC-
113 have all continued to decrease since 2000.

Reported regional emission estimates for CFCs, methyl chloroform, and CCl, have been summed for the first
time. Differences between developed and developing regions are indicative of the differing schedules of phase-out.
However, the patchiness in the present coverage (especially in developing regions such as Southeast Asia) and the
uncertainties in the regional estimates, mean that useful comparisons between summed regional emissions and
global emissions derived from trends cannot currently be made. Regional emission estimates of methyl chloroform
indicate that global emissions after 2000 may have been roughly 22 Gg/yr, which is not statistically different from
the estimate of 12.9 Gg/yr (for 2002) obtained from industry/United Nations Environment Programme data.
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While emissions of HCFC-22 have remained nearly constant from 2000 to 2004, emissions of HCFC-141b
and HCFC-142b decreased by approximately 15% over the same period.

HFC-23 emissions estimated from atmospheric measurements have increased from about 6 Gg/yr in 1990 to
about 13 Gg/yr in 2001 (an increase of approximately 120%). These emissions are a byproduct of HCFC-22
production.

Hydrofluorocarbons (HFCs)

The atmospheric abundances of all measured HFCs are increasing due to their rapid introduction as CFC
and HCFC replacements. HFC-134a concentrations reached 30 ppt in 2004 and are increasing at 3.9 ppt/yr
(13%/yr). Globally averaged concentrations of HFC-125 and HFC-152a were both approximately 3.1 ppt in 2004,
increasing by about 23%/yr and 17%/yr, respectively. HFC-23 mixing ratios in the Southern Hemisphere were 18
ppt in 2004, having increased at a mean rate of 0.7 ppt/yr (4%/yr) in 2001-2004.

Sulfur Hexafluoride (SFg)

Measurements of SF, suggest its global average concentration in 2003 was 5.2 ppt and it was growing by 0.23
ppt/yr (4%/yr). Similar percentage rates of increase have been estimated from column measurements over
Switzerland. Temporal extrapolation of the past 20 years of measurements results in significantly smaller atmos-
pheric concentrations in the future than those produced in the most likely emission scenario from the previous
Assessment.

1.3






1.1 INTRODUCTION

Ozone depletion observed in the stratosphere over
the past three decades has resulted from the accumula-
tion of trace gases in the atmosphere. This was due to
industrial activities and to a much-reduced extent to agri-
cultural practices, which led to increases in the concen-
trations of chlorine, bromine, nitrogen, and hydrogen
radicals in the stratosphere. These radicals are produced
from long-lived source gases that, because their atmos-
pheric lifetimes are long compared with the transport
time to reach the stratosphere, are able to be transported
intact into the stratosphere. The Montreal Protocol and
its Amendments and Adjustments have, however, led
to reductions in the tropospheric abundances of the
chlorine- and bromine-containing source gases as a result
of reductions in the production and consumption of man-
ufactured halogenated source gases.

Direct observations of most chemical species that
cause stratospheric ozone depletion began in the late
1970s or later. The ground-based in situ and flask meas-
urements have provided the most complete picture of the
evolution of these species because of the regularity of
the measurements. The complete 20" century and ear-
lier pictures of the accumulation of ozone-depleting
chemicals in the atmosphere also rely on calculations
based on historic emission estimates, and analysis of air
trapped in polar firn and ice or measurements of air
archives. Ground-based remote sensing techniques, in
particular numerous Network for the Detection of
Atmospheric Composition Change (NDACC, formerly
Network for the Detection of Stratospheric Change or
NDSC) sites equipped with Fourier transform infrared
(FTIR) instruments, have also provided multidecadal
information of relevance to this chapter. Satellite obser-
vations have also provided information on the most abun-
dant ozone-depleting substances since the mid-1980s.
Although the long-term trends are difficult to measure
with space-based techniques due to the generally short
lifetime of the space missions, they can be inferred by
combining data from multiple instruments operating in
different years. This method was applied by Harries et
al. (2001), using data from the Infrared Radiation Inter-
ferometer Spectrometer (IRIS) sensor in 1970 and the
Interferometric Monitor for Greenhouse Gases (IMG)
sensor in 1997, to identify the long-term changes in the
Earth’s outgoing longwave radiation, notably due to the
rise of the chlorofluorocarbons (CFCs) in that time
period. More recently, Rinsland et al. (2005) have com-
pared data from the Atmospheric Trace Molecule
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Spectroscopy (ATMOS) missions in 1985 and 1994 and
the Atmospheric Chemistry Experiment - Fourier Trans-
form Spectrometer (ACE-FTS) data in 2004 to determine
lower-stratospheric trends of several target species
during the last two decades.

The atmospheric history of ozone-depleting sub-
stances in years before regular measurements began have
been examined using Antarctic firn air samples (Butler et
al., 1999; Sturges et al., 2001; Sturrock et al., 2002; Trud-
inger et al., 2004; Reeves et al., 2005). These analyses
have revealed that atmospheric mixing ratios of the var-
ious CFCs and halons underwent large increases begin-
ning in the 1950s to 1970s. As a result of international
production and consumption restrictions, all of these gases
now exhibit substantially reduced rates of atmospheric
growth, and, for many of them, mixing ratio declines. The
hydrochlorofluorocarbons (HCFCs) first appeared in the
atmosphere in the 1960s to the 1980s and their mixing
ratios continued to increase through 2004. Firn air results
also indicate that nearly all of the CFCs, halons, methyl
chloroform, and carbon tetrachloride (CCl,) present in
today’s atmosphere are the result of anthropogenic pro-
duction, though the existence of small natural sources or
some anthropogenic production and use in years predating
the oldest firn air samples cannot be ruled out.

This chapter provides a scientific update to various
sections of Chapter 1 of the previous World Meteorolo-
gical Organization Assessment Report (WMO, 2003;
hereafter referred to as WMO 2002). 1t reports the meas-
urements of long-lived compounds obtained from many
typical observation means (Table 1-1), including firn air
analysis, ground-based in situ and remote sensing stations,
and satellite observations, for ozone-depleting substances
and for other climate-related gases through 2004. The
latter gases, which include the hydrofluorocarbons, are
also discussed in Section 1.4, because they can contribute
indirectly to ozone change and ozone recovery through
their effects on the radiative forcing of the atmosphere.
Trace gases with lifetimes shorter than 0.5 years (in par-
ticular nitrogen and hydrogen radicals) are reported in
Chapter 2. The observations provide important constraints
on past emissions and thereby on future emissions.
Chapter 1 compares the current observed trends with the
expectations based on standard emission scenarios.
Further results on EECI (effective equivalent chlorine) and
EESC (equivalent effective stratospheric chlorine) calcu-
lations from assumed future emission scenarios and for
calculations of the remaining banks may be found in
Chapter 8. The reader is referred to Table 1-4 for the chem-
ical formulae of the gases discussed.
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Table 1-1. Measurements of long-lived compounds. *

Name Technique
Location

Firn air

Law Dome
Antarctica Firn ice

On-Site Sampling — Ground-Based
AGAGE — Advanced Global Atmospheric Gases Experiment
Cape Grim, Tasmania (41°S, 145°E) In situ GC measurements
Cape Matatula, Samoa (14°S, 171°E)
Ragged Point, Barbados (13°N, 59°W)
Mace Head, Ireland (53°N, 10°W)
Trinidad Head, United States (41°N, 124°W)
SOGE — System for Observation of Halogenated Greenhouse Gases in Europe
Jungfraujoch, Swiss Alps (46.5°N, 8.0°E) In situ GC measurements
Ny Alesund, Norway (78°N, 11.5°E)
Monte Cimone, Italy (44° N, 10.5°E)
NOAA/ESRL — National Oceanic and Atmospheric Administration/Earth System Research Laboratory

South Pole, Antarctica '>3* Flasks-GC, and in situ-GC
Palmer Station, Antarctica * Flasks-GC
Cape Grim, Tasmania > Flasks-GC
Cape Matatula, Samoa >3 Flasks-GC, and in situ-GC
Mauna Loa, United States "> Flasks-GC, and in situ-GC
Cape Kumukahi, United States >>* Flasks-GC
Niwot Ridge, United States ' Flasks-GC, and in situ-GC
Wisconsin, United States >* Flasks-GC
Harvard Forest, United States * Flasks-GC
Barrow, United States 1> Flasks-GC, and in situ-GC
Alert, Canada >3* Flasks-GC

UCI — University of California at Irvine
40-45 Pacific sites from 71°N to 47°S sampled approximately
twice per season. www.physsci.uci.edu/~rowlandblake/ Flasks-GC
samplinglocationsmap.html
UEA — University of East Anglia

Cape Grim, Tasmania Flasks-GC, Archived air
Remote Sensing — Ground-Based

Kiruna, Sweden (67.8°N, 20.4°E) Ground-based infrared FTS

Jungfraujoch, Swiss Alps (46.5°N, 8.0°E) Total column measurements

Kitt Peak, Arizona (32.0°N, 111.6°W)
Izana, Tenerife (28.3°N, 16.5°W)

Remote Sensing — Satellite
HALOE - Halogen Occultation Experiment
U.S. experiment (1991-2005) Infrared gas filter correlation
Latitudinal coverage from 80°S to 80°N/1 year and broadband filter
radiometry (solar occultation)
Stratospheric-mesospheric profiles
IMG - Interferometric Monitor for Greenhouse Gases
Japanese experiment (1996-1997) Spaceborne infrared FTS (nadir)
Global coverage Tropospheric columns
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MIPAS - Michelson Interferometer for Passive Atmospheric Sounding

European experiment (launched in 2002)

Global coverage
ACE/FTS - Atmospheric Chemistry Experiment

Canadian experiment (launched in 2003)

Latitudinal coverage from about 80°S to 80°N/1 year
MLS - Microwave Limb Sounder

U.S. experiment (launched in 2004)

Latitudinal coverage from 82°N to 82°S daily

Spaceborne infrared FTS (limb)
Strato-mesospheric profiles

Spaceborne infrared FTS (solar occultation)
Upper troposphere to the lower thermosphere

Microwave sounder (limb)
Upper troposphere to the lower thermosphere

w0 =

1.2 HALOGENATED OZONE-DEPLETING
GASES IN THE ATMOSPHERE

1.2.1  Updated Atmospheric Observations

of Ozone-Depleting Gases

In this section, measurements of halogenated gases
by the ground-based networks are summarized. As indi-
cated in Table 1-1, these network measurements include
those by the Advanced Global Atmospheric Gases
Experiment (AGAGE), the System for Observation of
Halogenated Greenhouse Gases in Europe (SOGE,
although the measurements used here were from
Jungfraujoch and Ny Alesund only), the National Oceanic
and Atmospheric Administration / Earth System Research
Laboratory (NOAA/ESRL, formerly NOAA/CMDL) and
the University of California at Irvine (UCI). In a number
of cases this also includes measurements of air samples
collected at Cape Grim, Australia since 1978 that have
been archived (Langenfelds et al., 1996). The section
extends the time series described in WMO 2002 (Montzka
and Fraser et al., 2003) beyond 2000 and emphasizes the
measurements from 2001 to the end of 2004. The time
series for these gases shown in the Figures and Tables
throughout this Chapter are from monthly means of data
from individual sites that have been combined to produce
monthly hemispheric and global means. Annual means of
these are also used in some Figures and Tables.

Table 1-2 shows annual means of the measured
ozone-depleting halocarbons. The precisions and accura-
cies of the measurements may mostly be judged by the dif-
ferences between the reported values. Only for CFC-12,
HCFC-22, and halon-1301 are the differences in the trends

1.7

The list provided here is restricted to the measurements reported in this chapter. GC = gas chromatographic.

Data from in situ instruments at these stations are used by NOAA to derive global tropospheric means for CFCs and CCl,.
Data from flasks collected at these stations are used by NOAA to derive global tropospheric means for CH,CCl,.

Data from flasks collected at these stations are used by NOAA to derive global tropospheric means for HCFCs and halons.
Data from flasks collected at these stations are used by NOAA to derive global tropospheric means for CH;Br.

observed by the various groups statistically significant.
All uncertainties are one sigma unless otherwise speci-
fied. Terms used to describe measured values throughout
Chapter | are mixing ratios (for example parts per trillion,
ppt, pmol/mol), mole fractions, and concentrations. These
terms have been used interchangeably and, as used here,
they are all considered to be equivalent.

Methyl chloride and methyl bromide have substan-
tial natural sources and the emissions of these gases are
also discussed in their subsections. The emissions of the
other halocarbons are discussed in Section 1.3.

1.2.1.1 CHLOROFLUOROCARBONS (CFCs)

CFC-11 (CCl4F), CFC-12 (CCL,F,), and CFC-113
(CCLFCCIF,) are routinely measured by the three
ground-based gas-sampling networks (see Table 1-1)
using gas sampling techniques. Results from these inde-
pendent laboratories generally agree to within 2% (Figure
1-1). CFC-11 and CFC-12 are also measured using
ground-based infrared solar absorption spectroscopy, such
as at the Jungfraujoch station. From space, CFCs have
been measured by a variety of shuttle- or satellite-based
instruments operating in the infrared spectral region.
Most of these data concern CFC-11 and CFC-12. They
were obtained from thermal infrared nadir sounders
(Harries et al., 2001; Coheur et al., 2003; Dufour et al.,
2005), limb instruments (Bacmeister et al., 1999;
Hoffmann et al., 2005), or solar occultation sounders
(Khosrawi et al., 2004; Rinsland et al., 2005).

Recent measurements from the gas sampling net-
works indicate that the CFC-12 global trend is now
approximately zero, and two of the three networks plus
the remote sensing measurements at Jungfraujoch indi-
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Figure 1-1. Hemispheric monthly means of the major chlorofluorocarbons CFC-12, CFC-11, and CFC-113
(crosses for Northern Hemisphere and triangles for Southern Hemisphere). Measurements from the AGAGE
network (Prinn et al., 2000 updated), the NOAA/ESRL network (Montzka et al., 1999 updated; Thompson et al.,
2004), and UCI (D.R. Blake et al., 1996; N.J. Blake et al., 2001) are shown. To increase visibility, recent meas-
urements are depicted on a larger scale in the inserts (the scales are on the right-hand sides of the panels).

cate that Northern Hemispheric mole fractions are now
decreasing. These observations are consistent with the
analyses of Rinsland et al. (2005) using ATMOS and ACE
satellite data. The measured annual column change above
Jungfraujoch in 2003-2004 is —0.11 x 10'* molec cm™
(=0.16%/yr) (Zander et al., 2005) compared with 0.50 x
10'* molec cm™ (+0.71%/yr) in 1998 (WMO 2002) and
0.27 x 10" molec cm™ (+0.39%/yr) in 1999-2000. Trends
from column measurements in %/yr should be almost
directly comparable with trends for similar periods
derived from the sampling networks, because of the long
lifetimes of the species being discussed. Averaged over
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Kiruna (68°N) and Izafia (28°N), the column trend from
2000 to 2005 is —0.09 + 0.10%/yr (update from Kopp et
al., 2003, and Schneider et al., 2005). Since the CFC-12
lifetime is approximately 100 years, the measured rate of
change indicates that there are still significant emissions
of CFC-12. Differences between measured Northern
Hemisphere and Southern Hemisphere mole fractions
have been decreasing since approximately the end of the
1980s (Figure 1-1). The hemispheric difference in 2004
was still approximately 3 ppt (0.6%), indicating that the
remaining emissions are still occurring predominantly in
the Northern Hemisphere.
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Table 1-2. Mole fractions and growth rates of ozone-depleting gases.
Chemical Common or Annual Mean Laboratory, Method
Formula Industrial Name Mole Fraction (ppt) Growth (2003-2004)
2000 2003 2004 (pptyr) (% yr)
CFCs
CCLF, CFC-12 543.0 544.2 543.8 -0.6 0.1 AGAGE, in situ
534.1 535.2 535.0 -0.2 0.0 NOAA*
535.6 537.9 539.7 1.8 0.3 UCl
CCLF CFC-11 260.6 254.9 253.1 -1.8 0.7 AGAGE, in situ
262.5 256.6 254.7 -1.9 0.7 NOAA*
261.2 256.1 253.7 24 -09 UcCl
263.9 257.3 254.7 27 =10 SOGE, in situ (Europe)
CCLFCCIF, CFC-113 81.8 79.6 78.7 -09 -1.1 AGAGE, in situ
82.1 80.5 79.5 -09 -12 NOAA*
81.1 79.5 79.1 -04  -05 uUcCl
CCIF,CCIF, CFC-114 17.21 17.24 17.31 0.07 0.4 AGAGE, in situ
including -114a (Cape Grim only)
CFC-114 14.90 14.72 -0.18 -1.2 ucCl
CCIF,CF, CFC-115 8.10 8.26 8.34 0.08 1.0 AGAGE, in situ
8.19 8.18 8.29 0.11 1.3 SOGE, in situ (Europe)
HCFCs
CHCIF, HCFC-22 142.8 159.0 163.9 4.9 3.0 AGAGE, in situ
141.7 157.9 162.1 4.2 2.6 NOAA, flasks
161.9 169.1 7.2 4.4 UcClI
CH,CCLF HCFC-141b 12.82 16.70 17.42 0.72 4.2 AGAGE, in situ
12.66 16.58 17.18 0.60 3.6 NOAA, flasks
15.05 18.57 19.20 0.60 32 SOGE, in situ (Europe)
CH,CCIF, HCFC-142b 12.46 14.74 15.38 0.64 4.2 AGAGE, in situ
11.72 13.99 14.53 0.54 3.8 NOAA, flasks
CHCL,CF, HCFC-123 0.050 0.060 0.064 0.004 6.5 AGAGE, in situ
(Cape Grim only)
CHCIFCEF, HCFC-124 1.40 1.63 1.64 0.01 0.1 AGAGE, in situ
1.46 1.71 1.72 0.01 0.1 SOGE, in situ (Europe)
Halons
CBr,F, halon-1202 0.044 0.040 0.038 -0.002 5.1 UEA, flasks
(Cape Grim only)
CBrCIF, halon-1211 4.12 4.28 433 0.05 1.2 AGAGE, in situ
3.98 4.13 4.15 0.02 0.0 NOAA, flasks
443 4.68 4.77 0.09 1.9 UEA, flasks
(Cape Grim only)
4.32 4.52 4.62 0.08 1.8 SOGE, in situ (Europe)
CBrF, halon-1301 2.95 3.04 3.14 0.10 32 AGAGE, in situ
2.57 2.61 2.60 -0.01 0.0 NOAA, flasks
2.26 2.38 2.45 0.07 2.9 UEA, flasks
(Cape Grim only)
3.04 3.06 3.16 0.10 32 SOGE, in situ (Europe)
CBrF,CBrF, halon-2402 0.425 0.427 0.427 0.0 0.0 UEA, flasks
(Cape Grim only)
0.48%* - 0.48 NOAA, flasks
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Table 1-2, continued.

Chemical Common or Annual Mean Laboratory, Method
Formula Industrial Name Mole Fraction (ppt) Growth (2003-2004)
2000 2003 2004 Pptyr) (% yr)
Chlorocarbons
CH,CI Methyl chloride 532.1 523.4 527.8 4.4 0.8 AGAGE, in situ
(Ireland/Cape Grim average)
529.5 523.0 526.0 3.0 0.6 SOGE, in situ (Europe)
CCl, Carbon 96.4 93.5 92.6 -0.8 -1.0 AGAGE, in situ
tetrachloride 100.2 97.2 96.1 -1.1 -1.1 NOAA*
99.2 96.3 95.1 -1.2 -1.2 ucl
CH,CCl, Methyl 45.6 26.5 22.0 —4.5 -18.6 AGAGE, in situ
chloroform 458 26.5 22.0 -4.5 -18.7 NOAA, flasks
47.7 28.3 23.9 44 -16.8 ucCl
443 26.7 22.2 -4.5 -18.5 SOGE, in situ (Europe)
Bromocarbons
CH,Br Methyl 10.3 8.8 9.1 0.3 33 AGAGE, in situ
bromide (Ireland only)
8.7 8.1 7.9 -0.2 2.4 NOAA, flasks

All values are estimates for the global troposphere unless specified otherwise.
* These NOAA values consist of a combination of flask and in situ measurements.

** Earlier halon-2402 data from NOAA are for 1996, not 2000.

The sampling networks indicate that global mole
fractions of CFC-11 decreased by approximately 2.0 + 0.1
ppt/yr (0.8%/yr) from 2000 to 2004 (Table 1-2). This rate
of decrease is larger than that reported in WMO 2002
(Montzka and Fraser et al., 2003), 1.4 ppt/yr (0.5%/yr),
for 1996 to 2000. Zander et al. (2005) indicate that the
CFC-11 column change and the corresponding annual
trend have remained constant since the late 1990s over
the Jungfraujoch, amounting to —1.85 x 10'* molec cm™
(—0.59%/yr in 2004). A slightly smaller downtrend is to
be expected in the CFC-11 column than in the surface
measurements, by approximately 0.1%/yr, because the
proportion of CFC-11 that is in the stratosphere is pre-
dicted to have been continuing to increase slowly. The
decline in the tropospheric CFC-11 mole fractions from
2000 to 2004 is approximately 20% less than that projected
in the Ab (baseline, most likely) scenario of WMO 2002
(Table 1-14, Chapter 1, WMO (2003)). The measured
hemispheric difference for CFC-11 has been decreasing
(Figure 1-1), but it was still approximately 2 ppt (0.8%) in
2004. This and the 45-year lifetime of CFC-11 indicate
that significant Northern Hemispheric emissions are still
occurring.

CFC-113 has decreased by approximately 1% (0.8
ppt) from 2003 to 2004. This is larger than the rate of
decrease of 0.5%/yr reported for 1999-2000 in WMO 2002
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(Montzka and Fraser et al., 2003). Since the lifetime is
estimated to be 85 years, the recent decrease indicates that
global emissions of CFC-113 are now small. Consistent
with this, the hemispheric gradient is less than 1 ppt
(Figure 1-1). A global decrease of CFC-113 of 1%/yr pro-
vides an upper limit to its atmospheric lifetime of 100
years.

CFC-114 (CCIF,CCIF,) and CFC-115 (CCIF,CF;)
have been measured in Cape Grim (41°S) air samples since
1978. As noted by Sturrock et al. (2001), and by Mangani
et al. (2000) for Antarctica, the mixing ratio of CFC-114
was not changing in the atmosphere in mid-2000. Recent
measurements indicate that there have only been small but
insignificant changes of CFC-114/-114a (Table 1-2). In
contrast, CFC-115, which is used with HCFC-22 (CHCIF,)
in refrigeration blends, has continued to increase at about
1%/yr (0.08 ppt/yr), which is only half of the growth rate
reported in WMO 2002 (Montzka and Fraser et al., 2003).

1.2.1.2 HYDROCHLOROFLUOROCARBONS (HCFCs)

Measurements of HCFCs from the gas sampling
networks have been updated through 2004 (O’Doherty et
al., 2004; Krummel et al., 2004). Furthermore, recent
remote measurements of HCFC-22 (Rinsland et al., 2005)
and HCFC-142b (Dufour et al., 2005), which show gen-



eral consistency with the AGAGE and the NOAA/ESRL
values, have recently become available from the ACE
satellite mission.

Global mixing ratios of the three most abundant
HCFCs have all increased due to sustained emissions
(resulting from their being substitutes for CFCs and other
ozone-depleting substances (ODSs) (Figure 1-2). The
annual global mole fraction of HCFC-22 (CHCIF,) was
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approximately 165 ppt in 2004, with an averaged annual
growth rate of about 4.9 + 0.5 ppt/yr (3.2 £ 0.3%/yr) (2000-
2004, with more weight being given to the more precise
trend estimates from AGAGE and NOAA/ESRL).
Combined vertical column abundances of HCFC-22
above Kiruna (68°N) and Izafia (28°N) yield a trend of
3.5+ 0.3%/yr (1.1 x 10" molec cm™ yr'!") for 2000-2004
(updated from Kopp et al., 2003; Schneider et al., 2005).
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Figure 1-2. Annual global mean mole frac-
tions for HCFC-141b, HCFC-142b, and
HCFC-22 derived from the AGAGE (green)
and NOAA/ESRL (red) networks of ground-
based sites (O’Doherty et al., 2004; Montzka
et al., 1999). The early measurements are
based on analysis of the air archived in
Australia (for HCFC-22: from Miller et al.,
1998, green line before 1995; for HCFC-141b
and HCFC-142b: from Oram et al., 1995, blue
lines before 1995); global means have been
calculated from these values using the 12-box
model. Also shown are tropospheric annual
values at the beginning of the years 1990 to
2005 from scenario Ab given in Table 1-14 of
WMO 2002 (black). Atmospheric lifetimes
used in the calculations for the three species
were 9.3, 17.9, and 12.0 years, respectively.
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Column abundances above the Jungfraujoch station (last
reported for 1986 to 2001 in Figure 1-2 of WMO 2002) have
been measured since 1986. The column abundances found
at the extremes of the Jungfraujoch observational time base
are 0.90 x 10" molec cm™ in January 1986 and 2.42 x 10"
molec cm™ in December 2004. This corresponds to an
increase of a factor of nearly 2.7 over this 19-year period
(Zander et al., 2005). This factor is only a few percent larger
than (i.e., not significantly different from) that determined
from the Australian archived air (Langenfelds et al., 1996),
AGAGE, and NOAA measurements.

There has been a substantial slowdown in the rates
of accumulation of HCFC-141b (CH,CCL,F) and HCFC-
142b (CH,CCIEF,), particularly in the last two years. The
global mean mixing ratio of HCFC-142b has increased to
about 15 ppt in mid-2004, compared with about 12 ppt in
mid-2000, with an annual average growth rate of 0.6 = 0.1
ppt/yr (4%/yr, 2003-2004). This is approximately half of
the previously reported growth rate of 1.1 ppt/yr averaged
from 1999-2002, based on data from both AGAGE and
NOAA/ESRL measurements (O’Doherty et al., 2004).
The growth rate of HCFC-141b has also slowed from an
annual average rate of about 1.6 ppt/yr in 1999-2000 to
0.6 £ 0.1 ppt/yr (4%/yr) in 2003-2004, resulting in a global
mean surface mole fraction of 17.3 + 0.2 ppt in mid-2004.
Northern Hemisphere mean mole fractions were approxi-
mately 2.5 ppt and 1.4 ppt higher than in the Southern
Hemisphere, for HCFC-141b and 142b respectively, in
mid-2004.

Figure 1-2 shows that the slowdown in the growth
rates of all three gases in the atmosphere was not antici-
pated in the projections made in the Ab scenario in WMO
2002. The observed growth rates for 2000-2004 were 4.9,
1.1, and 0.6 ppt/yr for HCFC-22, HCFC-141b, and HCFC-
142b, respectively, versus projected growth rates of 6.6,
2.6, and 1.6 ppt/yr.

Figure 1-3 shows monthly mean baseline mixing
ratios (and occasional pollution events) for HCFC-123
(CHCL,CF;) measured at Cape Grim from 1998 through
2004 (Krummel et al., 2004). Its mixing ratio in 2004 is
0.064 ppt. A strong annual cycle is evident because of the
annual cycle in hydroxyl and the short atmospheric lifetime
(1.3 years) of HCFC-123. Overall the atmospheric mixing
ratios have been increasing over the seven-year period at
approximately 6 = 1%/yr. These are the only reported meas-
urements of HCFC-123 since a value of 0.03 ppt for 1996
by Oram (1999). Despite its small mixing ratio, there is
considerable interest in this gas because as a refrigerant it is
operated at sub-ambient temperatures and leakage is there-
fore exceptionally small. Moreover what does get into the
atmosphere is rapidly destroyed. Equally important it has a
very low Ozone Depletion Potential (ODP).

1.12

HCFC-123 at Cape Grim, Tasmania
T T T T T T
ook CHCI,CF, R
a *¢
= 0.06 o, & ""s “
o 0.06F o PR, 4 w 9
= K *> *.
© LS W S N ()
S | W
£ 004} .
=
S
0.02 f .
__16F -
=
=3
o 12} 4
®
2 osf -
=
S
04 -
..,,.L.u g © dJMWWN
1998 1999 2000 2001 2002 2003 2004 2005
Year

Figure 1-3. Monthly mean baseline mixing ratios
(ppt) of HCFC-123 measured at Cape Grim, Tas-
mania (upper panel) (Krummel et al., 2004). The
lower panel shows the continuous series of the meas-
urements with the pollution events included.

Measurements of HCFC-124 (CHCIFCF;), which
were first reported in WMO 2002 (Montzka and Fraser et
al., 2003), have been updated from AGAGE measurements
at the two AGAGE stations at Mace Head, Ireland, and Cape
Grim, Tasmania (Prinn et al., 2000). Trends and annual
global means are reported in Table 1-2. The increase of
HCFC-124 has been slowing rapidly since 1998 (see also
WMO 2002). No new measurements of HCFC-21 (CHCLF)
have been reported since WMO 2002. The atmospheric his-
tories of several HCFCs have been reconstructed from
analyses of air trapped in firn, and show that concentrations
at the start of the 20" century were less than 2% of current
mixing ratios (Sturrock et al., 2002).

1.2.1.3 HaLONS

From the introduction of halons in the early 1960s,
halon use grew steadily worldwide until the Montreal
Protocol required an end to their consumption in devel-
oped countries by the end of 2003; however, production in
developed countries was allowed for essential uses and to
supply the needs of developing countries. Global produc-
tion of halon-1211 (CBrCIF,) and halon-1301 (CBrF;)
peaked in 1988 at 43 Gg/yr and 13 Gg/yr, respectively



(UNEP, 2003). In developing countries, halon-1211 pro-
duction began in the 1980s and showed a growth curve
similar to that in developed countries until Multilateral
Fund projects began to reverse that trend in the 1990s
(UNEP, 2003). A third halon, halon-2402 (CBrF,CBrF,),
was used predominantly in the former Soviet Union. No
information on the production of halon-2402 before 1986
has been found. Fraser et al. (1999) developed emission
projections for halon-2402 based on atmospheric meas-
urements. They reported that the emissions grew steadily
in the 1970s and 1980s, peaking in the 1988-1991 time
frame at 1.7 Gg/yr. They found these results to be qualita-
tively consistent with the peak production of 28,000 ODP
tonnes reported by the Russian Federation under Article
VII of the Montreal Protocol (or assuming all production
was halon-2402 and an ODP of 6, a peak production of
approximately 4.650 Gg/yr).

Figure 1-4 shows the comparisons of the global
mean mole fractions for halon-1211 and halon-1301 from
the twelve times per day measurements by AGAGE (green
lines) and the multiple samples per month analyzed by
NOAA/ESRL (red lines). Also shown are the values
derived from measurements of the air that has been
archived several times per year in Australia and analyzed
at the University of East Anglia (UEA) (blue lines; Oram
et al., 1995; Fraser et al., 1999).

Observations from NOAA/ESRL, AGAGE, and
UEA since 2000 suggest that the rate of increase of halon-
1211 has continued to slow down, although halon-1211
mixing ratios continue to increase in the global atmos-
phere. The ground-based sampling network measurements
of halon-1211 show that the global tropospheric mixing
ratio of halon-1211 in 2004 was approximately 4.4 ppt,
with a calibration uncertainty of approximately 0.3 ppt
(Table 1-2). The mean rate of increase from 2000 to 2004
was 0.06 + 0.01 ppt/yr (1.4%/yr). This is significantly
lower than the rate of increase in 1999-2000, which was
0.12 ppt/yr (WMO 2002, Montzka and Fraser et al., 2003).

For halon-1301, the AGAGE, UEA, and NOAA/
ESRL measurements show a large disparity in mixing
ratio and rate of change during 2000-2004. The NOAA
data show a negligible change (0.01 + 0.01 ppt/yr),
whereas AGAGE and UEA show an average rate of
increase of 0.05 + 0.01 ppt/yr (1.8%/yr). This discrepancy
was not present in the pre-2000 measurements, perhaps
because AGAGE measurements only began in 1998. Thus
it is currently unclear whether there has been a significant
slowdown in the growth rate compared with that reported
in WMO 2002 of 0.06 ppt/yr for 1999-2000 (Montzka and
Fraser et al., 2003). Because of this, the observations do
not provide as strong a constraint on the emissions as they
do for the CFCs, HCFCs, and halon-1211.
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Figure 1-4. Annual global mean mole fractions for
halon-1211 and halon-1301 derived from measure-
ments at multiple sites in the AGAGE (green lines)
and NOAA/ESRL (red diamonds, an update to Butler
et al., 1998; red lines, from Montzka et al., 1999) net-
works. Also shown are annual global means calcu-
lated from measurements of archived air sampled at
Cape Grim, Australia (blue lines, updated from Fraser
et al., 1999) using the 12-box model. These meas-
urements are compared against tropospheric annual
means for the beginning of the years 1990 to 2005
given in Table 1-14 (scenario Ab) of WMO 2002 (black
lines). The greenish gold lines for halon-1211 and
halon-1301 have been calculated from the UNEP
Halons Technical Options Committee emission sce-
narios (UNEP, 2003) (modified for halon-1211, see
text) using a 12-box model.

The measurements of the Australian air archive by
UEA indicate that halon-2402 has remained approximately
constant over the 2000-2004 period, and a fourth halon,
1202 (CBr,F,), which is not controlled under the Montreal
Protocol, has declined by approximately 14%. The pro-
jections for this period given in WMO 2002 were that
halon-2402 would have declined slowly and halon-1202
would have declined by about 40%. Because the atmos-
pheric lifetime of halon-1202 is approximately three years
(Fraser et al., 1999), some residual production of halon-
1202 is indicated, perhaps from over-bromination during
the small remaining production of halon-1211.

All four halons have been measured in firn air from
Dome C (75°S, Antarctica), Devon Island (75°N, Canada),
and Greenland (75°N) (Reeves et al., 2005). At the base
of the firn, the halon concentrations are below detection
(<0.001 ppt), confirming that these species are entirely
anthropogenic. The global halon mole fractions derived
from these firn air samples are consistent with those
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obtained from an analysis of the Cape Grim air archive
(Fraser et al., 1999; Reeves et al., 2005).

By 2000, total tropospheric bromine from halons
was about 8 ppt, having approximately doubled over the
previous 10 years (Figure 1-5). The measurements show
clear signs that the atmospheric accumulation of total
halon bromine is slowing. However the Ab scenario in
WMO 2002 (Montzka and Fraser et al., 2003) projected
that it should stop growing by approximately 2006,
because of reductions in halon-1211 starting in 2003 (the
black line in Figure 1-4). The WMO 2002 Ab scenario
provides a reasonable fit to the halon-1211 observations
(Figure 1-4) but there is little evidence that halon-1211
stopped increasing in the 2000-2004 period. Therefore it
seems likely that the total halon bromine maximum will
be delayed by a year or two.

1.2.1.4 CARBON TETRACHLORIDE (CCl,)

The major use for CCl, during the 1980s was
believed to be as a feedstock for the production of the
CFCs (Simmonds et al., 1988). Therefore as production
of the CFCs was substantially reduced during the 1990s
because of the Montreal Protocol, atmospheric mixing
ratios of CCl, decreased (Figure 1-6). Global surface
mixing ratios of CCl, are shown to have reached a max-
imum of about 106 + 1 ppt in late 1990 and they have
declined subsequently at a steady rate of 1.0 + 0.1 ppt/yr
(about 1%/yr) as a result of reduced emissions (Figure 1-
6). Calibration differences between the different reporting
groups since 1995 are 3-4%. The annual global mean in
2004 was 92-96 ppt (group average is 94.6 ppt) depending
on which group made the measurements. For this gas in
particular, a comparison of the measurements at the
common measurement site in Samoa confirms that the
NOAA/AGAGE difference is due to calibration and not
due to the effects of differing site locations used to pro-
duce global means. Significant emissions of CCl, are still
occurring and these sustain the interhemispheric differ-
ence of 1.4 £+ 0.3 ppt, which has been relatively constant
since 1995.

In WMO 2002 (Montzka and Fraser et al., 2003),
the estimated atmospheric lifetime of carbon tetrachloride
was reduced to 26 years because of ocean losses (Yvon-
Lewis and Butler, 2002). More recently, soil losses meas-
ured in North America have led to an estimated lifetime
contribution from soil losses globally of 90 years, with an
uncertainty range of 50 to 418 years (Happell and Roche,
2003; see also Borch et al., 2003). Combining this life-
time contribution with those due to ocean losses (94 years,
with a range of 82 to 191 years) and an atmospheric life-
time from the 1998 WMO Assessment (35 years, with a
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Figure 1-5. Tropospheric bromine from four halons
(1211, 1301, 2402, 1202) at high northern (red) and
high southern (purple) latitudes, based on model-
derived emissions that best-fit the firn air data from
Greenland and Antarctica and the air archive data
from Cape Grim, Tasmania (Reeves et al., 2005).
Those estimates are compared with model estimates
(green) for the Southern Hemisphere (Fraser et al.,
1999), using the Ab halon emission scenario prepared
for WMO 2002 (Montzka and Fraser et al., 2003).

range of 21 to 43 years; WMO, 1999) led Happell and
Roche (2003) to infer an overall lifetime for carbon tetra-
chloride of 20 years. However, based on the discussion in
the emissions section (Section 1.3.2.4), it was decided not
to change the recommended overall lifetime from the
WMO 2002 value of 26 years at this time.

1.2.1.5 MEeTHYL CHLOROFORM (CH;CCl,)

Because of Montreal Protocol restrictions, there has
been a steady decline from an all-time high in methyl chlo-
roform concentrations of more than 130 ppt in 1992
(Figure 1-6). The decline was due to a rapid decline in the
emissions during the 1990s (McCulloch and Midgley,
2001) that resulted from the combination of an efficient
replacement of methyl chloroform as an industrial solvent
and its relatively short atmospheric lifetime of 5 years.
The global mean surface mixing ratio of methyl chloro-
form has steadily decreased to 22.6 + 1.0 ppt averaged
over 2004 from 46.4 ppt in 2000 (averages of the AGAGE,
NOAA, and UCI values given in Table 1-2). The decline
since 1998 (Montzka et al., 2000) has occurred at an
approximately exponential rate consistent with relatively
small emissions. Furthermore, elevated concentrations
have practically ceased to exist during pollution events at
background sites such as Mace Head (Ireland), although
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Figure 1-6. Hemispheric monthly mean of CH;CCl; and CCl, (crosses for Northern Hemisphere and triangles
for Southern Hemisphere) from the AGAGE stations (Prinn et al., 2000, 2005), the NOAA/ESRL network
(Thompson et al., 2004; Montzka et al., 1999 updated), and UCI (D.R. Blake et al., 1996; N.J. Blake et al.,
2001). Recent measurements for methyl chloroform are depicted in magnified form in the insert, using the

scale on the right-hand side of the panel.

other European remote sites have reported distinct methyl
chloroform excursions (Gros et al., 2003).

Background concentrations of CH;CCl; from both
hemispheres have been converging steadily from an inter-
hemispheric gradient of more than 10% to an essentially
constant annual mean difference of 2.1 + 0.4% (correspon-
ding to an uncertainty of £0.1 ppt) since 1999. In fact,
during the warm season, Northern Hemispheric back-
ground concentrations can even be lower than in the
Southern Hemisphere at the same time, due to the different
hemispheric hydroxyl radical (OH) abundances. Cali-
bration scales between the networks of NOAA/ESRL and
AGAGE used to differ by several percent (WMO 2002,
Montzka and Fraser et al., 2003), but since the newest scale
updates by AGAGE (SI0-98) and NOAA (Hall et al.,
2002) came into force, an excellent agreement exists. At
stations with concurrent measurements from both net-

works, only small mean offsets of 0.4 + 1.8% (1 sigma)
are observed (AGAGE-NOAA) between 2000 and 2005.

1.2.1.6 MEeTHYL CHLORIDE (CH;CI)

Methyl chloride (CH4Cl) is the most abundant
chlorine-containing compound in the atmosphere, with
globally averaged concentrations of about 550 ppt. Before
WMO 2002, there had been an imbalanced budget and
large missing source, but in WMO 2002 tropical and sub-
tropical plants were proposed as potential sources to fill
the gap. Recently, abiotic release of CH,Cl by senescent
or dead leaves has been proposed as a new significant
source in the tropics and subtropics. The short- and long-
term trends of atmospheric CH;Cl, and source/sink
estimates for biomass burning, oceans, rice paddies, OH
reaction, and loss to polar oceans have been updated.
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Atmospheric Distribution and Trends

Observations from NOAA/ESRL (since 1995) and
AGAGE (since 1998) are consistent with the global
average concentration (~550 + 30 ppt) and the latitudinal
variation (higher concentrations at the lower latitudes)
reported in WMO 2002 (Simmonds et al., 2004; Yoshida
et al., 2004). These observations also suggest interannual
variability for CH,Cl, with significant enhanced concen-
trations during 1998 and a subsequent steady decrease until
2001, a trend that may be explained by large-scale forest
fires in Indonesia and Canada during 1997-1998
(Simmonds et al., 2004; see also Table 1-2).

Aydin et al. (2004) and Trudinger et al. (2004) inde-
pendently produced atmospheric histories of CH;Cl for
the 20th century based on Antarctic firn air measurements.
These two studies both revealed an increase of about 10%
in the 50 years prior to 1990 for atmospheric CH,Cl mixing
ratios over Antarctica, with a rather steady level after 1980
(~480-530 ppt). These tendencies are similar to the finding
of Butler et al. (1999) in WMO 2002. The firn reconstruc-
tion of Kaspers et al. (2004), however, showed higher con-
centrations and a decreasing trend of 1.2 ppt/yr between
1975 and 2001; the difference from the results of the above
studies remains unexplained. The ice core measurements
during the past 300 years reported by Aydin et al. (2004)
suggested a cyclic natural variability on the order of 110
years, which is in phase with the 20th-century rise inferred
from firn air measurements.

Sources

Table 1-3 lists the revised estimates of source and
sink strengths for atmospheric methyl chloride. Tropical
forests remain a major source in the global atmospheric
budget. High concentrations of atmospheric CH,;ClI have
been observed in the tropical rainforests in Southeast Asia
(up to 1500 ppt; Yokouchi et al., 2000) and above the
canopy of tropical rainforests in South America (up to 809
ppt; Moore et al., 2005), supporting the significance of
tropical forests as a potentially large CH,CI source.
However, this source’s strength and geographical distribu-
tion are still highly uncertain, mostly due to the large diver-
sity of tropical vegetation.

Hamilton et al. (2003) reported abiotic release of
CH;Cl by senescent or dead plant material, both foliar and
woody, and that these emissions rose dramatically when
temperature increased. They estimated the global annual
CH;Cl emission from the weathering of leaf litter, between
30°N and 30°S, to be 30-2500 Gg/yr, possibly exceeding
the source from live tropical vegetation.

For biomass burning, Andreae and Merlet (2001)
provided a revised inventory (650 + 325 Gg/yr) based
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on evaluation and integration of the available biomass-
burning emission data. The value is closer to the lower
limit of the estimate range (655-1125 Gg/yr) reported in
WMO 2002, suggesting that biomass burning emissions
may have been overestimated in WMO 2002. Three-
dimensional (3-D) model studies (Lee-Taylor et al.,
2001; Yoshida et al., 2004) have also shown that a
smaller burning source is more consistent with observa-
tions.

The oceanic source estimate, which once had been
understood as the major CH,Cl source, has been revised
downward again. On the basis of measurements of the
solubility of CH;Cl in seawater, Moore (2000) reported a
global annual flux from warm waters ranging from 465 to
495 Gg/yr. Recalculation of the oceanic CH,Cl flux with
the empirical relationship between saturation and SST by
Yoshida et al. (2004) gave a net flux of 350 Gg/yr, which
requires an oceanic emission of 380-500 Gg/yr to com-
pensate for the oceanic uptake of 30-150 Gg/yr (discussed
below). These values are at the lower end of the WMO
2002 estimate range (325-1300 Gg/yr).

Large CH,4Cl emission from some salt marshes has
been attributed to the plants growing in these regions
(Rhew et al., 2002; but see also Cox et al., 2004), and the
emissions are probably influenced by the high concentra-
tions of available chloride ions (CI"). In addition to white-
rot fungal sources, ectomycorrhizal fungi recently have
been found to emit CH;Cl1 (0.003-65 ug g dry'd”'; Redeker
et al., 2004), but this source’s global emission strength has
not been estimated. Moore et al. (2005) suggested the pos-
sibility that some of the emission from woodrot fungi
might compete with microbial uptake in the soil (see
below). Thus, uncertainties for the fungal emissions of
CH,CI have been added. Finally, the emissions from rice
paddies have been revised downward from 5.0 to 2.4-4.9
Gg/yr using a new emission algorithm (Lee-Taylor and
Redeker, 2005).

Sinks

The largest sink of CH,CI from the atmosphere is
the reaction with the OH radical. The rate constant of the
CH,CI + OH reaction was re-evaluated to be 2.4 x 1072
e! 2T 6r 3.6 x 107 cm® molec™ s™! at 298 K (Sander et al.,
2003). The annual loss of CH,CI due to reaction with OH,
calculated with detailed OH distributions, was 3800-4100
Gg/yr (Lee-Taylor et al., 2001; Yoshida et al., 2004), which
exceeds the best estimate from WMO 2002 of 3180 Gg/yr.

Soils are another important sink for CH;Cl (Khalil
and Rasmussen, 2000), and several bacterial strains capable
of growth on CH,Cl have been isolated recently from a
variety of soils (McDonald et al., 2002; Miller et al., 2004).
In addition to the ubiquitous bacteria capable of growing
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Table 1-3. Estimated source and sink strengths for atmospheric methyl chloride from observations
and three-dimensional model studies.

Source or Sink Type

Source or Sink

3-D Model Studies

Estimate® Lee-Taylor et al. (2001)° Yoshida et al. (2004)¢
(Gglyr)

Sources
Trop%cal and subtropical plants 820-8200¢ 2380 2900
Tropical senescent or dead leaves 30-2500°
Biomass burning 325-1125%f 733 611
Oceans 380-500¢h 477 508
Salt marshes 65-440¢ 170 170
Fungi 43-470¢ 128 -
Wetlands 481 48 48
Rice paddies 2.4-4.9% - -
Fossil fuel burning 5-205¢
Waste incineration 15-75¢ 162 162
Industrial processes 10°
Subtotal (1743-13,578) (4098) (4399)
Sinks
OH reaction 3800-4100™* 3994
Loss to stratosphere 100-300¢ 3850 -
Cl reaction 180-550" - -
Soil 100-1600¢ 256 256
Loss to cold waters (polar oceans) 93-145% - 149
Subtotal (4273-6695) (4106) (4399)

Best estimates that appeared in the 2002 WMO Assessment table (WMO, 2003) are not given here, due to the difficulty of reasonable selection.

® Mean value of their best estimates is given.
¢ Model mean is given.

¢ 'WMO, 2003.

¢ Hamilton et al., 2003.

f Andreae and Merlet, 2001.

& Moore, 2000.

" Yoshida et al., 2004.

Net ocean flux is given.

) Varner et al., 1999; no range was given.

K Lee-Taylor and Redeker, 2005.

aerobically on CH,Cl, the potential importance of anoxic
biodegradation as a CH,Cl sink was shown by Freedman et
al. (2004), but its global strength has not been quantified.
The oceanic uptake to cold waters (i.e., polar
oceans) was re-examined using the measured solubility of
CH,CI (Moore, 2000), and the estimate has been revised
upward from 37-113 Gg/yr in WMO 2002 to 93-145 Gg/yr.
Studies by Tokarczyk et al. (2003a, b) using a stable-
isotope incubation technique indicated that microbial
activity plays an important role in CH,Cl degradation in
coastal seawater (Bedford Basin, Nova Scotia) as well as
in the Southern Ocean. Thus, CH,Cl-degrading bacteria
are found in both terrestrial and marine environments. A
common set of genes and proteins is found in certain ter-

restrial and marine methyl halide-oxidizing bacteria
(Schafer et al., 2005). McDonald et al. (2002) suggested
that these bacteria may play an important role in mitigating
ozone depletion resulting from CH;CL

There is no update for the other sinks, such as the
reaction with CI” and loss to the stratosphere.

Atmospheric Budget

With high CH,;CI emission from plants and dead
leaves in the tropics and subtropics, global sinks of 4300-
6700 Gg/yr could be balanced by known sources (Table 1-
3), although uncertainties in emissions are so large that
the possibility of missing sources or sinks cannot be denied.
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By adding tropical terrestrial biogenic sources of 2400-
2900 Gg/yr, model simulations of atmospheric CH;Cl
showed general agreement with the observations (Lee-
Taylor et al., 2001; Yoshida et al., 2004).

An isotopic study (Gola et al., 2005) shows that the
atmospheric isotopic ratio of CH,Cl is not well explained
by known sources and sinks unless the flux from senes-
cent and dead leaves is quite large (1800-2500 Gg/yr). The
values have large uncertainties, however, due to high vari-
ability of the stable carbon isotope ratios of biomass
burning emission and tropical plants, as well as limited
information on the isotope ratio of the oceanic source. In
addition, no measurements of CH;Cl emission from senes-
cent and dead leaves have been made in the field.

Our understanding of the budget of CH;Cl has been
revised based upon the considerations discussed above,
but it is still difficult to assess how atmospheric CH;Cl
levels might be affected by changes in global climate and
land-use patterns, mostly due to large uncertainties in the
strengths and geographical distribution of tropical terres-
trial sources.

1.2.1.7 MEeTHYL BROMIDE (CH;BYr)

Methyl bromide is the most abundant brominated
gas regulated by the Montreal Protocol. Additional obser-
vational and modeling studies of methyl bromide have
been published since 2002 Assessment (WMO, 2003).
Recent atmospheric measurements have become avail-
able, as have additional results from the analysis of firn
air. Methyl bromide also was measured in ice core air bub-
bles for the first time. New techniques have become avail-
able for the analysis and quantification of sources and
sinks, and progress has been made in refining estimates of
methyl bromide fluxes from the natural environment.

Recent Atmospheric Trends

Since the previous Assessment (WMO, 2003), three
different groups have published multiyear observational
records for CH,Br at different surface sites (Yokouchi et
al., 2002; Montzka et al., 2003; Simmonds et al., 2004).
The updated studies indicate a global mean mixing ratio
for CH;Br of 9.2 ppt in the three years before 1999, which
was the first year industrial production declined as a result
of the Montreal Protocol. The observations also show that
the tropospheric mixing ratio of CH;Br started declining
in 1999, with the largest decline observed in the Northern
Hemisphere (Figure 1-7). By mid-2004, the global tropo-
spheric mixing ratio of CH;Br had declined by approxi-
mately 1.3 ppt (14%) from the amount observed in the
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years before anthropogenic production began decreasing
(9.2 ppt in 1996-1997). Reported industrial production of
methyl bromide for emissive uses decreased by 50%
during this same period (UNEP, 2002a, updated). Methyl
bromide is unique among ODS regulated by the Montreal
Protocol because it is emitted in substantial quantities from
natural processes. As a result, attributing the observed
declines to reduced industrial production is less straight-
forward than for other ODS. The coincidence of the
observed decline with reduced anthropogenic production
(as a result of Montreal Protocol), and the observation that
the largest declines were observed in the NH argue that
the atmospheric decline is primarily the result of reduced
anthropogenic emissions. The decline observed through
2004 was somewhat larger than projected by scenario Ab
(see black curve in Figure 1-4) from WMO 2002 (Montzka
and Fraser et al., 2003).

The enhanced decline observed for CH,Br from the
mid-1990s to mid-2004 could imply that its atmospheric
abundance is more sensitive to changes in anthropogenic
production than suggested in the best-estimate budget in
WMO 2002 (Montzka and Fraser et al., 2003), or that non-
anthropogenic sources or sinks of CH;Br changed system-
atically and simultaneously. For example, declines in
CH,;Br mixing ratios from 1998 to 2001 may have been
accelerated as the atmosphere recovered from high bio-
mass burning levels in 1998 (Simmonds et al., 2004),
although the influence of burning on CH,Br trends over
longer periods (1996-2004) is not well defined.

Interlaboratory differences for the absolute calibra-
tion of methyl bromide in the atmosphere are smaller than
they were in WMO 2002. The range of results from the
three laboratories reporting recent atmospheric data is +2%.

Preindustrial Mixing Ratios

Methyl bromide was measured in air trapped in ice
cores for the first time (Saltzman et al., 2004). The results
from Siple Dome (81°S, 149°W) suggest that ambient air
mixing ratios of CH;Br over Antarctica during 1700-1900
were 5-6 ppt, or substantially lower than the 8 ppt observed
during the 1990s (Figure 1-8). Independent measurements
of CH;Br in firn air at Law Dome suggest mixing ratios
over Antarctica of 5.5 ppt in the 1930s (Trudinger et al.,
2004). These firn air results are consistent with those
obtained previously from numerous sites across Ant-
arctica: South Pole, Siple Dome, Dome Concordia, and
Dronning Maud Land (Butler et al., 1999; Sturges et al.,
2001). Despite the variations in snow temperature,
humidity, marine influence, and snow accumulation rates
at these different Antarctic sites, similar atmospheric his-
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Figure 1-7. Measured mixing ratios of methyl bromide at different surface sites in the Northern and Southern
Hemispheres. Most results are displayed as 12-month running means to highlight the observed long-term
mixing ratio changes (larger seasonal variations that are observed at some sites are minimized here as a
result). Results from the National Institute for Environmental Studies (NIES) are displayed as annual means
connected by lines. Sampling latitudes and the data source are indicated in parentheses next to the site
acronym: from NIES (1; Yokouchi et al., 2002), NOAA/ESRL (2; Montzka et al., 2003), and AGAGE (3; Simmonds
et al., 2004). Sites are listed in the legend with the highest NH latitudes first: ALT (Alert, 82.5°N); SUM (Summit,
72.6°N), BRW (Barrow, 71.3°N), MHD (Mace Head, 53.3°N), LEF (Wisconsin, 45.9°N), HFM (Harvard Forest,
42.5°N), THD (Trinidad Head, 41.0°N), NWR (Niwot Ridge, 40.0°N), SGB (Sagami Bay, 35.0°N), MLO (Mauna
Loa, 19.5°N), KUM (Kumukahi, 19.5°N), SMO (American Samoa, 14.2°S), CGO (Cape Grim, 40.4°S), PSA,
(Palmer, 64.9°S), and SPO (South Pole, 90.0°S). A global mean derived from most of the NOAA/ESRL (2) data
is shown as the thick white line; the thin white line is the global surface mixing ratio of CH,Br from scenario Ab
of WMO 2002 (Montzka and Fraser et al., 2003).

tories have been derived for CH;Br from firn and ice-core Although consistent histories have been inferred
results from samples at all these locations. This consis- from firn air samples collected at South Pole and Law
tency argues against processes that significantly influence Dome, the nature of the firn at Law Dome allows the deri-
CH,;Br mixing ratios during extended periods in contact vation of a history with finer time resolution. For example,
with Antarctic snow and ice. In the Northern Hemisphere, the results from Law Dome imply that the 20"-century
however, this is not true; firn air results from different sites mixing ratio increases for CH;Br in the high-latitude
in Greenland show unusual variations that can be Southern Hemisphere occurred mostly from 1950 to 1980
explained only by invoking in situ production of CH;Br (Trudinger et al., 2004), not gradually over the entire cen-
(Butler et al., 1999; Sturges et al., 2001). tury (Butler et al., 1999).
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T Figure 1-8. The history of methyl bro-
mide abundance in the southern polar
atmosphere, as measured in air sam-
ples from Antarctic ice and firn and
from flasks collected at the South Pole
(orange symbols, Butler et al. (1999)
profiles dated with the Trudinger et al.
(2004) firn diffusion model; blue sym-
bols, Trudinger et al., 2004; green sym-
bols, Saltzman et al., 2004; purple
symbols, Montzka et al., 2003; http://
www.cmdl.noaa.gov/noah/) compared
with calculated Southern Hemisphere
CH,Br levels based on the Ab emission
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Updated Information on Nonindustrial Sources and
Sinks

Work has continued since WMO 2002 on identi-
fying and quantifying the contribution of non-industrial
fluxes of methyl bromide to and from the atmosphere.
While progress has been made in improving our under-
standing of these fluxes, best estimates of their magnitudes
remain essentially unchanged from Table 1-9 in the pre-
vious Assessment (Montzka and Fraser et al., 2003).

Regarding the oceans, previously it was learned that
aqueous concentrations and saturations of methyl bromide
in the temperate open ocean depend upon sea surface tem-
perature (Groszko and Moore, 1998; King et al., 2000).
Additional studies have attempted to refine this relation-
ship (King et al., 2002), though it is clear that in some
waters, additional unidentified factors influence methyl
bromide saturation levels (Sturrock et al., 2003; Tokarczyk
and Moore, 2006). These studies have confirmed that the
ocean on average is a net sink of atmospheric methyl bro-
mide. The role of biology in driving seasonal changes in
flux through both production and degradation of methyl
bromide has been further confirmed and quantified in tem-
perate (Yvon-Lewis et al., 2002), polar (Tokarczyk et al.,
2003b; Yvon-Lewis et al., 2004), and coastal (Sturrock et
al., 2003) waters. The findings support the conclusions of
WMO 2002 regarding the lifetime of methyl bromide with
respect to oceanic losses (1.9 (1.1-3.9) years).

The global contribution of plant emissions to the
atmospheric burden of methyl bromide remains poorly
quantified, given the plethora of species not yet studied.
Improvements in quantifying this source may be possible

1.20

scenario in  WMO 2002 (black line)
(Montzka and Fraser et al., 2003).

with the identification of a gene that encodes an enzyme
capable of producing methyl halides from aqueous chlo-
ride, bromide, and iodide ions (Rhew et al., 2003a). This
finding may allow a genetic basis for understanding and
predicting methyl halide production by plants. Other
studies relating to plants have led to a slightly reduced
estimate of emissions from rice paddies (Lee-Taylor and
Redeker, 2005).

Uptake by soils has been studied further since the
previous Ozone Assessment (WMO, 2003). A laboratory
study of methyl bromide uptake by boreal soils found
uptake rates similar to those measured in the past (Rhew
et al., 2003b). This work was the first to allow the quan-
tification of both uptake and emission fluxes through use
of isotopically labeled methyl halides. Field measure-
ments continue to show that terrestrial ecosystems can act
both as a source and sink of CH;Br. While net emission
has been observed in coastal grasslands and wetlands in
Tasmania, Australia, net uptake was observed at similar
sites with exposed soil or leaf litter (Cox et al., 2004). A
study of CH,Br losses to a temperate forest soil over the
1999 growing season revealed a loss that was apparently
an order of magnitude less than previous uptake estimates
for this soil type (Varner et al., 2003). Also, a multiyear
study in freshwater peatlands showed a close balance
between emissions and uptake (White et al., 2005), in con-
trast with earlier studies that suggested large net sources
from these ecosystems. Discrepancies between these
recent studies and prior estimates may be caused by com-
peting production and consumption mechanisms at indi-
vidual field sites. Emissions from fungi, for example, may
affect the net CH;Br flux measured at different sites



(Varner et al., 2003; Redeker et al., 2004). Such discrep-
ancies underscore the potential for isotopic studies to pro-
vide improved estimates of gross CH,Br fluxes.

Ambient air measurements in a coastal region con-
firm previous findings from smaller-scale experiments that
methyl bromide can be emitted from coastal areas
(Sturrock et al., 2003; Cox et al., 2005). Enhanced mixing
ratios were also observed at multiple sites on the west coast
of California, though these measurements may have been
influenced by agricultural activities in the region (Low et
al., 2003). Unusual enhancements of CH;Br have been
observed during spring in the Arctic, however, that do not
appear to be explained by surface-based emissions or other
known sources (Wingenter et al., 2003). The authors pro-
posed a photochemical mechanism by which CH;Br may
be produced in the background atmosphere in substantial
amounts, though analogous reactions have been shown to
be quite slow and unlikely.

Estimates of global carbon monoxide (CO) emis-
sions from fires and their interannual variability have been
derived based upon satellite data (Duncan et al., 2003).
These estimates are similar in magnitude to those
described in Andreae and Merlet (2001), who applied
burning-specific emission factors to all major pyrogenic
processes (grassland and forest fires, the burning of bio-
fuels and agricultural residues, and the making and burning
of charcoal) to derive a global emission for methyl bro-
mide of 29 Gg CH,;Br/yr. Though this newer source esti-
mate is slightly larger than the 20 (10-40) Gg CH,;Br/yr
quoted in the previous Assessment for biomass burning
(Montzka and Fraser et al., 2003), it falls well within the
uncertainties of the older estimate.

On the Imbalance of CH;Br Sources and Sinks and
the Contribution of Industrially Derived CH,Br

Despite the recent work on identifying and quanti-
fying sources and sinks, best estimates of the magnitudes
of sources cannot sustain measured mixing ratios during
the past 25 years given the best estimates of loss (WMO,
2003). The firn air and ice bubble air data imply that this
discrepancy existed before CH;Br was produced industri-
ally (Reeves, 2003; Saltzman et al., 2004). Though obser-
vational evidence for a significant CH,Br source in the
tropics is currently lacking, modeling studies have sug-
gested that such a source could diminish the discrepancy
in a way that is reasonably consistent with observations
(Lee-Taylor et al., 1998; Warwick et al., 2006). Others
(Reeves, 2003) have noted that the discrepancy could also
be reduced if the CH,Br lifetime were longer than 0.7 year
(0.5-0.9 year) (WMO, 1999; WMO, 2003).

The firn air and ice bubble air results also suggest
an atmospheric increase in the Southern Hemisphere
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during the 20™ century that is larger than expected from
increases in emissions of anthropogenically produced
CH,Br alone (Reeves, 2003; Saltzman et al., 2004). The
increase can be explained if emissions from anthropogenic
activities accounted for a larger fraction of the total flux
than presumed in the “best-estimate” budget (1992 fumi-
gation emissions of 41 Gg/yr in 1992 relative to a total
flux of 204 Gg/yr; Montzka and Fraser et al., 2003), or if
other emissions had also increased over this time, such as
biomass burning. The large uncertainties in CH;Br fluxes
from biomass burning over time prevent deriving tight
constraints on the CH;Br fluxes from industrially derived
production from the 20™ century firn air and ice bubble
results (Saltzman et al., 2004).

Previous Assessments have suggested that anthro-
pogenic CH;Br emissions in 1992 of 41 Gg/yr derived
from industrial production accounted for 20 (10-40)% of
the total annual flux at that time (this range encompasses
a total flux estimated by total sources or sinks; WMO,
2003). Alone, the 20"-century increase in atmospheric
CH,Br inferred from firn air and ice bubble air, or the large
decline observed in ambient air since 1999, do not tightly
constrain this fraction additionally. Both the recent ob-
served decline and the 20™-century increase inferred for
atmospheric methyl bromide were larger than expected,
however, given our understanding of the CH,Br budget
and declines in reported production (UNEP, 2002a;
Yokouchi et al., 2002; Montzka et al., 2003; Reeves, 2003;
Saltzman et al., 2004; Trudinger et al., 2004). Because
CH,Br emitted from fumigation changed more than any
other known flux during both periods, the results suggest
a contribution from fumigation-related emissions in the
middle to upper half of the range quoted in the past, or 30
(20-40)%. This suggests that fumigation-related emis-
sions could have a stronger influence on atmospheric
methyl bromide mixing ratios than estimated in past
Assessments, though uncertainties in the variability of nat-
ural emission rates and loss, and in the magnitude of
methyl bromide banked in recent years, influence our
understanding of this sensitivity.

The higher contribution of anthropogenic CH;Br to
the total flux may be explained in part by a mean release
fraction of CH,Br after application to soils for agriculture
fumigation purposes that is greater than 50%. In past
WMO Ozone Assessments, a mean release fraction of 50%
had been suggested for this application; the Methyl
Bromide Technical Options Committee (MBTOC), how-
ever, suggests a mean release fraction of 70% (40-87%;
UNEP, 2002a). Such a larger fraction would imply emis-
sions from all types of fumigation of 51 Gg instead of 41
Gg in 1992; this additional emission would partially reduce
the imbalance between known sources and sinks. A rela-
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tively larger contribution of fumigation-related emissions
could also be explained if the total atmospheric lifetime of
CH,;Br were longer than 0.7 year (Yokouchi et al., 2002;
Reeves, 2003).

1.2.2 Lifetimes

1.2.2.1 HaLocaRBON LIFETIME UPDATES AND

VARIABILITY

After being emitted, most environmentally impor-
tant trace gases, including methane and other organic com-
pounds, carbon monoxide, nitrogen oxides, and sulfur
gases, are removed from the atmosphere by oxidation. The
strengths of the tropospheric sinks are essentially deter-
mined by the concentrations of oxidants, in particular the
highly reactive hydroxyl radical (OH) that dominates the
removal of many gases, including methane (CH,), other
hydrocarbons, CO, and natural and anthropogenic hydro-
halocarbons. For that reason, global OH levels are often
taken as a proxy for the oxidizing efficiency of the atmos-
phere. Through the OH feedback, even changes in the tro-
pospheric emissions of gases that are too short lived to
reach the stratosphere can affect the stratosphere when
they influence tropospheric OH. The most important such
gases are CO and nitrogen oxides. Lifetimes of many
ozone-depleting substances are also determined by pho-
tolysis rates in the stratosphere. Hence, lifetimes of these
gases can depend on the intensity of the Brewer-Dobson
circulation as well. Changes in the oxidizing power of the
atmosphere could have large impacts on air pollution,
aerosol formation, greenhouse radiative forcing, and strat-
ospheric ozone depletion. The quantification of possible
recent changes in tropospheric OH continues to be an
active and controversial area of research. The evidence
for such changes is based primarily on inverse models of
CH,CCl, emissions and tropospheric observations that
have deduced OH variations on the order of +10% in recent
decades but no systematic long-term trends (Bousquet et
al., 2005; Prinn et al., 2005). In the future, the Intergov-
ernmental Panel on Climate Change/Technology and Eco-
nomic Assessment Panel (IPCC/TEAP Chapter 2; Velders
and Madronich et al., 2005) concludes that tropospheric
OH in the 21 century may change by —18% to +5%,
depending on the choices of emission scenarios.

The atmospheric lifetimes for the vast majority of
the gases listed in Table 1-4 are unchanged from WMO
2002. The list of gases and lifetimes in this Table is not
limited only to gases with atmospheric lifetimes longer
than 6 months, because it was decided to put all the life-
times needed for Chapters | and 2 of this Assessment in
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a single table. This section describes the basis for changes
that were made either due to new laboratory experiments
or due to including additional gases. The best estimate
lifetime for methyl chloride (CH,Cl) was reduced due to
the discovery of additional sinks. Analysis by Tokarczyk
et al. (2003a, b) of the partial atmospheric lifetime with
respect to ocean removal for CH;Cl (4.1 years) reduces
the total lifetime to 1.0 years.

The atmospheric lifetime for methyl chloroform has
been left at 5.0 years, the same as in WMO 2002 (Montzka
and Fraser et al., 2003), because the suggestion by Prinn
et al. (2005) for a lifetime of 4.9 years and a tropospheric
lifetime due to reaction with OH of 6.0 years (6.1 years
used in this Assessment) was not deemed to represent a
significant change.

Although the atmospheric lifetime of the hydroflu-
oroether CHF,OCF; (HFE-125) is unchanged at 136 years,
the much longer atmospheric lifetime (1800 years) implied
by the theoretical analysis of Wu et al. (2004) suggests
that further study is needed for this compound.

The atmospheric lifetime of trifluoromethylsulfur-
pentafluoride (SF;CF;) was modified to a range of 650-
950 years to better account for the findings in Takahashi
etal. (2002). It did not seem warranted to use a single life-
time of 800 years. However, it should be noted that labo-
ratory data by Chim et al. (2003) and Limao-Vieira et al.
(2004) both imply an atmospheric lifetime closer to 1000
years for SF;CF;.

A number of additional gases have been included in
Table 1-4 based on new laboratory data for their reaction rates
with OH. These include: CFH,CH,OH, CHF,CF,0CHF,,
CF,CHFCF,0CH,CF,CF,, CF,0C(O)H, C,F;O0C(O)H,
CF,CHFCF,CH,0OH, C,F;C(O)CF(CF;),, and n-
C,F,OC(O)H. Some other compounds were not includ-
ed because only room temperature reaction data were
available.

Also included are several compounds that were oth-
erwise included in the Global Warming Potential (GWP)
analysis in WMO 2002: ¢c-C;F, (T = 1000 years), NF; (740
years), (CF;),CHOCHEF, (3.1 years), and (CF,),CH(OH)
(0.85 year).

1.2.2.2 UNCERTAINTIES IN OZONE-DESTROYING
HALOCARBON LIFETIMES

In order to estimate the remaining banks (and their
uncertainties) of CFCs and other ozone destroying halo-
carbons, it is useful to have the best possible estimates of
the uncertainties in their lifetimes. For this purpose, the
model-based stratospheric lifetime estimates from the
1998 Assessment (Table 1-4 in WMO, 1999) are combined
with values derived from stratospheric measurements



LONG-LIVED COMPOUNDS

Table 1-4. Trace gas lifetimes for selected halocarbons and perfluorinated gases. For completeness,
estimates for local lifetimes for some very short-lived (lifetime (1) < 0.5 year) species are included (in italics).
As discussed in Chapter 2, the atmospheric lifetimes for these species (defined as the ratio of burden to
emission) (Prather and Ehhalt et al., 2001; Montzka et al., 2003) depend on the location and time of emis-
sion. Thus, these local lifetimes should not be used in semi-empirical ODP, GWP, or EESC calculations for
these gases.

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

Halogen-substituted methanes

HFC-41 CH,F 24 1
HFC-32 CH,F, 4.9 1
HFC-23 CHF, 270 1

FC-14 (Carbon tetrafluoride) CF, 50 000 2
Methyl chloride CH,Cl 1.0 1,3
Dichloromethane CH,CI, 0.38 15, 16
Chloroform CHCl, 0.41 15,16
Carbon tetrachloride CcCl, 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, 19
Bromodifluoromethane CHBrF, 5.8 4
Bromochloromethane CH,BrCl 041 8,15, 16
Bromodichloromethane CHBrCl, 0.19 7,15, 16
Dibromochloromethane CHBr,Cl1 0.21 7,15, 16
Halon-1301 CBrF, 65 2,7
Halon-1211 CBrCIF, 16 9
Halon-1202 CBr,F, 2.9 17
Methyl iodide CH,I 0.02 7,15, 16, 20
Diiodomethane CH,I, Minutes 7,15, 16
Chloroiodomethane CH,ClI Hours 7,15, 16
Trifluoroiodomethane CF,l 0.01 2,15
Halogen-substituted ethenes

Trichloroethene C,HCl, 0.01 15
Perchloroethene C,Cl, 0.27 15
Halogen-substituted ethanes

HFC-161 CH,CH,F 0.21 2,15
HFC-152 CH,FCH,F 0.60 2,15