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Chair, Committee on Climate Change  Vice Chair, Committee on Climate Technology Policy
Science and Technology Integration Change Science and Technology Executive Director, Committee
Integration on Climate Change Science and

Technology Integration



TABLE OF CONTENTS

Synopsis Vi
Preface/Motivation for Report Xl
Executive Summary 15
Contents:

I 23
Introduction

2 29

Current Trends, Mixing Ratios, and Emissions of Ozone-Depleting

Substances and Their Substitutes
Introduction...........ceeveveune. 33

2.1 Production and Consumption of Ozone-Depleting Chemicals and Their
Substitutes Derived From Industry Estimates..........ccccceeeeeecencerceeecnennces
2.1.1 Production and Consumption: Global Trends

2.1.2 Production and Consumption: Comparing UNEP and AFEAS Compilations................ 38
2.1.3 Production and Consumption of ODSs and Substitutes Not Reported by AFEAS

OF iN UNEP COMPIIALIONS ...ueneeenreecieeeecirecirereecinenseeaneaeiesessessesessesessessesessesssscssessssesnes 41
2.1.4 Production and Consumption: United States Trends for ODSs and Substitutes.......... 42
2.1.5 United States Production and Consumption of ODSs and Substitutes Not Included

in Published UNEP Compilations 46

2.2 Emissions: Ozone-Depleting Chemicals and Their Substitutes .........cccocveveureurececnnee 46

2.2.1 Global Emissions: Estimates Derived From Atmospheric Observations and Weighted

by Ozone Depletion POLENTIAIS .........c.cowuecereueueurecirereecieaceseaneeesesseceseseseseesessesssessesees 47
2.2.2 Global Emissions: Estimates Derived From Atmospheric Observations and Weighted

by Global Warming POLENTIQIS .............c.cecueeeueeeeeeeeeeseereseesesseaseusessessessessessessessessesns 48
2.2.3 Global Emissions: The Contribution of Banks and Bank Sizes.......................... ...49
2.2.4 Global Emissions: The Influence of Non-restricted Uses and Other Factors .............. 53
2.2.5 United States Emissions and Banks: Estimates Derived by U.S. EPA

ViINEAGING MOTEIS.....uoneeeericienetreeieieecreie et asess e ssese s ssess e s sssseas 53

2.2.6 United States Emissions: Derived From Atmospheric Data in Non-remote Areas..... 55
2.3 Changes in the Atmospheric Abundance of Ozone-Depleting Chemicals
and Their SubStitutes........ccverveicicicciiinens
2.3.1 Global Atmospheric ADUNAANCES............vmiiimiiiiiiiiiiiciiess s sasaneses
2.3.2 The Untied States Contribution to Global Atmospheric Abundances
2.4 The Atmospheric Abundance of Aggregated Chlorine and Bromine From

LONG-LIiVEA ODSS....iuiiiriiieinicireisietseeietsee st tsesste st sstae ettt s st e sas sttt seeas 63
2.4.1 AtMOSPREIIC CRIOINE ...ttt essessesse s ssesesssssesas 63
2.4.2 AtMOSPRETIC BrOMINE .....eceeeeeierecierecireieecineneieiseeasess e s ssess e s ssesessessessssens 65

2.4.3 Equivalent Effective Stratospheric Chlorine and Equivalent Effective Chlorine........... 67



TABLE OF CONTENTS

2.5 Changes in Radiative Forcing Arising From Ozone-Depleting Chemicals

AN SUDSTITULES ...t ss s sa s sraes 68
2.5.1 Changes in Direct Radiative FOrCing ... ssesssssenns 68
2.5.2 Changes in Net RAIGLIVE FOICING .....c.vueueureeeureenceneeeeseieeeeeeeeeneseeeesseseasesseasessesseans 70

2.6 Summary of Findings Related to the Role of the United States in Influencing
Past Changes in Production, Consumption, Emissions, and Mixing Ratios of
Ozone-Depleting Substances and Their Substitutes

APPENAIX 2A ...ttt ettt sttt et st et

3 79

Ozone and UV Observations

3.1 INEFOAUCTION .ttt se s ae st es s s s ssasasasasasasasseasaeaen
3.2 Ozone

3.2.1 Total Ozone Observations

3.2.2 Vertical Distribution of Ozone

3.2.3 Processes That Affect Ozone..........couuveuen.

3.3 Ultraviolet Radiation at the Earth’s Surface 97
3.3.1 Background (Factors Controlling UV Surface Irradiance) ...........ccccveveeveenecencunecnnee 97
3.3.2 UV in the Polar REGIONS.............ccewuiureumiueimiieiireeeiaseasseaeisessssasssssessssassssssasssssasssasssnes 106
3.3.3 HUMAN EXPOSUIE 10 UV ......oeeiiecirecierrecineeiernecisenecssessiessesessessesessessesessesssscsens 106
3.3.4 UV Summary... 108

APPENAIX 3A ..ottt et 109

Appendix 3B........cccoeuveuenne. 109

4 1

How Do Climate Change and Stratospheric Ozone Loss Interact?

4.1 INELOAUCTION «.coeee ettt sttt bbb ssssenanens 114
4.2 Radiative Forcing of Climate by Ozone-Depleting Substances and
OZONE CRANGES ...ttt ettt sesste sttt s bbbttt st st bseasanese s I15
4.2.1 Direct Radiative Forcing by Ozone-Depleting Substances I15
4.2.2 Radiative Forcing From Ozone Changes 119

4.3 The Response of Ozone to Climate Change Parameters.........ccocoeeveuveeeneureeencureeenee 120
4.3.1 Calculating the Response of Ozone to Climate Change Parameters
WILH COMS et nasesse e e sas s ass s sss s s s e s sssessesasessenes
4.3.2 Stratospheric Temperature Changes
4.3.3 Stratospheric Water Vapor Changes

4.3.4 Changes in Ozone From Increases in Long-Lived Gases in the Stratosphere............ 126
4.4 The Effect of Ozone Changes on Climate Parameters .........coocvceeveveneveereeencrneeenee 127
4.4.1 Response of Stratospheric and Tropospheric Temperatures to Ozone Depletion .... 128
4.4.2 Response of Surface Temperature to Antarctic Ozone Depletion............c.ccecereueencne 128
4.5 IMPportance of VOICANOES ..ottt tcasese st ssesesesseaesnes 129
4.5.1 The Effect of Volcanic Aerosol 0n OZ0NE...........ccoeuveveureurereereoseneeseneeresissisesesessesesesnens 129

4.6 SUMMATY ..ccecreeicricrrenereresessessesessesseaesseseeesennes
4.6.1 Relevance for the United States




5 133

The Future and Recovery

S50 INTrOQUCTION ...t s s ssaes 136
5.2 Model Simulations and Analyses of Ozone Behavior..........ccnneennencecennenne 136
5.2.1 Processes and Scenarios Used in Model Simulations .............ccccvicivicicincinninnee 137
5.2.2 Results From Model Simul@tions.............ccuccueeeueicininieinieieieeiseseesseasessessessessenas 138
5.2.3 Stages of Ozone Recovery From ODSSs ..........iisineisceincsiseseesesenennns 141
5.3 Expected Response in SUrface UV ........c.ncncencrnencencnseesseeeesneessesessessescaseseene 142
5.4 Future Scenarios for ODSs and their Replacements .........ccoceeuvenevcencnencinecencenecence 142

5.4.1 BaAseline SCENALIO .......uuueeeeeeeeeeeeeeeeeeeeeeeeeeeeveseseeaeans

5.4.2 Alternate Scenarios
5.4.3 Time Series of Source Gases

5.5 Changes in Integrated EESC and Radiative FOrcing.......coccceevceerneeceeeeeceecnenne 145
5.5.1 Time SErIES Of EESC ..ottt s s s s s st esssesesens 145
5.5.2 EESC aNd MEAN AGE Of All ccuuoueureerreereeeerereeineeeeineeseusesssessesssesesssesasessesasessesssessesans 150
5.5.3 Time Series of RAAIGLIVE FOICING .........cocvuuueueimiiciiiicieiseeice e 151

5.6 United States Contributions to EESC and to Radiative Forcing

by ODSs and Their Replacements 152
5.6.1 Contribution 10 EESC.........cucecueenceneeeeeeeeeeeieeensiaeeasessesseasessessessessesscssessessessessescsns 152
5.6.2 Contribution to Radiative Forcing by ODSs and Their Replacements................c...... 153
5.6.3 Options for United States ODS Banks 154

6 155

Implications for the United States

6.1 Introduction

6.2 IMPACES ...t es sttt bbb s e ssnaesasac
6.2.1 Changes in Ozone over the United States
6.2.2 Changes in UV over the UNited STALES .........ccvveeveureveeneurenceremeerceneeenenseessesessessesesseseene
6.2.3 Changes in RAdIGtive FOICING..........cuviiiiciiiiciiessss s
6.2.4 Future Ozone and UV Changes over the United States...........cocveeveuveevceneeeereencnenne 157
6.2.5 Future Changes in Radiative Forcing

6.3 ACCOUNTADIIILY w.coucevreieieieinieein i sse st sas st easasaes
6.3.1 Contribution of the United States to the Global Abundance of ODSs.............cccueue... 159
6.3.2 Contribution of the United States to Climate Change via Emission of

Ozone-Depleting Substances and the Resulting Ozone Changes ............ccccoecucuuncen. 160

6.4 Potential Management OPLiONS ... eeereereureuseureanessessessessessessessessessessessessessessesenns 161
6.4.1 The World AvOided...........ccceveevereererneenereeneeecrnennnenne 162

APPENAIX A .ttt ettt sttt ettt s st st et ettt ettt tae 167

Twenty Questions and Answers About the Ozone Layer: 2006 Update

Glossary and Acronyms 215

R EIENCES vttt bbb e se b b e e ae b b sbessasasesensesesensasane 219



Preface

Executive Summary

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

AUTHOR TEAM FOR THIS REPORT

Authors: A.R. Ravishankara, NOAA; Michael J. Kurylo, NASA

Convening Lead Authors: A.R. Ravishankara, NOAA; Michael J. Kurylo, NASA
Lead Authors: Richard Bevilacqua, Naval Research Laboratory; Jeff Cohen, U.S. EPA;
John S. Daniel, NOAA; Anne R. Douglass, NASA; David W. Fahey, NOAA; Jay R.
Herman, NASA; Terry Keating, U.S. EPA; Malcolm Ko, NASA; Stephen A. Montzka,
NOAA; Paul A. Newman, NASA; V. Ramaswamy, NOAA; Anne-Marie Schmoltner,
NSF; Richard Stolarski, NASA; Kenneth Vick, USDA

Convening Lead Authors: A.R. Ravishankara, NOAA; Michael J. Kurylo, NASA;
Anne-Marie Schmoltner, NSF

Convening Lead Author: Stephen A. Montzka
Lead Authors: John S. Daniel, NOAA; Jeff Cohen, U.S. EPA; Kenneth Vick, USDA

Convening Lead Authors: Paul A. Newman, NASA; Jay R. Herman, NASA
Lead Authors: Richard Bevilacqua, Naval Research Laboratory; Richard Stolarski,
NASA,; Terry Keating, U.S. EPA

Convening Lead Author: David W. Fahey, NOAA
Lead Authors: Anne R. Douglass, NASA; V. Ramaswamy, NOAA; Anne-Marie
Schmoltner, NSF

Convening Lead Author: Malcolm Ko, NASA
Lead Authors: John S. Daniel, NOAA,; Jay R. Herman, NASA; Paul A. Newman,
ASA; V. Ramaswamy, NOAA

Convening Lead Authors: A.R. Ravishankara, NOAA; Michael J. Kurylo, NASA

Lead Authors: John S. Daniel, NOAA; David W. Fahey, NOAA; Jay R. Herman, NASA;
Stephen A. Montzka, NOAA; Malcolm Ko, NASA,; Paul A. Newman, NASA; Richard
Stolarski, NASA




ACKNOWLEDGEMENT

CCSP Synthesis and Assessment Product 2.4 (SAP 2.4) was developed with the benefit of a
scientifically rigorous, first draft peer review conducted by a committee appointed by the National
Research Council (NRC). Prior to their delivery to the SAP 2.4 Author Team, the NRC review
comments, in turn, were reviewed in draft form by a second group of highly qualified experts to
ensure that the review met NRC standards. The resultant NRC Review Report was instrumental
in shaping the final version of SAP 2.4, and in improving its completeness, sharpening its focus,
communicating its conclusions and recommendations, and improving its general readability.

We thank the members of the NRC Review Committee: M. Joan Alexander (Chair), NorthWest
Research Associates, Boulder, Colorado; Derek Cunnold, Georgia Institute of Technology, Atlanta;
Terry Deshler, University of Wyoming, Laramie; Steven Lloyd, The Johns Hopkins Applied Physics
Laboratory, Laurel, Maryland; Mack McFarland, DuPont Fluoroproducts, Wilmington, Delaware;
Michelle Santee, Jet Propulsion Laboratory, Pasadena, California; Theodore G. Shepherd, University
of Toronto, Ontario, Canada; Margaret Tolbert, University of Colorado, Boulder; and Donald
Wauebbles, University of Illinois, Urbana; and also the NRC Staff members who coordinated the
process: Chris Elfring, Director, Board on Atmospheric Sciences and Climate; Leah Probst, Study
Director; and Katherine Weller, Senior Program Assistant.

We also thank the individuals who reviewed the NRC Report in its draft form: James G. Anderson,
Harvard University, Cambridge, Massachusetts; Greg Bodeker, National Institute of Water and
Atmospheric Research, Lauder, New Zealand; Mary Anne Carroll, University of Michigan, Ann
Arbor; Veronika Eyring, Institut fir Physik der Atmosphare, Wessling, Germany; Vitali Fioletov,
Environment Canada, Downsview, Ontario, Canada; and Ross J. Salawitch, University of Maryland,
College Park; and also Marvin Geller, The State University of New York, Stony Brook, the overseer
of the NRC review.

We also thank the NOAA Research Council for coordinating a review conducted in preparation
for the final clearance of this report. This review provided valuable comments from the following
internal NOAA reviewers:

Craig Long (Climate Prediction Center)
Robert Portmann (Earth System Research Laboratory)
Susan Solomon (Earth System Research Laboratory)

The review process for SAP 2.4 also included a public review of the Second Draft, and we thank
the individuals who participated in this cycle. The Author Team carefully considered all comments
submitted, and a substantial number resulted in further improvements and clarity of SAP 2.4.




We are grateful to Daniel L. Albritton (NOAA) and Philip L. DeCola (NASA), who led the initial
discussions that resulted in the inclusion of this topic in the suite of Synthesis and Assessment
Products of the U.S. Climate Change Science Program. We also thank the following individuals for
their insightful comments during the initial information-gathering stage: Alkiviadis Bais, Aristotle
University of Thessaloniki; Donald Blake, University of California at Irvine; Greg Bodeker,
National Institute of Water and Atmospheric Research, New Zealand; Martin Dameris, Institut fur
Physik der Atmosphare, Germany; Veronika Eyring, Institut fir Physik der Atmosphdre, Germany;
Vitali Fioletov, Environment Canada; Claire Granier, NOAA/Cooperative Institute for Research in
Environmental Sciences; Neil Harris, University of Cambridge, United Kingdom; Randy Kawa,
NASA; Kathy Lantz, NOAA/Cooperative Institute for Research in Environmental Sciences; Rolf
Muiller, Forschungszentrum Jilich, Germany; Ronald Prinn, Massachusetts Institute of Technology;
Ross Salawitch, University of Maryland; Michelle Santee, Jet Propulsion Laboratory; Guus
Velders, Netherlands Environmental Assessment Agency; and Ray Weiss, Scripps Institution of
Oceanography.

We also greatly appreciate the assistance of Krisa Arzayus (NOAA) and Fabien Laurier (CCSP) for
expert guidance and coordination throughout the process of preparing SAP 2.4, and Chad McNutt
(NOAA) and Rebecca Feldman (NOAA) for assistance with the approval processes.

Finally, it should be noted that the respective review bodies were not asked to endorse the final
version of SAP 2.4, as this was the responsibility of the National Science and Technology Council.




SYNOPSIS

Depletion of the stratospheric ozone layer by human-produced ozone-depleting substances has been recognized
as a global environmental issue for more than three decades, and the international effort to address the issue
via the United Nations Montreal Protocol marked its 20-year anniversary in 2007. Scientific understanding
underpinned the Protocol at its inception and ever since. As scientific knowledge advanced and evolved, the
Protocol evolved through amendment and adjustment. Policy-relevant science has documented the rise, and
now the beginning decline, of the atmospheric abundances of many ozone-depleting substances in response to
actions taken by the nations of the world. Projections are for a return of ozone-depleting chemicals (compounds
containing chlorine and bromine) to their “pre-ozone-depletion” (pre-1980) levels by the middle of this century
for the midlatitudes; the polar regions are expected to follow suit within 20 years after that. Since the 1980s,
global ozone sustained a depletion of about 5 percent in the midlatitudes of both the Northern Hemisphere
and Southern Hemisphere, where most of the Earth’s population resides; it is now showing signs of turning
the corner towards increasing ozone. The large seasonal depletions in the polar regions are likely to continue
over the next decade but are expected to subside over the next few decades. Ozone-depleting substances
should have a negligible effect on ozone in all regions beyond 2070, assuming continued compliance with the
Montreal Protocol.

Large increases in surface ultraviolet (UVB; 280-315 nm) radiation and the associated impacts on human health
and ecosystems would likely have occurred if atmospheric abundances of ozone-depleting substances had
continued to grow. Scientific findings regarding the role of ozone-depleting chemicals, projected ozone losses,
and the potential UV impacts galvanized international decision making in the 1980s. As a result of the worldwide
adherence to the 1987 Montreal Protocol and its Amendments and Adjustments, the large impacts were
avoided, and future trends in UVB and UVA (315-400 nm) at the surface are expected to be more influenced
by factors other than stratospheric ozone depletion (such as changes in clouds, atmospheric fine particles, and
air quality in the lower atmosphere).

Emissions of ozone-depleting substances by the United States have been significant throughout the history
of the ozone depletion issue. At the same time, the United States has played a leading role in advancing the
scientific understanding, leading the international decision making, and leading industry’s actions to reduce
usage of ozone-depleting substances. Continued future declines in emissions of ozone-depleting substances
from the United States, along with those from other nations, will play a key role in ensuring the ozone layer’s
recovery.

Projections of a changing climate have added a new dimension to the issue of the stratospheric ozone layer and
its recovery, and scientific knowledge is emerging on the interconnections between these two global issues.
Climate change is expected to alter the timing of the recovery of the ozone layer. Ozone-depleting chemicals
and ozone depletion are known to influence climate change. The curtailment of the ozone-depleting substances
not only helped the ozone layer but also very likely lessened the forcing of climate (i.e., how it alters climate).

Climate change and ozone layer depletion are coupled; this has led to new scientific and decision-making
challenges. The recovery of the ozone layer will occur in an atmosphere that is different from where we started
roughly three decades back. Our scientific understanding of the connections between climate change and
ozone layer depletion is at an early but rapidly advancing stage. That topic will remain a focus for the scientific
community’s efforts over the next few decades.
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PREFACE

Trends in Emissions of Ozone-Depleting Substances, Ozone
Layer Recovery, and Implications for Ultraviolet Radiation Exposure

Report Motivation and Guidance for Using

this Synthesis/Assessment Product
Authors: A.R.Ravishankara, NOAA; Michael . Kurylo, NASA

A primary objective of the U.S. Climate Change Sci-
ence Program (CCSP) is to provide the best possible
scientific information to support public discussion,
as well as government and private sector decision
making, on key climate-related issues. To help meet
this objective, the CCSP has identified an initial set
of 21 Synthesis and Assessment Products (SAPs) that
address its highest priority research, observation, and
decision support needs.

This report, CCSP SAP 2.4, addresses Goal 2 of the
CCSP Strategic Plan: Improve quantification of the
forces bringing about changes in the Earth’s climate
and related systems. The Atmospheric Composition
chapter of the CCSP Strategic Plan describes a vi-
sion to produce a Synthesis and Assessment Product
(SAP) on “Trends in emissions of ozone-depleting
substances, ozone layer recovery, and implications
for ultraviolet radiation (UV) exposure—SAP 2.4.”
The report provides a synthesis and integration of the
current knowledge of the stratospheric ozone layer,
ozone-depleting substances, and ultraviolet radiation
reaching the Earth’s surface.

P. CONTEXT FOR THIS SYNTHESIS
AND ASSESSMENT PRODUCT

SAP 2.4 contributes to the ongoing and iterative
international process of producing and refining
climate-related assessments and decision support
tools. SAP 2.4 integrates findings from the World
Meteorological Organization (WMO) / United Nations
Environment Programme (UNEP) 2006 assessment
on the ozone layer (Scientific Assessment of Ozone
Depletion: 2006) and the 2005 Special Report of the
Intergovernmental Panel on Climate Change (IPCC)
and the Technology and Economic Assessment Panel
(TEAP) on Safeguarding the Ozone Layer and the
Global Climate System — Issues Related to Hydro-
fluorocarbons and Perfluorocarbons. Both of these
assessments have been extensively reviewed prior
to their publication. SAP 2.4 discusses these assess-

ments from both the global perspective and in the specific
context of the United States of America; this SAP 2.4 gives
the United States-specific perspective of a global issue for
decision-makers in the United States. The SAP discusses
ozone changes over North America, the contributions of
the United States to ozone-depleting substances, and the
UV changes due to the ozone layer changes over the North
American continent. This SAP takes advantage of these
thoroughly vetted scientific assessments to prepare a product
that can be used to inform domestic and international deci-
sion makers in government and industry, scientists, and the
public. This SAP was planned and initiated in August 2005,
before the release of the Fourth Assessment Report (AR4)
of the Intergovernmental Panel on Climate Change (Climate
Change 2007: The Physical Science Basis). Therefore, this
report does not rely on the IPCC AR4; however, some key
pertinent issues from the IPCC report are used in a few
instances where updated information was essential. They
are noted as such in the chapters.

P.2 AUDIENCE AND INTENDED USE

The audience for SAP 2.4 includes scientists, decision
makers in the public sector (federal, state, and local govern-
ments), the private sector (chemical industry, transporta-
tion, and agriculture; and climate policy and health-related
interest groups), the international community, and the
general public. This broad audience is indicative of the
diversity of stakeholder groups interested in knowledge of
the stratospheric ozone layer, ozone-depleting substances,
and ultraviolet radiation, and of how such knowledge might
be used to inform decisions. The primary users of SAP
2.4 are intended to include, but are not limited to, officials
involved in formulating climate and environmental policy,
individuals responsible for managing emissions of ozone-
depleting substances, and scientists involved in assessing
and/or advancing the frontier of knowledge. The plan for this
SAP was presented at the CCSP workshop, “U.S. Climate
Change Science Program, Climate Sciences in Support of
Decision Making,” held in Arlington, Virginia, during 14-16
November 2005.
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SAP 2.4 is intended to be used:

» asastate-of-the-art assessment of our knowledge of the
stratospheric ozone layer, 0zone-depleting substances,
and ultraviolet radiation at the surface;

» to provide the scientific basis for decision support to
guide management and policy decisions that affect
the ozone layer and emissions of ozone-depleting
substances;

« as a means of informing policymakers and the public
concerning the general state of our knowledge of the
stratospheric ozone layer and emissions of ozone-
depleting substances with respect to the contributions
of and impacts on the United States; and

» to provide scientific information on the ozone layer to
inform important stakeholder groups. Examples of these
groups include: the chemical industry that produces
ozone-depleting substances and substitutes for ozone-
depleting substances; agencies in the United States
and sectors of the United States economy that request
exemptions from emissions of substances banned by
the Montreal Protocol and its Amendments; and the
climate-science community.

Senior managers and the general public may use the Execu-
tive Summary of SAP 2.4 to improve their overall under-
standing of what is known and unknown about the effects
of United States emissions on the stratospheric ozone layer
and ultraviolet radiation at the surface. It will also provide
an estimate of the impacts of the ozone layer changes on
the country.

P.3 TOPICS AND CONTENT

The focus of this Report follows the Prospectus guidelines
developed by the Climate Change Science Program and
posted on its website at (http://www.climatescience.gov).
SAP 2.4 addresses key issues related to the stratospheric
ozone layer, including its changes in the past and expected
levels in the future. Also, it takes account of the current
abundances and emissions of ozone-depleting substances.
Further, it synthesizes the best available information on the
past and future levels of ultraviolet radiation at the Earth’s
surface. Lastly, it explores the interactions between climate
change and stratospheric ozone changes. The discussion of
these topics is carried out within the context of both the globe
and the United States to distill a regional assessment from

the global assessments. More specifically, SAP 2.4:

«  Quantifies current information on sources, sinks, and
abundances of ozone-depleting substances and associ-
ated uncertainties.

» Discusses levels of ozone in various regions of the
stratosphere, including the polar regions. It pays special
attention to the Antarctic ozone hole and to 0zone above
the continental United States.

Preface

»  Provides information on the past, current, and future
levels of ultraviolet radiation, both generally and for the
continental United States.

» Provides an assessment of the impact of climate and
compositional changes on the future of the ozone layer,
and provides some qualitative discussion of the impacts
of the ozone layer on climate.

»  Describes how these findings relate especially to the
United States.

» ldentifies the gaps in understanding where research is
critical for future assessments of the ozone layer.

The questions addressed by this report include:

« What is the current state of the stratospheric ozone
layer?

»  What are the recorded changes in the emissions and
concentrations of ozone-depleting substances?

»  What do the observations indicate about the abundances
and trends of stratospheric ozone?

« What is the trend in the occurrence, depth, duration,
and extent of the Antarctic ozone hole?

* What is the state of ozone depletion in the Arctic
region?

*  When can one expect recovery of the global ozone layer
and of the Antarctic ozone hole?

« What are the influences of climate change on the
recovery of the ozone layer?

» How has surface ultraviolet radiation changed in the
past and what is expected for the future?

*  What are the findings specific to the United States on
the topics of ozone-depleting substances, stratospheric
ozone depletion, surface ultraviolet radiation changes,
and expectations for the future ozone layer?

*  What are the various possible emission scenarios that
can be considered for any further policy actions on
emissions of ozone-depleting gases?

P.4 OUTLINE OF THE REPORT

The above questions provide the basis for information
presented in the six chapters of SAP 2.4. The chapters are
written in a style consistent with major authoritative inter-
national scientific assessments (e.g., IPCC assessments, and
the reports of the Global Ozone Research and Monitoring
Project of WMO). However, additional explanatory material
is included both within the Chapters and as an Appendix to
aid the diverse readership of this SAP. The Executive Sum-
mary, which presents the key findings from the main body
of the Report, as well as Chapters 1 and 6, are intended to
be useful especially for those involved with policy-related
ozone layer issues. Chapter 1 is intended as a background
“primer” for those less familiar with the topic of strato-
spheric ozone depletion. Chapters 2 through 5 provide the
detailed material that supports the findings of the Executive
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Summary. Though they are written at a more technical level,

they incorporate material to aid their accessibility to the

broad readership of this SAP. The chapters of SAP 2.4 are:

»  Chapter 1: Introduction

* Chapter 2: Current Trends, Mixing Ratios, and
Emissions of Ozone-Depleting Substances and Their
Substitutes

e Chapter 3: Ozone and UV Observations

»  Chapter 4: How Do Climate Change and Stratospheric
Ozone Loss Interact?

»  Chapter 5: The Future and Recovery

*  Chapter 6: Implications for the United States

For those interested readers who are not specialists on the
ozone-layer issue, an Appendix gives additional scientific
background on the topics of this SAP. A glossary and a list
of acronyms are included at the end of the report.

P.5 THE SYNTHESIS AND ASSESSMENT
PRODUCT TEAM

The authors for this SAP were chosen based on their exper-

tise and participation in the international assessments from

which this product derives a great deal of information. The

SAP 2.4 Author Team and their roles are:

+ Dr. A R. Ravishankara, NOAA, Overall Lead

«  Dr. Michael J. Kurylo, NASA, Overall Lead

+ Dr. Richard Bevilacqua, NRL/DoD, Scientific
Content

e Dr. Jeff Cohen, USEPA, Scientific Content

+  Dr. John Daniel, NOAA, Scientific Content

« Dr. Anne Douglass, NASA, Scientific Content

« Dr. David Fahey, NOAA, Scientific Content

» Dr. Jay Herman, NASA, Scientific Content

*  Dr. Terry Keating, USEPA, Scientific Content

+  Dr. Malcolm Ko, NASA, Scientific Content

+  Dr. Stephen Montzka, NOAA, Scientific Content

+  Dr. Paul Newman, NASA, Scientific Content

« Dr. V. Ramaswamy, NOAA, Scientific Content

*  Dr. Anne-Marie Schmoltner, NSF, Scientific Content

» Dr. Richard Stolarski, NASA, Scientific Content

* Dr. Kenneth Vick, USDA, Scientific Content

Those who served as Convening Lead Authors (CLAS) and
Lead Authors (LAs) are shown at the beginning of each
chapter. An Editorial Staff managed the assembly, format-
ting, and preparation of the Report.
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Synopsis

Depletion of the stratospheric ozone layer by human-produced ozone-
depleting substances has been recognized as a global environmental issue
for more than three decades, and the international effort to address
the issue via the United Nations Montreal Protocol marked its 20-year

EXECUTIVE SUMMARY

anniversary in 2007. Scientific understanding underpinned the Protocol
at its inception and ever since. As scientific knowledge advanced and
evolved, the Protocol evolved through amendment and adjustment.
Policy-relevant science has documented the rise, and now the beginning decline, of the atmospheric abundances of many
ozone-depleting substances in response to actions taken by the nations of the world. Projections are for a return of
ozone-depleting chemicals (compounds containing chlorine and bromine) to their “pre-ozone-depletion” (pre-1980) levels
by the middle of this century for the midlatitudes; the polar regions are expected to follow suit within 20 years after
that. Since the 1980s, global ozone sustained a depletion of about 5 percent in the midlatitudes of both the Northern
Hemisphere and Southern Hemisphere, where most of the Earth’s population resides; it is now showing signs of turning
the corner towards increasing ozone. The large seasonal depletions in the polar regions are likely to continue over the
next decade but are expected to subside over the next few decades. Ozone-depleting substances should have a negligible
effect on ozone in all regions beyond 2070, assuming continued compliance with the Montreal Protocol.

Large increases in surface ultraviolet (UVB; 280-315 nm) radiation and the associated impacts on human health and
ecosystems would likely have occurred if atmospheric abundances of ozone-depleting substances had continued to grow.
Scientific findings regarding the role of ozone-depleting chemicals, projected ozone losses, and the potential UV impacts
galvanized international decision making in the 1980s. As a result of the worldwide adherence to the 1987 Montreal
Protocol and its Amendments and Adjustments, the large impacts were avoided, and future trends in UVB and UVA
(315-400 nm) at the surface are expected to be more influenced by factors other than stratospheric ozone depletion
(such as changes in clouds, atmospheric fine particles, and air quality in the lower atmosphere).

Emissions of ozone-depleting substances by the United States have been significant throughout the history of the ozone
depletion issue. At the same time, the United States has played a leading role in advancing the scientific understanding,
leading the international decision making, and leading industry’s actions to reduce usage of ozone-depleting substances.
Continued future declines in emissions of ozone-depleting substances from the United States, along with those from
other nations, will play a key role in ensuring the ozone layer’s recovery.

Projections of a changing climate have added a new dimension to the issue of the stratospheric ozone layer and its
recovery, and scientific knowledge is emerging on the interconnections between these two global issues. Climate change
is expected to alter the timing of the recovery of the ozone layer. Ozone-depleting chemicals and ozone depletion are
known to influence climate change. The curtailment of the ozone-depleting substances not only helped the ozone layer
but also very likely lessened the forcing of climate (i.e., how it alters climate).

Climate change and ozone layer depletion are coupled; this has led to new scientific and decision-making challenges.
The recovery of the ozone layer will occur in an atmosphere that is different from where we started roughly three
decades back. Our scientific understanding of the connections between climate change and ozone layer depletion is at
an early but rapidly advancing stage. That topic will remain a focus for the scientific community’s efforts over the next
few decades.

Trends in Emissions of Ozone-Depleting Substances, Ozone
Layer Recovery, and Implications for Ultraviolet Radiation Exposure
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The depletion of the
ozone layer can lead
to enhancements

of ultraviolet (UV)
radiation that
reaches Earth’s
surface, with
consequences for
human health,

the Earth’s
ecosystems, and

physical materials.

Figure ES.I

ES.I| WHAT IS OZONE LAYER
DEPLETION AND WHYISIT A
CONCERN?

The stratospheric ozone layer lies in a region
of the atmosphere approximately 15 to 45
kilometers (roughly 9 to 28 miles) above Earth’s
surface. The ozone layer acts as a protective
shield, preventing most of the Sun’s harmful
ultraviolet (UV) radiation from reaching the
surface. The depletion of the ozone layer can
therefore lead to enhancements of the UV
radiation that reaches Earth’s surface, with
consequences for human health, the Earth’s
ecosystems, and physical materials. The
ozone layer and its changes can also alter
the atmosphere’s temperature structure and
weather/climate-related circulation patterns.

Effect of the Montreal Protocol. The top

panel gives a measure of the projected future abundance
of ozone-depleting substances in the stratosphere, without
and with the Protocol and its various Amendments. The
bottom panel shows similar projections for how excess skin
cancer cases might have increased (adapted from Appendix
A of this Report).

Executive Summary

Research in the 1970s and early 1980s showed
that the ozone-depleting substances (ODSs),
mainly chlorofluorocarbons (CFCs) and certain
compounds containing bromine, would deplete
stratospheric ozone. The discovery of the
springtime Antarctic ozone hole in 1985 showed
that ozone depletion was real and occurring at
that time, and was not just a prediction for the
future.

Faced with the scientific consensus that ozone
depletion was real and due to human-produced
ozone-depleting substances, nations throughout
the world agreed to the Montreal Protocol and
its subsequent Amendments and Adjustments.
The United States is a signatory to this protocol.
The Protocol and its Amendments were
successfully implemented starting in the late
1980s. Thus, this Protocol was one of the first
international agreements to address a global
environmental problem. The Montreal Protocol
has had clear benefits in reducing ozone-
depleting substances, placing the ozone layer
on a path to recovery, and protecting human
health (Figure ES.1).

Ozone layer depletion, like climate change,
is a global issue with regional impacts. The
depletion of the ozone layer is caused by the
collective emissions of human-produced ozone-
depleting substances at Earth’s surface from
various regions and countries. These ozone-
depleting substances persist long enough in
the atmosphere to be quite well mixed in the
lower atmosphere and then be transported to
the stratosphere, where their interaction with
the harsh UV radiation releases chlorine and
bromine. Thus, they pose a global threat,
regardless of where on Earth’s surface they
are emitted. Emissions of ozone-depleting
substances arise from their use as coolants,
fire-extinguishing chemicals, electronics
cleaning agents, and in foam blowing and other
applications. The contributions to the global
atmospheric burden of these ozone-depleting
substances vary by regions and countries. There
are large variations in the extent and timing
of ozone depletion in various regions, and
the impacts are also different. Consequently,
the impacts of ozone layer depletion can be
different in different regions of the world.



The findings from this Synthesis and
Assessment Product are summarized in three
parts. Section ES.2 of this Executive Summary
lists the findings to inform the public in
general nontechnical terms, and Section ES.3
summarizes findings for those involved in
potential policy formulation. The Executive
Summary findings are backed up by a more
technical set of findings, primarily for scientists
and secondarily for those who want to delve more
into the details. These technical findings are
listed near the beginning of Chapters 2 through
5, and in Chapter 6 on Policy Implications for
the United States. Appendix A of this Synthesis
and Assessment Product provides extensive
background material on the science regarding
the ozone layer, ozone-depleting substances,
surface ultraviolet radiation, and connections
to climate change.

ES.2 KEY FINDINGS ABOUT
THE OZONE LAYER, SURFACE
UV, OZONE-DEPLETING
SUBSTANCES, AND
CONNECTIONS TO CLIMATE
CHANGE

ES.2.1 The Ozone Layer, Ozone-
Depleting Substances, and Climate
Change: What Are the Connections?
Ozone layer changes caused by ozone-depleting
substances are intertwined with the issue of
climate change, even though the two issues have
been distinct in most policy formulations.

Over the course of the past 20 years, the close
connections between stratospheric ozone
depletion and climate change issues have
become clearer (Figure ES.2).

* Ozone-depleting substances and many
of the chemicals being used to replace
them are potent greenhouse gases that
influence the Earth’s climate by trapping
terrestrial infrared (heat) radiation that
would otherwise escape to space.

* Ozone is itself a greenhouse gas. The
stratospheric ozone layer heats the
stratosphere and, indirectly, the lower
atmosphere (troposphere). Thus,
stratospheric ozone is a key component
that affects climate. Depletion of the ozone
layer has a cooling effect on climate,

Trends in Emissions of Ozone-Depleting Substances, Ozone
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though large uncertainties exist regarding
this effect, which is a combination of
multiple contributing factors.

» The recovery of the ozone layer is
influenced not only by the decreases
in ozone-depleting substances required
by the Montreal Protocol, but also by
changes to climate and Earth’s atmospheric
composition.

Ozone-depleting substances are continuing to
make a significant contribution to global climate
change, but in the future ODSs are expected to
make a smaller and smaller contribution. The
direct ODS contribution to global climate
change between 1750 (pre-industrial times)
and 2005, as measured by a quantity called
radiative forcing that is a metric for the ability
to force climate change, is approximately 20%
of that from carbon dioxide (CO,), the largest
human-caused contributor to global radiative
forcing (Figure ES.3). The combined radiative
forcing from ODSs and substitutes including
hydrofluorocarbons (HFCs) is still increasing,
but at a much slower rate than in the 1980s. The
total contribution of human-produced ODSs
and substitutes in 2005 was about 15% of the
contribution from the major greenhouse gases
(CO,, methane [CH,], nitrous oxide [N,0]).
The ODS contribution is expected to decline in
coming decades as ODS emissions decline and
CO, emissions continue to rise.

The recovery of
the ozone layer is
influenced not only
by the decreases

in ozone-depleting
substances required
by the Montreal
Protocol, but

also by changes

to climate and
Earth’s atmospheric

composition.

Figure ES.2 Simplified schematic of some of the processes that intercon-
nect the issues of ozone layer depletion and climate change (adapted from

Chapter 4 of this Report).
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Figure ES.3 Radiative forcing values for the principal contributions
to climate change from atmospheric gas changes since preindustrial
times, including halogen-containing gases such as ODSs, and the
cooling caused by depletion of stratospheric ozone. These climate
influences are expressed as radiative forcings, a metric for the ability
to force climate change (adapted from IPCC, 2007).

Total global
production and
consumption of
ozone-depleting
substances (ODSs)
have declined
substantially since
the late 1980s in
response to the
Montreal Protocol.
Hence, the total
amount of ODSs in
the atmosphere is
now decreasing both
in the troposphere
and stratosphere.

Depletion of stratospheric ozone since about
1980 is estimated to have caused a slight
negative (cooling) radiative forcing of climate
(approximately —0.05 Watts per meter squared
[W per m?] with a range of —0.15 to +0.05 W per
m?) (Figure ES.3). While this forcing is likely to
be a cooling term (i.e., in the opposite direction
to climate forcing by the ODSs that caused the
depletion) it has large uncertainties. Globally
averaged, it may even represent a warming
within the error bars, or it could offset a large
portion (up to 44%) of the ODS warming,
while the current best estimate is an offset of
approximately 15%. This estimate is based on
observed ozone changes and assumes that they
are due entirely to ODSs. Recent research has
shown that ozone cooling and ODS warming
often occur in different places and times,
making it less appropriate to consider the two
terms as offsetting one another than previously
thought.

Climate change will lead to either increases
or decreases in 0zone abundances depending
on the location in the atmosphere and the
magnitude of climate change. While the

Executive Summary

surface temperature has increased, observed
stratospheric temperature decreased starting
in the 1960s and it is expected to continue
to decrease. The global average trend is
attributed mainly to ozone depletion, increased
CO,, and changes in water vapor. Dynamical
changes are also likely to be important for local
temperature changes, but are not significant
for global mean stratospheric temperature
trends. Stratospheric temperatures influence
0zone amounts through chemical and transport
processes. Stratospheric water vapor influences
stratospheric ozone through chemistry,
formation of polar stratospheric clouds, and
changes in temperature.

ES.2.2 Ozone-Depleting Substances:
Past, Present, and Future

The Montreal Protocol has been effective in
reducing the use of ozone-depleting substances.
Assuming continued compliance with the
Protocol, the atmospheric abundance of ODSs
is expected to decline back to its pre-1980 level
by the middle of this century.

Total global production and consumption of
ODSs have declined substantially since the late
1980s in response to the Montreal Protocol.
By 2005, the annual aggregated production
and consumption magnitudes of the ODSs,
after accounting for their differences in ozone
depletion capabilities, had declined 95 percent
from peak amounts produced and consumed in
the late 1980s.

In response to these global production and
consumption changes, global ODS emissions
have declined. Hence, the total amount of
ODSs in the atmosphere, as measured by their
combined ability to deplete the ozone layer, is
now decreasing both in the troposphere and
stratosphere.

In this Report, future halocarbon emissions
are derived using a new bottom-up approach
for estimating emissions from the sizes of the
banks (ODSs produced but not yet released).
The new method gives future CFC emissions
that are higher than previously estimated in
WMO (2003). There are still some uncertainties
in the future abundances of ODSs.



The effective sum of chlorine and bromine in
the stratosphere, with bromine weighted by its
larger per-atom efficiency in depleting ozone, is
estimated to recover to the 1980 value between
2040 and 2050 in the midlatitudes (Figure
ES.4) and between 2060 and 2070 in the polar
regions.

ES.2.3 Ozone in the Stratosphere:
Past, Present, and Future

Total global ozone, as well as seasonal
springtime ozone in both southern and northern
polar regions, exhibited declines since the
early 1980s, but recent observations show
that ozone depletion is not worsening and in
some atmospheric regions is showing signs
that recovery has started. Ozone in the future
is projected to recover as the atmospheric
amounts of ODSs decline over the next few
decades (with recovery above midlatitudes and
the Arctic preceding Antarctic recovery). With
continued adherence to the Montreal Protocol,
ozone-depleting substances identified in the
Protocol should have a negligible effect on
ozone in all regions beyond 2070.

Total global ozone declined by roughly 5
percent since the early 1980s but has remained
relatively constant over the last four years
(2002 to 2006). Northern midlatitude ozone
reached a minimum in 1993, and has increased
somewhat since then. The 1993 minimum
largely resulted from the increase of particles
in the stratosphere caused by the eruption of
Mt. Pinatubo. Southern midlatitude ozone
decreased until the late 1990s, and has been
constant since. There are no significant total
ozone trends over the tropics.

Ozone depletion in the upper stratosphere, where
the influence of chlorine is easiest to detect, has
slowed and has closely followed the trends in
the sum of total chlorine. Although bromine
plays a lesser role than chlorine in controlling
ozone in the upper stratosphere, it too shows
signs of leveling off in the stratosphere (see
Section 2.4.2).

Antarctic ozone depletion can be measured
in different ways, such as the total amount of
ozone lost (called mass deficit), the minimum
values of ozone observed, and the geographical
area of the ozone hole. Over the last decade
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Figure ES.4 Estimates (presented in parts per trillion, [ppt]) of the effective sum
of ozone-depleting chlorine and bromine in the stratosphere (called Equivalent
Effective Stratospheric Chlorine, [EESC]), a metric that accounts for the differ-
ences in ozone depletion capabilities of chlorine and bromine. Estimates in the
past are based upon observations, and estimates in the future are based upon a
baseline scenario and three comparative test cases. The horizontal line represents
the 1980 (“pre-ozone-depletion”) level of EESC (adapted from WMO, 2007).

(1995 to 2006), the Antarctic ozone depletion by
all these measures has not worsened. The 0zone
hole area and ozone mass deficit were observed
to be below average in some recent winter years
while higher minimum column amounts have
also been recorded. This variability results
from the strong influence of meteorological
variability on ozone amounts, and not from any
changes in the amounts of chlorine and bromine
available for ozone depletion. Declines in the
amounts of chlorine and bromine available for
ozone depletion are likely quite small in this
region.

Acrctic spring total ozone values over the last
decade were lower than values observed in
the 1980s. In addition, spring Arctic ozone is
highly variable depending on meteorological
conditions. For current halogen levels, human-
caused chemical loss and variability in ozone
transport are about equally important for
year-to-year Arctic ozone variability. Colder-
than-average vortex conditions result in larger
halogen-driven chemical ozone losses.

If volcanic eruptions that inject material into
the stratosphere were to occur in the coming

Recent observations
show that ozone
depletion is not
worsening and in
some atmospheric
regions is showing
signs that recovery

has started.
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Figure ES.5 Global ozone recovery predictions (derived
from Fahey, 2007).

The Montreal
Protocol and its
Amendments have
prevented large
increases in global
surface ultraviolet

radiation.

20

decades, they are expected to cause major
temperature and circulation changes in the
stratosphere as have occurred after past
eruptions. The changes are caused by the
large increases in fine particles formed from
sulfur dioxide injected into the stratosphere
following such eruptions. The increases result
in a transient shift in stratospheric ozone levels
and climate because natural processes gradually
remove the additional sulfate particles after the
eruption.

Assuming an absence of volcanic injections
into the stratosphere, and based on the projected
changes in ozone-depleting substances and
changes in the major climate-relevant trace
gases, modeling calculations predict the
following for the future of the ozone layer
(Figure ES.5).

»  The ozone content between 60°N and 60°S,
between now and 2020, will increase in
response to decreases in halogen loading.

* Global ozone is expected to return to its
1980 value up to 15 years earlier than
the halogen recovery date because of
stratospheric cooling and changes in

Executive Summary

circulation associated with greenhouse
gas emissions.

e Global ozone abundances (from 60°N to
60°S) are expected to be 2 percent above
the 1980 values by 2100 for the assumed
scenario for greenhouse gases noted in this
report. Values at midlatitudes could be as
much as 5 percent higher.

The minimum ozone value for Antarctic ozone
is projected to start increasing after 2010 in
several model calculations, while another
measure of ozone depletion (the ozone mass
deficit, the total amount lost in a season) begins
decreasing around 2005 in most models.

*  Model simulations show that the ozone
amount in the Antarctic will reach the 1980
values 10 to 20 years earlier than the 2060
to 2070 time frame of when the ODSs reach
their 1980 levels in polar regions.

» Ozone in the Arctic region is expected to
increase as ODSs decline in the atmosphere.
Because of large interannual variability,
the simulated results do not show a smooth
monatonic recovery of Arctic ozone. The
dates of the minimum ozone from different
models occur between 1997 and 2015.

» Most climate chemistry models show
Arctic ozone values by 2050 larger than
the 1980 values, with the recovery date
between 2020 and 2040.

The above projections are based on currently
available models. As our scientific understanding
and modeling capabilities continue to evolve,
our best predictions of the timing and extent of
ozone layer recovery will also evolve.

ES.2.4 Surface Ultraviolet Radiation:
Past, Present, and Future

The Montreal Protocol and its Amendments
have prevented large increases in global
surface UVB radiation. As the stratospheric
ozone layer recovers over the next few decades,
factors such as changes in clouds, atmospheric
fine particles, and air quality in the lower
atmosphere will be the dominant factors
influencing future UV changes.

Surface UVB changes resulting from ozone
depletion over Antarctica in early austral spring
have been very large. Changes in the surface



UVB due to ozone depletion in most other
locations of the world have not been clearly
discernable, because the effects have been much
smaller compared with changes due to other
factors. For example, trends in UV exposure
changes at ground level in the midlatitude
United States attributable to ozone changes
are difficult to discern from ground-based
observations, since the observations are also
dependent on changes in clouds and pollution
from suspended fine particles in the air. What
is clear is that in the absence of the Montreal
Protocol, ozone depletion would have caused
increases in surface UV by 2010 over most of
the world, to such an extent that other factors
(e.g., clouds, atmospheric fine particles, air
quality) would have been of relatively minor
importance.

Possible future UV trends at the surface are
likely to be influenced more by changes in
clouds, atmospheric fine particles, and lower
atmosphere air quality than by ozone layer
depletion.

ES.3 IMPLICATIONS FOR THE
UNITED STATES: IMPACTS,
ACCOUNTABILITY, AND
POTENTIAL MANAGEMENT
OPTIONS

It is not possible to make a simple connection
between emissions of ozone-depleting
substances from the United States and the
depletion of ozone above the country. This
is because ODSs persist long enough in the
atmosphere to be quite well mixed in the global
lower atmosphere, before transport to the
stratosphere occurs. Thus, ODSs pose a global
threat, regardless of where on Earth’s surface
they are emitted. However, the depletion of
stratospheric ozone over the various regions
of the United States, and the contribution of
emissions from the United States to the global
burden of ozone-depleting substances, can be
quantified.

Impacts: Changes in Ozone and
Surface Ultraviolet Radiation

over the United States

Ozone depletion above the continental United
States (i.e., the midlatitudes) has essentially
followed the depletion occurring over the
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northern midlatitude regions: a decrease to a
minimum around the mid-1990s and a slight
increase since that time. The minimum total
column ozone amounts over the continental
United States, reached in 1993, were about 5
to 8 percent below the amounts present prior
to 1980. The ozone increase since 1993 has
diminished the ozone deficit to about 2 to 5
percent below the pre-1980 amounts. These
midlatitude ozone changes are estimated to
contain a significant contribution from the
ozone depletion that occurs in the Arctic during
springtime.

Ozone over Northern high latitudes, such as over
northern Alaska, is most influenced by Arctic
springtime total ozone values, which in recent
years have been lower than those observed in
the 1980s. The springtime ozone depletions are
highly variable from year to year.

Calculations based on satellite observations of
column ozone and surface reflectivity suggest
that the averaged erythemal irradiance (which
is a weighted combination of UVA and UVB
based on skin sensitivity) over the United States
had increased roughly by about 7 percent at the
time when the 0zone minimum was reached in
1993 and is now about 4 percent higher than
in 1979. Direct surface-based observations do
not show significant trends in UV levels over
the United States over the past three decades
because effects of clouds and atmospheric fine
particles have likely masked the increase in UV
due to ozone depletion over this region.

Accountability: United States
Contributions to Ozone-

Depleting Substances

The contributions of the United States to the
emission of ODSs to date have been significant.
For example, in terms of dispersive uses of
ODSs regulated and restricted by the Montreal
Protocol, emissions from the United States
accounted for between 15 and 39 percent of
the overall atmospheric abundance of ODSs
measured between 1994 and 2004. The United
States has also contributed significantly to
emission reductions of ODSs, thereby helping
efforts to achieve the expected recovery of
the ozone layer and prevent large surface UV
changes.

Emissions from

the United States
accounted for
between 15 and
39% of the overall
atmospheric
abundance of ODSs
measured between
1994 and 2004. The
United States has
also contributed
significantly to
emission reductions
of ODSs, thereby
helping efforts to
achieve the expected
recovery of the

ozone layer.
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Without the
Montreal Protocol
regulations, the levels
of ODSs around 2010
likely would have
been more than 50%
larger than currently
predicted. The
increases in ODSs
would have caused

a corresponding
substantially

greater global

ozone depletion.
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Future Options

United States emissions of ODSs in the future,
like those from other developed nations, will be
determined largely by the size of ODS “banks,”
i.e., those ODSs that are already produced
but not yet released to the atmosphere. While
global ODS banks are estimated to have been
2960 ODP-kilotons (Kt) in 2005, ODS banks
in the United States then were 830 ODP-Kt.
Of this U.S. bank, approximately 210 ODP-
Kt has been classified as accessible by the
U.S. Environmental Protection Agency. The
expected future declining emissions of ODSs
from the United States and throughout the globe
will also aid in reducing the climate forcing from
these substances. While global banks amounted
to between 5 and 24 Gt CO,-equivalents, the
accessible bank of hydrochlorofluorocarbons
(HCFCs) in the United States, for example,
amounted to between 0.9 and 1.1 Gt CO,-
equivalents.

While the Montreal Protocol has had a large
beneficial effect on current and projected
ozone depletion, options remain for the United
States, and other countries as well, to reduce
ozone depletion arising from ozone-depleting
substances over the coming decades. The
greatest reduction possible would be obtained
from the hypothetical cessation of all future
emissions of ozone-depleting substances
(including emissions from banks and future

Executive Summary

production). If such a cessation had been
implemented globally in 2007, the anticipated
return of the ozone-depleting substances to
their 1980 level would be advanced by about
15 years.

Methyl bromide is a potent ODS that has
significant quarantine and pre-shipment (QPS)
uses that are not restricted by the Montreal
Protocol, and Critical Use Exemptions (CUEs)
that are currently large compared to restricted
uses. The importance of human-emitted
methyl bromide to future ozone depletion will
depend on the future magnitude of emissions
from these unrestricted uses and from CUEs.
Reducing these emissions would benefit the
ozone layer.

The World Avoided

Without the Montreal Protocol regulations, the
levels of ODSs around 2010 likely would have
been more than 50 percent larger than currently
predicted (Figure ES.1). The abundances in
the remaining twenty-first century would have
depended on the specific actions taken by
humankind. The increases in ODSs would have
caused a corresponding substantially greater
global ozone depletion. The Antarctic ozone
hole would have persisted longer and may have
been even larger than what has been observed
to date.
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Ozone (O3) is the triatomic form of oxygen. It is a key atmospheric trace gas that is present
everywhere in the atmosphere and is most abundant in the stratosphere. The abundance of
ozone in the stratosphere is largest in the region that is roughly between |5 and 35 kilometers
(km) height above the Earth’s surface, which is referred to as the stratospheric ozone layer. This
stratospheric ozone layer (Box I.1) plays many important roles in the Earth system:

* It protects the lower part of the atmosphere (the troposphere) and the Earth’s surface
from damaging, or “harsh” ultraviolet' (UV) radiation from the sun;

* ltinfluences the chemical composition of the lower atmosphere by altering the amount and
type (wavelength distribution) of solar radiation passing through it;

* It changes the temperature structure of the stratosphere and thus influences atmospheric
transport and mixing; and

* It contributes ozone to the upper troposphere, where ozone is an important greenhouse
gas.

Because of many of the above contributions, ozone in the stratosphere and its changes also
play a significant role in the Earth’s climate system; changes in the ozone layer are influenced
by climate change and also contribute to climate change. Appendix A of this Product contains
background information and answers to some of the most frequently asked questions about
the stratospheric ozone layer (Fahey, 2007).

The focus of this Product is on key issues related to: (1) the stratospheric ozone layer, including
its changes in the past, its current abundances, and expected levels in the future; (2) emissions of
ozone-depleting substances (ODSs) and their influences on the ozone layer and climate; and (3)
the changes in the ground-level UV radiation associated with stratospheric ozone changes.

' ‘Harsh’ UV radiation indicates the higher energy portion of the UV spectrum.

Trends in Emissions of Ozone-Depleting Substances, Ozone
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The potential for
human-produced
chemicals, such as
chlorofluorocarbons
(CFCs), to deplete
the stratospheric
ozone layer has
received a great deal
of attention since
the early 1970s.
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The nations of the
world agreed to
protect the ozone
layer through

the 1985 Vienna
Convention.That
same year the ozone
hole in Antarctica

was discovered.

The chemical processes that lead to the forma-
tion of ozone, as well as those that remove or
destroy it, are distinctly different in the strato-
sphere from those in the troposphere (Box 1.2).
The ever-present balance in the stratosphere
between production, removal, and transport
determines the abundance of ozone in any given
part of the ozone layer. The majority of the
removal processes in the stratosphere involve
catalytic cycles in which ozone-destroying
chemicals are re-formed after destroying ozone.
This catalytic capability is a key reason why
very small amounts of ozone-destroying chemi-
cals introduced into the atmosphere can vastly
influence the ozone layer (Box 1.2).

The potential for human-produced chemicals,
such as chlorofluorocarbons (CFCs), to deplete
the stratospheric ozone layer has received a
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great deal of attention since the early 1970s.
The depletion by chlorine released from CFCs
in the stratosphere was expected to be catalytic
in nature, meaning that small amounts of CFCs
could destroy vast amounts of ozone. The ozone
depletion was predicted to lead to changes in
UV radiation at the Earth’s surface, with poten-
tially major environmental consequences. The
anticipated effects of increased UV radiation
included: increased incidence of skin cancer
and cataracts in humans; detrimental effects
on ecosystems including the aquatic system;
and harmful effects on materials, such as rub-
ber and plastics. These potential effects were
debated and the nations of the world agreed
to protect the ozone layer through the 1985
Vienna Convention. Then the ozone hole in
Antarctica was discovered in 1985. Investiga-
tion of the causes of this annually recurring

BOX I.I: The Stratospheric Ozone Layer and Its Role in the Atmosphere

About 90% of the atmospheric ozone resides in
the stratosphere, in a region between roughly
I5 and 35 km above the Earth’s surface, as
indicated by the red line in Box Figure I.1.
This region is referred to as the stratospheric
ozone layer. The remainder of the atmospheric
ozone resides in the troposphere, the lower
layer of the atmosphere. Stratospheric ozone
is formed and destroyed by chemical reactions,
as shown in Box |.2. Of particular note are the
need for higher-energy UV radiation for the
formation of ozone and the catalytic nature
of the ozone removal processes. The ozone
layer in turn shields the lower part of the
atmosphere and the surface from damaging
UV radiation because ozone itself absorbs UV
radiation. Depletion of the ozone layer allows
more UVB radiation (wavelength 280 to 315
nanometers) to reach the Earth’s surface.
This radiation is harmful to humans and many
other biological systems and causes damage to
materials. The ozone in the lower atmosphere,
the troposphere, is formed by methods
different from those in the stratosphere, as
shown in Box 1.2. Further, the contribution of this lower atmospheric ozone to the total in the atmosphere is
small, of the order of a few percent in the Southern Hemisphere to about 10% in the Northern Hemisphere. The
ozone in the lower atmosphere is harmful because, in direct contact, ozone is toxic to biological systems and can
deteriorate many materials. It can cause respiratory and other health problems for humans. In addition, ozone
and its changes in both the stratosphere and the lower atmosphere are important greenhouse gases and thus
their changes influence climate. See Appendix A of this Synthesis and Assessment Product for further background
information about ozone.

Box Figure I.1 This figure shows the distribution of ozone in the
atmosphere (adapted from Fahey, 2007; see Appendix A of this Report).
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polar springtime ozone depletion indicated
that CFCs and other ozone-depleting chemicals
were involved in additional catalytic ozone
destruction pathways unique to the extremely
cold polar stratosphere. It was also discovered
that small particles containing water and nitric
and/or sulfuric acid that are found in polar
stratospheric clouds (PSCs) play a crucial role
in these processes by converting chemically
less reactive halogen-containing chemicals
into more reactive chemicals, which are more
effective in ozone depletion, and involved some
catalytic cycles unique to this region.

The Montreal Protocol, a sequel to the Vienna
Convention, was agreed to in 1987 in the set-
ting of the scientific knowledge at that time.
First, the agreements of the Protocol were to
reduce CFC emissions by replacing CFCs with
less harmful substances, if
possible, that could be used
in existing devices for most
applications. A few applica-
tions utilized not-in-kind (al-
ternative) processes that did
not require ozone-depleting
chemicals. Many of the re-
placement chemicals, such
as hydrochlorofluorocar-
bons (HCFCs), still contained
chlorine but overall were less
harmful to the stratospheric
ozone layer than CFCs. Even-
tually, even the chlorine-con-
taining substitutes were to be
replaced by non-chlorine or
bromine containing replace-
ments such as hydrofluoro-
carbons (HFCs).

Ozone-
Depleting
Substances

Over the past three decades
of ozone-layer research, it has
become clearer that ODSs, as
well as many of the CFC-sub-
stitutes introduced to comply
with the Montreal Protocol,
are also potent greenhouse
gases. Ozone depletion and
climate change are distinct
issues but are inextricably
linked because ozone itself
is a greenhouse gas and many
of the ozone-depleting gases

Figure 1.1
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are potent greenhouse gases. To add to the
complexity, changes in the major greenhouse
gases such as carbon dioxide (CO,), methane
(CHy), and nitrous oxide (N,O) also influence
ozone depletion. Increases in CO, lead to a
cooling of the stratosphere, which increases
ozone in the upper stratosphere in non-polar
regions, but decreases ozone in the polar lower
stratosphere. The influence of CH, and N,O
on the stratospheric ozone layer is dominated
by their chemical interactions. Figure 1.1 cap-
tures this influence in a schematic form. An
assessment of the climate effects of ODSs must
consider both of their roles: as chemicals that
deplete ozone, and as greenhouse gases that
alter climate.
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Because many ozone-
depleting substances
have lifetimes of
many years in

the atmosphere,

the depletion of
stratospheric ozone
is a global problem.
The observed ozone
depletion above a
given region will not
be directly related
to the emissions

from that region.

Atmospheric
Composition
Changes

The two faces of ozone-depleting substances: their roles as depleting agents of
stratospheric ozone, and as greenhouse gases that influence climate. The two roles are further
interconnected because ozone itself is a greenhouse gas and because climate change can lead to
changes in the ozone layer. The various connections between these two phenomena are shown. A
plot of the changes in the observed global ozone illustrates the stratospheric ozone depletion issue.
The radiative forcing due to various greenhouse gases, including ODSs, depicts the greenhouse
gas issue and stratospheric ozone changes.
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The issues of this
Synthesis and
Assessment Product
are addressed within
the context of the
United States in
order to distill a
regional assessment
from current global
assessments.

26

Since 1987, there have been many amendments
and adjustments to the Montreal Protocol to ac-
celerate efforts to curtail the emissions of ODSs.
These actions have come about in response to
our evolving knowledge of the ozone layer
and its changes, and have led to a reduction in
the emissions and, subsequently, in the atmo-
spheric abundances of most ozone-depleting
substances. Thus, the projected extremely high
atmospheric abundances of ODSs and the as-
sociated larger-scale stratospheric ozone deple-
tions were prevented from occurring. However,
many key questions remain:

»  Arethe emission controls working as antic-
ipated, i.e., are the atmospheric abundances
of ODSs declining as expected?

* Is the ozone layer recovering due to
decreases in emissions of ODSs as pre-
dicted?

*  Are the changes in UV occurring as ex-
pected with changes in 0zone?

*  What are the influences of other Earth
system changes, e.g., climate and atmo-
spheric composition, on the ozone layer
and its recovery from the ODS-induced
depletion?

*  What are the influences of ODSs, and their
substitutes, on other aspects of the Earth
system, especially climate?

The extent of the ozone layer depletion for a giv-
en emission differs depending on the location
(e.g., latitude) and time (e.g., season). Because
many ODSs have lifetimes of many years in
the atmosphere, the depletion of stratospheric
ozone is a global problem, and emissions of
ODSs anywhere on the globe contribute to the
ozone layer depletion. Therefore, the observed
ozone depletion in a given region will not be di-
rectly related to the emissions from that region.
Yet, it is appropriate to ask: what is the contribu-
tion of one nation, or region, to the depletion of
the global ozone layer? And, how do the ODSs
influence stratospheric ozone, and hence UV,
in a specific region or over a specific nation? Of
course, it may not be feasible to answer these
questions completely at the present time, given
our current (and evolving) state of knowledge.

Chapter |

This Synthesis and Assessment Product (SAP)
of the Climate Change Science Program
(CCSP), SAP 2.4, addresses key issues related
to the stratospheric ozone layer, including its
changes in the past and its expected evolution in
the future. Also, it takes account of the current
abundances and emissions of ozone-depleting
substances. Further, it synthesizes the best
available information on the past and future
levels of UV radiation at the Earth’s surface.
Lastly, it explores the interactions between cli-
mate change and stratospheric 0zone changes as
well as the ODS changes, and briefly recounts
the influence of stratospheric ozone changes
on climate change. All of these topics are car-
ried out within the context of the United States
in order to distill a regional assessment from
current global assessments. More specifically,
this document:

e Summarizes current quantitative informa-
tion on sources (i.e., emissions), sinks (i.e.,
the removal pathways and their speed),
and abundances of ozone-depleting sub-
stances as well as associated uncertainties;
describes how the combined influence of
chlorinated and brominated ODSs in the
stratosphere can be quantified, and how all
these are likely to change in the future.

» Discusses levels of ozone in various re-
gions of the stratosphere, including the
polar regions, paying special attention to
the Antarctic ozone hole.

»  Provides information on the past, current,
and anticipated future levels of ultraviolet
radiation.

» Provides an assessment of the impact of
changes in both climate and atmospheric
composition on the future of the ozone
layer.

» Provides a brief assessment of the contri-
bution of ozone-depleting substances on
forcing of climate because these chemicals
are also greenhouse gases.

«  Describes how these findings relate to hu-
man activities, with a particular emphasis
on the United States. Special emphasis has
been placed on quantifying the contribu-
tions of the United States to the global
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BOX 1.2: A Simplified Representation of the Production and Removal of Ozone in the

Atmosphere - the Processes that Determine the Abundance of Ozone

Oxygen molecules (O,) are broken apart by the harsh UV radiation in the stratosphere to produce atomic oxygen,
which reacts further with oxygen molecules to make ozone (Os). The ozone in the stratosphere is removed
predominantly via catalytic chemical reactions that regenerate the catalysts. The catalysts include atoms and
radicals produced in the stratosphere from the breakdown of various chemicals emitted at the Earth’s surface.
They include naturally occurring chemicals such as nitrogen oxides and hydrogen oxides, as well as human-
emitted chemicals containing chlorine and bromine atoms, such as chlorofluorocarbons (CFCs) and bromine-
containing halons that are used as fire extinguishants. These human-emitted species, referred to as ozone-

depleting substances (ODSs), are
of concern for the depletion of
the ozone layer. The destruction
pathway marked “Pathway |” in
Box Figure |.2a is predominant
outside of the springtime polar
regions, while the pathway marked
“Pathway 2” is dominant in the
springtime polar ozone depletion
including the Antarctic ozone hole.
Because of the nature of these
chemical processes, as discussed
above, a very small amount of the
catalyst (for example, chlorine
atoms from CFCs) can destroy
a large amount of stratospheric
ozone. In addition to these
chemical processes, transport
of ozone (redistribution) is key
to determining the abundance of
ozone in a given location.

In contrast to the stratosphere,
in the troposphere ozone is made
using near UV and visible radia-
tion (i.e., longer wavelength) be-
cause the higher energy, harsh UV
(shorter wavelength) is screened
out by the stratospheric ozone
layer. This tropospheric ozone pro-
duction process requires nitrogen
oxides, mostly from combustion,
and volatile organic compounds.
Unlike stratospheric ozone, tropo-
spheric ozone is removed not only
by chemical reactions but also by
other processes including contact
with the surface. The transport of
ozone from the stratosphere to
the troposphere is important as an
ozone source in certain regions.

Box Figure 1.2a Highly simplified schematic representation of the chemical
processes that lead to the production and removal of stratospheric ozone. The
catalysts include both natural and human-emitted species, including chlorine and
bromine from ozone-depleting substances. See Chapter 3 and Appendix A for
further details.

Box Figure 1.2b Schematic representations of the chemical processes that
lead to the production and removal of ozone in the troposphere. The VOCs
include methane. Other species such as hydrogen also can act as ingredients
for ozone production in place of VOCs and CO.
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amounts of ODSs. Further, given the influ-
ence that ODSs and substitute chemicals
have on climate, this Product attempts to
calculate the contributions to the relief of
climate change via reductions in the emis-
sions of ODSs and switching over to more
climate-friendly and ozone-friendly CFC
substitutes.

The primary sources of information for this
report are the World Meteorological Organiza-
tion (WMO) / United Nations Environment
Programme (UNEP) 2006 assessment on the
ozone layer Scientific Assessment of Ozone
Depletion: 2006 (WMO, 2007), and the 2005
Special Report of the Intergovernmental Panel
on Climate Change (IPCC) on Safeguarding
the Ozone Layer and the Global Climate Sys-
tem — Issues Related to Hydrofluorocarbons
and Perfluorocarbons (IPCC/TEAP, 2005)
and references therein. In addition, this report
bases some findings on a few peer-reviewed
publications of direct import to this issue that
have become available since the finalization of
the two international assessments. The report
was initiated before the release of the IPCC
Fourth Assessment Report (AR4) (IPCC, 2007).
Therefore, this report does not rely on the IPCC
AR4; however, some key pertinent issues from
the IPCC report are used in a few instances
where updated information was essential. They
are noted as such in those chapters.

Chapter |



CHAPTER IRP

Trends in Emissions of Ozone-Depleting Substances, Ozone
Layer Recovery, and Implications for Ultraviolet Radiation Exposure

Kenneth Vick, USDA

KEY FINDINGS

Measures of production, consumption, emission, and atmospheric abundances of ozone-depleting
substances (ODSs) and their substitute chemicals provide a coherent picture of how the Montreal
Protocol has brought about substantial changes in the chemical composition of the atmosphere.
All measures point to a shift away from ozone-depleting substances and toward increases in
substitute chemicals. This shift will continue to reduce stratospheric ozone depletion and has had
notable climate benefits. These different measures, some of which are independent, are discussed
separately here:

From data reported by industry for the globe and for the United States":

Owing to the Montreal Protocol, by 2005, the summed, global annual production and
consumption of ozone-depleting substances for uses regulated by this Protocol had decreased
95% from peak amounts reported during the late 1980s2. Summed U.S. production and
consumption of these substances for these regulated uses declined by 97-98% over this same
period?.

Use of substitutes for the more potent ozone-depleting gases has increased over time, but
these chemicals are much less efficient at depleting stratospheric ozone than the chemicals
they replace’.

Declines in overall U.S. consumption of ozone-depleting substances and substitute chemicals
through 2005 for uses regulated by the Montreal Protocol have been more rapid than total
global declines. When ozone-depletion influences are considered®, the fractional contribution

' Production and consumption amounts for uses of ODSs regulated by the Montreal Protocol were obtained from

United Nations Environment Programme (UNEP) compilations of data reported to them (UNEP, 2007) and, for
magnitudes of unregulated and unrestricted uses, from UNEP Technical Option committee reports (UNEP/MBTOC,
2007; UNEP/CTOC, 2007); global production data for HFCs was taken from IPCC-TEAP (2005).

2 Consumption is defined here and in the Montreal Protocol as amounts produced plus imports minus exports

of a substance or group of substances. Production is defined as amounts produced minus the sum of amounts
destroyed or used in feedstock (non-dispersive) applications. Consumption should equal production on a global
scale averaged over time. In this Key Finding, magnitudes of production and consumption have been multiplied by
weighting factors that are Ozone Depletion Potentials (see footnote #4).

3 The more potent and abundant ozone-depleting gases referred to here include chlorofluorocarbons, or CFCs,

halons, methyl chloroform, and carbon tetrachloride. Chemicals considered to be substitutes include the hy-
drochlorofluorocarbons, or HCFCs, and the hydrofluorocarbons, or HFCs.

* Weighting factors are applied to consumption, production, emission and banks of ODSs throughout this document

that approximate the ozone depletion influences and the direct or indirect climate effects of these chemicals so as
to allow consideration of them on an equivalent basis and as sums. These weighting factors account for the wide
range of influences different chemicals have on ozone and climate. In the case of ozone, the weighting factors are

Current Trends, Mixing Ratios,
and Emissions of Ozone-Depleting
Substances and Their Substitutes

Convening Lead Author: Stephen A. Montzka, NOAA

Lead Authors: John S. Daniel, NOAA; Jeff Cohen, U.S. EPA;
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of the United States to annual global consumption of ozone-depleting substances (ODSs) in
data reported to UNEP® for all regulated, dispersive uses decreased by more than half, from
a mean of 24 (£2)% in 1986-1994 to 10 (+2)%, on average, during 2001-2005. This decline is
noted despite an increase in U.S. consumption of methyl bromide (CH;Br) relative to global
consumption in recent years. When direct and indirect climate effects of these chemicals are
considered?, the contribution of the United States to total global consumption of ODSs for
regulated, dispersive uses also decreased from the late 1980s to 2005, though the precise
magnitude of this decline is sensitive to our understanding of the indirect climate forcing from
ODSs related to stratospheric ozone changes.

*  Declines in U.S. consumption for uses regulated by the Montreal Protocol have been slightly
faster than phase-out schedules for all developed countries in the adjusted and amended
Montreal Protocol for most ODSs. Consumption for methyl bromide was notably larger than
this scheduled allotment in 2005 and 2006 (by 4.3 and 4. ODP-kilotons [Kt], respectively)
because of Critical Use Exemptions (CUEs)®.

*  Global consumption of methyl bromide for all fumigation-related uses declined by a factor
of two from 1997 to 2005 despite substantial consumption in applications not regulated or
restricted by the Montreal Protocol. Nearly half (43%) of the global, industrially-derived
emissions of CH;Br during 2005 arose from QPSé consumption not restricted or limited by
the Montreal Protocol.

* U.S. consumption of CH;Br for all fumigation uses declined 40% from 1997 to 2005 despite
enhanced Critical Use Exemptions® and QPS¢ consumption since 2001. Enhanced Critical Use
Exemptions caused the annual U.S. contribution to global CH3Br consumption for regulated
and restricted uses in data reported to UNEP to increase from 23 (+4)% during 2000-2003 to
36 (£1)% during 2004-2005. In the United States during 2001-2006, the additional consumption
of methyl bromide for fumigation not restricted or limited by the Protocol (QPS use) was, on
average, 57 (£20)% of the amounts used and reported to UNEP® for regulated applications and
had increased by 13% per year, on average, during 2001-2005.

*  The mix of ozone-depleting chemicals produced throughout the globe has changed over time in
response to the Montreal Protocol. In 2005, global production weighted by Ozone Depletion
Potentials (ODPs) for relevance to ozone depletion was dominated by chlorofluorocarbons,
or CFCs, (50%), hydrochlorofluorocarbons or HCFCs (33%), and CH;Br (11%); in the United
States, ODP-weighted consumption was dominated by HCFCs (54%) and CH;Br (34%).
When weighted by overall climate influences [net Global Warming Potentials (GWPs)],
global production in 2005 was accounted for primarily by HCFCs and hydrofluorocarbons
(HFCs) in similar amounts, a somewhat lesser contribution from CFCs, and very small or
negative contributions from halons, CH3Br, and other chemicals. In the United States, direct
and net GWP-weighted consumption was dominated by HFCs and HCFCs with only small
contributions from CFCs and other ODSs. Current estimates of global HFC production have
large uncertainties owing to restrictions on reporting production magnitudes when less than
three manufacturers produce a given chemical.

*  Future emission rates from banks” will play a substantial role in determining future mixing ratios

Ozone Depletion Potentials (ODPs) with units of ODP-Tons or ODP-Kt; | ODP-Kt=I billion grams multiplied
by the ODP of a given chemical. In the case of climate, the weighting factors are 100-year direct or net Global
Warming Potentials (GWPs), where net GWPs include the radiative influence of stratospheric ozone depletion.
Units for quantities weighted by 100-year GWPs are expressed equivalently by, for example, GWP-Tons or gigatons
(Gt) CO;-equivalents. Additional descriptions of these weighting factors appear in Box 2.2 and the main chapter
text, and tables of the weighting factors used here appear in Appendix 2A.

* The United Nations Environment Programme (UNEP) compiles and publishes global and national statistics on
production and consumption of ODSs based upon data reported to them in order to monitor compliance with
the adjusted and amended Montreal Protocol (UNEP, 2007).

¢ QPS refers to quarantine and pre-shipment use of an ODS, specifically CH3;Br. Though reporting requirements
exist for this dispersive use, it is not restricted or scheduled for phase-out in the Montreal Protocol and these
use magnitudes are not included in data published by UNEP to assess compliance with the Protocol. CUEs refer
to Critical Use Exemptions for consumption of an ODS above existing Montreal Protocol allotments; they are
approved only on a case-by-case basis and are included in amounts reported to and published by UNEP.

7 Banks represent the amount of a chemical that has been produced but not yet emitted or chemically altered.
They exist either in reserve storage or in current applications. Bank magnitudes are derived from the U.S. EPA’s
Vintaging Model analysis of sales and use of ODSs and substitutes in the U.S. (U.S. EPA, 2007). Owing to a lack of
available data at this time, U.S. bank estimates presented here do not include stockpiles of halons.
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for some ODSs. Banks in the U.S. and throughout the globe in 2005 are estimated to have been
7 to 16 times larger than emissions during this year, when weighted by their potential influence
on climate or ozone depletion. CFCs accounted for the largest fraction of 2005 banks in the
United States and throughout the globe. The U.S. EPA has classified approximately one-quarter
of U.S. banks in 2005 as being accessible (210 ODP-Kt?, roughly two-thirds, i.e., approximately
140 ODP-Kt, accounted for by halons; and 1.9 (0.9-2.2) gigatons (Gt) carbon dioxide (CO,)-
equivalents, of which HCFCs account for approximately 1.0 (0.9-1.1) Gt CO,-equivalents)®.
Additional halon is likely present in stockpiles, but these amounts are not included in these
estimates of U.S. banks owing to a lack of available data at this time.

*  Emission histories derived from global ODS production and consumption data and assumed
release functions have large uncertainties but suggest strong declines in global emissions of
most ODSs other than HCFCs.

From national data quantifying applications that use ozone-depleting substances and
substitutes the U.S. EPA has derived U.S. emission histories starting in 1985. Though these
emissions estimates are recognized to have substantial uncertainties, they suggest that:

*  Total emissions of ODSs and substitutes from the United States have declined substantially
since the late 1980s. By 2005, U.S. emissions are estimated by the U.S. EPA to have declined by
81%, when emissions are weighted with factors relevant to ozone depletion. When weighted
with factors relevant to climate, annual U.S. emissions of ODSs and substitutes including HFCs
declined 74% (between 63 and 76% when indirect climate influences associated with ozone
depletion are also included) over this same period.

*  The United States accounted for a substantial fraction of global atmospheric mixing ratios of
individual ODSs and HFCs measured in 2005, though precise quantification of these contributions
is difficult owing to incomplete emission histories for most ODSs. The results suggest that U.S.
emissions accounted for between 10 and 50% of the global atmospheric abundances of most
ODSs and substitute chemicals measured in 2005, 17-42% of the tropospheric chlorine, 17-35%
of the tropospheric bromine, and 15-36% of the tropospheric Equivalent Effective Chlorine
(EECI)? arising from these chemicals in that year.

*  Changes in atmospheric chlorine and bromine inferred from U.S. emissions estimates of
chemicals regulated by the Montreal Protocol have less uncertainty than absolute amounts. The
data suggest that atmospheric chlorine from U.S. emissions has declined steadily since 1995,
but atmospheric bromine from U.S. emissions in 2005 was similar to 1998 levels primarily as a
result of recent increases in exempted critical uses® and for QPS¢ uses of CH;Br.

*  Atmospheric changes derived from U.S. emissions of chlorinated and brominated ODSs indicate
a decline in total reactive halogen (EECI)’ arising from U.S. emissions through 2005, but a
substantially slower rate of decline since 2003. The slower overall decline in 2004-2005 was
because of the increases in U.S. emissions of brominated gases during these years (primarily
CH;Br).

e The direct climate influence (as direct radiative forcing)'® arising from the atmospheric
abundances of ozone-depleting substances and substitute chemicals attributable to U.S.

8 Accessible banks are amounts of ODSs in use in fire extinguishers, refrigeration, and air conditioning sectors (not
foams). While the accessible bank magnitude given was derived with direct GWP weighting, the ranges of bank
magnitudes given in parentheses were derived with net GWPs, i.e., where consideration of the indirect, ozone
depletion influences of ODSs are included (see Box 2.2 for more details).

° Equivalent Effective Chlorine, or EECI, is an index to approximately quantify the overall effect of ODSs on
stratospheric ozone. It is calculated from surface measurements of ozone-depleting substances and accounts
for the ODSs having different numbers of chlorine and bromine atoms, for the enhanced efficiency by which
bromine atoms destroy ozone relative to chlorine, and the different rates at which ozone-depleting substances
decompose in the stratosphere and liberate chemical forms of chlorine and bromine that can participate directly
in stratospheric ozone-depleting reactions. Equivalent Effective Stratospheric Chlorine (EESC) is a related index,
except that time lags associated with transporting air from the troposphere to the stratosphere are considered.
These indices are described additionally in the text and in Box 2.7.

'® Direct radiative forcing is an estimate of the direct climate influence of a chemical and is expressed as energy per
area (Watts per m?). It is calculated with knowledge of how a chemical absorbs infrared light in certain wavelength
regions (its radiative efficiency) and is directly proportional to its atmospheric abundance for the less abundant
greenhouse gases. Direct forcings do not include indirect radiative effects associated with feedbacks, such as
those related to ozone depletion. Net forcings discussed in this chapter include the indirect forcings related to
stratospheric ozone depletion (see Box 2.2 for further details).
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emissions is estimated as having been between 0.067 and 0.16 W per m? in 2005. This U.S.
contribution amounted to between 19 and 49% of the total global direct climate influence
of these chemicals of 0.34 W per m2. When indirect climate influences of ODSs related to
stratospheric ozone depletion are considered, the U.S.-attributed forcing is between 0.04
and 0.18 W per mZ2.

Direct observations of the atmosphere provide an independent assessment of the Montreal
Protocol’s success in reducing atmospheric abundances of ODSs and ozone-depleting
chlorine and bromine. These observations show that:

The global atmospheric abundances of all ODSs are responding to changes in global production
and consumption magnitudes. Atmospheric mixing ratios of the most abundant CFCs, the
most abundant chlorinated solvents, and CH3Br are now decreasing. Increases are still
observed for halon-1301, HCFCs, and HFCs. Methyl bromide mixing ratios have declined
each year since global production was first reduced (1999), despite increases in Critical Use
Exemptions recently, continued use in QPS¢ applications, and substantial natural sources
over which humans do not exert direct control.

Global emissions magnitudes derived from global atmospheric data exhibit substantial
declines since the 1980s, and provide independent confirmation of the large changes in global
production and consumption as shown by UNEP® in data reported to them. By 2005, global
emissions had declined 77-82% compared to peak years, considering either the climate or
ozone-depletion influences of ODSs and substitute chemicals.

Tropospheric chlorine contained in all regulated ODSs and substitute chemicals has decreased
since the early 1990s. Furthermore, measures of stratospheric chlorine show changes
consistent with those observed in the troposphere. Stratospheric measurements also confirm
that approximately 80% of stratospheric chlorine, which catalyzes ozone destruction, is from
ODSs regulated by the Montreal Protocol. The remaining 20% is accounted for primarily
by methyl chloride (CH;CI), though a small contribution (~2%) is from very short-lived
chemicals.

Tropospheric bromine from ODSs regulated by the Montreal Protocol has declined slowly
since 1998. This decline has been dominated by tropospheric changes observed for CH;Br.
Measures of stratospheric bromine show changes consistent with those observed in the
troposphere, though a decline in stratospheric bromine is not yet discernable. These
stratospheric measurements indicate that approximately 50% of stratospheric bromine is
from industrially produced halons and CHsBr. The remainder is from naturally produced
CH;3Br and from very short-lived chemicals produced primarily naturally.

Observed changes in global atmospheric levels of ODSs containing chlorine and bromine
demonstrate a substantial decline in the ozone-depleting halogen content of the atmosphere.
The decrease since 1994 in the tropospheric halogen burden (EECI)’ accounted for by the
long-lived ODSs considered here has been 20% of what would be needed to return EECI
values to those in 1980 (i.e., before substantial ozone depletion was observed). The decline
in the shorter-lived gases methyl chloroform (CH;CCl;) and CH3;Br have contributed most
to the observed decline. Decreases in stratospheric, ozone-depleting halogen (as Equivalent
Effective Stratospheric Chlorine [EESC]) have been smaller because of the time delay
associated with mixing tropospheric air into the stratosphere.

The combined direct radiative forcing from ODSs and substitutes including HFCs is still
increasing, but at a slower rate than in the 1980s. This trend arises primarily from slow declines
in atmospheric abundances of CFCs and continued increases in abundances of HCFCs and
HFCs. The total direct contribution of ODSs and substitutes was 0.34 W per m? in 2005
(it is 0.18-0.38 W per m? if the indirect ozone depletion forcing is included), compared to a
contribution from CO,, methane (CHy,), and nitrous oxide (N,O) of 2.3 W per m?.
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In an effort to heal the stratospheric ozone
layer, schedules for the global phase-out of
manmade ozone-depleting substances (ODSs)
were set by the 1987 Montreal Protocol on
Substances that Deplete the Ozone Layer and
its Amendments and Adjustments. This chapter

reviews the changes that have resulted from this
international Protocol by assessing reported
levels of ODS production and consumption, by
deriving emissions with techniques independent
of production and consumption estimates, by
reporting on how these changes have influenced
the atmospheric abundance of ODSs and
chemicals used as substitutes, and by assessing

To facilitate a rapid phase-out of ODSs, the Montreal Protocol allowed the use of hydrochlorofluorocarbons
(HCFC:s) as interim substitutes for chlorofluorocarbons (CFCs). Temporary use of HCFCs was allowed because,
even though HCFCs contain chlorine and are ODSs, they are much less efficient at causing stratospheric ozone
depletion than the ODSs they replaced, and, therefore, have been considered as in-kind replacements to transition
to a non-CFC world. Elimination of ODSs (including HCFCs) in nearly all applications is anticipated as the phase-out
schedules run their course. Most uses of ODSs have been replaced with the non-ozone-depleting, non-chlorine-,
and non-bromine-containing hydrofluorocarbons (HFCs) and other so-called “not-in-kind” alternatives (e.g., non-
solvent-based cleaning processes, and hydrocarbon-based refrigerants). These changes have had a measurable
influence on the global atmospheric abundance of these gases, with the result that the overall abundance of chlorine
and bromine reaching the stratosphere has declined in recent years.

Therefore, the key issues, in the form of questions, that are related to ozone-depleting substances in the atmosphere

and that are covered in this chapter, include:

*  Whatis our best information on global production, consumption, and emissions of ozone-depleting substances,
primarily CFCs and HCFCs, and HFCs, that are chlorine- and bromine-free, non-ozone-depleting, and longer-
term replacements for CFCs and HCFCs? What are the associated uncertainties in these quantities?

*  How can the combined influence of chlorinated and brominated ODSs in the stratosphere be quantified, and
how is it likely to change in the future?

*  What fraction of the produced ODSs is still sequestered and could be potentially released at a later date? (i.e.,
what are the extents of the so-called “banks”?)

*  What do the observations of ODS atmospheric abundances show about the levels of total atmospheric chlorine,
bromine, and equivalent chlorine from these long-lived gases? In other words, are the atmospheric abundances
actually responding as anticipated to restrictions set forth in the Montreal Protocol?

ODSs and halogenated chemicals used as substitutes have a second important property; they are efficient
greenhouse gases (GHGs). As a result, they increase atmospheric heating and can influence climate. By requiring
substantial reductions in global emissions of ODSs, the Montreal Protocol has led to societal benefits related to
both stratospheric ozone depletion and climate change. The magnitude of this additional climate benefit has been
diminished slightly, however, by small offsetting influences such as increased HFC emissions, and possibly by resulting
stratospheric ozone increases, which may have a small warming influence. Therefore, it is important to know:

*  What are the contributions of the various ODSs, and their substitutes, to climate forcing, in the past, now,

and in the future?

Stratospheric ozone depletion is a global environmental issue. Yet, ODS emissions arise from various countries

and regions. Also, the impact of ozone depletion is felt to different extents by different regions. Therefore, it is

necessary to ask:

*  Whatare the contributions of the United States to production and emissions of ODSs and substitute chemicals
in the past?

This chapter attempts to address many of these issues to the extent possible for those that fall within the purview
of this document.
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how these atmospheric abundance changes have
altered the influence of ODSs on stratospheric
ozone depletion as well as their influence on
climate. Furthermore, because this is a national
assessment, this chapter provides estimates of
these quantities for the United States and how
they have changed over time.

This chapter is organized into six sections.
In the first (Section 2.1), changes in reported
production and consumption magnitudes of
ODSs and substitute chemicals are discussed.
These quantities provide important evidence
elucidating how the Montreal Protocol has
influenced human activities. The Protocol
was written to control production and
consumption of ODSs. Accordingly, countries
report these quantities annually to the United
Nations Environment Programme (UNEP)
so that compliance with the Protocol can be
assessed. The data are derived fundamentally
from industry’s records of production and
international trade and provide the foundation
for understanding how emissions of ODSs and
substitute chemicals could change as a result of
the Montreal Protocol. Limitations of the UNEP
data are considered here through comparisons
to AFEAS compilations (the Alternative
Fluorocarbons Environmental Acceptability
Study) (Section 2.1.2) and by considering the
magnitudes of production and consumption
for uses not regulated or restricted by the
Protocol and, therefore, not included in the
UNEP compilations (Section 2.1.3). Because
the data compiled by UNEP are published on
a country-by-country basis, a parallel analysis
of U.S. consumption and production of ODSs
and substitute chemicals is presented (Sections
2.14 and 2.1.5).

In the second section (Section 2.2), emissions
magnitudes and changes are assessed because
they provide a direct understanding of how
policy decisions are altering human influences
on the atmosphere. Global emissions are
inferred from measured changes in the chemical
composition of the remote atmosphere (the *“top-
down” method of estimation). Emissions derived
in this way provide an important independent
check on global production and consumption
data reported to UNEP. Top-down estimates are
also compared to “bottom up” global emission
magnitudes estimates, which are derived from
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sales data for different applications and time-
dependent ODS leak rates from these different
applications (AFEAS, 2007, UNEP/TEAP,
2006). As was the case for production and
consumption, compound-dependent weighting
factors related to stratospheric ozone depletion
(Section 2.2.1) and climate (Section 2.2.2)
are applied to emissions estimates to add
relevance (see Box 2.2). Banks, i.e., amounts of
halocarbons that were produced but that have
not been emitted to the atmosphere, account
for a large fraction of present-day emissions for
some halocarbons and are explored in Section
2.2.3. Banks are a particularly important topic
because releases from banks account for much
of the current emission of some ODSs, yet these
releases are not restricted or addressed in the
Protocol (Box 2.5). While U.S. regulations
address recycling and venting of refrigerant,
this represents a relatively small fraction of
U.S. ODS banks and most, if not all, of this
material will ultimately be vented to the
atmosphere unless collected and destroyed.
The contribution of emissions from other, non-
restricted influences is discussed subsequently
(Section 2.2.5).

Annual U.S. emissions of ODSs and substitute
chemicals are estimated by U.S. EPA (2007)
using a model analysis of sales and use within
the United States (Section 2.2.5). U.S. emissions
estimates are different from “top-down”
global emissions estimates because they rely
on the accuracy of industry-related production
and sales data or assessments of market
demand for ODSs and substitute chemicals.
Comprehensive, independent assessments of
U.S. emissions from atmospheric observations
are not currently possible, though some useful
conclusions are drawn from studies conducted
to date (Section 2.2.6).

Atmospheric abundances of ODSs and substitute
chemicals are discussed in Section 2.3. While
emissions estimates provide a useful metric of
how changes in human behavior are affecting
the atmosphere, the influence of ODSs and
substitute chemicals on stratospheric ozone and
climate are dependent upon their atmospheric
abundance, not rates of emission. The sensitivity
of the atmosphere to emission magnitudes
is determined by a chemical’s persistence,
which is quantified as an atmospheric lifetime.



Consistency between observed abundances of
ODSs and substitute chemicals and calculated
or expected abundances requires accurate
estimates of both emissions and lifetimes
(Section 2.3.1.1)

Halocarbon abundances in the remote
atmosphere attributable to U.S. emissions are
also derived for past years (Section 2.3.2). The
U.S. contributions to global abundances are
derived from histories of emissions since 1985
from the U.S. EPA (2007), and, for earlier years,
a range of contributions of United States to
global halocarbon emissions (Box 2.6).

Subsequently, the overall influences that
the wide ranges of changes observed for
individual gases are having or will have on
ozone depletion (Section 2.4) and on climate
forcing (Section 2.5) are discussed. Quantities
such as total chlorine, total bromine, and
Equivalent Effective Chlorine (EECI and
EESC, see Box 2.7) are calculated to assess
the changing influences on stratospheric ozone
(Section 2.4). Radiative efficiencies are applied
to observed atmospheric changes to assess the
direct influence these forcings have on climate
(Section 2.5). Indirect climate influences
related to stratospheric ozone depletion arising
from the use of ODSs are also considered.

Finally, though they are included throughout the
document, findings related specifically to the
United States are reviewed in Section 2.6. Results
related to, for example, atmospheric abundances
of ODSs calculated from consideration of U.S.
emissions are summarized, as are the relative
contributions of U.S. emissions to the measured
global atmospheric abundances of ODSs and
substitute chemicals (Box 2.6). Additional
topics with enhanced relevance to U.S. policy
are highlighted throughout the text in additional
boxes. These include a discussion of methyl
bromide (CH3Br, Box 2.3) and HCFCs (Box
2.4).

Throughout this chapter different weighting
factors are applied to quantities such as
production, consumption and emission of
ODSs. These weighting factors are useful
for considering overall changes because
different chemicals influence ozone and climate
to different extents (see Box 2.2 for more
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detail). With regard to stratospheric ozone,
the weighting factors are Ozone Depletion
Potentials (ODPs). With regard to climate, the
weighting factors are 100-year Global Warming
Potentials (GWPs). Two main influences are
considered in the GWP calculations, the direct
effect of a halocarbon on the radiative balance
of the atmosphere, and the indirect influence
arising from stratospheric ozone changes caused
by a halocarbon. Here, the direct influence is
accounted for by 100-year direct GWPs and
the indirect influence is included by combining
direct and indirect GWPs into net GWPs (see
Box 2.2 for more detail). Different weighting
factors are applied to atmospheric abundances
of individual halocarbons to assess their
influence on ozone or on the direct radiative
forcing of the atmosphere. See Sections 2.4 and
2.5 for further discussion of these factors.

2.1 PRODUCTION AND
CONSUMPTION OF OZONE-
DEPLETING CHEMICALS AND
THEIR SUBSTITUTES DERIVED
FROM INDUSTRY ESTIMATES

2.1.1 Production and

Consumption: Global Trends

Historical global data on production and
consumption or sales of ozone-depleting
chemicals are available through databases
compiled from different countries by UNEP and
from different companies by AFEAS (2007).
The data provided by these organizations show
how dramatically dispersive, regulated uses of
ozone-depleting chemicals have changed over
the past 20 years in response to the adjusted and
amended 1987 Montreal Protocol on Substances
that Deplete the Ozone Layer and to changing
market conditions. Data are compiled on an
annual basis by UNEP to assess compliance
with the Montreal Protocol. The UNEP data
provide more complete global coverage in
recent years than AFEAS compilations but are
not disaggregated by chemical in all instances;
only production or consumption data aggregated
by compound class are publicly available for
CFCs, HCFCs, and halons. Other limitations
include the UNEP data only being available
for years since 1986, and not all countries
have reported production or consumption
figures to UNEP for all years. Despite these
limitations, the UNEP compilation provides

Different chemicals
influence ozone and
climate to different
extents. For this
reason, weighting
factors called Ozone
Depletion Potentials
(ODPs) and Global
Warming Potentials
(GWPs) are useful
for considering
overall changes.
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Figure 2.1 Panel A: Annual global production and consumption of all regulated ODSs and substitutes (dark and light blue solid
lines) compared to similar quantities for the United States (dark and light red solid lines), as derived from data reported to
UNEP (UNEP, 2007). Baseline production and consumption quantities are shown as separate bars with corresponding colors
in 1986. All of these data are weighted by compound-dependent ODPs. Panel B: Percentage contributions of U.S. consumption
and production to global totals. Negative consumption indicates exports being larger than the sum of imports plus production
in a given year (see Section 2.1.4.1).

Figure 2.2 The contribution of different compound classes or compounds to total global, ODP-weighted production of ODS
and substitute chemicals reported to UNEP for regulated uses for 2005 (left panel), and the global, GWP-weighted production
of these chemicals in the same year (right panel) (UNEP, 2007; Personal communication, the UN Ozone Secretariat, 2007;
AFEAS, 2007). The hatched bar heights in the right-hand panel were derived with direct GWPs; the given uncertainties
represent weighting by net GWPs (see Box 2.2). HFC production includes only the portion of global HFC data reported by
AFEAS (2007) for HFC-134a, HFC-125, and HFC-143a. For HFC-23, production was inferred from atmospheric data (Clerbaux
and Cunnold et al., 2007). Relative contributions of less than 1% are not included in these charts; note that the global CCl,
ODP-weighted production was —7% during 2005, though its contribution was not included in this Figure. See Section 2.1.4.1
for additional discussion regarding negative consumption and production values.

Chapter 2



Trends in Emissions of Ozone-Depleting Substances, Ozone

Layer Recovery, and Implications for Ultraviolet

Table 2.1 Declines in reported production or consumption and derived emission of ODSs and
substitute chemicals (including HFCs) relative to magnitudes in the late 1980s.

Emission Decline
Through 2005 (%)°

Production or Consumption

Decline, 1989-2005 (%)

Radiation Exposure

Weighted by Ozone Depletion Potentials

Globe 95° 82
United States 97-98¢ 8l
Weighted by 100-year Global Warming Potentials*

Globe 81 (61-83)° 77 (77-84)
United States 87 (81-88)° 74 (71-75)

2 Considers production and consumption of ODSs for only dispersive uses restricted by the Montreal Protocol as
shown by UNEP in data reported to them, plus HFC production and consumption or sales data without consid-
eration of use.

® Derived from the UNEP (2007) compilation of reported ODS production and consumption; AFEAS (2007) pro-
duction data for HFC-134a, HFC-125, and HFC-143a; and HFC-23 production inferred from atmospheric data
(Clerbaux and Cunnold et al., 2007).

¢Derived from consumption of ODSs for restricted uses reported to UNEP (UNEP, 2007) but delineated by com-
pound by the U.S. EPA; and the U.S. EPA (2007) vintaging model estimates for HFCs.

4Declines indicated are calculated with direct GWP weighting but the ranges given in parentheses indicate the decline
calculated when the indirect influence (and uncertainty) related to stratospheric ozone depletion is included in net
GWP weighting factors (see Box 2.2).

¢Derived on a global scale from atmospheric data of ODSs and substitute chemicals and so includes all uses, regulated
and not; derived on a U.S. scale from the U.S. EPA (2007) vintaging model estimates of emissions of ODSs and
substitute chemicals. HFC global emissions in 2005 were interpolated from 2002 global estimates and the 2015

“business as usual” scenario in IPCC/TEAP (2005).

critical data for assessing global and national
changes in production and consumption for
regulated uses of ODSs including CFCs, halons,
carbon tetrachloride (CCl,), methyl chloroform
(CH3CCl3), HCFCs, and CH3Br, particularly in
recent years (UNEP, 2007). The data through
2005 indicate that annual global production and
consumption of ODSs and substitutes for ODSs
has declined by 1.6-1.7x10° ODP-Tons since the
Montreal Protocol was ratified (Figure 2.1).
This corresponds to a 95% decline in both the
ODP-weighted production and consumption of
these chemicals across the globe by 2005 (Table
2.1) (see Box 2.2). The average total global
production and consumption in 2004-2005 was
approximately 1.1x10° ODP-Tons per year.

In the data reported to UNEP aggregated by
compound class, all classes showed declines
in total global production and consumption
during 2000-2005, though the relative decline
was smallest for HCFCs (12 to 16%) and data for
CCl, are quite variable year-to-year. Production
and consumption of CFCs still dominates the
ODP-weighted global totals. During 2005 ODP-
weighted annual production (consumption) of
CFCs accounted for 50% (48%), HCFCs 33%
(34%), CH3Br 11% (14%), and halons 6% (5%)

(CH4CCl5 and CCl, accounted for less than 1%)
(Figure 2.2). Despite small declines in total
production of HCFCs since 2000, the relative
contribution of HCFCs increased substantially
over this period so that by 2005 they accounted
for 33% of total ODP-weighted production.
Preliminary data suggest that global, ODP-
weighted consumption of HCFCs equaled ODP-
weighted consumption of CFCs in 2006.

Global production of ODSs and substitutes
(unweighted data from UNEP, 2007; IPCC/
TEAP, 2005) can be weighted by direct or
net GWPs to estimate the potential influence
that production could have on climate forcing
(see Box 2.2) (Figure 2.3). When weighting by
100-year, direct GWPs is considered, the annual
production of ODSs and substitutes declined
by 8040 GWP-Mt from 1989 to 2005, which
corresponds to a decline of 81% (Table 2.1)
(Figure 2.3). A slightly smaller decline of 61 to
83% is calculated for global production through
2005 when net GWPs are used as weighting
factors to account for the indirect influence of
stratospheric ozone changes arising from the
changing mix of ODSs (see Box 2.2). Increases
in global HFC production have slowed the
overall decline somewhat; production of HFCs

By 2005, annual
global production
and consumption

of ozone-depleting
substances (ODSs)
and ODS substitutes
declined by

[.6 to 1.7x10°
ODP-Tons since the
Montreal Protocol

was ratified.
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Figure 2.3 Global production of ODSs and HFCs compared to U.S.
consumption estimates. Solid lines represent weighting by 100-year,
direct GWPs. Dashed lines represent a range of total production or
demand calculated with weighting by a range of net GWPs that include the
indirect influence of stratospheric ozone on climate. A range of results,
rather than a central value, is presented for net GWP weighting because
of our incomplete understanding of how stratospheric ozone depletion
has influenced climate (see Box 2.2). Results for subsets of different
compound classes are also shown. Global ODS production derived from
UNEP (2007) compilations (blue line) are compared to U.S. consumption
data for ODSs (light red line). The additional influence of HFCs is shown
on global (light blue and green lines) and U.S. scales (red line). The light
blue line is derived by adding AFEAS global production data of HFC-134a,
HFC-125, and HFC-143a (AFEAS, 2007) to the contribution of all ODSs.
The green line includes additional inadvertent HFC-23 production derived
from measured atmospheric trends (IPCC/TEAP, 2005; Clerbaux and
Cunnold et al., 2007). The contribution of HFCs to U.S. GWP-weighted
production has been estimated from the U.S. EPA vintaging model (U.S.
EPA, 2007). The contributions from other HFCs listed in Table 2.2 are not
included here due to a lack of production information on global scales.

in 2005 is estimated here at approximately 630

By 2004, annual
global sales or
consumption

of CFCs and
HCFCs declined

by approximately
93% (Ix10° ODP-
Tons) since the late
1980s and since the
Montreal Protocol

went into force.
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GWP-Mt (production of HFC-134a, HFC-125,
and HFC-143a from AFEAS [2007], and
inadvertent production magnitudes of HFC-23
derived from atmospheric measurements
[IPCC/TEAP, 2005]) (Figure 2.3).

Based upon these production figures and direct
GWPs, CFCs accounted for 24%, HCFCs 42%,
and HFCs 34% of the global, CO,-equivalent
production of all ODSs and their substitutes
in 2005. The indirect influence associated
with stratospheric ozone depletion alters these
figures somewhat, though HCFCs and HFCs
still account for the largest fraction of both
direct and net GWP-weighted global production
in 2005 (Figure 2.2). The contribution of HFCs
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considered here is an underestimate because
global production data on HFCs other than
-134a, -125, -143a, and -23 are not currently
available, though these four gases alone
accounted for 95% of the global total, GWP-
weighted demand for HFCs in 2002 (Campbell
and Shende et al., 2005).

2.1.2 Production and

Consumption: Comparing UNEP

and AFEAS Compilations

AFEAS has compiled production and sales
data for individual compounds for many years
(AFEAS, 2007). Though the data compiled
by AFEAS and UNEP are not independent,
they do allow for some cross checking and an
assessment of consistency in the global totals
reported for CFCs and HCFCs (Figure 2.4).
The AFEAS compilation only includes data
for some ODSs (CFCs, HCFCs, and HFCs) and
only for a subset of companies around the globe
that are producing ODSs and their substitutes.
While this compilation accounted for most of
global production and sales of CFCs and HCFCs
in the 1980s and early 1990s, it has accounted
for a smaller fraction since.

On an ODP-weighted basis, both the AFEAS
and UNEP compilations show that by 2004
annual global sales or consumption of CFCs
and HCFCs (weighted by chemical-specific
ODPs) declined by approximately 1x10% ODP-
Tons, or by 93%, since the late 1980s and since
the ratification of the Montreal Protocol on
Substances that Deplete the Ozone Layer by
many countries (Figure 2.4). The totals from
these two compilations during 1986-2004
are slightly different; annual AFEAS sales
figures are 0.1 (£0.03)x10% ODP-Tons lower
than consumption reported to UNEP, on
average. This difference may represent errors
in accounting or reporting of data, but is most
likely the result of consumption outside the
companies reporting to AFEAS, such as by
countries operating under Article 5 of the
Montreal Protocol (so-called “developing”
countries). Since 1995, the annual UNEP —
AFEAS difference has been 80 + 10%, on
average, of the consumption reported by these
Article 5 countries.



Accurately assessing the overall effect of changes in production, consumption, and emission of individual gases
requires consideration of weighting factors that account for compound-dependent influences on ozone and climate
(Clerbaux and Cunnold et al., 2007; Daniel and Velders et al., 2007). When considering the influence of ODS
production, consumption, and emission on ozone depletion, Ozone Depletion Potentials (ODPs) are used. Units
of these quantities are ODP-tons. When considering the direct or net influence of ODS on climate, direct or net
100-year Global Warming Potentials (GVVPs) are used. Units on these quantities are GWP-tons or CO,-equivalent
tons. Ozone Depletion Potentials, direct and indirect Global Warming Potentials, and other compound-specific
parameters used in this report are tabulated in Appendix 2A.

ODPs

Ozone Depletion Potentials represent the amount of global ozone destroyed by a particular ODS per unit mass
compared to the amount destroyed by a reference gas (usually CFC-I1) per unit mass. Ozone Depletion Potentials
provide a simple way to compare ODSs with respect to their ability to deplete stratospheric ozone and have proved
useful to scientists and policymakers since their initial development (Wuebbles, 1983). Ozone Depletion Potentials
take into account the number of chlorine and bromine halogen atoms in a chemical, how rapidly these halogen
atoms become released in the stratosphere, how reactive the halogen atoms are for ozone destruction (Cl vs. Br,
for example), and how persistent the chemical is throughout the entire atmosphere (its lifetime). Steady-state ODPs
are most commonly used and are applicable for longer time periods since they represent the steady-state ozone
responses to ODS perturbations. Time-dependent ODPs also have been proposed (Solomon and Albritton, 1992)
for use when a particular time horizon or the time-dependence of relative ozone destruction is of interest. Chapter
2 will use steady-state semi-empirical ODPs in this chapter (Solomon et al., 1992), taken from Chapter 8 of the 2006
World Meteorological Organization (WMO) ozone assessment (Daniel and Velders et al., 2007).

GWPs

Global Warming Potentials are analogous indices for comparing the integrated radiative impact of greenhouse gases
(IPCC, 2007). They represent the cumulative radiative forcing of a unit mass of a gas relative to the same quantity
for a unit mass of a reference gas (generally CO,) over some time horizon (generally 100 years). Hence, the GWP
provides an approximate measure of the relative integrated climate forcing of a GHG. While it is acknowledged to
be an imperfect index, it is generally true that emission of a well-mixed gas that is characterized by a larger GWP
than another well-mixed gas will lead to a greater climate response.

There are two components to GWPs that we will consider in this chapter. The first is from the direct effect of
halocarbons. The addition of an ODS to the atmosphere initially leads to a reduction in the outgoing longwave
radiation at the tropopause, causing a globally averaged warming. This results from the strong infrared absorption
by the ODS, particularly in the transparent atmospheric window region (8-12 pm). The amount of the net radiative
imbalance (down flux minus up flux) at the tropopause per unit mixing ratio increase in an ODS is called the
“radiative efficiency” (e.g., units of W per m?per parts per billion by mole, ppb). The second component to GWPs
considered in this chapter is from the destruction of ozone caused by ODSs. This ozone destruction leads to an
additional radiative forcing that can be considered in discussions concerning the overall climate impact of ODSs. It
is referred to as an “indirect” forcing because it is caused by the change in ozone (owing to ODSs) and not by the
change in ODSs directly.

Our general approach in this chapter is to use direct GWPs as the primary weighting factors when considering
climate-relevant magnitudes of production, consumption, or emission of ODSs. Uncertainties quoted on these direct
GWP-weighted quantities, however, represent a range of net GWP weightings that include the rather uncertain
indirect ODS forcing arising from stratospheric ozone depletion. The indirect and net GWPs are derived here
from the indirect GWPs in WMO (2007) by considering the recent revision of the radiative forcing attributed to
stratospheric ozone depletion from —0.15+0.10 (IPCC, 2001) to —0.05 +0.I W per m? (IPCC, 2007) (see Table
2A.3).
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Net GWPs

Combining direct and indirect GWPs into net GWPs potentially leads to additional errors and has intentionally
been avoided in IPCC/TEAP (2005) and WMO (2007). It is known that the direct and indirect processes will cause
different spatial forcing, and it is possible that the climate response to these forcings will differ both in the global
mean magnitude and in the spatial pattern (Joshi et al, 2003). Therefore, it is inaccurate to think of direct and
indirect GWPs or forcing as being additive. For example, if the direct and indirect GWPs were to exactly cancel
each other, it is still expected that there would be a climate response. Nevertheless, in this chapter we have opted
to use net GWPs in many situations. Our purpose in doing so is not to present a precise net GWP quantity, but to
provide an approximate idea of how ozone destruction may affect some of the conclusions drawn from considering
the direct effect alone. Doing so likely provides a more complete and accurate picture of overall climate forcing
from ODSs than would be obtained from considering direct GWPs alone. Specifically, throughout the chapter, we
provide analyses and conclusions based first on the more accurate direct GWPs and forcing. We then also consider
net GWPs and forcing calculated assuming an indirect forcing for a total ODS-induced ozone depletion of —0.15 W
per m? and +0.05 W per m2. These values are chosen to coincide with uncertainties on the —0.05£0.10 W per m?
IPCC (2007) ozone forcing estimate (+ one-standard-deviation uncertainty). We neglect direct GWP uncertainties
and other indirect GWP uncertainties, as we are not aware of a complete error analysis of these processes in the
current literature.

GWP Uncertainties

The uncertainty in direct GVWVPs is stated to be about £35% (+ two-standard-deviation uncertainty), due primarily
to uncertainties in the radiative efficiencies and lifetimes of the halocarbons and to uncertainties in the carbon cycle
(see, e.g,, IPCC, 2001; IPCC/TEAP, 2005; WMO, 2007; IPCC, 2007). Uncertainties in the carbon cycle are thought
to lead to an uncertainty of about +15% to the denominator of the GWP, or the CO, absolute GWP (IPCC, 2007).
This error contributes to the uncertainty in the absolute GWP value, but affects each GWP in the same way. When
one is more interested in comparing halocarbon direct GWPs than in the values themselves, an effective uncertainty
level of something less than 35% can be assumed.

Uncertainties in the indirect GWPs have not been as well quantified. Two of the most important issues likely involve
the absolute amount of forcing caused by the ozone depletion caused by ODSs, and the relationship between ODS-
induced ozone forcing with Equivalent Effective Stratospheric Chlorine (EESC). IPCC (2007) has recently reduced the
magnitude of the estimated forcing due to stratospheric ozone changes from —0.15+0.10 (IPCC, 2001) to —0.05+0.10
W per m2. However, this forcing is due to the total ozone change, not only the ozone change due to ODSs. Because
a better estimate does not currently exist, we will adopt this latest estimate and ignore the potential contribution
of non-ODS processes to the value. It is not possible for us to estimate the error induced by this assumption at the
current time. In the procedure for calculating indirect GWPs given in Daniel et al. (1995), there are assumed EESC
“thresholds” that lead to discontinuities in the forcing/EESC relationship. Because of these forcing/EESC changes,
indirect GWPs exhibit a dependence on the time of emission; this time dependence has likely been relatively small
when compared to other uncertainties for emissions between 1970 and 2010 and will not be considered in this
chapter. Nevertheless, this oversimplification of the forcing/EESC relationship leads to likely additional errors in
the indirect GWPs that have not been quantified. Because of all the previously discussed uncertainties and errors,
in this chapter, the indirect and net GWPs are used to provide a very general idea of how ozone depletion might
affect conclusions obtained from a direct GWP weighting.

Indirect Forcing

The indirect forcing owing to ozone depletion and attributable to individual compounds, compound classes, or
from the aggregate of U.S. emissions was estimated by scaling the global indirect forcing arising from global ozone
depletion through 2005 (—0.05+0.10 W per m?) to the fraction of global Equivalent Effective Chlorine (EECI)
attributable to the compound, a compound class, or the U.S. in 2005 (see Figure 2.15). This procedure suggests
that the net forcing from ozone depletion attributable to U.S. ODS emissions was between 0.04 and 0.18 W per
m? in 2005 (Figure 2.17).
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Figure 2.4 Comparison of annual AFEAS sales (green line) and
annual UNEP consumption (blue line) totals for the aggregate of
CFCs and HCFCs, weighted by Ozone Depletion Potential. Also

Trends in Emissions of Ozone-Depleting Substances, Ozone
Layer Recovery, and Implications for Ultraviolet Radiation Exposure

The differences between the
totals compiled by AFEAS
and UNEP seem reasonable
given the known differences
in these databases. Finally,
the consistency apparent in
global total production and
consumption data reported
to UNEP suggests that the
accounting of exportand import
activities has been reasonably
accurate over time on a global
scale (Figure 2.1).

2.1.3 Production and
Consumption of ODSs
and Substitutes Not
Reported by AFEAS or

shown is the annual difference (UNEP consumption minus AFEAS in UNEP Compilations

sales), and the magnitude of global consumption in countries In UNEP compilations, only
operating under Article 5 of the Montreal Protocol, and non-  production and consumption
Article 5 countries. Data were compiled by UNEP (2007) and o oDSs for dispersive uses

AFEAS (2007).

During the years of highest consumption
(1986-1990), the AFEAS compilation accounted
for the majority of global consumption of CFCs
and HCFCs. During the last decade, however,
the data reported to UNEP suggest that 59
(¥8)% of global annual consumption was not
included in the AFEAS compilation.

The accuracy of these data hinges on the
reliability of sales and import-export magnitudes
reported to AFEAS and UNEP by individual
companies and nations. This is difficult to
assess quantitatively with independent methods,
though estimates of global emissions inferred
from atmospheric observations provide an
independent but qualitative confirmation that
large decreases in production and consumption
of ODSs have indeed occurred since the late
1980s. The smaller declines noted for emissions
as compared to consumption or production
(Table 2.1) likely arise in part because emissions
of ODSs lag production by months to decades
depending upon the specific application. The
accuracy of production, consumption, sales,
and emission data on a national basis is more
difficult to assess by independent methods,
though regional estimates of emissions and
emission changes are an area of active research
(Section 2.2.6).

regulated by the Montreal

Protocol are included. There
is substantial additional production of ODSs
for use as reagents in chemical manufacture
of other substances (known as feedstock use)
and for treatments to prevent the introduction
or spread of pests and diseases during import/
export of goods (known as quarantine and
pre-shipment (QPS) processes) that are neither
restricted by the Montreal Protocol nor included
in the production and consumption data
compiled by UNEP. Global production for
feedstock uses was estimated at 3.2x10% ODP-
Ton in 2002 (UNEP/CTOC, 2007), or about 1.9
times the total production of ODSs reported
for dispersive uses in that year (UNEP, 2007).
Emissions from this production are estimated to
be 0.5% of amounts produced for feedstock use,
but this estimate does not include any additional
emissions that may occur during use. ODSs
produced substantially as feedstocks include
CFC-113, CCl,, CH;CCl3, HCFC-22, HCFC-
142b, CH4Br, and halon-1301.

In addition to feedstock applications, methyl
bromide is sold for QPS applications that
are not restricted or limited by the Montreal
Protocol. In 2005, global production for
QPS uses of 0.8x10* ODP-tons was similar
in magnitude to the non-QPS production
reported to UNEP of 1.1x10* ODP-tons (UNEP/
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The total decline

in annual U.S.
production or
consumption of
ozone-depleting
substances (ODSs)
for dispersive uses
restricted by the
Montreal Protocol
since the late 1980s
through 2005 was
0.4 to 0.5x10°
ODP-Tons. This
represents a 97 to
98% decline in both
U.S. production
and consumption
of ODSs over

this period.

12

MBTOC, 2007). Based on data for CH3Br
use in QPS applications during 1999-2005,
including this non-restricted production would
increase UNEP-reported, global ODP-weighted
production for all ODS by 2 to 9%, and it would
influence the estimate of the total decline in
ODP-weighted production since the late 1980s
given in Table 2.1 only minimally (a decline
of 94.3% when QPS is included, compared to
94.7%-=-rounded to 95% in this Table=when not
included). Global production of CH;Br for QPS
is expected to increase in 2006-2007 (UNEP/
MBTOC, 2007).

Production magnitudes for three HFCs are
currently reported by AFEAS. These data are
thought to account for a large fraction of total
global HFC production. In 2003, estimates
of HFC-134a global production capacity
(Campbell and Shende et al., 2005) exceeded
AFEAS production data (AFEAS, 2007) for
this compound by only 10%. Similar data for
other HFCs are not currently available on a
global or national basis primarily because of the
relatively few number of production facilities.
Most of HFC-23 in the atmosphere today arises
from overfluorination during the production of
HCFC-22 rather than direct production. As a
result, production of HFC-23 can be estimated
globally based upon emissions inferred from
atmospheric measurement records (Clerbaux
and Cunnold et al., 2007) though this would
be an underestimate if any HFC-23 produced
during HCFC-22 manufacture were captured
and destroyed. On national scales, HFC-23
production has been estimated from HCFC-22
production magnitudes (U.S. EPA, 2007).

2.1.4 Production and Consumption:
United States Trends for
ODSs and Substitutes
2.1.4.1 UNITED STATES PRODUCTION AND

CONSUMPTION WEIGHTED BY OZONE-

DEPLETION POTENTIAL (ODP)
Production and consumption magnitudes of
ODSs for regulated, dispersive uses in the
United States are reported to UNEP as part of
requirements associated with being a signatory
to the Montreal Protocol (UNEP, 2007). The
data indicate large declines in U.S. production
and consumption of most chemicals as a result
of the adjusted and amended Montreal Protocol.
The total decline in annual U.S. production or
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consumption of ozone-depleting substances for
dispersive uses restricted by the Protocol since
the late 1980s through 2005 was 0.4-0.5x108
ODP-Tons (Figure 2.1). This represents a
97-98% decline in both U.S. production and
consumption of ODSs over this period (Table
2.1). The total U.S. ODP-weighted consumption
and production of ODSs reported to UNEP for
2004-2005 averaged 1.2-1.3x10* ODP-Tons per
year.

An analysis of data reported to UNEP reveals
that the contribution of the United States to
total global ODS production and consumption
for regulated, dispersive uses decreased
from a mean of 25 (£2)% in 1986-1994 to 10
(£2)%, on average, during 2001-2005 (Figure
2.1). In the interim years (1996-2000) large
differences between reported U.S. production
and consumption are apparent owing to negative
consumption of carbon tetrachloride. Negative
consumption is reported when exports outweigh
the sum of production plus imports, or when
destruction of stockpiles or feedstock use
outweighs production in any given year.

Though the mean contribution of the United
States to global, ODP-weighted production
and consumption of ODSs for regulated,
dispersive uses has been 10 (+2)% since 2001,
the contribution of different compound classes
to this amount varies. Over this period the
United States accounted for less than 3% of
global annual consumption of CFCs, CH;CClj,
and halons, between 20 and 39% of HCFC
annual consumption, and between 17 and 37%
of CH;3Br annual consumption (UNEP, 2007).

The large range observed for some compounds
and compound classes since 2001 reflects
changes in U.S. contributions over this period.
In data reported to UNEP (2007) during
2003-2005, the United States accounted for
22+2% of global HCFC consumption during
these years (19+1% of production). This is
notably lower than the U.S. contribution during
the previous decade. During 1992-2002 the
United States accounted for 38+3% of global
HCFC consumption (40+4% of production).
HCFCs accounted for over half of total U.S.
consumption in 2005 weighted by ODP, the
remaining consumption was CH3Br (34%) and
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Figure 2.5 Contributions of different compound classes or individual compounds to total United States,
ODP-weighted consumption or sales of ODSs and substitutes reported to UNEP for uses restricted by the
Montreal Protocol or estimated by the U.S. EPA (left panel), and total United States, GWP-weighted consump-
tion or sales of these chemicals in the same year (right panel) (UNEP, 2007; U.S. EPA, 2007). The hatched bar
heights in the right-hand panel were derived with direct GWPs; the given uncertainties represent weighting
by net GWPs (see Box.2.2). Relative contributions of less than 1% are not included in these charts; note that
the U.S. CCl, ODP-weighted consumption was —16% during 2005, though this contribution was not included

in the total or shown in the pie chart.

CFCs (12%); other compounds contributed less
than 1% (Figure 2.5).

Consumption of CH3Br in the United States
for dispersive uses restricted by the Montreal
Protocol has also varied in recent years. It
decreased from 1999 to 2002 but then increased
from 2003-2005 owing in part to Critical Use
Exemptions (UNEP/MBTOC, 2007). The U.S.
methyl bromide consumption in 2003-2005
was 1.3 to 2.8 times higher than consumption
in 2002. Global consumption has declined
fairly steadily since 1999 and, as a result, the
U.S. contribution to global CH3Br reported
consumption for uses restricted by the Montreal
Protocol increased from 23 £ 4% during
2000-2003 to 36 + 1% during 2004-2005.
Since 2005, amounts approved for Critical Use
Exemptions (CUESs) in the United States have
declined (UNEP/MBTOC, 2007).

2.1.4.2 UNITED STATES CONSUMPTION
WEIGHTED BY GLOBAL WARMING
POTENTIAL (GWP)
United States consumption data for ODSs and
substitutes (UNEP, 2007) has been combined
with the U.S. EPA vintaging model estimates
of HFC demand (U.S. EPA, 2007) to assess
magnitudes and changes in U.S. consumption
of halocarbons weighted by climate-relevant
factors. The data suggest large declines in the
consumption of ODSs and their substitutes when
weighted by 100-year, direct GWPs (Figure

2.3). By 2005, the annual consumption of these
chemicals had declined by approximately 2600
Mt CO,-equivalents (87%, Table 2.1) from
amounts reported and estimated for 1989. The
ozone depletion arising from use of ODSs may
have offset some of this warming influence. The
magnitude of this offset can be approximated by
considering net GWPs that include this indirect
effect, though the uncertainties in this indirect
influence are large (Box 2.2). With this indirect
effect included, U.S. consumption of ODSs and
substitutes declined by 81-88% from 1989 to
2005 (1305-3010 Mt of CO,-equivalents). The
total U.S. direct GWP-weighted consumption
of ODSs and substitutes during 2004-2005
was nearly 400 Mt CO,-equivalent (310-420
Mt CO,-equivalent if the indirect influence
associated with ozone depletion is included).
The decline in CO,-equivalent consumption
has decreased slightly faster in the United States
than across the globe; the contribution of the
United States to total global ODS production
and consumption for regulated, dispersive
uses was 30% in 1989 and 21% in 2005 when
direct GWP weighting is used. If net GWPs
are considered, the U.S. contribution decreased
from 24-48% in 1989 to 20-23% in 2005.
Whereas in the late 1980s more than 90% of
CO,-equivalent U.S. consumption resulted
from CFCs, in 2005 more than half of U.S.
CO,-equivalent consumption was of HFCs and
nearly all the rest was of HCFCs (Figure 2.5).

The decline in
CO,-equivalent
consumption of
ozone-depleting

substances and
substitute chemicals
decreased slightly
faster in the United
States than across
the globe from
1989 through 2005.
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Methyl bromide is unique among ODSs regulated by the Montreal Protocol for several reasons.
First, natural processes emit substantial amounts, in addition to there being significant releases
from industrial uses. Emissions arising from human-produced CH;3;Br accounted for 30 (20-40)%
of global emissions during the mid-1990s before industrial production was reduced in response to
Montreal Protocol phase-out schedules (Clerbaux and Cunnold et al., 2007). Since 1998, human
production for all fumigant-related applications has declined by about 50%.

Second, a substantial fraction of industrial
production is for dispersive applications
not restricted by the Protocol. These
unrestricted uses, primarily in quarantine
and pre-shipment (QPS) applications,
have increased recently and have led to
a slower decline in total global CH;Br
production than suggested by UNEP
values reported to them for assessing
compliance with the Protocol. For
example, during 2005 nearly half (43
(36-49)%) of the global, industrially
derived emissions of CH;Br were from
uses not restricted by the Montreal
Protocol (i.e., QPS applications) and,
therefore, were not included in the
production and consumption data shown
by UNEP as reported to them (Box Figure
2.3-1) (UNEP/MBTOC, 2007). Such use
is expected to increase in the future Box Figure 2.3-1 Annual global production and U.S. con-
(UNEP/MBTOC, 2007). In the United sumption magnitudes for restricted uses reported to UNEP
States, QPS consumption increased by (UNEP, 2007) (lines with circles), which includes CUE amounts,
compared to these reported amounts plus use in QPS applica-

tions considered (solid lines) (UNEP/MBTOC, 2007; U.S. EPA,
2007)(feedstock uses not included).

about 13% per year, on average, during
2001-2006 (U.S.EPA, 2007), leading to
an annual consumption 30 to 80% higher
than the annual amounts reported to
UNEP during these years.

Third, declines in CH3Br production and consumption have also been slowed by exemptions
to protocol restrictions for critical uses (Critical Use Exemptions or CUEs) that have allowed
substantial continued production and consumption past the 2005 phase-out in developed countries.
Enhanced CUEs in the United States have resulted in higher annual consumption of CH;Br and
an increased United States/Global consumption ratio during 2004-2005 compared to 2002-2003
(Box Figure 2.3-1).

Despite increases in QPS use and enhanced CUEs in recent years and variability in underlying
natural emissions, global atmospheric mixing ratios of CH;Br have declined continuously since 1998
(Clerbaux and Cunnold et al., 2007). While the United States contributed much to this atmospheric
decrease through 2002, this U.S. trend reversed in 2003; the atmospheric abundance of bromine
attributable to U.S. emissions was higher in 2004-2005 compared to 2002-2003 primarily because
of enhanced QPS and CUEs consumption of CH;Br in the United States (Figure 2.14).
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HCFCs were attractive substitutes for CFCs because they have similar properties to CFCs in many
applications, but shorter lifetimes, generally fewer chlorine atoms per molecule, and, therefore,
lower ODPs and GWVPs.

In spite of these attributes,
HCEFC:s still lead to stratospheric
ozone depletion and affect
climate. Hence, HCFCs are
considered only temporary
replacements for the most
potent ODSs. Production of
HCFC-22 causes an additional
climate influence through the
unintended formation of the
byproduct HFC-23, itself a long-
lived, potent greenhouse gas.

The temporary nature of HCFC
use is reflected in how developed-
country consumption totals have
changed in recent years (Box
Figure 2.4-1). Consumption
has declined substantially in
developed countries (non-Article

5) and in the United States in

response to the HCFC phase- Box Figure 2.4-1 Annual production and consumption totals for
HCFCs as reported to UNEP for dispersive and regulated uses,
weighted by ODPs (UNEP, 2007). Global production (red line) is
. . compared to U.S. consumption (U.S. Cons.; blue line), consumption in
remame_d rélatlvely constant ) developed countries (non Article 5; developed countries; red dashed
over this time, however, as line), and both consumption and production in developing countries
production and consumption in  (Article 5 country consumption and Article 5 country production;
developing countries (Article 5) green dashed and dotted lines; developing countries).

have increased dramatically.

out outlined in the Protocol.
Production on a global scale has

U.S. EPA vintaging model estimates suggest that U.S. HCFC annual emissions have increased by
about 0% since 2002, despite U.S. reported annual consumption during 2003-2005 being about half
of what it was from 1995-2002 (Box Figure 2.4-1). This apparent discrepancy likely arises from the
large bank of HCFCs; while HCFC emissions were similar to HCFC consumption in 2005 (~6 ODP-
Kt) the HCFC bank was more than ten times larger (Box 2.5). In the U.S. during 2005, HCFC-22,
HCFC-142b, and HCFC-141b accounted for 98% of all U.S. HCFC emissions. The remainder was
contributed by HCFC-225 (1.2%), HCFC-124 (0.6%), and HCFC-123 (0.3%).

An increased awareness of the influence ODSs have on both climate and stratospheric ozone has
led to recent proposals for more stringent HCFC limits to future use by several Parties to the
Montreal Protocol, including the United States. The accepted proposal speeds up the production
and consumption phase-out schedule for non-Article 5 and Article 5 countries and moves the
Article 5 country consumption baseline year forward to 2009-2010 from 2015. This earlier baseline
year is expected to reduce Article 5 country consumption beginning in at least 2013, the first year
consumption limits would be in force. The potential future implications of this accepted proposal
on the evolution of EESC are summarized in Chapter 5.
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Emissions estimates
allow an understanding
of how human
behaviors influence
the atmospheric
abundances of ODSs
and their substitutes,
and how that influence
has changed over

time as a result

of international
agreements (such as
the Montreal Protocol)

and other factors.
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2.1.5 United States Production

and Consumption of ODSs and
Substitutes Not Included in

Published UNEP Compilations
Production and consumption of ODSs for
chemical feedstock purposes and of CH;Br
for QPS applications are not included in
UNEP compilations because these uses are
not restricted by the Montreal Protocol. While
losses from feedstock applications are estimated
to be small (0.5%, see Section 2.2.4), most
CH,Br used in QPS applications is emitted
to the atmosphere (UNEP/MBTOC, 2007).
Furthermore, amounts of CH3Br used in
QPS applications are substantial compared
to amounts reported to UNEP for restricted
uses and they have increased in recent years.
For example, in the United States, annual
consumption of CH3Br in QPS applications
during 2001-2006 was 1.8-2.9 Kt, or 57 (+20)%
of annual consumption reported by the United
States to UNEP for restricted uses; this QPS
use had increased by about 13% per year, on
average, over this period (U.S. EPA, 2007).

U.S. production data for HFCs are not publicly
available either through UNEP, AFEAS, or the
U.S. EPA. Estimates of HFC demand and sales,
however, are made by the U.S. EPA through
its vintaging model (U.S. EPA, 2007). These
estimates show how HFC use in the United
States has increased by a factor of three over
the past decade, when use is weighted by
compound-dependent GWPs. HFC use in the
United States accounted for about two-thirds of
the CO,-equivalent consumption of ODSs and
substitutes in 2005 (Figure 2.5). This vintaging
model projects a doubling of CO,-equivalent
HFC use in the United States during 2005-2015
(U.S. EPA, 2007).

2.2 EMISSIONS: OZONE-
DEPLETING CHEMICALS
AND THEIR SUBSTITUTES

Emissions estimates allow an understanding of
how human behaviors influence the atmospheric
abundances of ODSs and their substitutes, and
how that influence has changed over time as a
result of international agreements (such as the
Montreal Protocol) and other factors. Only after
chemicals become emitted to the atmosphere
do they contribute to ozone depletion and
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radiative heating of the atmosphere. Nearly all
ODSs produced ultimately become released to
the atmosphere through direct emission (e.g.,
use in aerosol cans) or leakage during use or
upon disposal. Methyl bromide is an exception,
because a substantial fraction that is produced
and applied to soils becomes destroyed through
hydrolysis and does not reach the atmosphere.

Global emissions can be estimated from
production data, knowledge of release rates
during production, use, and disposal of ODSs
in different use applications, and information
on the magnitude of sales for different end uses
over time (AFEAS, 2007). Uncertainties can
be significant in this “bottom-up” approach—
but, in general, emissions are delayed after
production with time lags that are application-
dependent. Because these estimates rely on
the production data considered in Section 2.1
of this chapter, they are not independent of
them. Furthermore, restrictions on reporting
of production and consumption for ODS and
substitutes can substantially influence emission
estimates, particularly when a limited number
of manufacturers produce a specific chemical.

Independent estimates of global emissions can
be derived from an analysis of atmospheric
observations. This “top-down” approach
provides an important independent check
on production and consumption magnitudes
reported to UNEP, and is critical for assessing
global emissions considering the limitations
of the “bottom-up” methodology. The
observationally derived emissions are based on
the measured change in the global atmospheric
burden of an ODS relative to the expected
rate of change in the absence of emissions.
Accordingly, this calculation incorporates
the atmospheric lifetime of the ODS, which
is derived from laboratory measurements of
destruction rate constants (via photolysis and
or oxidation by the hydroxyl radical, OH) and
model-derived parameters such as photolytic
fluxes, OH abundances, and 3-D distributions
of ODS atmospheric mixing ratios. This
method of estimating emissions is susceptible
to errors in measurement calibration, in
estimating the global atmospheric burdens of
trace gases in the entire atmosphere from a
few measurement locations at Earth’s surface,
in lifetime, and in the assumption (generally



applied) that all observed changes are the result
of changes in emissions, not changes in loss
rates. Atmospheric measurement techniques
have improved over time to the extent that the
majority of the uncertainty in this approach for
long-lived ODSs is believed to arise from the
estimates of lifetime and loss (UNEP/TEAP,
2006).

Global emissions for ODSs have been derived
with these different techniques and have been
compared and reviewed in past WMO Ozone
Assessment Reports (2003; 2007) and in the
IPCC/TEAP (2005). Particular discrepancies
in bottom-up versus top-down emission
magnitudes were noted in IPCC/TEAP (2005)
for the years since 1990 and were investigated
additionally inaspecial Emissions Discrepancies
report (UNEP/TEAP, 2006). In this latter report,
the potential for rapid-release applications and
time-dependent release functions to influence
bottom-up emissions estimates was explored
and a more comprehensive analysis of top-down
uncertainties was presented. For the compounds
studied (CFC-11, CFC-12, HCFC-22, HCFC-
141b, and HCFC-142b), the range (x1 sigma)
of emissions estimated with top-down and
bottom-up methods overlapped in nearly all
years and, therefore, were considered to be
consistent estimates (Figure 2.6) (UNEP/
TEAP, 2006). The uncertainty ranges are quite
large in both approaches, however, such that
the mean CFC-11 emissions estimated from
these different methods differed generally by
a factor of between 1.5 to 2. The overall trends
in emissions estimated for these chemicals
since 1990 were generally consistent, with the
exception being HCFC-142b since 2000. While
the bottom-up analysis suggests a rapid decline
in emissions of this HCFC over this period, the
top-down trends indicate only a small decline.

2.2.1 Global Emissions: Estimates
Derived From Atmospheric
Observations and Weighted by

Ozone Depletion Potentials

Estimates of ODS emissions on a global
scale have been derived for the past from a
combination of atmospheric observations and
industrial estimates (WMO Scenario Al, Daniel
and Velders et al., 2007). This emission history
indicates substantial declines in total ODP-
weighted emissions since 1990. By 2005, annual
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Figure 2.6 Comparison between global emissions derived from
measured changes in the global atmospheric mixing ratio of CFC-12,
CFC-11, and HCFC-142b (top down method; emissions bounded
by red lines) and global emissions derived from an analysis of sales
for different uses and estimates of releases from those uses over
time (bottom-up method; emissions bounded by blue lines) (UNEP/

TEAP, 2006).

emissions had declined nearly 1.1 ODP-Mt from
peak emissions in 1988. This corresponds to an
82% decrease in glo