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Remembrances

It is with sadness that we note the passing of the following scientists who have played leading roles in the
science and international assessments of the ozone layer.

F. Sherwood “Sherry” Rowland (1927-2012) (Donald Bren research professor of
chemistry in Earth system science at University of California, Irvine) passed away on 10
March 2012. Sherry was born on 28 June 1927 in Delaware, Ohio. He earned a B.A. in
1948 from Ohio Wesleyan University, his M.S. in 1951, and his Ph.D. in 1952 from the
University of Chicago. In 1974, Mario Molina and Sherry warned that chlorofluorocarbons
(CFCs) were increasing in the atmosphere, and were releasing chlorine in the stratosphere
and thus depleting the ozone layer. Acting on this science spawned by Mario and Sherry,
the nations of the world agreed in the 1985 Vienna Convention that ozone depletion was a
real and serious problem. In 1987, the nations negotiated the Montreal Protocol on
Substances that Deplete the Ozone Layer. The Montreal Protocol has now been
strengthened to fully control the production and consumption of ozone depleting
substances (ODSs), and has now been signed by every nation on Earth. In 1995, Sherry,
Mario and Paul J. Crutzen shared the Nobel Prize for Chemistry “for their work in atmospheric chemistry, particularly
concerning the formation and decomposition of ozone.” Sherry’s many other awards include the Tolman Award in
1976, the Tyler Prize for Environmental Achievement in 1983, the Japan Prize in 1989, the Peter Debye Award in 1993,
the Albert Einstein World Award of Science in 1994, and the AGU Roger Revelle Medal in 1994. Sherry contributed in
numerous ways to the WMO/UNEP assessments, in fact, it can be easily stated that he started the whole process with
his seminal 1974 paper.

Harold “Hal” Johnston (1920-2012) died 20 October 2012 at the age of
92. He was born on 11 October 1920 in Woodstock, Georgia. He received
his degree in chemistry from Emory University in 1941 and his Ph.D. from
California Institute of Technology in 1948. After a few years at Stanford
University, he was at UC Berkeley for his long and illustrious career. He
was one of the pioneers of stratospheric research, having recognized the role
of nitrogen oxides in destroying the ozone layer (simultaneously with Prof.
Crutzen) and thus showing the potential impact of supersonic aircraft flying
in the stratosphere. He was a major contributor to the Climatic Impact
Assessment Program (CIAP) reports, an integrated assessment of the
potential atmospheric impacts of the proposed American supersonic transport aircraft (SST) in the early 1970s. These
reports predated the ozone layer assessments under the Montreal Protocol and laid the groundwork for stratospheric
research. Hal received a number of awards and prizes, including the National Medal of Science, the Tyler World Prize
for Environmental Achievement, the National Academy of Sciences Award for Chemistry in the Service to Society, and
American Geophysical Union’s Roger Revelle Medal.

Joseph C. Farman (1930-2013) died in Cambridge on 11 May 2013 at the
age of 82. Joe led the British Antarctic Survey (BAS) team that made one of
the major geophysical discoveries of the 20™ century when it reported a very
large decline in springtime stratospheric ozone, a phenomenon that became
known as the Antarctic Ozone Hole. Joe was born on 7 August 1930 in
Norwich, England. He received his M.A. in Natural Sciences from Corpus
Christi College, Cambridge, where he was later a Fellow and Honorary
Fellow. In 1956 he joined the Falkland Island Dependencies Survey (later
British Antarctic Survey) with responsibility for establishing their
geophysical measurements during the International Geophysical Year. He stayed at BAS until his retirement in 1990,
then joining the European Ozone Research Coordinating Unit. He assisted directly and indirectly with a number of
WMO/UNEP Ozone Assessments and played a key role in the development of the Montreal Protocol, well beyond his
initial scientific input. His scientific life was characterized by a painstaking attention to detail, to the primacy of data,
and for the need in geophysics for long data records.
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PREFACE

This document is part of the information upon which the Parties to the United Nations Montreal Protocol
will base their future decisions regarding ozone-depleting substances, their alternatives, and protection of
the ozone layer. It is the latest in a long series of scientific assessments that have informed the Parties.

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 information.” 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 (SAP), the Environmental Effects Assessment
Panel (EEAP), and the Technology and Economic Assessment Panel (TEAP) have each prepared, about
every 3—4 years, 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
consider the need to amend or adjust the Protocol.

The Sequence of Scientific Assessments

The present 2014 report is the latest in a series of 12 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/or the United Nations Environment Programme (UNEP). This report is the eighth
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. WMO No. 16
1987 | Montreal Protocol
1988 International Ozone Trends Panel Report 19588. WMO No. 18
1989 Scientific Assessment of Stratospheric Ozone: 1989. WMO No. 20
1990 | London Amendment and

adjustments
1991 Scientific Assessment of Ozone Depletion: 1991. WMO No. 25
1992 Methyl Bromide: Its Atmospheric Science, Technology, and

Economics (Assessment Supplement). UNEP (1992).

1992 | Copenhagen Amendment
and adjustments

1994 Scientific Assessment of Ozone Depletion: 1994. WMO No. 37
1995 | Vienna adjustments
1997 | Montreal Amendment
and adjustments

1998 Scientific Assessment of Ozone Depletion: 1998. WMO No. 44
1999 | Beijing Amendment and
adjustments

2002 Scientific Assessment of Ozone Depletion: 2002. WMO No. 47
2006 Scientific Assessment of Ozone Depletion: 2006. WMO No. 50
2007 | Montreal adjustments

2010 Scientific Assessment of Ozone Depletion: 2010. WMO No. 52
2014 Scientific Assessment of Ozone Depletion: 2014. WMO No. 55

" In this report, ozone-depleting substances (ODSs) refer to the gases listed in the Annexes to the Montreal Protocol. In
addition to these gases, other chemicals also influence the ozone layer, and they are referred to as ozone-relevant gases.
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Preface

The Current Information Needs of the Parties

The genesis of Scientific Assessment of Ozone Depletion: 2014 was the 23rd Meeting of the Parties to the
Montreal Protocol held during 21-25 November 2011 in Bali, Indonesia, at which the scope of the
scientific needs of the Parties was defined in their Decision XXIII/13 (4), which stated that:

“...for the 2014 report, the Scientific Assessment Panel should consider issues including:

o Assessment of the state of the ozone layer and its future evolution, including in respect of
atmospheric changes from, for example, sudden stratospheric warming or accelerated Brewer-
Dobson circulation;

o Evaluation of the Antarctic ozone hole and Arctic winter/spring ozone depletion and the predicted
changes in these phenomena, with a particular focus on temperatures in the polar stratosphere;

o Evaluation of trends in the concentration in the atmosphere of ozone-depleting substances and their
consistency with reported production and consumption of those substances and the likely
implications for the state of the ozone layer and the atmosphere;

o Assessment of the interaction between the ozone layer and the atmosphere; including: (i) The effect
of polar ozone depletion on tropospheric climate and (ii) The effects of atmosphere-ocean coupling;

o Description and interpretation of observed ozone changes and ultraviolet radiation, along with
future projections and scenarios for those variables, taking into account among other things the
expected impacts to the atmosphere;

o Assessment of the effects of ozone-depleting substances and other ozone-relevant substances, if any,
with stratospheric influences, and their degradation products, the identification of such substances,
their ozone-depletion potential and other properties;

o Identification of any other threats to the ozone layer.”

The 2014 SAP Assessment has addressed all the issues that were feasible to address to the best possible
extent. Further, given the change in the structure of the report and the evolution of science, the UV
changes are addressed by the Environmental Effects Assessment Panel (EEAP) of the Montreal Protocol.
The SAP has provided the necessary information on ozone levels, now and in the future, to EEAP as
input to their assessments.

The 2014 Assessment Process

The formal planning of the current Assessment was started early in 2013. The Cochairs considered
suggestions from the Parties regarding experts from their countries who could participate in the process.
Two key changes were incorporated for the 2014 Assessment: (1) creation of a Scientific Steering
Committee consisting of the Cochairs and four other prominent scientists; and (2) instituting Chapter
Editors for each chapter to ensure that the reviews were adequately and appropriately handled by the
authors and key messages were clearly enunciated to take them to the next level. For this reason, the
Chapter Editors are also Coauthors of the Assessment for Decision Makers (ADM) of the Scientific
Assessment of Ozone Depletion: 2014. The plan for this Assessment was vetted by an ad hoc international
scientific advisory group. This group also suggested participants from the world scientific community to
serve as authors of the science chapters, reviewers, and other roles. In addition, this advisory group
contributed to crafting the outline of this Assessment report. As in previous Assessments, the participants
represented experts from the developed and developing world. The developing country experts bring a
special perspective to the process, and their involvement in the process has also contributed to capacity
building in those regions and countries.

The 2014 Scientific Assessment Panel (SAP) Report

The 2014 report of the Scientific Assessment Panel differs from the past seven reports in its structure and
mode of publication. However, as in the past, it is a thorough examination and assessment of the science.
The process by which this report was generated, as in the past, was also thorough; the documents
underwent multiple reviews by international experts.

The Structure of the 2014 Report

The previous SAP reports have served well the Parties to the Montreal Protocol, the scientific community,
and the managers who deal with the research activities. However, the Montreal Protocol process has
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Preface

matured significantly and its needs have evolved. It was clear from the discussions between the Cochairs
and both the Party representatives and the people involved in decision making that the previous very
lengthy assessment reports would not meet the current needs of the Parties for a short, pithy, document
that is written for them and not for the scientific community. Yet, it was also clear that the integrity of
and the trust in the SAP reports come from the very thorough assessment of the science. Therefore, this
2014 Assessment was restructured to serve both purposes. The new structure is shown schematically
below.

Assessment Foundation Assessment for the Decision-
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Chapters Decision-Relevant Information
(Web-published) (Web and print publication)
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< ; | - Other Supporting Detail ! = pages
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First, as in the past, a major scientific assessment process was carried out and the findings from these
discussions and reviews constitute the five major chapters of the assessment foundation from the
scientific community. This is shown on the left hand side of the diagram. The five scientific chapters are
published only on the web but are an integral part of the 2014 SAP report to the Parties. Also, as
discussed earlier, the assessment of the surface UV changes due to past ozone depletion or to projected
future ozone levels are not included in this document. Readers are referred to the 2014 Environmental
Effects Assessment Panel report for the UV discussion.

Second, the findings from the SAP’s five scientific chapters were then synthesized and written in a
language that is accessible to the Parties to the Protocol. The contents of the Assessment for Decision-
Makers document—an Executive Summary and three sections—are shown on the right hand side. This
short document, which contains all the major scientific summary points written in a clear and accessible
language, is available in print and on the web. It is hoped that this new document will be useful to and
usable by the Parties to the Protocol, countries, and high-level policymakers and managers. If more
scientific details are needed, the complete document can be accessed via the web.

Third, for this Assessment, the Twenty Questions and Answers About the Ozone Layer has been only
updated. This is because the overarching scientific understanding has not changed significantly from the
previous Assessment. The update will ensure that the answers include the most current data and are
consistent with the 2014 Assessment. These updated questions and answers are published separately
(both in print and on the web) in a companion booklet to this report.

It is hoped that these steps will enhance the usefulness of the document to the Parties, meet the needs of
the multiple user communities for the information, minimize the workload of the scientific community,
and reduce costs.
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The Process of Preparing the 2014 Assessment

The initial plans for the scientific chapters of the 2014 Scientific Assessment Panel's report were
examined at a meeting that occurred on 10-11 June 2013 in Cambridge, UK. The Lead Authors, the
Scientific Steering Committee, and Chapter Editors—along with a few representatives of other
assessment panels and organizations—focused on the planned content of the chapters and on the need for
coordination among the chapters.

The first drafts of the scientific chapters were mailed to 213 experts for written reviews. The chapters
were revised to take into account the comments of the reviewers. The revised drafts were subsequently
sent to 65 reviewers who either attended a review meeting in Boulder or communicated their comments
back to the group. These second drafts were reviewed by 63 experts in person in Boulder, CO, USA
during 8-10 April 2014. Final changes to the chapters were decided upon at this meeting, and the final
chapter summary points were agreed. Subsequently, the chapters were revised for clarity and to address
specific points that were agreed to at the Boulder meeting. Final drafts of the scientific chapters were
completed in May 2014.

Subsequent to the finalization of the five chapters, an author team consisting of the Scientific Steering
Committee, Chapter Lead Authors, and Chapter Editors wrote a draft of the Assessment for Decision-
Makers. This document was based on the science findings of the five chapters. The draft ADM was made
available on June 13 to the attendees of a Panel Review Meeting that took place in Les Diablerets,
Switzerland, on 23-27 June 2014. The overall ADM was reviewed, discussed, and agreed to by the 59
participants. The Executive Summary of the ADM, contained herein (and posted on the UNEP and WMO
websites on 10 September 2014), was prepared and completed by the attendees of the Les Diablerets
meeting.

The final result of this two-year endeavor is the present assessment report. As the accompanying list
indicates (Appendix A), the Scientific Assessment of Ozone Depletion: 2014 is the product of 285
scientists from 36 countries” of the developed and developing world who contributed to its preparation
and review (133 scientists prepared the report and 220 scientists participated in the peer review process).

2 Argentina, Australia, Austria, Belgium, Botswana, Brazil, Canada, People’s Republic of China, Comoros, Costa
Rica, Cuba, Czech Republic, Denmark, Finland, France, Germany, Greece, India, Israel, Italy, Japan, Korea,
Malaysia, New Zealand, Norway, Poland, Russia, South Africa, Spain, Sweden, Switzerland, The Netherlands, Togo,
United Kingdom, United States of America, Zimbabwe.
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EXECUTIVE SUMMARY\
ASSESSMENT FOR DECISION-MAKERS

[This is the Executive Summary of the Assessment for Decision-Makers of the 2014 Ozone Assessment.
It contains the policy-relevant major findings of the Assessment’s five scientific chapters, which follow.]

Actions taken under the Montreal Protocol have led to decreases in the atmospheric
abundance of controlled ozone-depleting substances (ODSs), and are enabling the return
of the ozone layer toward 1980 levels.

* The sum of the measured tropospheric abundances of substances controlled under the Montreal
Protocol continues to decrease. Most of the major controlled ODSs are decreasing largely as
projected, and hydrochlorofluorocarbons (HCFCs) and halon-1301 are still increasing. Unknown or
unreported sources of carbon tetrachloride are needed to explain its abundance.

* Measured stratospheric abundances of chlorine- and bromine-containing substances
originating from the degradation of ODSs are decreasing. By 2012, combined chlorine and
bromine levels (as estimated by Equivalent Effective Stratospheric Chlorine, EESC) had declined by
about 10—15% from the peak values of ten to fifteen years ago. Decreases in atmospheric abundances
of methyl chloroform (CH;CCl;), methyl bromide (CH;Br), and chlorofluorocarbons (CFCs)
contributed approximately equally to these reductions.

* Total column ozone declined over most of the globe during the 1980s and early 1990s (by about
2.5% averaged over 60°S to 60°N). It has remained relatively unchanged since 2000, with
indications of a small increase in total column ozone in recent years, as expected. In the upper
stratosphere there is a clear recent ozone increase, which climate models suggest can be explained by
comparable contributions from declining ODS abundances and upper stratospheric cooling caused by
carbon dioxide increases.

* The Antarctic ozone hole continues to occur each spring, as expected for the current ODS
abundances. The Arctic stratosphere in winter/spring 2011 was particularly cold, which led to large
ozone depletion as expected under these conditions.

* Total column ozone will recover toward the 1980 benchmark levels over most of the globe under
full compliance with the Montreal Protocol. This recovery is expected to occur before midcentury in
midlatitudes and the Arctic, and somewhat later for the Antarctic ozone hole.

The Antarctic ozone hole has caused significant changes in Southern Hemisphere
surface climate in the summer.

* Antarctic lower stratospheric cooling due to ozone depletion is very likely the dominant cause of
observed changes in Southern Hemisphere tropospheric summertime circulation over recent
decades, with associated impacts on surface temperature, precipitation, and the oceans. In the
Northern Hemisphere, no robust link has been found between stratospheric ozone depletion and
tropospheric climate.

\_ J
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/ Changes in CO;, N,0, and CH, will have an increasing influence on the ozone layer as \
ODSs decline.

* As controlled ozone-depleting substances decline, the evolution of the ozone layer in the second
half of the 21* century will largely depend on the atmospheric abundances of CO,, N,0, and
CH,. Opverall, increasing carbon dioxide (CO,) and methane (CH4) elevate global ozone, while
increasing nitrous oxide (N,O) further depletes global ozone. The Antarctic ozone hole is less
sensitive to CO,, N,O, and CH,4 abundances.

e In the tropics, significant decreases in column ozone are projected during the 21* century.
Tropical ozone levels are only weakly affected by ODS decline; they are sensitive to circulation
changes driven by CO,, N,0, and CH,4 increases.

The climate benefits of the Montreal Protocol could be significantly offset by projected
emissions of HFCs used to replace ODSs.

The Montreal Protocol and its Amendments and adjustments have made large contributions toward
reducing global greenhouse gas emissions. In 2010, the decrease of annual ODS emissions under the
Montreal Protocol is estimated to be about 10 gigatonnes of avoided CO,-equivalent emissions per year,
which is about five times larger than the annual emissions reduction target for the first commitment
period (2008-2012) of the Kyoto Protocol (from the Executive Summary of the Scientific Assessment of
Ozone Depletion: 2010).

* The sum of the hydrofluorocarbons (HFCs) currently used as ODS replacements makes a small
contribution of about 0.5 gigatonnes CO,-equivalent emissions per year. These emissions are
currently growing at a rate of about 7% per year and are projected to continue to grow.

* If the current mix of these substances is unchanged, increasing demand could result in HFC emissions
of up to 8.8 gigatonnes CO,-equivalent per year by 2050, nearly as high as the peak emission of CFCs
of about 9.5 gigatonnes CO,-equivalent per year in the late 1980s.*

* Replacements of the current mix of high-Global Warming Potential (GWP) HFCs with low-GWP
compounds or not-in-kind technologies would essentially avoid these CO,-equivalent emissions.

* Some of these candidate low-GWP compounds are hydrofluoro-olefins (HFOs), one of which (HFO-
1234yf) yields the persistent degradation product trifluoroacetic acid (TFA) upon atmospheric
oxidation. While the environmental effects of TFA are considered to be negligible over the next few
decades, potential longer-term impacts could require future evaluations due to the environmental
persistence of TFA and uncertainty in future uses of HFOs.

* By 2050, HFC banks are estimated to grow to as much as 65 gigatonnes CO,-equivalent. The climate
change impact of the HFC banks could be reduced by limiting future use of high-GWP HFCs to avoid
the accumulation of the bank, or by destruction of the banks.

Additional important issues relevant to the Parties to the Montreal Protocol and other
decision-makers have been assessed.

* Derived emissions of carbon tetrachloride (CCly), based on its estimated lifetime and its accurately
measured atmospheric abundances, have become much larger than those from reported production
and usage over the last decade.

GWP-weighted emissions, also known as COz-equivalent emissions, are defined as the amount of gas emitted
multiplied by its 100-year Global Warming Potential (GWP). Part of the effect of ODSs as greenhouse gases is
offset by the cooling due to changes in ozone.

\4This is equivalent to about 45% of the fossil fuel and cement emissions of CO; in the late 1980s. /
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Emissions from the current banks are projected to contribute more to future ozone depletion than those
caused by future ODS production, assuming compliance with the Protocol.

As of 2009, the controlled consumption of methyl bromide declined below the reported consumption \
for quarantine and pre-shipment (QPS) uses, which are not controlled by the Montreal Protocol.

Increased anthropogenic emissions of very short-lived substances (VSLS) containing chlorine and
bromine, particularly from tropical sources, are an emerging issue for stratospheric ozone. The
relative contribution of these emissions could become important as levels of ODSs controlled under
the Montreal Protocol decline.

As the atmospheric abundances of ODSs continue to decrease over the coming decades, N,O, as the
primary source of nitrogen oxides in the stratosphere, will become more important in future ozone
depletion.

Emissions of HFC-23, a by-product of HCFC-22 production, have continued despite mitigation
efforts.

While ODS levels remain high, a large stratospheric sulfuric aerosol enhancement due to a major
volcanic eruption or geoengineering activities would result in a substantial chemical depletion of
ozone over much of the globe.

While past actions taken under the Montreal Protocol have substantially reduced ODS
production and consumption, additional, but limited, options are available to reduce
future ozone depletion.

Possible options to advance the return of the ozone layer to the 1980 level (analyses based on
midlatitude EESC) are shown graphically. The cumulative effect of elimination of emissions from all
banks and production advances this return by 11 years.

Options to Accelerate Recovery

years
N

1
0..--.-

Destroy  Destroy CFC  Destroy Eliminate Eliminate Eliminate
halon banks banks HCFC banks production emissions of QPS CH3Br
of HCFCs CcCl4 emissions
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ODSs and Other Gases of Interest

SCIENTIFIC SUMMARY

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

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

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

Substances controlled under the Montreal Protocol

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

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

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

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

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

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

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

Tropospheric Chlorine

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

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

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

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

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

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

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

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

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

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

Stratospheric Inorganic Chlorine and Fluorine

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

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

Tropospheric Bromine

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

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

Stratospheric Inorganic Bromine

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

Equivalent Effective Stratospheric Chlorine (EESC)

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

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

Very Short-Lived Halogenated Substances (VSLS)

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

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

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

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

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

Other Trace Gases That Directly Affect Ozone and Climate

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

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

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

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

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

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

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

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

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

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

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

1.2 LONGER-LIVED HALOGENATED SOURCE GASES

1.2.1 Updated Observations, Lifetimes, and Emissions

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

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

1.2.1.1 CHLOROFLUOROCARBONS (CFCS)

Observations

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

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

Global mole fractions of both CFC-114 (CCIF,CCIF,) and CFC-115 (CCIF,CF3) have remained
nearly constant since 2008 (Table 1-1). Measurements of CFC-114 include a fraction due to CFC-114a
(CCIL,FCF3;), which is estimated to be around 10%, based on measurements in the 1990s (Oram, 1999).
Furthermore, CFC-112 (CCLL,FCCIL,F), -112a (CCIF,CCl;), -113a (CC15CF3), and HCFC-133a (CH,CICF;)
(Section 1.2.1.5) were recently determined to be present in the atmosphere, with mole fractions of less
than 1 ppt in 2010 (Laube et al., 2014). Abundances of CFC-112 and CFC-112a are declining but those of
CFC-113a (and HCFC-133a) are increasing. These newly detected ODSs are listed in the Montreal
Protocol and contribute about 4 ppt or ~ 0.1% toward current levels of total chlorine, currently adding less
than 0.5 ppt Cl yr™.

Lifetimes and emissions

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

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

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

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

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

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

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

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

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

2008 2011 2012 eptyr") (% yr")

Table 1-1, continued.

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

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

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

Chlorocarbons

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

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

tetrachloride

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

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

chloroform

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

Bromocarbons

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

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

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

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

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

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

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

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

HCFC-124a CHF,CCIF, 9.1 ~9.2 ~10 ~120 2,16
CFC-112 CCLFCCLF 59 59 13
CFC-112a CCIF,CCl; 51 51 13
CFC-113 CCLFCCIF, 85 93 93 (82-109) [69-138] 88.4 9,17
CFC-113a CCL;CF; ~45 59 59 13
CFC-114 CCIF,CCIF, 190 189 189 [153-247] 191 9,17
CFC-114a CCLFCF; ~100 ~100 ~100 18
CFC-115 CCIF,CF; 1020 540 540 [404-813] 664 19
Halon-2311 CHBrCICF; 1.0 1.0 1.1 ~16 1,2,8
(Halothane)
Halon-2402 CBrF,CBrF, 20 28 28 [20-45] 41 11
Halogenated Propanes
HFC-263fb CH;CH,CF; 1.2 1.1 1.16 ~40 1,2
HFC-245ca CH,FCF,CHF, 6.5 6.5 6.9 ~105 1,2
HFC-245ea CHF,CHFCHF, 3.2 3.2 34 ~70 1,2
HFC-245¢eb CH,FCHFCF; 3.1 3.2 33 ~70 1,2
HFC-245fa CHF,CH,CF; 7.7 7.9 7.9 [5.5-14] 8.2 149 1
HFC-236¢cb CH,FCF,CF; 13.1 ~13 ~14 ~240 20
HFC-236ea CHF,CHFCF; 11.0 11.0 11.9 ~145 1,2
HFC-236fa CF;CH,CF; 242 222 253 ~1800 1,21
HFC-227ea CF;CHFCF; 38.9 36 36 [25-61] 37.5 673 4,22
PFC-218 CF;CF,CF; 2,600 ~7,000 23
(Perfluoropropane)
PFC-c216 c-CsFs ~3,000 ~4,000 23
(Perfluorocyclo-
propane)
HCFC-243cc CH;CF,CCLF 19.5 19.5 27.1 ~70 1,2,8
HCFC-234fb CF;CH,CCLF 49 ~45 98 ~85 1,2,8
HCFC-225ca CHCLCF,CF; 1.9 1.9 2.0 44 1,14
HCFC-225¢cb CHCIFCEF,CCIF, 5.9 59 6.3 101 1,14
Halogenated Higher Alkanes
HFC-365mfc CH;CF,CH,CF; 8.7 8.7 9.3 ~125 1,2
HFC-356mcf CH,FCH,CF,CF; 1.3 1.2 1.26 ~40 1,2
HFC-356mff CF;CH,CH,CF; 8.3 83 8.9 ~120 1,2
HFC-338pcc CHF,CF,CF,CHF, 12.9 12.9 14.0 ~160 1,2
HFC-329p CHF,CF,CF,CF; 28.4 ~30 ~34 ~260 2,24
PFC-C318 c-C4Fy 3,200 3,200 3
(Perfluorocyclo-
butane)
PFC-31-10 C4Fo 2,600 ~5,000 23
(Perfluorobutane)
(E)-R316¢c ((E)-1,2- | (E)-1,2-c-C4F¢Cl, 75 76 9,25
dichlorohexafluoro-
cyclobutane)
(Z2)-R316¢ ((2)-1,2- | (2)-1,2-c-C4FcCL, 114 115 9,25
dichlorohexafluoro-
cyclobutane)
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Industrial Chemical WMO New SPARC (2013) Tropo- Strato- Ocean Notes
Designation Formula (2011) Total Atmospheric Partial spheric spheric Partial
or Total Life- Lifetime & Estimated OH Partial Partial Lifetime
Common Name Lifetime time * Uncertainty Range " Lifetime © Lifetime (years) *
(years) (years) (years) (years) (years)
HFC-43-10mee CF;CHFCHFCF,CF; 16.1 16.1 17.9 157 1,14
HFC-458mfcf CF;CH,CF,CH,CF; 22.9 22.9 25.5 ~225 1,2
PFC-41-12 CsF, 4,100 4,100 3
(Perfluoropentane)
HFC-55-10mcff CF;CF,CH,CH,CF,CF3 7.5 7.5 8.0 ~115 1,2
HFC-52-13p CHF,CF,CF,CF,CF,CF; 322 32.7 37.0 ~280 2,26
PFC-51-14 CeF 14 3,100 3,100 3
(Perfluorohexane)
PFC-61-16 C7F6 ~3,000 ~3,000 23
(Perfluoroheptane)
PFC-71-18 C.F ~3,000 23
(Perfluorooctane) s
Perfluorodecalin CioF1s, (E)- and (Z)-isomers ~2,000 ~2,000 23
Fluorinated Alcohols
1,1,1,3,3,3-hexa- (CF;),CHOH 1.9 1.9 2.0 ~50 1,2
fluoroisopropanol

Halogenated Ethers

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

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

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

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

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

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

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

soil uptake as noted in the table.

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

SPARC (2013).

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

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

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

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

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

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

Notes

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CFC-12.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

From Papadimitriou et al. (2008) and Miihle et al. (2009).

Figure 1-2. Time evolution of monthly-mean total vertical column abundances (in molecules per square
centimeter) for CFC-12, CFC-11, CCls;, and HCFC-22 above the Jungfraujoch station, Switzerland,
through 2012 (updated from Zander et al. (2008), using the bootstrap resampling tool described by
Gardiner et al. (2008) for the trend evaluations and Rinsland et al. (2012)). Note the discontinuity in the
vertical scale. Solid blue lines show polynomial fits to the columns measured in June to November only so
as to mitigate the influence of variability caused by atmospheric transport and tropopause subsidence
during winter and spring (open circles) on derived trends. Dashed green lines show nonparametric least-
squares fits (NPLS) to the June to November data.
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Figure 1-3. Top-down and bottom-up global emissions estimates (Gg yr') for ozone-depleting
substances. Top-down emissions from AGAGE (black) and NOAA (red) atmospheric data were calculated
using a global 12-box model (Cunnold et al., 1983; Rigby et al., 2013). (continued next page)
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Additionally, for CFC-112, CFC-113a, HCFC-133a, and halons the emissions

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

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

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

TTotal = CGlobal/LTotal

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

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

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

Loss rates are associated with partial lifetimes such that

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

TTotal TAtm TSoil TQcean TxX

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

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

1 1 1 1
= + +

TAtm TTrop Tstrat TMeso

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

_RH _ KkMmcr(272K) MCF

OH ™ kpu(272K) ~ "OH

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

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

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

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

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

1.2.1.2 HALONS

Observations

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

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

Lifetimes and emissions

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

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

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

Observations

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

Lifetimes and emissions

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

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

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

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

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

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

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

1.2.1.4 METHYL CHLOROFORM (CH3CCl3)

Observations

The global mole fraction of methyl chloroform (1,1,1-trichloroethane, CH;CCl;) has been
declining steadily since reaching a maximum in the early 1990s (Figure 1-1). At ~5.4 + 0.3 ppt in 2012,
the global mean mole fraction is only 4% of its maximum. Thus, the contribution of CH;CCl; to future
changes in total Cl will likely be small. Atmospheric CH3CCl; continues to be used to study the
variability of the OH radical (Prinn et al., 2005; Montzka et al., 2011).

Lifetimes and emissions

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

1.2.1.5 HYDROCHLOROFLUOROCARBONS (HCFCSs)

Observations

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

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

For HCFC-124 (CHCIFCF3;) AGAGE measurements indica