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Prolegomena

Ozone is a Greek word, from “óζειν” meaning smelling, selected in 1839 by
Schoenbein, the inventor of gun-cotton from Basel, to characterize a gas with a
peculiar odor which he discovered. Its characteristic smell is easily recognizable
during electric discharges and after thunderstorms. At Schoenbein’s time many per-
sons have experienced the sensation of a strange odour filling their house at times
when the house was enveloped in discharges from a thunder cloud. That sensation
of the odour goes back to the historic and pre-historic times. It was described as a
“divine” smell which in Greek divine (“θείoν”) has either the meaning of sulphure
or of divine and this has been translated by literature scholars as sulphur’s odour.
This has to be corrected in the literature and we have to recognize that since Jupiter
was controlling thunder, the smelling in the environment could not have had a sul-
phure’s odour but a divine odour of the father of the Gods, who was controlling
the discharge from a thundercloud and rain, among other things. That smelling is
mentioned already in Homer’s Iliad and Odyssey, as can be read in the following
(corrected) extract from the Odyssey:

Then Zeus in anger bids his thunders roll,
And forky lightnings flash from pole to pole.
Fierce at our uncommon wrath, and wrapt in flames.
Full on the bark it fell, now high, now low,
Toss’d and retoss’d, it reeled beneath the blow.
At once into the main the crew it shook,
Divine (Sulphureous) odour rose and smouldering smoke

Odyssey, Book XII, M 417

In the middle of the 1980s eminent scientists, who are present in this room, found
out that this gas was following a rapid decline, which would result to less protection
of life on earth from an increase in the harmful solar UV-B radiation reaching ground
level. In fact, in the late ’80s scientists found out that manmade emissions of certain
chemicals with wide use, have destroyed in a few decades so much of the protective
ozone layer as it took nature to build in a time period of more than a billion years,
in the early stages of our present atmosphere.

These dramatic changes resulted to the birth of the Montreal Protocol, a Protocol
created by a harmonious collaboration between scientists, industry and policy
makers. It is in fact a unique and historic Protocol in the environment protec-
tion. Since its beginning on September the 16th, 1987, it has followed regular
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vi Prolegomena

revisions according to new scientific findings. The Protocol, whose 20th anniversary
is celebrated in this volume, aimed at reducing manmade emissions that contribute
to climate change.

The anniversary from the discovery of the springtime Antarctic ozone hole also
marks two decades of intensified basic research in atmospheric chemistry and
physics. Most of the history and progress in understanding the impact of human
activities on the chemistry and physics of the global stratosphere is presented in the
present volume.

The harmful species to the ozone layer have been replaced by other species
which, although are not harmful to the ozone layer, unfortunately they contribute
to climate change. Therefore, there is a lot of room left for future collaborative
actions between the Montreal and the post Kyoto Protocols. Ozone itself is affecting
climate and climate is affecting ozone. The Montreal Protocol is a paradigm of suc-
cess because there is now scientific evidence that chlorine levels in the stratosphere,
which participate in the mechanisms destroying the ozone layer, started to decline
and there are signs that ozone declining has been significantly reduced, except over
the Antarctic. Unfortunately, the famous Antarctic ozone hole is still there and today
at the time of our meeting is covering an area of about 25 million square kilometers
which is much larger than the total area covered by all EU countries. The long-term
trend in total ozone over Antarctica is about −10% per decade and over the high lati-
tudes of the northern hemisphere is found to be close to −4% per decade, since 1979.

In spite of the success of the Montreal Protocol, the ozone recovery still remains
an open scientific question. Studying long-term series of careful spectral UVB mea-
surements at Thessaloniki under clear skies and at other reference UV-B locations,
one can see, for example, that the clear sky carcinogenic component of the solar
radiation is increasing, in spite of the fact that the ozone layer shows a tendency
to stabilize or even to increase at some locations in the northern middle and high
latitudes. These findings point to the fact that, in addition to ozone, there are other
factors, which interfere with solar UVB such as changes in aerosols, albedo and
clouds which need further research. Therefore, it is important that the global moni-
toring of ozone and related species and of the harmful UVB solar radiation should
continue in the decades to come. In addition, an accelerated freeze and phase-out of
hydrofluorocarbons (HCFCs) will address climate change because they correspond
to more than 3% of the global current greenhouse gas emissions.

Before closing this Prologue, I would like to stress the fact that the length of
combined global satellite ozone data sets has reached the quarter of a century, mak-
ing these data sets extremely valuable for long-term monitoring of global ozone.
The Montreal Protocol and its amendments led to a fast decrease of the emissions
of ozone depleting substances (ODS). There is by now evidence that the effect of
anthropogenic emissions of ODS peaked in the last years of the 20th century. A very
slow decrease of stratospheric ODS concentrations is expected to take place in the
coming decades. Assuming undisturbed climatological and physical atmospheric
conditions it is expected that the ratification of the Montreal Protocol will lead to
the recovery of the ozone layer. However, due to the large interannual variability
connected e.g. with long-term climate variability the documentation of the turn



Prolegomena vii

around of stratospheric ozone trends is a challenging task. Recovery of the ozone
layer is a complex issue, which depends not only on the replacement of CFCs by
other substances, but also on emissions of gases which can disturb the climate sys-
tem. The present volume includes views from world leading scientists, 3 Nobel
laureates, 60 scientists and representatives of international organizations and indus-
try on science and lessons learned in the past 20 years of application of the Montreal
Protocol. Many interesting aspects on ongoing ozone research are also presented,
including comparisons of what has been achieved versus what would have been the
state of ozone, climate and UV in the environment if the Protocol has never been in
use. The volume ends with the Athens Statement which summarizes the outcome of
the Symposium.

Christos Zerefos
President IO3C, Academy of Athens
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Part IV Ozone Measurements

International Multi-Instruments Ground-Based Networks:
Recent Developments Within the Network for the Detection
of Atmospheric Composition Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Sophie Godin-Beekmann

International Balloon Measurements for Ozone Research . . . . . . . . . . . . . . . . . . 157
David J. Hofmann

The Role of Airborne Science in the Study of Polar Ozone . . . . . . . . . . . . . . . . . 173
Michael J. Kurylo

Role of Satellite Measurements in the Discovery
of Stratospheric Ozone Depletion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
Pawan K. Bhartia

Estimating When the Antarctic Ozone Hole will Recover . . . . . . . . . . . . . . . . . . 191
Paul A. Newman, Eric R. Nash, Anne R. Douglass, J. Eric Nielsen,
and Richard S. Stolarski

The European Arctic Ozone Campaigns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Jean Pierre Pommereau

Operational Monitoring of the Antarctic Ozone Hole:
Transition from GOME and SCIAMACHY to GOME-2 . . . . . . . . . . . . . . . . . . . 213
Diego Loyola, Thilo Erbertseder, Dimitris Balis, Jean-Christopher
Lambert, Rob Spurr, Michel Van Roozendael, Pieter Valks, Walter
Zimmer, Julian Meyer-Arnek, and Christophe Lerot



Contents xi

An Overview of Strategic Ozone Sounding Networks: Insights
into Ozone Budgets, UT/LS Processes and Tropical Climate
Signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Anne M. Thompson

Global Observations—The Key to Model Development
and Improved Assessments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Anne R. Douglass

Part V Ozone and Climate-Dynamics

The Rise and Fall of Dynamical Theories of the Ozone Hole . . . . . . . . . . . . . . . 263
Mark R. Schoeberl and Jose M. Rodriguez

Investigations of Climate–Ozone Connections with Coupled
Climate–Chemistry Models (CCMs): Another Step Forward . . . . . . . . . . . . . . 273
Martin Dameris

Stratospheric Ozone Depletion and Tropospheric Chemistry . . . . . . . . . . . . . . 279
Ivar S.A. Isaksen, Bjørg Rognerud, Stig Dalsøren, and Amund
Søvde

Tropospheric Ozone Climate–Chemistry Interaction: Aspects
of Climate Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
Wei-Chyung Wang and Hirohisa Tanaka

Metrics for Ozone and Climate: Three-Dimensional Modeling
Studies of Ozone Depletion Potentials and Indirect Global
Warming Potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
Donald J. Wuebbles, Daeok Youn, Ken Patten, Dong Wang,
and Mónica Martı́nez-Avilés

Stratosphere–Troposphere Interactions
in a Chemistry-Climate Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
Jos Lelieveld

Winter Ozone Transport Variations and the Montreal Protocol
Impact as Revealed by the Total Ozone Ground Based
Measurements over the Russian Territory in 1973–2005 .. . . . . . . . . . . . . . . . . . . 349
Igor L. Karol, Arkady M. Shalamyansky, Anna A. Solomatnikova,
and Eugenia A. Titova

Part VI Solar Ultraviolet Measurements and Effects

Solar UV: Measurements and Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
Gunther Seckmeyer, Irina Smolskaia, Darius Pissulla, Alkis F.
Bais, Kleareti Tourpali, Charoula Meleti, and Christos Zerefos



xii Contents

Ozone and Ultraviolet Radiation: Informing the Public . . . . . . . . . . . . . . . . . . . . 369
C. Thomas McElroy

A Contemporary Strategy for Sun Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
Brian Diffey

Part VII Initiatives – Recent Reports

Findings from the 2006 Ozone Scientific Assessment
for the Montreal Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
Akkihebbal Ravishankara

SPARC Science Supporting the Montreal Protocol . . . . . . . . . . . . . . . . . . . . . . . . . 393
Marvin A. Geller and Marie-Lise Chanin

Part VIII Industry and the Importance of Science to Business

How Science Guides Industry Choice of Alternatives
to Ozone-Depleting Substances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
Stephen O. Andersen, Guus J.M. Velders, and Penelope Canan

The Importance of Chemical Substitutes
to Chlorofluorocarbons (CFCs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429
Masaaki Yamabe

Perspectives on the Roles of Science, Scientific Assessments,
the Science/Policy Interface and Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439
Mack McFarland

The Role of Financial Assistance by the Multilateral Fund
in Technology Change to Protect the Ozone Layer . . . . . . . . . . . . . . . . . . . . . . . . . . 441
K. Madhava Sarma and Kristen N. Taddonio

Part IX Conclusion

Athens Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461
F. Sherwood Rowland, Guy Brasseur, Rumen D. Bojkov,
Marie-Lise, Joe Farman, Sophie Godin-Beekmann, Marco
Gonzalez, Ivar S.A. Isaksen, Igor Karol, Michael J. Kurylo, Mack
McFarland, John Pyle, Richard Stolarski, and Christos Zerefos

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465

Subject Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467



Part I
Opening Ceremony



Welcome Address

Gregory Skalkeas

Honourable Ministers of the Hellenic Government, representatives of the parties
of the Opposition and the Local Government, distinguished Representatives of the
United Nations Environment Programme and of the European Union, of the World
Meteorological Organization, of NASA and of other International Institutions, col-
leagues of the Academy of Athens and of the Universities of Greece, distinguished
Representatives of the Judicial, Administrative, Military and Police Authorities,
esteemed Ladies and Gentlemen, we celebrate today, by organizing this Interna-
tional Symposium, the 20th anniversary of the historic date of September 16, 1987,
when the Montreal Protocol was opened for signature, intended to counteract the
grave problem of atmospheric ozone depletion, a problem with major consequences
to life on Earth, while this treaty has been signed by all member countries of the
United Nations.

This opportunity prompts me to remind us all that it is in this small country,
small in terms of territory, but possessing a great historic and cultural past, where
mention was first made of the environment and its impact on the physical and
mental health of Man, but also on its possible impacts to Nature. Practically all
pre-Socratic philosophers, known as “physiologists” studied nature and the environ-
ment. Hippocrates, in his work “On Airs, Waters, and Places,” examines the impact
of the natural environment on the health, the physical and psychological condition
of human beings, as well as on the development of their character. According to him,
external physical factors affect the body and cause disease. Moreover, Aristotle, in
his works “Physics” and “Politics,” stresses in many points the need for protecting
the natural environment and for the immediate rescue of the animal and physical
beings living in that, and primarily of the one thinking being, Man, to whom first
and foremost is assigned the “salvation” of all other beings.

During these days of such tragedy to our country, when many mountain and rural
areas seem annihilated by fire, with loss of human lives and immeasurable conse-
quences to the environment but also to the country’s economy, such a Symposium

G. Skalkeas
President of the Biomedical Research Foundation of the Academy of Athens, Academy of Athens,
Greece
e-mail: gdskalkeas@bioacademy.gr

C. Zerefos et al. (eds.), Twenty Years of Ozone Decline,
c© Springer Science+Business Media B.V. 2009
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4 G. Skalkeas

on environmental issues attains particular merit. In our times, the amazing progress
of science and technology serves to continuously improve the living conditions of
people across the globe but unfortunately, it also brings about dangerous impacts
to the environment and to man, among which is the depletion of the ozone layer.
However, should the blame for these effects be placed upon that great power that is
Technology, or upon Man, who directs its beneficial or perilous application?

I believe that the commitment of the scientist to the noble ideals of humanitarian-
ism, which place Man as their primary focus, could be the only force that could stop
such dangerous misuse. It is, therefore, imperative that any decision made should
not discount the fact that the human being constitutes the ultimate value of life, one
which may not be put aside to service contemporary consumer goods of the mate-
rialistic society in which we live today. Otherwise, I fear that we currently see the
confirmation of Nietzsche’s saying on the revaluation of values.

The responsibility borne by the scientist who produces knowledge is grave,
should he fail to predict and warn against the dangers which could conceivably
arise from its application. For that reason, it is necessary that any scientific achieve-
ment be examined with conscious responsibility, not only as a cognitive or material
achievement, but also in terms of whether its application will prove beneficial, detri-
mental, or even catastrophic to nature and to man, to the exclusion of any selfishness,
arrogance, or profit-seeking. Scientists, entrepreneurs and, above all, the politicians
who bear the ultimate responsibility, are required to direct technology to the correct
path, one that will avoid environmental disaster and adverse consequences to human
beings, even if that entails negative effects to the economy.

Ladies and Gentlemen, I do not rank among those scientists, who study the envi-
ronment, but I have the utmost faith in the importance of its protection, and to
that end I make every conceivable effort. In our Research Foundation within the
Academy of Athens, I should like to inform you that there operates a fully equipped
Environmental Health Institute (seat of the Hellenic General Insurance Company)
which monitors environmental changes round-the-clock via satellite connection.
This Research Center of the Academy of Athens is headed by the Professor and
Full Member of the Academy of Athens, Christos Zerefos.

Deer esteemed Delegates from abroad I feel the need to express my thanks for
your participation. Your high scientific and academic standing ensures the success
of this symposium. On behalf of the Organisation Committee, I wish you a pleas-
ant stay in the city of Palas Athena. The tradition of Xenios Zeus, patron god of
hospitality to strangers, remains very much alive in the consciousness of modern
Greeks.



Statement from the Executive Secretary
for the Vienna Convention and the Montreal
Protocol

Marco Gonzalez

Distinguished Members of the International Ozone Commission
Distinguished Members of Industry, Research Institutes and Universities.
Ladies and gentlemen,
Good afternoon to all,

First of all I would like to share with you some of the results of the 19th Meeting
of the Parties to the Montreal Protocol on Substances that Deplete the Ozone Layer
that ended yesterday at midnight in Montreal, Canada. I do it in an attempt to kindly
request for apologies to Mr. Christos Zerefos, President of the Organizing Commit-
tee, to the Board of the International Commission of Ozone and to all of you for
not being able to be with you this morning at the Opening of this commemorative
Seminar to celebrate the 20th Anniversary of the Montreal Protocol.

But I have one important reason to attenuate my delayed arrival, I am bring-
ing with me the extraordinary good news that the Parties had agreed to further
strengthen the Montreal Protocol by adjusting and accelerating the phase-out sched-
ule of Hydrochloroflurocarbons (HCFCs), to precisely transition out of them at an
earlier date. The 191 Parties to the Montreal Protocol reached a historical agreement
to strengthen the Protocol on both considerations of protecting the ozone layer and
further reducing the emissions of greenhouse gases. The decision advances by 10
years the phase-out of HCFCs, introduces a base line to cap its growth, as well as
intermediate reduction steps to minimize the negative effects of those chemical both
to the ozone layer and to climate change. The Parties to the Montreal Protocol have
once again demonstrated their full political commitment to protect the ozone layer,
and success was achieved by a big coalition of developed and developing countries
alike committing to an accelerated phase out schedule of HCFCs to also fully realize
additional contributions to mitigate climate change.

Now, with your indulgence, I would like to turn back to my presentation. Which
will be focused on the main lessons learned, some of the many achievements and
challenges of the Protocol to date:

M. Gonzalez
Director, UNEP, Nairobi, Kenya
e-mail: Marco.Gonzalez@unep.org

C. Zerefos et al. (eds.), Twenty Years of Ozone Decline,
c© Springer Science+Business Media B.V. 2009
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6 M. Gonzalez

Since its adoption, 20 years ago, the evolution of the Montreal Protocol on
Substances that Deplete the Ozone Layer, has been both inspiring and exemplary.

Over these years, thousands of individuals and institutions connected to the ozone
layer have worked with passion, commitment, and missionary zeal to protect the
ozone layer.

Distinguished participants, before proceeding further in my brief presentation, I
would like to quote the message of the Secretary General of the United Nations,
Mr Ban Ki-moon on the occasion of our celebration:

“I quote: ‘The success of the MP shows us that there are global instruments that can curb
the impact of human activities on the global environment’. We should draw lessons from
this experience, and strive to replicate it” end of quote.

One of the signatures of the Parties to the Protocol have been their flexibility. This
political attitude has been a major factor behind the effectiveness of the Treaty.
In light of new understandings of science, the Protocol has been amended and/or
adjusted nine times. In taking these actions, the Parties have consistently followed
scientific advice and promoted technology innovation in a virtuous circle: new find-
ings leading to a swift political response which further promoted new technology
options.

The role of science in this process cannot be overstated. The Montreal Proto-
col has been driven by Science both during the political negotiations leading to the
adoption of the Ozone Treaties and its implementation; new scientific or techno-
logical findings have played a vital role in every mayor milestone of this global
partnership.

Along with this knowledge-base virtuous circle, the Parties have developed an
inclusive institution that host the participation of governments, industry, academia,
and civil society to deliver real-time information on science and technological fea-
sibility. The Parties have also developed a strong, cost-effective funding mechanism
that has, among other things, supported the creation of over 140 ozone units of
unsurpassed experience and expertise. I believe that these units, which share infor-
mation, knowledge and support each other in their day to day operation through the
Ozone Networks, are also one of the enduring legacies of the Protocol experience.

Indeed, it is this effort that spawned the global ozone partnership, and created a
culture of compliance, compliance that breeds success.

The parties to the Protocol have developed this culture of compliance by estab-
lishing achievable goals, and demonstrating time and again the will to ensure that
they are met. And it is this culture, and the related confidence of the Parties, that has
enabled the Protocol to move forward on a continuous path of achievements.

Throughout this immense undertaking, the Parties have developed a step-by-step
approach that has targeted 96 ozone depleting substances in around 250 industry
sectors, and in more than 1,000 applications, and put them on a clear phase-out
schedule. In developed countries, consumption has dropped by over 99%, and in
developing countries, over 70% from their baseline consumption and production
figures. In the aggregate, the 191 Parties to the Protocol have achieved a reduction
of over 90% and the latest atmospheric measurements predict a recovery of the
average ozone layer to pre-1980 values by about the middle of this century.
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In recognizing the achievements of the ozone protection regime, we must also
stress that the job is not yet complete and Parties must redouble their efforts to
sustaining the drive to protect the Ozone Layer and address the challenges ahead.

First and foremost, science tells us that unless the Parties complete of their
work by phasing out the remaining consumption and production ODS and secure
to sustain the gains so far made, the ozone layer may not be fully healed.

The phasing out of the remaining ozone depleting substances, including HCFCs,
and others contained in equipment and buildings do represent a challenge. Sci-
ence confirms that further actions in this front would significantly support efforts
to mitigate climate change and restore the ozone layer.

One key challenge in this battle relates to the scientific uncertainty associated
with the interactions of climate change and ozone depletion, and the potential impact
that the two atmospheric processes may have on one another. While the Ozone
Treaties have been very successful phasing out consumption and production of
ozone depleting substances and in so doing have become one of the mayor con-
tributors to protect the global climate, there seems to be a need to consider carefully
how we are going to ensure the essential monitoring of the ozone layer out into
the future. Continued observation of the atmosphere through satellite missions and
ground-based stations is vital to monitoring the expected recovery of the ozone layer
and the complex interlinkages of this process with the global climate. It is my hope
that Parties to the Vienna Convention for the Protection of the Ozone Layer and its
Montreal Protocol will renew their commitment to this important work, and con-
sider the necessary actions leading to the launching of new satellite missions to fill
future gaps, and the commissioning and maintenance of new and existing ground-
based monitoring stations. It is only through actions such as these that we will be
able to ensure that systematic observations and research activities are continued in
the robust manner needed to address our future challenges.

The existence of controlled versus uncontrolled uses of ozone depleting sub-
stances creates perverse incentives to profit from illegal trade. Governments must
redouble their efforts to implement all of the Protocol’s provisions as well as effec-
tive controls to address this illegal activities that can undermine the success achieve
so far.

There is a serious challenge that the Parties to the Montreal are assessing care-
fully: the need to keep political commitment, monitoring and research activities, and
industry engagement in developing ozone friendly and energy efficient alternatives
while climate change impacts global environmental priorities.

These amongst others, are substantive challenges that bring with them significant
opportunities to further protect the global environment, the Parties to the Montreal
Protocol have swiftly acted to address these challenges, the decisions taken just 2
days ago reflect their vision and commitment to not only protect the ozone layer but
also to continue their efforts to contribute to combat climate change. It is hoped that
additional actions will further contribute to address the challenges identified as we
move into the third decade of the Montreal Protocol.

In concluding distinguish participants, The Montreal protocol has undergone
many political, scientific, technological and economical challenges, has seen many
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negotiations addressing conflicting views, has witnessed a myriad of individuals
and institutions creating and strengthening a culture of success to protect the ozone
layer; their efforts are demonstrating to the world that global action to protect the
environment is not only possible in some distant time frame—it is happening today
as we celebrate the 20th Anniversary of the Montreal Protocol.

Finally, I wish to thank you for all your contributions to ensure the protection of
the ozone layer and in particular I would like to recognize all the efforts of the orga-
nizing committee to commemorate the 20th anniversary of the Montreal Protocol
with this excellent seminar in this beautiful and historic city of Athens.



Opening Address

Georgios Souflias

Ladies and Gentlemen, it is my great pleasure to welcome you in Athens and at
the International Symposium on the subject “Depletion of the Protective Ozone
Layer,” organized by the Institution of Biomedical Research of the Athens Academy,
the National Observatory of Athens, and other distinguished co-organizers, on the
occasion of the celebration of 20 years since the Montreal Protocol was signed, a
Protocol which is generally accepted to be a model of an international environmental
agreement.

It is also a great pleasure for me to welcome distinguished scientists, such as
Crutzen, Molina, and Rowland, who have been awarded the Nobel Prize. Their pio-
neer research has led to the initial observation of the depletion of the ozone layer
and to the mobilization of the international community, in order to adopt measures
for its protection. At this point, I would like to praise also the role of Greek scientists
that have actively participated, and were among the first ones to do so, both in the
research of phenomena, and in the effort of the initial implementation and further to
the improvement of the Montreal Protocol.

Today, environmental issues are at the core of the international community inter-
est. Particularly issues such as how human activities affect the ozone depletion and
climate changes now preoccupy and give cause for concern to governments, the
scientific community and, of course, sensitised citizens themselves. Man today has
started realizing that he cannot remain indifferent towards the environment. The
environment is his home. The environment does not only provide people a better
quality of life, but life itself. And that, therefore, it is his duty not to harm it, as he
has been doing for centuries, but take care of it and protect it.

This awakening is the condition for the mobilisation of human society for the
avoidance of actions that harm the environment, for the adoption and implementa-
tion of rules of protection and improvement of the environment.

The environment protection is recognized today as a fundamental human right by
Article 37 of the Charter of the European Union, which provides that “a high level
of environmental protection and the improvement of the quality of the environment

G. Souflias
Hellenic Minister for the Environment, Physical Planning and Public Works Athens, Greece
e-mail: ypourgosde@otenet.gr
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must be integrated into the politics of the Union and ensured in accordance with the
principle of sustainable development.” It is now a condition for survival for all of us
holding positions of authority–and through ourselves for the international society
of citizens–to realize that each activity has to be done in absolute respect of the
environment.

And this one is a universal principle. Because, nowadays, we have all under-
stood that, something happening in one country affects the other countries as well.
Problems are universal, and consequently the solutions must be ecumenical.

Such a model of universal response to the problems is the Montreal Protocol. It
was agreed upon and executed when the international community started realizing
how pressing the great problem of the depletion of the protective ozone layer is
for the survival itself of mankind and our civilisation. Its implementation by the
191 signatory countries has substantially contributed to avert further depletion of
the ozone layer, while there are indications that the recovery of the layer is feasible
in a fifty year perspective. At the same time, the Protocol has greatly contributed
to confronting the climate change and continues to evolve in order to reliably face
future challenges.

It is, however, important that the international community further intensifies its
efforts for the acceleration of the dates of progressive ban of dangerous substances,
such as the hydrochlorofluorocarbons, ensuring at the same time their replacement
by alternative ozone and climate friendly solutions. The European Union, that is
a pioneer in environmental protection issues, has already taken a big step in this
direction.

Greece ratified the Montreal Protocol at the end of 1988 and, since, the effort
has been continuous, in order to achieve the targets as to the production and con-
sumption of controlled substances, according to the Protocol, and also pursuant to
Regulation 2037/2000 of the European Union, which has created a more specific
and strict framework for the timely and reliable implementation of the Protocol on
Europe. The European Union and its member states play a leading role in the suc-
cess of the Protocol. Our country is actually fully compliant to its international and
European obligations that result from the Protocols of Montreal and Kyoto.

At the same time, Greece holds the most long-term time series of measurements
of ultraviolet radiation in clear skies, from 1982 until today, out of which the deple-
tion of the ozone layer has been proved. It also participates therein through the
establishment of measurement stations in the Universities of Athens and Thessa-
loniki and the Athens Academy. It also participates in international fora for the
revision of the Montreal Protocol.

Furthermore, Greece, along with the other member states of the European Union,
has given an end to the use of the most ozone destructive substances, such as the
chlorofluorocarbons, contained in sprays and refrigerators, at an early stage.

Moreover, as Ministry for the Environment, we implement an integrated policy
in order to address the climate change, through a series of measures concerning: the
reduction of greenhouse gas emissions by the industries, the review of the National
Program for Climate Change, the promotion of Renewable Energy Sources, the
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implementation of business plans for the confrontation of pollution in large cities,
the promotion of natural gas, saving of energy, etc.

At this point, I would like to reiterate what I said earlier: that the Montreal Pro-
tocol constitutes a model of universal cooperation. Regretfully, the same cannot be
stated for the Protocol of Kyoto. This is due to the fact that, while in the Montreal
Protocol countries participate actively and decisively, the same does not apply for
the Kyoto Protocol. And this is not only sad, but also dangerous for the planet and
our future.

It is necessary that we all realize that the climate change problems that we are
facing can only be confronted by international cooperation. It is also necessary to
find a formula, in order for what is needed for the effective confrontation of the
climate change problem to be applied by everyone.

The international intellectual and scientific community—and I am now referring
to leading scientists—must demand of all countries to participate actively in facing
the greenhouse effect, just like it happened with the Montreal Protocol.

I would also like to emphasize one more thing: In order to restore the climate,
it is necessary to impose managerial measures, such as reduction of pollution, but
these will not be sufficient. It is imperative to change the lifestyle and behaviour of
modern man. This is a responsibility of the entire society, which, however, has to be
guided by initiative of its physical leaders, the political and intellectual leaders.

We all, breathing on this planet today and having the potential, must guarantee
its future, rapidly and decisively. We have no right to delay; we have no luxury of
losing time.

The twenty years of successful course of the Montreal Protocol are a source of
optimism, but also reminds us that our actions have to be continuous. The role of
the scientific community has never been as important, so much for its predictions,
as well as for the submission of proposals, for the further review process of the
Protocol.

Today, 20 years after the Montreal Protocol, it is everyone’s desire to announce
more pleasant news. We know, however, that the way to achieve this goal is a long
one. But we can all be optimistic. Because, as the presence of all of you today
proves, the international scientific community is in awareness, giving hope for better
knowledge and protection of our fragile atmospheric environment.

The Greek State supports the common effort by all its means and we expect
that the conclusions of today’s symposium will render the international community
richer in knowledge and more ready to fight the depletion of the ozone layer. We
believe in you and expect a lot from you. With these thoughts, I declare the opening
of the works of the Symposium, the outcomes of which is anticipated with a partic-
ular interest, by my country and by the International Community. I wish you every
success and pleasant stay in historical Athens.



Science Inspiring Diplomacy: The Improbable
Montreal Protocol

Richard E. Benedick

I would like to thank Dr. Christos Zerefos for the opportunity to return to this beau-
tiful country, where I once served as an American diplomat several years before I
became the chief US negotiator for the Montreal Protocol. I am particularly hon-
ored to speak at the Academy of Athens, and feel awed to be in the company of so
many of the world’s most influential scientists, who contributed immeasurably to the
extraordinary success of this historic treaty. Many of these renowned scientists are
now personal friends, who became my mentors and associates during the complex
negotiations to protect the fragile and endangered stratospheric ozone layer.

I am particularly grateful to Dr. Zerefos for generously assigning me the task of
expounding the history of the Montreal Protocol in just 15 minutes. But I suppose
that for an ancient civilization like Greece, the matter of time—whether 20 years
or a quarter-hour—is not so important. I only hope that Dr. Zerefos will not stand
behind me with a klepsydra—the ancient water clock that was used to time Athenian
orators in the Agora—ready to pour water on me when my time is up!

This time-challenge also reminds me of the British theater company that offered
to present the complete works of William Shakespeare in one hour. Actually, I think
that it is no exaggeration to consider that the Montreal Protocol – with all the sci-
ence, technology, and diplomacy that made it possible—is, like Shakespeare’s plays,
a high point in civilization. Future historians may well rank the international agree-
ment to protect the stratospheric ozone layer with such landmarks in human progress
as the invention of the printing press or the exploration of space.

The ozone treaty was not simply another diplomatic success story. The heads
of the World Meteorological Organization (WMO) and the United Nations Envi-
ronment Programme (UNEP) wrote that the Montreal Protocol is “one of the great
international achievements of the twentieth century” (Dowdeswell & Obasi 1995).
Considering the grave threats to all life on Earth that were averted by this remarkable
treaty, it would be difficult to challenge their judgment as hyperbole.

You may wonder why I titled my address today the “improbable” Montreal Pro-
tocol. Ladies and gentlemen, the ozone accord was not inevitable. In the 1980s, no
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gambler would have wagered that the world’s nations would ever agree to eliminate
dozens of extremely useful chemicals that were virtually synonymous with modern
standards of living. Chlorofluorocarbons (CFCs) and the related halons seemed to be
perfect man-made chemicals. They are extremely stable, nontoxic, nonflammable,
noncorrosive, and inexpensive to produce—all qualities that made them uniquely
suited for a myriad of consumer and industrial applications. Over the years, they
found more and more uses in thousands of products and processes—from food
processing and aerospace to pharmaceuticals and telecommunications (Alliance for
Responsible CFC Policy 1985).

The scientific, economic, technological, and political issues involved in the
negotiations were staggeringly complex. Billions of dollars in international invest-
ment and hundreds of thousands of jobs worldwide were involved in production
and consumption of CFCs and halons. Governments in Europe, Japan, and the
Soviet Union initially collaborated with powerful economic interests in adamant
opposition to controls over these multifaceted chemicals. They insisted that tech-
nological alternatives were nonexistent, too costly, or unfeasible. Epitomizing the
close industry-government linkages, company executives even served on govern-
ment delegations—indeed, during the negotiations we actually discovered an official
European Union instruction drafted on the letterhead of France’s Atochem.

Most other governments at the time were either unaware of, or indifferent to, an
arcane danger occurring far above Earth’s surface. As one diplomat from a large
developing country chided me early on in the negotiations: “Rich man’s problem –
rich man’s solution!”

The Montreal Protocol negotiators thus confronted formidable political and eco-
nomic obstacles. Although the theoretical dangers of ozone depletion could touch
every nation and all life on earth, they were far beyond politicians’ normal time hori-
zons. Moreover, the potential consequences could neither be measured nor predicted
with certitude as the diplomats began their work.

The concept was not at all obvious: a perfume spray used in Paris could destroy
a remote gas in the stratosphere and thereby cause skin cancer deaths and species
extinctions half a world distant and several generations into the future? The pro-
posed treaty would unquestionably inflict substantial near-term economic costs
solely in order to prevent speculative future dangers—dangers that rested on scien-
tific theories rather than on proven facts. (Crutzen 1970; Molina and Rowland 1974;
Cicerone & Stolarski 1974; World Meteorological Organization 1986) The science
itself was based on projections from still-evolving computer models of imper-
fectly understood atmospheric phenomena. And the models yielded varying and
sometimes contradictory results each time they were refined.

For example, measurements of dangerous ultraviolet radiation reaching Earth’s
surface at that time actually showed a slight reduction rather than the predicted
increase—only later was it realized that this was a transitory consequence of low-
level air pollution that was filtering out the radiation (Scotto 1988). Moreover,
the projections of future ozone layer destruction rose and fell with each new sci-
entific study—from about 19% in a 1979 report to only 3% in 1983 (Brasseur
& Solomon 1984; National Research Council 1983). Ideological opponents of
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environmental controls within the Reagan Administration—who in early 1987 tried
unsuccessfully to reverse the US position and have me fired—seized on this “trend”
and said that soon Benedick and other “doomsayers” would claim that there is now
too much stratospheric ozone and propose even more expensive measures to reduce
the ozone layer! During the protocol negotiations, even the famous “ozone hole”
over Antarctica was considered by many scientists to be an anomaly, since it did
not conform to the theoretical ozone depletion models and could possibly have
been caused by some other factor than CFCs (Farmer et al. 1985; Solomon 1988;
Stolarski 1988; U.S. Environmental Protection Agency 1987).

The true story of this “improbable” Montreal Protocol offers important lessons
for addressing future complex environmental problems, most notably climate
change. First and foremost, unquestionably the indispensable element in the suc-
cess of the ozone treaty was the role of science and scientists. Absent the curiosity
and courage of a handful of remarkable scientists—many of whom will speak to
you in the course of this symposium—the world would have learned too late of
the hidden dangers from the rapidly expanding use of CFCs and halons. And yet,
the early theories of the Nobel Laureates and others in this hall today were greeted
thirty years ago by a firestorm of controversy and denial. While my own book on
the Montreal Protocol is entitled Ozone Diplomacy (Benedick 1991, 1998), the first
book on the subject, published 10 years earlier, bore the apt title The Ozone War
(Dotto & Schiff 1978). Notwithstanding the initial controversy, the serious potential
dangers did prompt a wave of innovative scientific research over the ensuing years,
which greatly influenced the treaty negotiations.

It would be difficult to exaggerate the complexity of this research effort. Ozone
itself amounts to considerably less than one part per million of the total atmosphere,
with 90% of it located 10 km or more above Earth’s surface. The intrinsically unsta-
ble ozone molecules are continually being created and destroyed by complex natural
forces involving solar radiation and interactions with even more minute quantities of
other gases. Adding to the analytical difficulties, stratospheric ozone concentrations
can fluctuate on a daily, seasonal, and solar-cyclical basis, and there are signifi-
cant geographical as well as altitudinal variations (Rowland et al. 1989; Brasseur &
Simon 1988; World Meteorological Organization 1986).

Amidst all of these fluxes, scientists faced formidable challenges in predicting,
not to mention detecting, the minuscule “signal” of the beginning of a possible long-
term downturn in stratospheric ozone as postulated by the theory. This necessitated
the development of ever more sophisticated computer models to simulate the strato-
spheric interplay among radiative, chemical, and dynamic processes such as wind
and temperature—all for decades and centuries into the future. In addition, intricate
observation and measuring devices had to be created, miniaturized, and fitted onto
aircraft, satellites, and rockets to monitor remote gases in quantities as minute as
parts per trillion.

Without modern science and technology, the world would have remained unaware
of an ozone problem until it was too late. Indeed, science became the driving force
behind the Montreal Protocol. To fully understand the implications of a diminishing
ozone layer, scientists had to venture far beyond atmospheric chemistry. They had
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to examine our planet as a system of interrelated physical, chemical, and biological
processes on land, in oceans, and in the atmosphere—processes that are themselves
influenced by economic, political, and social forces.

The Montreal Protocol thus became a truly multi- and interdisciplinary effort.
Over the years, researching the dangers and solutions engaged not only chemists
and physicists, but also meteorologists, oceanographers, biologists, oncologists,
botanists, toxicologists, epidemiologists, engineers, economists, and many other
disciplines. The formation of a commonly accepted body of data and analyses and
the narrowing of ranges of uncertainty were prerequisites to a political solution
among initially widely separated national interests.

In effect, a community of scientists from many nations, dedicated to scientific
objectivity, developed through their research a common concern for protecting the
planet’s ozone layer that transcended divergent national allegiances. The close col-
laboration between scientists and key government officials ultimately prevailed over
narrow commercial and ideological interests. While governments had an obliga-
tion to fund relevant research, scientists for their part accepted an unaccustomed
responsibility to analyze the implications of their findings for alternative policy
strategies.

Unlike prior environmental agreements, the Montreal Protocol was not a response
to existing conditions, but rather preventive action on a global scale. By the time the
evidence on issues such as ozone layer depletion and climate change is beyond dis-
pute, the damage could be irreversible. It would be too late to avoid serious harm to
human life and the environment as well as draconian future costs to society. Thus,
political leaders need to act even while there are still scientific ambiguities and
uncertainties, based on a responsible balancing of the risks and costs of delay. In
1987, President Ronald Reagan overruled some of his closest ideological allies and
personally approved the US position for strong controls; later, in signing the treaty,
he characterized the Montreal Protocol as “a monumental achievement of science
and diplomacy” (Reagan 1988).

In contrast to traditional treaties that are based on an agreed static solution, the
Montreal Protocol was, because of the still evolving science, deliberately designed
to be a dynamic and flexible process. The protocol could be reopened and, if
necessary, revised as needed on the basis of regularly scheduled scientific and tech-
nological assessments by independent panels reporting back to the annual Meeting
of Parties. As new evidence was uncovered by scientists, the treaty could be adapted
to evolving knowledge. The prudence of this approach was vindicated when the sci-
entific models later turned out to have actually underestimated prospective ozone
depletion. The Montreal Protocol was, in fact, continually amended to strengthen
controls, tighten deadlines, and cover more ozone-depleting substances.

Just last week in Montreal, at the 20th anniversary celebration of the treaty, the
protocol was again significantly revised. Hydrochlorofluorocarbons (HCFCs) are
effective substitutes for CFCs because of their low influence on ozone, but they
are also highly potent greenhouse gases. In an historic recognition of the linkage
between the ozone treaty and the Kyoto Protocol on climate change, the Montreal
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signatories agreed last week to significantly accelerate the phaseout of HCFCs in
order to reinforce efforts to mitigate climate change. (Benedick 2007b)

Recognizing the critical importance of the independent ozone panels, I and others
proposed in the summer of 1987 to create a new centralized international scientific
body to perform a similar service for the climate change issue. This was the origin of
the Intergovernmental Panel on Climate Change, which has performed so effectively
since 1988 in its periodic assessments of the science and policy implications of
climate change.

But another lesson from the Montreal Protocol appears to have been lost in the
climate negotiations: the 1986–1987 ozone meetings, which produced the first and
most innovative breakthroughs, were remarkably small in attendance and short in
duration by today’s standards. The first 1-week negotiating round in 1986, for exam-
ple, was attended by merely 20 nations and three nongovernmental organizations
(NGOs). Just 9 months later, at the decisive 1987 Montreal conference, there were
still only about 60 national delegations. (Benedick 1998, pp. 68–76)

Contrast this with subsequent United Nations global environmental megaconfer-
ences and negotiations on climate change. Several thousand official delegates from
over 190 nations, together with hundreds of NGO and media representatives, have
come together every year since 1995 for 2-week negotiating conferences that most
resemble a medieval trade fair. Many governments send over 100 delegates to Kyoto
Protocol negotiations—more than the total number of participants from all countries
at the ozone meetings that accomplished such historic breakthroughs 20 years ago.
In addition, legions of NGO observers stage dramatic and sometimes rowdy demon-
strations at the climate conferences, generating newsworthy police interventions.
The omnipresent global media seek statements from sleep-deprived officials after
all-night working sessions. Indeed, the atmosphere at contemporary global nego-
tiations seems to place a premium on short-term political sound bites rather than
on sober reflection and reasoned debate of very complex scientific, economic, and
policy issues.

Yet, there is no law that every aspect of a complicated scientific and environmen-
tal problem must be addressed by every nation at the same time and in the same
place. This is particularly true for the climate change negotiations, since in reality
only 24 nations (half of them “developing” countries) together account for about
80% of global greenhouse gas emissions, while the remaining 170 nations each
contribute less than a fraction of one percent (Baumert et al. 2005).

Clearly this is one lesson from the Montreal Protocol history that has not
been learned. For this reason, I have recommended that we disaggregate the cli-
mate negotiations into separate components, such as research and development of
new energy technologies, coordinated government procurement policies, sectoral
emissions-reduction policies (e.g., transportation), adaptation measures, etc. We
should encourage small groups of countries to work together in smaller forums, pos-
sibly with participation of local governments and industry as appropriate, to create
partial solutions: “an architecture of parallel regimes” (Benedick 2007a).

Ultimately, it seems to me that the ozone treaty has defied the efforts of a gen-
eration of academics to produce connect-the-numbers guides to successful global
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negotiations. Although it can be useful retrospectively to analyze negotiating fac-
tors and techniques, the real negotiations are both richer and more treacherous than
academic models. One can offer some “lessons,” but there is no guarantee that things
will work out. Impasses are not always destined to be resolved.

A crucial intangible factor is leadership, both by governments and by individuals.
Individuals can make a surprisingly significant difference in the course of long and
difficult negotiations. From the overall leadership on ozone provided by UNEP’s
Mostafa Tolba (with his credo of “Start and Strengthen”), to the roles of individual
scientists, negotiators, environmentalists, and industrialists, it was personal ideas,
decisions, and actions at critical moments that determined the successful outcome.
Ultimately, diplomacy still remains more of an art than a science. Much depends on
serendipity, and on the right people being in the right place at the right time.

In conclusion, in the realm of international relations there will always be resis-
tance to change, and there will always be uncertainties—scientific, political, eco-
nomic, psychological. Faced with a new generation of global environmental threats,
governments must act even while some major questions remain unresolved. In
achieving the Montreal accord, consensus was forged and decisions were made on
a balancing of probabilities—and the risks of waiting for more complete evidence
were ultimately deemed to be too great. In the real world of ambiguity and imper-
fect knowledge, the Montreal Protocol will hopefully prove to be the forerunner of
an evolving partnership between scientists and policy makers, as sovereign nations
seek ways to deal with uncertain dangers while accepting common responsibility
for stewardship of planet Earth.

Finally, I predict that future generations, when they commemorate the thirtieth—
the 50th—the 100th!—anniversary of the historic Montreal Protocol, will look back
at the work of the people in this hall today, and the work of many others whom
we represent: scientists and engineers, diplomats and public officials, entrepreneurs
and civic leaders—who together created an inspiration to humanity to defend and
preserve our environment, on which all life depends.

Thank you very much – Efkharisto poli!
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Stratospheric Ozone Depletion

F. Sherwood Rowland

Abstract Solar ultraviolet radiation creates an ozone layer in the atmosphere which
in turn completely absorbs the most energetic fraction of this radiation. This pro-
cess both warms the air, creating the stratosphere between 15 and 50 km altitude,
and protects the biological activities at the Earth’s surface from this damaging radi-
ation. In the last half-century, the chemical mechanisms operating within the ozone
layer have been shown to include very efficient catalytic chain reactions involving
the chemical species HO, HO2, NO, NO2, Cl and ClO. The NOx and ClOx chains
involve emission of stable molecules in very low concentration at the Earth’s sur-
face (N2O, CCl2F2, CCl3F, etc.), which wander in the atmosphere for as long as a
century before absorbing ultraviolet radiation and decomposing to create NO and Cl
in the middle of the stratospheric ozone layer. The growing emissions of synthetic
chlorofluorocarbon molecules cause a significant diminution in the ozone content of
the stratosphere, resulting in more solar ultraviolet-B radiation (290–320 nm wave-
length) reaching the surface. This ozone loss occurs in the temperate zone latitudes
in all seasons and has been drastic since the early 1980s, especially in the south polar
springtime—the ‘Antarctic ozone hole’. The chemical reactions causing this ozone
depletion are primarily based on atomic Cl and ClO, which is the product of its reac-
tion with ozone. The further manufacture of chlorofluorocarbons has been banned
by the 1992 revisions of the 1987 Montreal Protocol of the United Nations. Atmo-
spheric measurements have confirmed that the Protocol has been very successful
in reducing further emissions of these molecules. Restoration of the stratosphere to
the ozone conditions of the 1950s will occur slowly over the rest of the twenty-first
century because of the long lifespan of the precursor molecules.
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Introduction

Homer speaks of lightning bolts after which ‘a grim reek of sulphur bursts forth’
and the air was ‘filled with reeking brimstone’. (Homer 3000 BC). The odour was
not actually the smell of sulphur dioxide associated with burning sulphur, but rather
was the first recorded detection of the presence of another strong odour, that of
ozone (O3) in Earth’s atmosphere. These molecules were formed by the passage of
lightning through the air, created by splitting the abundant molecular oxygen (O2)
molecules into two, followed by the addition of each of the free O atoms to another
O2 to form the triatomic product. In fact, most of the ozone molecules present
in the atmosphere at any time have been made by this same two-step splitting-
plus-combination process, although the initiating cause usually begins with very
energetic solar ultraviolet (UV) radiation rather than lightning. Many thousands of
years later, the modern history of ozone began with its synthesis in the laboratory
of H. F. Schonbein in 1840 (Nolte 1999), although the positive confirmation of its
three-oxygen atom chemical formula came along sometime later.

Scientific interest in high-altitude stratospheric ozone dates back to 1881 when
Hartley measured the spectrum of ozone in the laboratory and found that its
ability to absorb UV light extended only to 293 nm at the long wavelength end
(Hartley 1881a). He then connected this result with the earlier field observation
(Cornu 1879) that there was a short wavelength cutoff in solar UV radiation at
293 nm. Hartley concluded that this limitation on solar UV arriving at the Earth’s
surface was caused by the ubiquitous presence of some absorbing substance in
the atmosphere, and the match between these two cut-offs identified ozone as the
molecule involved (Hartley 1881b). Cornu’s field work had been carried out at three
different mountain altitudes, and his experiments showed that the solar cut-off was
slightly less effective—a little less ozone—at higher altitudes (293.2 nm at 2,570 m;
294.8 nm at 1,650 m; 295.4 nm at 660 m). From the very small changes in cut-off
wavelength with altitude—about 20% of the total atmosphere lies between 660 and
2,570 m—Hartley further reasoned that ozone was not distributed uniformly through
the atmosphere, but rather that most of it was at altitudes higher than 2,570 m.
These measurements were all made in the lowest part of the atmosphere, the
troposphere,1 and the structure of the atmosphere at much higher altitudes was not
yet fully understood in Hartley’s time. However, the groundwork had been laid for
our present understanding that most of the atmospheric ozone lies far overhead in
the stratosphere.

1 The troposphere extends from the surface to an altitude, which varies both with the latitude,
reaching 17 km over the tropics and 6–10 km in Polar Regions, and the temperature, being slightly
higher in the summer months. The temperature decreases with increasing altitude in the tropo-
sphere until it reaches the tropopause region and then begins to increase at higher altitudes. This
region of rising temperature with increasing altitude is the stratosphere which extends up to an
altitude of 50 km. Ninety percent of the atmosphere is in the troposphere, with only 0.2% lying
above the stratosphere.
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Detailed knowledge of the Earth’s atmospheric ozone distribution seasonally and
geographically was outlined in the beginning of the1920s by a series of experi-
menters, especially G. M. B. Dobson, who began regular measurements with an UV
spectrometer—an improved version of Hartley’s measurement technique. Dobson
realized that careful measurements of the relative intensities of solar UV radiation
at different wavelengths could be converted into quantitative estimates of the amount
of ozone overhead, and his initial work near Oxford established that the amount of
ozone varied from day to day and month to month. The Dobson UV-spectrometer,
adapted into an instrument suitable for daily measurements in remote locations by
trained technicians, became a standard instrument applied by many other scientists.
With such instruments being operated in various distant locations and monitored
throughout the year, the global distribution of ozone was quantified in the fol-
lowing decades, as shown in Fig. 1 for four different locations (Rowland 1991).2

Tropical locations, such as Huancayo in Peru, were found to have approximately
the same amount of ozone overhead year-round. Higher ozone concentrations were
measured throughout the year in the temperate latitudes than in the tropics, but with
a strong seasonal variation superimposed. The peak ozone values in the temper-
ate zones in both north and south occur at the end of winter—the further north
the station from Arosa to Leningrad, the higher the maximum ozone concentration.
Spitzbergen (78◦N) recorded the highest ozone concentrations, again maximising
early in the spring. No measurements were made in the south Polar Region until
the preliminary stages in preparation for the International Geophysical Year of
1957/58.

Solar Spectrum

The radiation from the sun has wavelengths visible to humans from violet (400 nm)
to red (700 nm), plus invisible infrared (>700nm) and UV(<400nm) wavelengths.
The energy of the radiation increases as the wavelengths shorten, and the absorption
of highly energetic UV radiation usually causes the decomposition of simple atmo-
spheric molecules. In the upper atmosphere, the UV wavelengths below 242 nm

2 The measurement unit for atmospheric ozone has been named the Dobson unit (DU) in his hon-
our. The official definition is that 1 DU is the thickness in units of hundredths of a millimetre that
the entire ozone column would occupy at standard temperature and pressure (0.8◦C and 1 atm.).
One DU represents about 2.69×1016 molecules cm−2 and is approximately one part in 109 of the
molecules in the atmosphere. The global average ozone content of the atmosphere is approximately
300 DU or 3×10−7 of the atmosphere.
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Fig. 1 Seasonal and latitudinal variations of atmospheric ozone (Rowland 1991)

can be absorbed by O2 (Fig. 2), initiating the sequence of reactions of equations
(R1)–(R3).

O2 + UV(242nm) → O+ O (R1)

O+ O2 + M → O3 + M (R2)

O3 + UV or visible → O+ O2 (R3)

The O3 molecules formed in (R2) can in turn absorb visible UV radiation, as in
(R3), with absorption increasing greatly in strength at shorter wavelengths of the
UV. Through these processes, plus others discussed later, a balance of ozone is main-
tained by which an average of three parts in 107 of all of the atmospheric molecules
is present as ozone, versus 21% as O2. About 90% of these ozone molecules are
present at altitudes between 10 and 50 km, that is, mostly in the stratosphere where
the mixing ratio of O3, its fraction of all atmospheric molecules, can rise as high as
one part in 105. (For comparison, the regulatory control mechanisms in urban sur-
face locations typically become applicable when the O3 mixing ratios exceed one
part in 107.)

Since both O2 and O3 can absorb short-wavelength UV radiation, no solar radia-
tion with wavelengths less than 290 nm (the ‘ozone cut-off’ for instruments more



Stratospheric Ozone Depletion 27

SOLAR RADIATION

200 nm 300 nm 400 nm 700 nm

mid-stratosphere
ozone cutoff

violet red
visible infraredULTRAVIOLET

290 nm 320 nm
UV-B

O2 O+O O3 O+O2

earth’s surface

UV

Fig. 2 Schematic description of different wavelengths of solar radiation

sensitive than Cornu’s) penetrates below the stratosphere. The solar UV energy
absorbed in (R3) is converted into heat by processes such as energy transfer to M in
(R2), providing a thermal source in the 30–50 km range. This influx of heat creates
the stratosphere, and is responsible for maintaining its positive temperature gradi-
ent versus altitude. This increase in temperature with increasing altitude creates a
very stable, stratified atmospheric regime with a very slow turnover time of several
years. The ozone layer thus performs two important physical processes: (i) It pre-
vents the arrival of short wavelength UV radiation, which is less than 290 nm, on the
surface of the Earth and its exposed biology and (ii) changes this UV energy into
heat, necessary for the continued existence of the stratosphere.

Chapman Reactions for Ozone Formation

The logical source for this atmospheric ozone was the short-wavelength UV pho-
tolysis of molecular oxygen by equation (R1), followed by a combination of atomic
oxygen with another O2, as shown in equation (R2). But why did the amounts
of ozone not continue to increase from reactions (R1) to (R3) if there existed no
other removal reaction for O atoms but reaction (R2), which was not a permanent
removal? Why was the concentration of stratospheric ozone not highest in the trop-
ics, where the solar radiation was most intense? Also, why were the highest ozone
concentrations of all found above Spitzbergen, Norway, in polar air masses, which
had just emerged from several months of total darkness? In 1930 Chapman provided
a successful qualitative explanation for this unexpected latitudinal and seasonal dis-
tribution of ozone by completing the sequence with reaction (R4) (Chapman 1930).
This provided the crucial step for closure by explaining that O, returned back to O2

by intercepting some of the O atoms that are released by exposure to sunlight.

O3 + O → O2 + O2 (R4)
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With both the formation and destruction processes for ozone driven by sunlight and
located predominantly in the upper stratosphere of thetropics, the ozone geograph-
ical distribution must have a more complicated explanation. The amounts of ozone
found everywhere then depend upon a complex interplay between the molecular
transformations of the chemical species and meteorological transport of these reac-
tants to other altitudes and latitudes. But, semi-quantitatively, the chemical origin,
the high-latitude location and spring equinox timing of the ozone maxima had been
rationalised.

Quantitative limitations still existed in calculations of the total global ozone bur-
den for several reasons, including lack of precision measurements of (i) the kinetic
reaction rates for (R1) to (R4), (ii) solar UV spectra and intensities in the higher
levels of the Earth’s atmosphere and beyond and (iii) knowledge of the global mete-
orological transport patterns in the stratosphere. During the ensuing 30 years with
rapidly improving kinetic measurements, especially with early rocket and balloon-
based, and eventually, satellite observations of the radiation from the unshielded
sun, Chapman’s four ‘oxygen’ reactions nevertheless still provided a satisfactory
explanation for the origin, magnitude and distribution of atmospheric ozone.

Free Radical Reactions for Ozone Removal

The modern era of stratospheric ozone studies began in the 1950s with proposals
that the detailed ozone source and sink—i.e. removal processes—calculations might
not be in balance. Rocket experiments were well under way, and extensive data was
now available for the upper reaches of the atmosphere and for outer space. The
equipment for studies of chemical kinetics had improved greatly too. The conclusion
began to be formed: less ozone, perhaps by a factor of 2, was actually present in
the atmosphere than would be expected if the Chapman reactions were the only
significant contributors to its creation and removal. Because the formation reactions
for ozone seemed solidly based, the ‘missing’ factor was more likely that some
additional removal process must exist for ozone (Dütsch 1970).

In the mid-1960s the first choice for the missing sink fell on a free radical cat-
alytic chain initiated by HO radicals in reactions (R5) and (R6), using hydrogen
atoms brought into the stratosphere as water vapour (Bates & Nicolet 1950).

HO+ O3 → HO2 + O2 (R5)

HO2 + O → HO+ O2 (R6)

The two reactions together sum to the equivalent of equation (R4) and are frequently
designated as the HOx catalytic chain. The chain is catalytic because the HO radical
used up in reaction (R5) is regenerated in reaction (R6), and the sequence can be
repeated over and over until some other reaction intervenes for either HO or HO2.

However, with further measurement of the rates for these reactions, this proposal
by itself was clearly insufficient to close the gap between the calculated production



Stratospheric Ozone Depletion 29

and destruction rates for ozone, largely because the HOx reaction sequence was most
significant at the top of the stratosphere, above the altitudes where most of the ozone
is found. The discussion had, however, expanded the scientific thinking beyond the
Chapman reactions, and had brought free radical reactions into the picture. In the
present understanding, ozone sources and sinks are balanced with the additional
chemistry of a series of free radical catalytic chains involving species containing not
only hydrogen, but also nitrogen and chlorine. The defining characteristic of these
free radicals is that each is an electrically neutral chemical species possessing an
odd number of electrons—e.g. for HO 9, and HO2 17. The far more abundant stable
chemical molecules—in the atmosphere and elsewhere as well—such as oxygen,
nitrogen, carbon dioxide, methane, etc., all have an even number of electrons.

The odd-electron species are chemically reactive because they can achieve even-
number stability by collecting another electron. But when they find that next
electron, its source is usually an even-electron molecule, as illustrated in both reac-
tions (R5) and (R6). The overall reaction then does not reduce the number of free
radicals, but rather just changes its identity, as from HO to HO2 in (R5) and back
again in (R6). In the atmosphere, with the overall ratio of odd-electron to even-
electron molecules running 1 to 108 or more, radical collisions with other radicals
are quite rare. Nonetheless, they are still very important because only in the radical–
radical reactions is it possible for the chain reactions to be terminated. When the
succession of free radical reactions steadily converts some chemicals to other forms,
as with O3 +O → O2 +O2 from (R5) and (R6) without removing the HOx radicals,
the catalytic chain can remove many thousands of molecules for each initial radical
formed.

This HOx chain plus two other chain reactions are the most important in the
present-day atmosphere, although a number of others exist. These other two most
important chains involve chemical species containing nitrogen or chlorine, as in the
NOx (R7) and (R8) and the ClOx reactions of (R9) and (R10).

NO+ O3 → NO2 + O2 (R7)

NO2 + O → NO+ O2 (R8)

Cl+ O3 → ClO + O2 (R9)

ClO + O → Cl+ O2 (R10)

Again, the sum of each of these pairs of reactions is the equivalent of (R4). Cumu-
latively, the addition of free radical chain reactions (R5) to (R10) to the original
Chapman oxygen reactions can bring the calculated global ozone quantities in the
atmosphere into agreement with the actual measured amounts.

Most descriptions of ozone production and loss are described in terms of ‘odd
oxygen’ (i.e. the summed concentrations of O3 plus O) in contrast to the very abun-
dant ‘even’ oxygen O2. For example, the photochemical destruction of O3 in (R3)
does not result in permanent ozone removal because, as is usually the case, the O
atom immediately re-forms O3 in reaction (R2). In this odd oxygen calculus, (R2),
and (R3) have values of zero, (R1) has +2, (R4) has the value –2, and (R5)–(R10)
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each have the value of −1. The overall removal of ozone can thus be considered to
be the steady conversion of odd oxygen back to even oxygen.

Reservoir Molecules and Human Activities

The inclusion of catalytic chain reactions in the ozone balance requires description
of the initial sources of the chain carriers, and the possibility for either temporary or
permanent interruption of the chains by the formation of reservoir compounds from
the interactions of radicals from two separate chains (e.g. 2HO+ M → H2O2 + M;
ClO+NO2 +M → ClONO2 +M). In both of these cases, the energy released in the
formation of a chemical bond joining the two radicals must be carried away by col-
lision with another molecule, and this third participant is generally designated as M
because collision with almost any molecule can accept this transfer of excess energy.
Some reservoirs are only temporary, usually because they are readily photodecom-
posed by solar UV radiation. Occasionally, the reservoirs are unreactive enough to
become permanent repositories for the chain carriers. Furthermore, the realization
over the last 3 decades that some of the sources for the chain carriers have been
substantially augmented by human activities raised major concerns about the possi-
bilities that significant ozone depletion might occur in the near future (Crutzen 1971;
Johnston 1971; Molina and Rowland 1974).

The major method for introducing chain-carrying chemical species into the
stratosphere is the release into the troposphere of chemical compounds sufficiently
inert that a significant fraction of them survive to drift into the much more intense
solar UV radiation of the mid-stratosphere, which can break the molecule apart into
a pair of free radicals. An important aspect of ‘inertness’ is the necessity that the
molecule be transparent to solar radiation with wavelengths longer than the ozone
cut-off at 290 nm—otherwise, destruction would quickly occur within the daylight
troposphere. The greatly increased photochemical susceptibility of these unreactive
molecules at altitudes of 30 km or higher is necessarily preceded by atmospheric
mixing to altitudes above most of the O2 and O3 that absorb solar UV by (R1) and
especially (R3).

A second method for delivering chain carriers to stratospheric altitudes is direct
injection. Large volcanic eruptions can introduce other volatile molecules when the
explosive plume rises all of the way into the stratosphere, but experimental study
of actual events has shown that no more than a small fraction of chain precursors
are started through this process. Most volcanic eruption plumes do not reach the
stratosphere, and the gaseous content of water-soluble molecules such as hydro-
gen chloride (HCl) is greatly reduced by dissolution into the water droplets raining
back as the plume cools. Alternatively, direct chemical formation of NO can be
accomplished in the stratosphere by raising the natural air mixture of N2 + O2 to
an extremely high temperature as occurs in the fireball of an atmospheric nuclear
weapons test (Bauer 1979; Chang et al. 1979), or through the engine of a highflying
aircraft such as the Anglo-French Concorde (NAS 1975).
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At the beginning of the twentieth century, sources had already existed in the nat-
ural atmosphere for aeons that serve as precursors for the delivery of HO, NO and
Cl into the stratosphere, although most of the unreactive precursors had not yet been
identified as atmospheric components, and none of the chain processes had been dis-
covered until the latter half of the century. Entrance to the stratosphere is essentially
limited meteorologically to large air masses that rise in deep convection in the trop-
ics and pass through the cold trap (usually about −78◦C) of the tropical tropopause,
the temperature minimum separating the stratosphere from the troposphere below.
Water vapour has always been one of the primary molecules delivering hydrogen
into the stratosphere, where transformation to HO occurs. At the tropopause, the
water content of the air passing upward is limited to about 3 ppm.3 that is, very
dry in comparison with amounts up to three parts per hundred near the surface
in the tropics. These rising air masses also transport many other trace gaseous
molecules without regard to their molecular weights—the gravitational separation
of atmospheric components by molecular diffusion is overwhelmed by small-scale
turbulence and large convective motions to altitudes of 100 km or more, far above
the 50 km top of the stratosphere.

These tropical storms will also carry upward trace gases in the troposphere with
low enough boiling points that they too are able to pass through the cold trap at the
tropopause. These include hydrogen delivery while chemically bound in methane
(CH4) or molecular hydrogen (H2), nitrogen atoms (for the NO radical) in nitrous
oxide (N2O), and chlorine atoms in methylchloride (CH3Cl). The definite detections
in the remote atmosphere of methane at about 1 ppm (Migeotte 1949) and nitrous
oxide at 0.3 ppm (Adel 1949) were not established until 1948 and 1937, respectively.
Methyl chloride at about 0.6 ppb was not even recognized as a regular atmospheric
component until concerns had already been expressed about chlorine in the gaseous
chlorofluorocarbon (CFC) compounds (Rowland & Molina 1975). The possibility
that the atmospheric concentrations of several of these precursor molecules might be
increasing because of the activities of mankind was not recognized until the 1970s.

Both methane and methyl chloride have sinks in the lower atmosphere through
reaction with HO radical, as in (R11) and (R12). Most of these molecules are
destroyed in the lower atmosphere with lifetimes of about 8 years for methane, and
1.3 years for methyl chloride (WMO 2003).

HO+ CH4 → H2O+ CH3 (R11)

HO+ CH3Cl → H2O+ CH2Cl (R12)

Nevertheless, their abundance is large enough and tropospheric mixing occurs
on a time scale of months so that appreciable concentrations exist in the upper

3 Chemical notation frequently designates fractional composition versus total weight, especially
for liquids and solids. At other times the fraction is compared to the total number of molecules,
expressed interchangeably as ‘mole fraction’ or ‘mixing ratio’. Here, we use the mole fraction
notation, and the US numbering system: ppm, parts per million, 10–6; ppb, parts per billion, 10–9;
ppt, parts per trillion, 10–12.
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troposphere in tropical latitudes, and are swept into the stratosphere. Both chemical
compounds are still subject to HO attack in the stratosphere and eventually release
Cl atoms and additional HO there.

The measured tropospheric concentrations of CH3Cl are now approximately
550 ppt, with a small seasonal effect with lower concentrations in the summer for
both the northern and southern hemispheres (WMO 2003). The currently available
data suggest that the stratospheric mixing ratio of Cl summed over all chemical
species present a century ago—before large-scale industrial synthesis of volatile
chlorinated compounds—was not much larger than that furnished by CH3Cl alone
(i.e. <600ppt). Measurement of the amounts of methyl chloride in glacial ice cores
does indicate that its atmospheric concentration in the nineteenth century was proba-
bly slightly less than now, perhaps 450–500 ppt (WMO 2003). One important source
of CH3Cl is the burning of forests or agricultural waste (‘biomass burning’); the for-
mer was always part of our natural surroundings even in prehistoric times, while the
latter has probably grown in intensity in the past two centuries.

Because gaseous mixing in the stratosphere is not affected by changes in chem-
ical form, the mixing ratio (or mole fraction in chemical terminology), of all forms
of chlorine resulting from CH3Cl and its decomposition products will be essen-
tially constant throughout the atmosphere from the surface to 50 km and above, as
shown schematically in Fig. 3. Although the chemical form of the Cl is initially
CH3Cl in the troposphere, smaller and smaller fractions survive intact to higher
altitudes, and the released Cl fraction is distributed among the available forms of
inorganic chlorine—chiefly the chain components, Cl and ClO, and the temporary
reservoirs HCl, ClONO2 and HOCl. Redistribution of Cl among these compounds
is controlled by the various chemical and photochemical reactions that affect these
molecules at each altitude (WMO 2003). The lower temperatures of the stratosphere,
as low as −67◦C at 20 km in temperate latitudes and −90◦C at polar latitudes,
strongly affect the rates of some of the chemical reactions (JPL 2003). However,
the intensity of energetic solar UV radiation becomes rapidly greater at higher alti-
tudes with more and more of the O2 and O3 molecules now underneath. Both HOCl
and ClONO2 have significant absorption cross sections at wavelengths longer than
293 nm (JPL 2003) and are subject to solar photodecomposition throughout the
atmosphere, albeit more intensively at higher altitudes.

The total amount of hydrogen in the stratosphere is essentially the amount
summed over all of the gaseous chemical species penetrating through the tropopause,
i.e. H2O plus CH4 plus H2. The mixing ratio of CH4 at the 50 km level (the top
of the stratosphere) is only about one eighth the value at the tropopause, with the
remaining seven eighths already oxidized and largely converted to H2O. Satel-
lite simultaneous measurements of the concentrations of both CH4 and H2O in
the stratosphere have confirmed that the sum of hydrogen present is nearly con-
stant for all stratospheric latitudes and altitudes (Jones et al. 1986) at 12–13 ppm
(e.g. 3 ppm. H2O × 2Hatoms/molecule plus 1.5ppmCH4 × 4Hatoms/molecule
plus 0.5ppmH2 × 2atoms/molecule.) The contribution of hydrogen from CH3Cl
with 3H atoms per molecule ×0.00055ppm is a negligible 0.002 ppm. Molecular
H2O is much more stable in the stratosphere than either CH4 or CH3Cl, with the
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Fig. 3 Schematic of vertical distribution of chlorine from methyl chloride

consequence that only a minor fraction of the hydrogen is present in the free rad-
ical forms HO and HO2, or more reactive reservoir compounds such as nitric acid
(HONO2), hypochlorous acid (HOCl), or hydrogen peroxide (H2O2).

Unlike methyl chloride, the measurements of the past 20 years have clearly
shown that the tropospheric concentrations of methane have been increasing on a
global scale (Fig. 4), from about 1.52 ppm in 1978 to 1.78 ppm in 2003 (Blake
& Rowland 1988; Dlugokencky et al. 1998; Simpson et al. 2002 plus additional
data). A corollary consequence is that the amounts of hydrogen transported into the
stratosphere have also been steadily increasing. If H2O content penetrating upward
through the tropical tropopause has remained constant at an average of about 3 ppm,
then the observed change in methane would raise total H from 13.1 ppmv in 1978 to
14.1 ppmv in 2004. Measurements of methane in glacial ice cores have established
that the atmospheric CH4 level was about 0.75 ppm in 1800 (Etheridge et al. 1998),
and as low as 0.35 ppm 20,000 years ago during the coldest part of the last ice age. In
fact, the measured CH4 concentration in the atmosphere has not exceeded 0.8 ppm
in the past 420,000 years (Chappellaz et al. 1990) until the increases of the past 200
years. Thus, the total delivery of hydrogen to the stratosphere has increased by 50%
to its present level from about 9 ppm two centuries ago. This conclusion depends
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Fig. 4 Moving average of
four successive seasonal
measurements. (Simpson
et al. 2002 plus unpublished
data.)

implicitly on the plausible assumption, untestable in the absence of any pertinent
data, that the average temperature of the tropical tropopause—and thereby control of
the freeze-drying of air entering the stratosphere—has remained unchanged during
that period.

The extent to which this doubling in CH4 concentrations over the past 200 years
is anthropogenic in origin has some quantitative uncertainty, but all of the major
biological CH4 emission sources (cattle, rice paddies, swamps), and the nonbiolog-
ical sources associated with fossil fuels have been perturbed by mankind during the
past two centuries (Cicerone & Oremland 1988). An increase in total hydrogen in
the stratosphere then impacts directly on the ambient ozone concentrations through
altered levels of HO and HO2, and indirectly from the likely increase with more
water vapor present in both frequency of formation and total volume of clouds in
the stratosphere. The role of polar stratospheric clouds (PSCs) in stratospheric ozone
depletion in the Antarctic polar vortex is particularly important, as discussed later.

Direct emission of the NOx free radicals into the troposphere, or formation there
by the action of lightning, have little effect on the stratosphere, because rainout
removes oxygen-bonded N from the atmosphere as nitric acid or in other water-
soluble chemical forms. The major source of NO and NO2 in the stratosphere is
N2O emitted at the surface, as first recognized by Crutzen (1970). This concept
of important stratospheric free radical concentrations supported by trace gas pre-
cursors in the troposphere brought a new emphasis on both the complications of
stratospheric chemistry and realization of the potential importance of compounds
released by mankind in vanishingly small quantities.

The state of atmospheric knowledge at the end of the 1960s is well illus-
trated by the published scientific papers from the 1969 International Symposium
in Heidelberg on atmospheric trace constituents and atmospheric circulation. At
this symposium, Dütsch used 17 chemical reactions and eight chemical species,
involving only atoms of H and O (O, O2, O3,H, HO, HO2, H2O and H2O2) to
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describe stratospheric chemistry. The state of current chemical understanding by
the atmospheric scientific community is underscored by his added comment that
these were the ‘only reactions that are of importance under stratospheric conditions’
(Dütsch 1970). In the same symposium, the problems of measurement of N2O in
the troposphere are discussed in some detail, with a conclusion that a calculated
atmospheric lifetime of 70 years is possible, if the limiting factor is photochem-
ical destruction in the stratosphere. However, the uncertainties were emphasized:
‘seasonal variations and other observations seem to indicate shorter atmospheric
lifetimes, however, suggesting additional destruction processes’ (Schutz et al. 1970).
Our present knowledge, however, indicates that N2O has no significant tropospheric
sink and an average lifetime in the atmosphere of 120 years (WMO 2003). Its most
important sources are microbiological activity in the soil and the oceans, resulting
from side pathways during the creation of N2 from the nitrification of NH3 or the
denitrification of NO−

3 . In the stratosphere, N2O can be destroyed either by direct
photolysis, as in (R13) or by reaction with electronically excited O(1D) atoms in
(R14). Approximately 90% of N2O removal occurs by photolysis, so that most N
atoms delivered to the stratosphere as N2O are converted directly into inert N2.

N2O+ UV → N2 + O (R13)

N2O+ O(1D) → NO+ NO (R14)

The lesser pathway for N2O by (R14) is nevertheless quite important because it
is the major source of stratospheric NOx. The electronically excited O(1D) atoms
needed for reaction (R14) in both the troposphere and the stratosphere are formed
by (R15) when initiated by UV radiation with wavelengths shorter than 314 nm. The
reaction of O(1D) with H2O vapor in the atmosphere by (R16) is the ultimate source
for hydroxyl radical, HO, the primary oxidant for CH4, CH3Cl and many other trace
compounds introduced into the atmosphere.

O3 + UV(λ < 314nm) → O(1D)+ O2 (R15)

O(1D)+ H2O → HO+ HO (R16)

Anthropogenic Increases in Precursor Concentrations

The natural transport to the stratosphere of H2O, CH4, N2O and CH3Cl established
a complex chemistry that regulated the concentrations of ozone and a substantial
number of reservoir compounds formed by the chain-terminating combination reac-
tions of the various free-radical chain carriers: HONO2, HO2NO2, N2O5, H2O2,
HCl, ClONO2, HOCl, ClOOCl. As the concentrations of stable precursors increase
in the troposphere, more molecules are caught in the tropical updrafts into the strato-
sphere and the release of the corresponding free radicals respond quickly to these
alterations in their support base. The global average concentration of N2O has been
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increasing recently at a rate of 0.2% per year (WMO 2003) to a 2003 value of
317 ppb. Again, ice core studies have shown that the atmospheric concentration of
N2O was relatively stable from AD 1000 to AD 1800 at 275 ppb, with a progres-
sive rise over the past two centuries (WMO 2003). Several potential causes for this
increase have been postulated, including combustion of fossil fuel and the increased
use of nitrogenous fertilizers in agriculture. However, detailed quantitative evalu-
ation of such sources has remained difficult. This slow rate of increase but with a
long lifetime means that the new sources are now larger than the original removal
processes by 25% or more.

Chlorofluorocarbon Compounds

During the last 30 years, the most striking increases in stratospheric free radi-
cal concentrations have been those associated with the ClOx chains because of
the rapid, widespread increase in global usage of volatile synthetic organochlo-
rine compounds. The starting point for the emphasis in our research group on these
molecules was my learning in 1972 of the detection by Lovelock of the ubiquitous
atmospheric presence of the synthetic molecule CCl3F (Lovelock et al. 1973), a sub-
stance for which no natural sources have been found. Lovelock had earlier invented
an extremely sensitive detection system employing electron capture (EC) by trace
impurities, and attached it to the column of effluent gases from a gas chromato-
graph (GC), a device which very efficiently separates a mixture of its gases into
its individual components. This EC/GC apparatus increased the sensitivity of mea-
surement for some compounds by a factor of one million, and opened the path for
studying important atmospheric chemistry for substances with concentrations less
than 10 ppb—often very much less. Lovelock initially established that CCl3F was
always detectable in the atmosphere near his home in western Ireland, even when
the winds came in from the Atlantic. He then showed that CCl3F was also present in
all of the air samples taken during the 1971 voyage of the R. V. Shackleton from
England to Antarctica, as graphed in Fig. 5. The 40–70 ppt quantities found in
Earth’s troposphere were roughly comparable to the total amount manufactured
up to that date, indicating both that most of this material had escaped into the
atmosphere, and that it had at least a moderately long atmospheric lifetime. The
EC/GC instrument is especially sensitive for CCl3F, as well as for many other simi-
lar molecules in this CFC class, i.e. molecules which contain only atoms of carbon,
chlorine and fluorine. It is not particularly sensitive for CH3Cl, but the interest in
CFCs brought quick attention and detection to other organochlorine compounds.

The appearance in the atmosphere of a new, manmade molecule provided a sci-
entific chemical challenge. Was enough known about the physicochemical behavior
under atmospheric conditions of molecules such as CCl3F to allow prediction of its
fate, once released into the environment? In 1973, my research had already been
sponsored for 17 years by the US Atomic Energy Commission, and I added to my
yearly A.E.C. renewal submission an additional proposal of a predictive study of
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Fig. 5 Latitudinal distribu-
tion of CCl3F in surface air
1971 (Lovelock et al. 1973)
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the atmospheric chemistry of CCl3F. The A.E.C. agreed to permit this new venture,
subject only to the requirement that I shift some of the funding already scheduled
for other research in our group.

When Dr. Mario Molina joined the research group as a postdoctoral research
associate later in 1973, he elected the CFC problem among several offered to him,
and we began our scientific search for the ultimate fate of such molecules. At the
time, neither of us had any significant experience in treating chemical problems of
the atmosphere, and each of us was now operating well away from our previous
areas of expertise—his, laser chemistry, and mine, radioactivity.

Concern for the chemistry of the stratosphere had been greatly boosted in the
early 1970s by discussions of the potential release of NOx from supersonic aircraft
such as the Concorde and the proposed Boeing SST, for each of which a future
market for as many as 500 aircraft was contemplated if and when introduced com-
mercially. In 1971 the US congress discontinued support for the Boeing project, but
mandated an intensive (1971–1974) Climatic Impact Assessment Program through
the US Department of Transportation to explore possible stratospheric consequences
of supersonic aircraft flight (ClAP 1975). The concerns arose both because of the
great increase in speed—e.g. ‘sonic booms’—and also because normal supersonic
flight lies at much higher altitudes, 17–20 km, than used by current commercial jet
aircraft. This ClAP program provided a very large increase in knowledge of the
stratosphere, especially about the HOx and NOx chain reactions.

However, essentially none of the stratospheric chlorine chemistry described
above for methyl chloride was yet known—chlorinated chemicals had simply not
been part of the global tropospheric or stratospheric discussion. The initial concerns
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for stratospheric chlorine chemistry entered the picture with consideration of the
direct release in the stratosphere of HCl during very large volcanic eruptions
(Stolarski & Cicerone 1974), and from the first stage rockets (fuelled with chlorine-
containing compounds) scheduled for the launches of the US Space Shuttle fleet.
They identified the possibility of the ClOx chain of reactions (R9) and (R10), and
concluded that volcanoes would not be a significant source of stratospheric chlo-
rine. No stratospheric measurements of any chlorine-containing compound were
yet available at this time.

Our search for any removal process which might affect CCl3F did not start with
the stratosphere, however, but began instead with the kinds of reactions which nor-
mally affect molecules released to the atmosphere at the surface of the Earth. Several
classes exist of well-established tropospheric sinks—chemical transformation or
physical removal processes—in the lower atmosphere. One or more of these are
applicable for most chemicals released at ground level, and are illustrated here with
several chlorine-containing materials.

• Colored species such as the green molecular chlorine, Cl2, absorb visible solar
radiation, and photodissociate afterward into individual atoms, requiring about
an hour in sunlight

• The highly polar molecule HCl is transparent to solar radiation, but is water sol-
uble and dissolves in raindrops to form hydrochloric acid, and is physically and
irreversibly removed from the atmosphere when the drops actually fall, requiring
a few months on the average and

• Almost all compounds containing carbon–hydrogen bonds, for example CH3Cl,
can be oxidized throughout the oxygen-rich atmosphere, usually by hydroxyl
radical with the formation of water, as illustrated in (R12)

However, CCl3F and the other CFCs such as CCl2F2 and CCl2FCClF2
4 are trans-

parent to visible solar radiation and to those wavelengths of UV which penetrate to
the lower atmosphere; are negligibly soluble in water; and do not react with HO,
O2, O or other oxidizing agents in the lower atmosphere.

When none of these usual decomposition routes is open, what happens to such
long-lived molecules?

4 These three chlorofluorocarbons (CFCs) have been the major formulations which have found
extensive technical use. The CFCs are often industrially identified by a numerical formula which
gives the number of F atoms in the units digit, number of H atoms plus1 in the tens digit, and
number of C atoms minus 1 in the hundreds digit: CCl3F → CFC-11, dropping the 0 from 011;
CCl2F2 → CFC-12, and CCl2FCClF2 → CFC-113. During the past 2 decades, the hydrogen-
containing species have been distinguished from the fully halogenated CFCs by subdivision into
two new categories of HCFCs (e.g. CHClF2 → HCFC-22) and HFCs (e.g. CH2FCF3 → HFC-
134a, with the ‘a’ distinguishing this molecule from its isomer HFC-134, CHF2CHF2. The new
description emphasizes the absence of Cl in the second case, and their fairly rapid removal through
tropospheric reaction with HO—with less need for regulation—in both. Descriptions of the CFCs
in the technical and public literature often identify the molecules only by these numerical desig-
nations. They are also frequently described by the trademark names of the manufacturer, of which
the best known are the DuPont ‘Freons’ such a Freon-12.
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All polyatomic compounds are capable of absorbing some UV radiation if the
wavelength is short enough. At the 50 km top of the stratosphere, the process is so
rapid that a CFC molecule would last at most a few weeks if directly released there.
However, CFC molecules in the lower atmosphere are protected against this very
energetic UV radiation by its absorption by prior reaction at higher altitudes with
O2 or O3. The CCl3F molecule was known from laboratory studies to be able to
absorb UV radiation at wavelengths <230nm. But to encounter such solar radiation
the molecule must first drift through the atmosphere to altitudes higher than most of
the O2 and O3, molecules—to approximately 30 km altitude, with more than 98%
of the atmosphere lying below. In this rarefied air, the CFC molecules are exposed
to very short wavelength UV radiation and decompose with the release of Cl atoms,
as in (R17) and (R18).

CCl3F+ UV → Cl+ CCl2F (R17)

CCl2F2 + UV → Cl+ CClF2 (R18)

In 1974, Molina and I calculated the vertical profile of the mixing ratio to be
expected for CCl3F in the stratosphere, using several different sets of eddy diffu-
sion coefficients—the parameter used to simulate latitudinally and longitudinally
averaged vertical motions in a one-dimensional (1D) atmospheric model of a three-
dimensional world. (These eddy diffusion coefficients had been devised by other
modellers to simulate the rocket-observations of the vertical distributions of CH4

and other gases in middle latitudes.) The resulting vertical profiles for CCl3F are
all quite similar, as illustrated in Fig. 6, because the decomposition rate for this
molecule escalates very rapidly with increasing altitude in the 20–30 km range. With
each of these eddy parameters, our estimated average lifetime for CCl3F in the atmo-
sphere was in the range from 40 to 60 years. The lifetimes calculated for the weaker
UV absorption of CCl2F2 varied from 75 to 150 years (Rowland & Molina 1975).

Fig. 6 Calculated vertical
profile for CCl3F3 30◦N
(Rowland & Molina 1975)
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The answer then to our original scientific question is that the eventual fate of the
CFC molecules is photodissociation in the mid-stratosphere around an altitude of
30 km with the release of atomic chlorine, usually after many decades of wander-
ing at lower altitudes. The best current values for the annospheric lifetimes of these
gases still fall within these ranges calculated 30 years ago.

But what is the fate of these chlorine atoms at an altitude of 30 km?

Chlorine Chemistry in the Stratosphere

The major chemical components of the mid-stratosphere are now well-known, and
their reaction rate constants with atomic Cl have been measured in the laboratory
many times by many research groups (JPL 2003). By combining these data, the
conclusion is readily reached that almost all chlorine atoms react initially with ozone
by reaction (R9), forming another free radical, ClO. This probability is about 1,000
times more likely than reaction with methane, as in (R19).

Cl+ CH4 → HCl+ CH3 (R19)

The sequential question of the ultimate sinks, first for CCl3F and then for Cl, has
thus been answered, and the question then moves on to the ClO product from
reaction (R9): what happens to this radical at 30 km?

Two important answers appear: reaction with O atoms in (R10) or with NO in
(R20)

ClO + NO → Cl+ NO2 (R20)

The combination of reactions (R9) and (R10) completes the ClOx chain reaction
equivalent of reaction (R4), as described earlier. On the other hand, reactions (R9)
plus (R20) sum to a null effect with no net change in any chemical species—the
NO2 product from (R20) quickly photolyses to release an O atom which then forms
O3. The mole fraction of O atoms rises much more rapidly with increasing altitude
than for NO, so that the ozone-depleting ClOx chain dominates above 30 km. The
HOx chain plays the major role still higher in the upper stratosphere and above.

Reaction (R19) terminates the ClOx chain entirely substituting CH as the reactive
radical instead. If the HCl product were unreactive in the stratosphere, then the
number of ozone molecules removed per Cl atom released would average only about
1,000 until (R19) stepped in, and further ozone removal stopped. However, HCl is
only a temporary reservoir because it also is reactive with HO radical by reaction
(R21), returning the Cl atom to initiate still another chain. Two other ClOx chain
interruptions are also important—the reactions of ClO with NO2 in equation (R22)
to form chlorine nitrate (ClONO2), and with HO2 in (R23) to form hypochlorous
acid (HOCl). In both of these cases, the reservoir is only temporary, vulnerable to
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solar photolysis, releasing the Cl atom to start another chain.

HCl+ HO → Cl+ H2O (R21)

ClO + NO2 + M → ClONO2 + M (R22)

ClO + HO2 → HOCl+ O2 (R23)

Growth in the Use of Chlorofluorocarbons

The technological characteristics of the CFC class of compounds include (a) inert-
ness under most room temperature conditions; (b) liquid phase accessibility at
pressures near one atmosphere; and (c) good solvent characteristics for many
impurities. After initial synthesis in 1928 intended for use as the coolant fluid in
refrigerators, demand grew steadily, and continued at 10% per year from 1950 to
1975 for uses as varied as propellant gases for aerosol sprays, coolant gases in
automobile air conditioners, cleaning solvents for microelectronics, and blowing
of polymeric foams.

When Molina and I extrapolated the 1972 emission levels of CCl3F and CCl2F2

many decades into the mid twenty-first century future in our numerical models,
the accumulating atmospheric CFC concentrations reached several parts per billion.
Moreover, the reactivity of the ClOx chain equalled or exceeded that of the existing
NOx and HOx chains at altitudes of 35–40 km. In these future-looking calculations,
the total stratospheric ozone concentrations at equilibrium were diminished by 10%
or more, with even larger calculated future ozone losses if the yearly CFC emis-
sion levels continued to increase steadily as they had been for the several previous
decades (Molina and Rowland 1974; Rowland & Molina 1975). Indeed, this was
the likely future for atmospheric chlorine abundance without any of the regulatory
controls which eventually came into play (Prather et al. 1996).

Molina and I concluded that the consequences from such future ozone losses
were so worrisome that CFC releases to the atmosphere should be discontinued, and
recommended that their production and emission should be banned on a worldwide
basis. The economic and political aspects of this recommendation are mostly beyond
the scope of this scientific discussion. However, one of the responses to our proposal
of regulatory action for CFCs was a heightened scientific skepticism with demand
for experimental verification of our calculations in the actual atmosphere. Two of the
initial questions which arose were: (i) whether the much-heavier-than-air CFCs—
the molecular weight of 137 for CCl3F is 4.7 times that of air—could even reach
the stratosphere and (ii) whether the consideration of possible tropospheric sinks as
described above might have omitted some additional processes which could affect
the CFCs on a decadal time scale.

Our original calculations about the behavior of the CFC species in the strato-
sphere included predictions of the expected vertical distribution of the CFCs, as
shown in Fig. 6 for CCl3F. The mixing ratio was expected to be nearly uniform
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Fig. 7 Experimental versus
calculated vertical pro-
files for CC13F (NCAR,
Heidt et al. 1975; NOAA,
Schmeltekopf et al. 1975)
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throughout the troposphere because of the rapid mixing characteristic of that layer,
and then fall off rapidly above the tropopause, effectively reaching zero above
an altitude of about 35 km. During 1975, two different research groups sent up
high-altitude balloons with payloads of evacuated spherical containers equipped
with pressure-sensitive valves which would open automatically at various strato-
spheric pressures, and recover air samples from the stratosphere at different pres-
sure/altitude levels. The mixing ratios for CCl3F measured in 1975 (Fig. 7) were
in excellent agreement (Heidt et al. 1975; Schmeltekopf et al. 1975) with the ver-
tical profiles calculated by us in the previous year. This close fit between theory
and experiment demonstrates both that: (i) the CFCs do readily mix upward into
the stratosphere and (ii) they are decomposed there by UV radiation at the predicted
altitudes.

Attention then turned to the possibility of undetected tropospheric sinks. The
rapid tropospheric removal processes discussed earlier (photolysis, rainout, oxi-
dation) had been readily eliminated. Nevertheless, the 50- to 100-year estimated
lifetimes for the various CFCs left room for the possibility of an accumulation of
minor sinks, or even of an unsuspected tropospheric removal process. While labora-
tory and atmospheric tests can be conducted appropriate to each proposed individual
sink, an even more comprehensive approach is the measurement of the sum for all
tropospheric processes, including any unknown one not yet specifically identified.
This can be accomplished by measurement of the actual lifetime of the CFCs in the
atmosphere itself, but this requires accurate knowledge both of the amounts and tim-
ing of the release of a particular CFC into the atmosphere and the amounts still there.
Because the CFCs are entirely of synthetic origin under controlled manufacturing
circumstances, these quantities are known with some precision, and the possibility
existed that sufficient accuracy might be attainable for this test.

Measurements of the global burden of nearly inert molecules such as the CFCs
require assessment of the concentrations to be found over the entire range of
latitudes, especially across the equatorial intertropical convergence zone (ITCZ)
which invisibly separates the meteorological patterns of the northern and southern
hemispheres. The west-east global mixing processes across longitudinal lines are
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Fig. 8 Latitudinal distribu-
tion of CCl3F, 1971 and 1979
(Lovelock et al. 1973; Row-
land 1991)

Fig. 9 Latitudinal distribution of CCl3F in 1987

sufficiently rapid that good estimates can be obtained without representation from
all longitudes, so that a set of samples collected over a short time period in remote
locations from far north to far south can give an excellent snapshot of the global
atmospheric burden. Figure 8 illustrates our latitudinal measurements of CCl3F in
1979 in comparison to Lovelock’s data (from Fig. 5) taken 8 years earlier, while
Fig. 9 displays our latitudinal CCl3F data in 1987 after the passage of another 8
years (Rowland 1991). On this occasion, we were also able to get air samples back
from Antarctica, which showed that the concentrations there were essentially the
same as in the southern portions of Chile and New Zealand.

These figures clearly show that the CCl3F concentrations had increased by about
100 ppt in each of these 8-year intervals, accumulating rapidly, as expected for
molecules with long atmospheric lifetimes, and even more so because the yearly
sources themselves were also growing steadily. A very extensive data set since
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Fig. 10 Typical ECGC measurements of chloro and bromo compounds

1978 with multiple daily automatic measurements at four locations, one in each
latitudinal quadrant, has been used for progressively more accurate estimates of
the atmospheric lifetimes, now put at 45 years for CC13F and 100 years for C12F2,
respectively (Prinn et al. 1987; WMO 2003). Both lifetime estimates are well within
our estimated ranges made 30 years ago.

No evidence for a tropospheric sink of even minor quantitative significance has
been found for any of the CFCs; all of the related compounds with C–H bonds
react with HO in analogues to (R12) and consequently have significantly shorter
atmospheric lifetimes. The water solubility of the CFCs is very low, but not zero, and
a very small fraction of the CFCs does go into the oceans. Whether these molecules
are ultimately destroyed there, or merely temporarily stored for a few decades is
not yet certain. The fate of the CFC compounds really does lie in their solar UV
photolysis in the mid-stratosphere.

A typical measurement with our analytical system for the CFCs and other
electron-capturing compounds is shown in Fig. 10 for an air sample collected
through an external air intake on a C-130 Hercules aircraft 850 miles south of New
Zealand in 1995. Even in this remote location, at least 16 different low-molecular-
weight compounds containing F, Cl or Br atoms—all much heavier than air—are
readily detected in a routine measurement.

Springtime Loss of Ozone in the Antarctic

The greatest surprise in the CFC–ozone story was revealed in the spring of 1985,
with the detection by Farman and his colleagues of massive springtime losses
of ozone over their British Antarctic Survey station at Halley Bay, Antarctica
(75.5◦ South Latitude; Farman et al. 1985). The B.A.S. established this station at
Halley Bay in preparation for the International Geophysical Year of 1957–1958,
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and equipped it with a standard Dobson UV spectrometer for the measurement
of total ozone. The principle of this instrument relies on measuring the intensity
ratio between two wavelengths of solar UV, one almost unaffected by ozone, and
the other at a shorter wavelength moderately absorbed. Although the UV absorb-
ing characteristics of ozone vary continuously with wavelength, the UV region is
often divided for convenience in description into three arbitrary wavelength regions:
UV-A, 400–315 nm, most of which reaches the Earth’s surface; UV-B, 315–280 nm,
some of which reaches the surface; and UV-C, <280 nm, none of which reaches the
surface. (The wavelength borderlines are themselves arbitrary, and 320 and 290 nm
are often chosen in the definitions.) A typical Dobson measurement will depend
upon one wavelength in the UV-B region versus one from UV-A, for example, the
frequently used pair of 311.45 nm in the UV-B sector versus 332.4 nm for UV-A.
The more ozone in the stratosphere, the larger the ratio of UV-A to UV-B.

With no significant prior information about Antarctic meteorology in 1956,
Dobson anticipated finding a maximum over Halley Bay at the end of spring, sim-
ilar to that previously observed at Spitzbergen, Norway. However, the stratospheric
ozone content over the Antarctic station, instead of increasing steadily through the
autumn and winter, as observed in the north, remained essentially constant through
the autumn and winter darkness, and into mid-spring. The concentrations then
increased sharply to a peak in mid-November, as illustrated in Fig. 11 for their
first 3 years of observations during 1956–1959. The Dobson instrument can also be
operated—but with much poorer precision—with the moon as the light source, as
illustrated by the open circles in the winter in Fig. 11. Dobson recognized that the
differences from Spitzbergen were caused by a very strong blocking Antarctic polar

Fig. 11 Ozone observations, Halley Bay, Antarctica, 1956–1959. Spitzbergen data displaced by 6
months
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Fig. 12 October ozone
observations, Halley Bay,
1957–1984 (Adapted from
Farman et al. 1985)

vortex, which, until its break-down in mid-spring sunlight, prevented the arrival over
the south polar region of ozone-richer stratospheric air from the temperate zone.

This pattern of level ozone values into mid-spring was observed over Halley
Bay throughout the 1960s and early 1970s. However, in the late 1970s, the aver-
age October ozone concentrations over Halley Bay began to decrease, dropping
below 200 Dobson units (DU) in 1984 versus the 300–320 DU values of the 1960s
(Fig. 12). The loss of ozone begins soon after the end of the polar winter dark-
ness, and proceeds very rapidly for the next several weeks into mid-October. This
totally unexpected phenomenon was first publicly reported in May, 1985, together
with the hypothesis that the ozone decrease was correlated with the increasing CFC
concentrations in the atmosphere (Farman et al. 1985).

These observations of substantially less ozone over Halley Bay in October in the
1980s were quickly shown to be characteristic of the entire south polar region by the
measurements from the total ozone mapping spectrometer (TOMS) instrument on
the Nimbus-7 satellite (Stolarski et al. 1986). This instrument also measures ozone
from the ratio of two UV wavelengths, utilizing UV reflected back from the tro-
posphere through the stratosphere to the satellite. More than 100,000 daily TOMS
ozone measurements taken over the entire sunlit southern hemisphere are expressed
in color-coded Dobson unit contour plots in Figs. 13–16 for a typical early October
day each in 1979, 1983, 1987 and 2003. In these TOMS displays, the lowest October
ozone values fell rapidly from 250 DU in 1979 to 175 DU in 1983 and to 125 DU
in 1987. The area with ozone readings below 220 DU, that is, the size of the ‘ozone
hole’, now typically reaches a maximum of about 30 million square kilometres,
about 6% of the Earth’s surface.
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Fig. 13 Southern Hemisphere ozone, 3 October 1979 (white spaces = no data)

Fig. 14 Southern Hemisphere ozone, 5 October 1983

The data for Figs. 13–15 were all taken with the original Nimbus-7 TOMS instru-
ment, which lasted for more than 14 years, eventually failing in May 1993. TOMS
instruments on other satellites have provided a comparable source for subsequent
measurements, including one sending back data from the Earth Probe satellite since
1996. The indicated ozone loss in 2003, 2004 and again in 2005, was generally
comparable to the typical loss observed from about 1985 to the present.
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Fig. 15 Southern Hemi-
sphere ozone, 5 October 1987

Fig. 16 Earth probe TOMS, Southern Hemisphere, 29 September 2003 (white space = no data)

The Antarctic ozone loss is often not symmetrical about the South Pole, extend-
ing especially strongly towards the Atlantic sector (Fig. 16). This can result in
extremely low ozone values for various national bases along the Antarctic penin-
sula and for the cities of Ushuaia in Argentina and Punta Arenas in Chile, as listed
in the figure. The years 1988 and 2002 in this 2-decade series exhibited substan-
tially different patterns of ozone loss, with the latter ‘ozone hole’ separating in two
in mid-November and rapidly disappearing. However, the subsequent years have
exhibited the more typical form of ‘ozone hole’ found for most of the period since
1985.

A totally different kind of ozone measurement, utilizing its chemical capability
for oxidizing iodide ion to elemental iodine, has been used on daily balloonsondes,
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Fig. 17 Vertical profiles, O3
and temperature, South Pole
1999. PSC, polar stratospheric
cloud

which report temperature and ozone to altitudes of 30–35 km. The chemical instru-
ments on the sondes, unlike the TOMS instruments on the satellites do not require
sunlight for the measurement, and work just as well in mid-winter in the polar dark-
ness. A July sonde (Fig. 17) shows the ozone maxima and temperature minima lying
between altitudes of 14 and 22 km over the South Pole. During September the ozone
concentrations fall rapidly in this altitude range, with about six vertical kilometres
nearly devoid of ozone by the end of September, as shown for 1999 in Fig. 17.
The dashed line at −78◦C represents a temperature cold enough for PSCs to form,
as discussed below.

Chemistry of the Polar Stratosphere

Numerous theories were suggested in explanation for this new observation of heavy
seasonal Antarctic ozone loss and can generally be classified into three types: (i) nat-
ural change in the dynamics of the Antarctic stratosphere; (ii) change in the natural
chemistry of NOx in the stratosphere or (iii) chemical changes induced by mankind,
especially through the introduction of artificial chlorine-containing compounds such
as the CFCs. A lowering of the springtime stratospheric temperatures was observed
to accompany the observations of ozone loss, and was briefly suggested as a lead-
ing cause for its destruction (Angell 1986; Chubachi & Kaawara 1986; Newman &
Schoeberl 1986; Sekiguchi 1986; Singer 1989).

However, regular balloonsonde measurements of stratospheric temperatures and
vertical ozone profiles had been measured by Farman and colleagues throughout the
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winter for decades prior to the onset of this special ozone loss. The sonde tempera-
ture values for August and September in the early 1980s were known to have fallen
well within the range observed from 1957 to 1975—that is, no unusual temperature
change as the winter cold settled in. The deviations towards lower stratospheric tem-
peratures in the 1980s began in October, and represented not a cooling but instead
a slower warm-up from the wintertime minimum. The depletion of ozone each
September meant that much less ozone was present when the sun reappeared as
spring approached, and therefore, less solar radiation was absorbed by ozone, and
the temperature warmed up much more slowly than it had during the 1957–1975
period.

While the decreases in average amounts of Antarctic ozone are most marked in
October, a steady erosion has taken place in the ozone concentrations over Halley
Bay throughout all of the sunlit months, as shown in Table 1. With less ozone
present, less UV radiation is intercepted, and less heat is released and a pattern
of lower stratospheric temperatures over the Antarctic has been established.

Three polar expeditions in 1986 and 1987 provided the scientific basis for the
conclusion that the ozone losses over Antarctica were indeed the consequences
of chemical reactions driven by the much higher stratospheric chlorine concentra-
tions of the mid-1980s versus those of 1956–1975. Two of these expeditions were
ground-based at the US installation at McMurdo, Antarctica. In 1986, an unex-
pected second maximum was detected (Fig. 18) in the vertical profile of the free
radical ClO, as measured by ground-based millimetre wave emission spectroscopy
(deZafra et al. 1987). The ClO radicals formed by reaction (R9) are the ‘smoking
gun’ for ozone destruction by atomic chlorine, and the higher altitude maximum
shown in Fig. 18 occurred at the altitudes expected for the homogeneous gas phase
reaction cycle of (R9) and (R10).

However, the larger and unexpected maximum in ClO concentration was found
in the lower stratosphere, and reached parts per billion concentrations coincident
with the 15–21 altitude range of major ozone loss.

These results were then followed in 1987 by in situ measurements of ClO and
O3 within the polar vortex by instruments on the high-flying (18 km) ER-2 aircraft

Table 1 Antarctic ozone, in Dobson units monthly averages, Halley Bay (75.5◦S) monthly data
averaged over 11-year periods. (Monthly ozone data from British Antarctic Survey Halley Website
(1. Shanklin).)

Years Month

October November December January February March

1956–1966 304± 13 351± 32 355± 15 319± 13 299± 11 297± 17
1967–1977 284± 17 343± 27 341± 12 313± 5 288± 13 278± 12
1978–1988 218± 36 277± 44 323± 17 298± 11 278± 8 268± 12
1989–1999 142± 13 201± 26 274± 22 277± 8 264± 9 259± 11

Per cent ozone reduction
89s/56s 53 43 23 13 12 13
89s/178s 35 28 15 7 5 3
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Fig. 18 Vertical profile of
ClO (McMurdo 1986) (pro-
gressive best fits to data)

Fig. 19 Er-2 measurements of ClO and O3 1987 (Anderson 1989)

(Anderson et al. 1989). These experiments were carried out from a base in Punta
Arenas, Chile (53◦S latitude), and the ER-2 entered the polar vortex over the Antarc-
tic peninsula. Anderson’s data (Fig. 19a) on the first successful flight on August
23 showed clearly the parts per billion levels of ClO over Antarctica. However, the
simultaneous ER-2 data for ozone showed little or no change in concentration inside
or outside the polar vortex. At this late-winter date, sunlight had only been available
in the Antarctic stratosphere for a few days. In contrast, 24 days later on Septem-
ber 16, the ClO levels (Fig. 19b) over Antarctica were again in the parts per billion
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range, but by this time approximately two thirds of the ozone within the polar vortex
at this altitude had already disappeared. The edge of the Antarctic polar vortex was
particularly ragged on September 16 and the high values of ClO and low values of
ozone tracked each other in near-perfect anti-correlation.

The chlorine chemistry of the Antarctic lower stratosphere has some substantial
differences from that of the upper stratosphere in the temperate and tropical zones.
Because the concentration of O atoms is very low in the polar lower stratosphere
when the sun is barely above the horizon, reaction (R10) is quite slow and the second
step in the usual ClOx chain is no longer effective. At these altitudes the winter
temperatures drop into the range from −80◦C to −85◦C (see Fig. 17), low enough
for the formation of Polar Stratospheric Clouds (PSCs), which can contain both
nitric acid (HONO2) and H2O (McCormick et al. 1982; Crutzen & Arnold 1986;
Toon et al. 1986; WMO 2003). Such low temperatures and the accompanying clouds
are much less common over the North Pole for meteorological reasons, and are
not generally found in the temperate zone stratosphere at all. However, the same
air mass is held throughout the winter within the south polar vortex, and a greater
temperature drop within is facilitated by the long months of total darkness, during
which PSC formation can readily occur.

In 1984, my colleague Sato found that two additional chemical reactions involv-
ing chlorine nitrate, (R24), and (R25), proceeded very rapidly in laboratory vessels,
even when coated with materials well known not to favour surface reactions (Sato
& Rowland 1984; Rowland et al. 1986; Rowland 1990).

HCl+ ClONO2 → Cl2 + HONO2 (R24)

H2O+ ClONO2− + HOCl+ HONO2 (R25)

When the Antarctic ozone hole appeared, two- dimensional models (now with vari-
able latitude in addition to the vertical parameter of the one- dimensional models)
of the atmosphere could not even qualitatively account for such rapid ozone losses
without the addition of very rapid reactions such as (R24) and (R25) to the usual
reactions of chlorinated species (Solomon et al. 1986). Even these additions still left
a major quantitative problem in explaining the ozone loss.

Laboratory experiments with icy surfaces analogous to those believed present as
PSCs then demonstrated that both (R24) and (R25) occurred very rapidly and were
very important in the Antarctic itself (Molina and Molina 1987; Tolbert et al. 1987).
The PSCs furnish active surfaces on which heterogeneous chemical reactions can
occur, and which are required to make these reactions take place. The products Cl2
and HOCl are then released from the PSC surface back into the gas phase, where
they are photolysed to release Cl atoms when the sun returns from its wintertime
absence. The HONO2 from such reactions can remain in these clouds, tending to
denitrify the gaseous part of the air mass. When cold enough, sufficient additional
water molecules can accumulate, enlarging the PSC particles enough to make them
fall by gravitation, dehydrating the air mass as well (WMO 2003).
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An important aspect of the denitrification process is the very low residual con-
centrations of gaseous NO and NO2, severely curtailing the formation reaction for
chlorine nitrate by reaction (R22).

Without this removal process, the ClO concentrations rise to mixing ratios in the
parts per billion range, and begin to react in significant numbers with other ClO
radicals to form the dimer ClOOCl shown in equation (R26). The chlorine oxide
dimer, ClOOCl, can then be destroyed by sunlight in equation (R27), releasing one
Cl atom each in (R27) and (R28). The sum of reaction (R9) taken twice plus (R26),
(R27), and (R28) is shown in equation (R29): two O3 molecules are transformed into
three O2 molecules without any need for the involvement of free O atoms (Molina
and Molina 1987).

ClO + ClO+ M → ClOOCl + M (R26)

ClOOCl+ UV → Cl+ ClOO (R27)

ClOO + M → Cl+ O2 + M (R28)

O3 + O3 → O2 + O2 + O2 (R29)

This dimer cycle is the key to rapid Antarctic ozone loss. When O atoms or NO rad-
icals do not quickly attack ClO, the latter’s concentration builds up high enough to
bring in the ClO dimer method of destroying ozone, which operates without needing
the O atoms which are critical to the higher altitude ozone loss mechanism and are
essentially absent at low altitudes.

Other Halogen Species

The fluorine atoms carried into the stratosphere by the CFCs are also reactive, and
will attack ozone to form FO and O2 in direct analogy to the Cl attack in (R9), and
can be returned to atomic F by reaction with O, in analogy with equation (R10).
However, the competing reaction of F atoms with CH4 to form HF is considerably
faster than its Cl atom counterpart, and breaks up the FOx chain after about 100
cycles. The biggest difference then arises between the ClOx and FOx chains-HF is
a very stable molecule, and does not react with HO radical, or anything else in the
stratosphere. So the FOx chain never gets restarted. The approximate chain reaction
yield per F atom released is about 100 molecules of ozone lost, negligible alongside
the 100,000 ozone molecules lost per Cl atom released.

Much smaller amounts of bromine are used commercially, much of it for the
manufacture of fire prevention agents known as Halons (WMO 2003). These include
Halons 1301 (CBrF3), 1211 (CBrClF2) and 2402 (CBrF2CBrF2), all of which have
atmospheric lifetimes of several decades. Each is now present in the atmosphere
in several parts per trillion quantities. In addition, about half of the atmospheric
load of bromine comes from methyl bromide (CH3Br) which has both natural and
artificial sources. This compound has a rather short atmospheric lifetime of about
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eight months (WMO 2003). Of course, the shorter the observed lifetime, the larger
the sources needed to maintain a given concentration in the atmosphere. A very
large fraction of the bromine lost from methyl bromide decomposition takes place
in the troposphere with no stratospheric consequences. However, a BrOx chain does
exist in the stratosphere in analogy with ClOx, but with few escape routes from
the chain because, unlike Cl and F, the reaction of Br with CH4 is energetically
quite unfavourable and does not occur. As a consequence, Br atoms released in the
stratosphere tend to stay in the chain mode most of the time. The most significant
chain involving bromine relies on the cross reaction of BrO with ClO, parallel to the
ClO dimer reaction, and ultimately releasing one Cl atom and one Br atom. Atomic
bromine, per atom, is about 20–50 times as efficient as Cl in destroying ozone under
various stratospheric conditions. However, the total precursor Br concentration lies
in the 20 p.p.t. range versus about 3,000 p.p.t. for Cl sources (WMO 2003). The Br
chains are important but not the dominant contributor to stratospheric ozone loss
under most conditions.

Ozone Losses in the Northern Temperate Zone

By 1985, the several existing statistical evaluations of the archived data from the
ground-based Dobson ozone stations in the northern hemisphere indicated that no
significant loss in total ozone had occurred there (WMO 1986). The longest con-
tinuing series of these ozone measurements without any significant breaks has been
carried out since August 1931 in the Swiss Alpine community of Arosa. Although
the complete dataset contains individual total ozone measurements for most days,
the usual statistical treatments have concentrated on the monthly average ozone lev-
els. In 1986, Neil Harris and I reexamined this Arosa monthly data series, treating it
not as a single comprehensive set covering all of the seasons, but as a collection of 12
separate data sets, one for each calendar month. The interannual ozone comparisons
in Figures 1 and 20 show very substantial seasonal differences in the variability of
the monthly averages. While each year individually exhibits the normal north tem-
perate zone pattern of maximum ozone values around the spring equinox, and a
minimum at the beginning of autumn, the year-to-year variability in average ozone
concentration for each month is much greater for the January-to-April period than it
is for July-to-October. When this 56-year data series from Arosa was separated into
two, the 39-year 1931–1969 and 17-year 1970–1986 periods, the significant result
emerged that less ozone was measured for several of the autumn-to-winter months
after 1970 than in the previous 4 decades (Harris & Rowland 1986). Figure 20 shows
this wintertime ozone loss at Arosa with the inclusion of data from 1987 to 1988.

We then extended this inquiry to the monthly averages from two US ozone
stations, Caribou, Maine and Bismarck, North Dakota. All three of these stations
coincidentally are located at 47◦. North Latitude, but the US stations only began
taking data in 1963. When the data for 1965–1975 were compared with 1976–1986,
the two US stations also exhibited wintertime losses. This comparison of consec-
utive 11-year periods minimizes any influence of 11-year solar cycle variations
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in UV emission on the evaluation of the longer term trends. Subsequently, the
WMO/NASA Ozone Trends Panel examined all 18 of the ozone stations between
35◦ and 60◦N which had at least 22 years of data (again, enough for two com-
plete 11-year solar cycles), and found that all of them had less wintertime ozone
in 1976–1986 than in the earlier period, as shown in Fig. 21 (Rowland et al. 1989,
WMO 1990). The previous statistical analyses which had not detected ozone loss
(WMO, 1986) had generally not included the most recent years of new data. In addi-
tion, they had adopted a premise that ozone loss, if it occurred, would be the same in
all seasons, and heavily weighted their detection calculations towards the summer
when the natural variability was least, allowing the wintertime losses to be obscured
by the much more heavily weighted summertime smaller variations with time.

An earlier National Academy of Sciences/National Research Council report had
concluded that loss of ozone had already been observed in the atmosphere at the
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altitudes between 35 and 40 km for which the C1Ox chain reaction of (R9)+(R10)
was predicted to be most effective (NAS 1982/NRC, 1982); however, no indication
of total ozone loss had been detected at that time. The Ozone Trends Panel Report
was the first assessment document to assert that statistically significant total strato-
spheric ozone loss was now observed over the north temperate latitude zone. This
meant of course that more UV-B radiation was now reaching the Earth’s surface.
Unlike the Antarctic region, this geographical zone included the highly populated
areas of North America, Europe, the Soviet Union, China and Japan, and raised the
question of the effects of additional exposure to solar UV-B radiation for billions of
humans.

The combination of very large springtime losses of ozone over Antarctica directly
attributable to manmade chlorine compounds, together with measurable ozone
losses in the north temperate zone—for which the CFCs were the obvious suspects—
brought a rapid change in the attitudes of the CFC-producers and many of the users.
A complete phaseout of CFC production and uses became an announced, widely
accepted goal.

The Montreal Protocol for Regulation of CFCs

Regulations for the control of CFC emissions had first been enacted during the late
1970s for the use of CC13F and CC12F2 as propellant gases for aerosol sprays, but
only in the United States, Canada, Sweden and Norway. Because the US accounted
for about half of the world CFC use at this time, with the majority of it as pro-
pellant gases, these bans accounted for about one third of the current total global
use. The United Nations agreed in March 1985 to the ‘Vienna Convention for the
Protection of the Ozone Layer’, with the charge to ‘take appropriate measures in
accordance with the provisions of this convention. . . to protect human health and
the environment against adverse effects resulting or likely to result from human
activities which modify or are likely to modify the ozone layer’ (Benedick 1998;
Andersen & Sarma 2002).

Then, in September 1987, a further agreement, the ‘Montreal Protocol on Sub-
stances That Deplete the Ozone Layer’, called for scaled reductions on the produc-
tion of CFCs, ending with a 50% cutback in CFC production averaged over the
12 months beginning July 1, 1998. The terms of the Montreal Protocol called for
periodic revisits to the regulations, and a meeting in London in 1990 changed the
restricted production into an outright phaseout by January 1, 2000.

A further UN meeting in Copenhagen in 1992 accelerated the deadline for the
phaseout of CFCs to January 1, 1996, for the major industrial countries (with a
10-year delay for developing countries), and also included regulations for com-
pounds such as methylchloroform (CH3CC13), carbon tetrachloride (CCl4), and
the bromine-containing Halons, i.e. CBrF3, CBrC1F2, and CBrF2CBrF2 (Benedick
1998). Further minor adjustments were made in Montreal in 1997 and Beijing in
1999 (Andersen & Sarma 2002).
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Changes in Ultraviolet Flux at Earth’s Surface

Most of the measurements of total ozone, including the Dobson and TOMS data,
actually depend upon the ratio of two wavelengths of solar UV radiation, as
described earlier. A change in the amount of ozone along the path of the UV radia-
tion is inferred from a change in the wavelength intensities of the detected radiation.
In these cases, the existence of a correlation with the same instrument between
reported ozone and the UV-B/UV-A dual wavelength ratio under clear sky condi-
tions is essentially a tautology. Less reported ozone means either more UV-B or
less UV-A or a mixture of both. Because no mechanisms for significant changes in
the intensity of solar UV-A radiation have been put forward, an increase in the UV-
B/UV-A ratio has often been directly expressed as the corresponding diminution in
total ozone.

Nonetheless, after reports of a decrease in average ozone over the United States
were reported based on the Dobson technique, direct UV-B measurements over the
United States were also reported to show decreasing amounts of radiation reaching
the surface (Scotto et al. 1988) and were widely quoted for the next decade. These
UV-B measurements were made with a Robertson-Berger meter, which, unlike the
strongly collimated Dobson instrument, has a flat surface accepting solar radiation
from all angles above the surface, even after many scattering processes have caused
multiple changes in the direction of the radiation. When the goal is measurement of
total exposure to UV radiation, instruments accepting both direct and scattered solar
radiation are much more pertinent because the latter is usually a very significant
fraction of the total.

The R-B meter also is a broad-band instrument combining all wavelengths of UV-
B into a single UV response, with no separate record of intensity at any particular
wavelength. The detector itself has a built-in weighting factor designed to mimic
the erythemal (sunburn) response of human skin. This logical inconsistency in the
data between the Dobson and the R-B instrument records was finally settled by
demonstration that side-by-side measurements with two instruments showed an anti-
correlation between ozone concentration and UV-B intensity on an absolute scale
(Kerr & McElroy 1993). Separately, the decade-long calibration records for the R-B
meters were found to have sufficient gaps and other problems to make the dataset
completely unsatisfactory for the evaluation of long-term trends in UV-B radiation
(Weatherhead et al. 1997).

This absence of well calibrated, precision absolute measurements of UV radia-
tion over a decade or more illustrated the weakness of the existing system for UV-B
measurements. As a consequence, spectrometers capable of absolute measurements
versus wavelength across the entire UV and visible spectrum were developed and
deployed in various locations, especially in the southern hemisphere, including three
Antarctic stations—South Pole, McMurdo (78◦S) and Palmer (64◦S)—as well as
Ushuaia, Argentina (55◦S), and Barrow, Alaska (71◦N). These instruments also
are flat panel detectors, accepting both direct and scattered solar radiation because
the goal is assessment of total UV-B exposure (Booth & Madronich 1994; Booth
et al. 2001) rather than measurement of stratospheric ozone. Multiple scattering is
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especially important under the highly reflective surface conditions of polar ice and
snow.

The Antarctic polar vortex, and the low ozone concentrations contained within it
during recent Octobers mean that the possibility now exists for much higher UV-B
exposures in the southern latitudes than in previous times. During October 2004,
the ozone hole varied in elongation, while rotating clockwise when viewed from
above, and on one occasion swept over the inhabited parts of the southern tip of
South America. As illustrated in Figs. 22 and 23 for October 7 and 12, 2004, the
ozone overhead in Ushuaia, Argentina and Punta Arenas, Chile, dropped from more
than 300 Dobson units to less than 200 DU within 5 days. Meanwhile, the Halley
Bay station and the South Pole remained well below 200 DU for about 2 months.
The polar area with ozone readings less than 200 DU currently reaches a typical
maximum size early in October of 25–30 million square kilometers.

Most concerns about UV effects on biology are directed towards the UV-B range
because none of the UV-C radiation gets down to Earth’s surface, and UV-A radi-
ation at the surface is so intense that all species exposed to sunlight without some
internal mechanism for dealing with UV-A would long since have become extinct.
The effects of UV-B on humans and many other species are intimately connected
with the UV absorption characteristics of DNA, which parallel that of ozone in the
rapid increase with shorter wavelengths. In the 295 nm region of UV, relatively little
UV-B normally makes it to the surface, and therefore, can be substantially multi-
plied if the total ozone level is depleted in a major way. At the same time, this 295
nm radiation is strongly absorbed by DNA, enhancing the biological effectiveness
of this absorption.

The intensity of UV radiation at the surface is dependent upon the solar zenith
angle and upon the amount of ozone. When the ozone hole sweeps over Ushuaia in
southern Argentina the UV intensity at 295 nm can vary by a factor of 100 within
a few days, as illustrated in Fig. 24. The maximum daily intensity observed over

Fig. 22 TOMS southern hemisphere ozone, Puntam Arenas and Ushuaia outside the ‘hole’
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Fig. 23 TOMS southern hemisphere ozone, Punta Arenas and Ushuaia in the ‘hole’

Fig. 24 UV-B intensities at surface on four different days

an entire year for the UV Index (UV erythemally weighted = sunburn response of
human skin) at Palmer (64◦S) in the Antarctic Peninsula now exceeds that in San
Diego (32◦N) by about 25%, as illustrated for the decade 1991–2001 in Fig. 25. The
UV Index for Barrow in northern Alaska reaches a maximum daily value about half
of that in San Diego.

The biological effects of the southern hemispheric change in maximum exposure
intensity are then dependent on the nature of the biological response. For example,
the incidences of basal and squamous cell skin cancer, the most common kinds, are
generally considered, because of the great increase in incidence with age, to be the
consequence of repeated cumulative, exposures to UV-B radiation (DeGruijl 1999;
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Fig. 25 UV index, 1991–
2001, Barrow, Palmer and San
Diego

DeFabo 2000; DeFabo et al. 2004). In contrast, malignant melanoma is often
attributed to a single, very intense exposure, which might well be much more likely
in the southern regions of Argentina and Chile during the periods when the ozone
hole has greatly reduced the protective shield from overhead ozone. These increased
exposures are less likely to affect humans because they can take protective measures,
but plants and animals receive much more UV-B during ozone hole episodes than
was common a few decades ago.

Ozone and CFC Concentrations after the Montreal Protocol

The passage of the Montreal Protocol had an immediate effect on the emissions of
the regulated gases, in most cases faster than actually required by the protocol terms.
The most striking effect has been the rapid decrease in the CH3CCl3 concentrations
in the atmosphere. This compound has a short atmospheric lifetime of about 5 years
because of its reactivity towards HO radicals, and major releases to the atmosphere
stopped early in the 1990s in response to the scheduled ban. The CH3CCl3 concen-
trations had reached about 140 ppt by 1992, and have now decreased to about 22 ppt
in mid-2004. With three atoms per molecule, this change alone has already reduced
the total organochlorine content in the troposphere by about 350 ppt. However, with
85% of CH3CCl3 already gone and no remaining important short-lived contributor
to the total organochlorine burden left in the atmosphere, the rapid reduction in total
chlorine found for the past decade will cease. Instead, the reduction will proceed at
the average of the 2% and 1% per year rates, respectively, calculated for CCl3F and
CCl2F2. For example, the total ban on CCl2F2 is expected to reduce its atmospheric
burden by only about 50 ppt (out of 540 ppt) in the next decade.
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Changing Ozone and CFC Concentrations Since 1990

Ozone concentrations in the stratosphere continued to fall in the early 1990s. The
measured ozone overhead at the South Pole was only 91 DU on October 12, 1993,
and the vertical profile data from the corresponding balloon sonde indicated that all
ozone had been removed from a 6 km altitude band between 15 and 21 km, as shown
earlier in Fig. 17.

The TOMS satellite registered many new record daily lows (compared to the
same calendar day in all earlier years) in early 1992, and then for nearly 13 months
from mid-April, 1992, a new record daily low global ozone value was measured
every day; the measurement series ended when the TOMS instrument finally failed
on May 7, 1993, after more than 14 years. The ozone data interpretations during
this period were complicated by the eruption of Mount Pinatubo in the Philippines
in June 1991. This volcano, while not providing any significant amount of HCl to
the stratosphere, did introduce particulate surfaces on which reactions could occur
similar to those taking place on the PSC surfaces. The ozone measurements during
the immediate post-Pinatubo years are usually interpreted as including augmented
losses from the additional surfaces furnished by the volcanic eruption. By 1995, the
north temperate zone total ozone losses approached 10% during winter and spring
and 5% in the summer and autumn (WMO 1995).

The most recent international report on the state of the stratospheric ozone layer
(WMO 2003) indicates not much further change over the last few years, with an
average ozone loss relative to the 1980 levels of 6% for the southern hemisphere
mid-latitudes, and 3% for the northern hemisphere mid-latitudes.

The tropics continue not to exhibit any significant change in ozone levels, while
both polar regions show extensive ozone loss-especially the Antarctic where the
ozone hole remains a very prominent feature (WMO 2003).

In contrast, the measured tropospheric concentrations of the various halocarbon
gases deviated in the 1990s in response to the restrictions of the Montreal Protocol
from their earlier pattern of steady increases. The concentrations of the three major
CFCs, which had risen almost linearly during the 1980s, markedly slowed this pace,
and by 1995–1997 had essentially levelled off, and are now decreasing for CCl3F
(Fig. 26) and CCl2FCClF2, and almost level for CCl2F2 (also Fig. 26).

The situation at the end of 2004 remains a mixed one. The three most impor-
tant CFC molecules have atmospheric lifetimes measured from many decades to
a century, with the consequence that there will be significant quantities of these
compounds present in the atmosphere throughout the twenty-first century. As an
example, the mixing ratio of CCl2F2 is expected, with no further additions, still
to be 200 ppt in the year 2100, 75 ppt in 2200, and about 28 ppt in the year 2300.
However, because the major contributors to the ozone losses are the man-made chlo-
rine and bromine compounds controlled by the Montreal Protocol, the amount of
organochlorine in the troposphere passed through a maximum around 1995.

The most recent WMO report has concluded (2003) ‘over the time scale of the
next 50 years, the stratospheric ozone layer is expected to “recover” from the effects.
However, because of other atmospheric changes, future ozone levels may differ from



62 F.S. Rowland

Fig. 26 Change in surface concentrations of CCl3F and CCl2F2

those in the past’. They attributed the ozone losses near 40 km altitude to ‘purely
gas phase chlorine chemistry’, the basic original prediction made by Molina and
Rowland 30 years earlier. The initially surprising losses in the lower stratosphere
in the polar regions were described in this way: ‘heterogeneous chemistry in or
on PSCs causes the conversion of stable chlorine reservoirs to more active forms.
Ozone loss then occurs through reactions involving chlorine and bromine species’
(WMO 2003).

The major springtime losses in the Antarctic will probably continue somewhat
beyond the mid twenty-first century. When the weighted effects of bromine com-
pounds are added in, the peak in tropospheric halocarbon concentrations occurred a
few years ago. With a delay time of 5–7 years for full equilibration upward into the
stratosphere, the ozone loss now appears to be approximately at a balance point, and
normal year-to-year fluctuations will make it hard to be certain that ‘ozone recov-
ery’ is actually underway for another decade or more. During this half-century, the
atmosphere will remain loaded with chlorine and bromine compounds, and a vol-
canic eruption especially if much larger than Pinatubo in 1991, which was the largest
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in the past half century-might cause increases in the particulate surface area in the
stratosphere and cause for several years transitory large ozone decreases until the
excess particulates settled out of the atmosphere.

Prominent among the ‘other changes in the atmosphere’ which might influ-
ence total ozone depletion is the changing temperature structure of the stratosphere
caused by the steady increase in greenhouse gases, especially carbon dioxide. One
effect of more atmospheric carbon dioxide is to decrease temperatures in the strato-
sphere, and this could lead to more extensive cloud formation, and more particulate
surface areas as well. The potential for substantial increases in particulate surfaces,
and consequently more extensive ozone depletion, is most likely to have an effect in
the Arctic stratosphere where the temperatures are closer to the borderline for PSC
formation. However, within the limitations just expressed about volcanic or PSC
surface areas, the threat of extensive further stratospheric ozone depletion during
the twenty-first century appears to be under control.

The present understanding of stratospheric chemistry has made great forward
strides in the past 3 decades. Furthermore, the extensive atmospheric monitoring
programs, which have now been instituted around the world will continue to pro-
vide experimental tests and verification of the validity of our current understanding.
The citation accompanying the 1995 Nobel Prize in chemistry used the phrase
‘our salvation from a global environmental problem that could have catastrophic
consequences’ in its description of the scientific endeavors to that date concern-
ing stratospheric ozone depletion. The succeeding decade seems to have generally
provided confirmatory data without big surprises on the ozone front, but the green-
house effect, global warming and abrupt climate change are presenting much more
forbidding scientific, economic and political challenges.
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Atmospheric N2O Releases from Biofuel
Production Systems: A Major Factor Against
“CO2 Emission Savings”: A Global View

Paul J. Crutzen, Arvin Mosier, Keith Smith, and Wilfried Winiwarter

Abstract In this study we propose a global average quantitative criterion for the
Nitrogen to dry matter ratio, r(N/dm), in the harvested plant material, which shows
the degree to which the reduced global warming, reduced by using plant biomass
instead of fossil fuels as an energy source (“saved CO2”), is counteracted by the
release of N2O. The results indicate that the specific use of agricultural crops for
energy production in several cases can be counterproductive from a climate point of
view due to accompanying N2O emissions. This effect has been much underrated in
studies of the climatic impact of biofuel production.

Keywords Agriculture · biofuels · nitrogen cycle · N2O emissions · impact on
climate

Introduction and Main Conclusion

Nitrogen oxide (N2O), a product of fixed nitrogen application in agriculture, is a
“greenhouse gas” with a 100-year average global warming potential (GWP) 296
times larger than that of CO2.
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As a source for NOx, it also plays a major role in stratospheric ozone chem-
istry. Its atmospheric abundance has been increasing from about 270 to almost 320
nmol/mol during the Anthropocene.

The use of biofuels to achieve “CO2 neutral” energy production may cause
atmospheric N2O concentrations to increase further because of emissions of N2O
associated with N-fertilization.

Here we propose a global average quantitative criterion for the Nitrogen to dry
matter ratio, r(N/dm), in the harvested plant material, which shows to what degree
the reduced global warming by using plant biomass instead of fossil fuels as an
energy source (“saved CO2”), is counteracted by the release of N2O.

Our study strongly indicates that in many cases the specific use of agricultural
crops for energy production and climate protection can have the opposite effect on
climate due to accompanying N2O emissions.

For a more thorough analysis see Crutzen et al. 2008.
N2O and f ixed nitrogen budget: (Galloway et al. 2004; Prather et al. 2001)

• Pre-industrial (anthropocene) μN2O = 270 nmol/mol (μ is volume mixing ratio)
Sink/source of N2O: 10.3 Tg N2O-N/year, 2–6 Tg N2O-N/year from oceans
4.3–8.3 Tg N2O-N/year from land
Fresh N input: 141 Tg N/year (Galloway et al. 2004)
Yield of N2O-N/fresh fixed nitrogen = 3.0–5.9%

• A.D. 2000: μN2O = 315 nmol/mol
Photochemical loss of N2O: 12.0 Tg N2O-N/year
Atmospheric growth rate: 3.9 Tg N2O-N/year

→ N2O source = 15.9 Tg N2O-N/year
Pre-industrial natural source = 10.3 Tg N2O-N/year

→ Anthropogenic N2O source = 5.6 Tg N2O-N/year
Industrial N2O source = 0.7 Tg N2O- N/year

→ Agricultural N2O source = 4.9 Tg N2O-N/year
New anthropogenic N input = 127 Tg N/year (Galloway et al. 2004)
Ratio = 3.8% = y (yield of N2O-N per unit of fresh fixed N input)

Global average range of yields of N2O–N from fixed nitrogen application gives
y = 3–5%.
Assumption: This yield will also apply in future for energy plant production.

A Global Farm

Assuming that the fixed N, which is harvested with the biomass products to produce
biofuel, must be replenished in the fields over time by fixed N input, we derive
the following expressions for “saved CO2” (M), and MN2O, which accounts for the
climate warming by the N2O emissions
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M = DM∗ r(C/dm)∗ cv ∗ μCO2/μC

MN2O = DM∗ r(N/dm)∗ y ∗ μN2O/μN2
∗ GWP/e

In these formulae DM is an arbitrary quantity of dry matter in the plant feedstock;
r(C/dm) the C ratio in the dry matter; r(N/dm), the mass ratio of N to dry matter;
cv the mass of C in the biofuel per mass of C in the feedstock, and e, the uptake
efficiency of the fertilizer by the plants. GWP = Global warming potential of N2O.
Inserting the following values:

y = 0.03–0.05 the yield of N2O from N-fertilizer application; GWP = 296;

μCO2/μC = 44/12, and μN2O/μN2 = 44/28,where μ are the molar weights of

N2O,N2,CO2,and C

MN2O = M, “climate neutrality,” occurs for r(N/dm) = (0.158–0.263)∗e∗cv∗rC

If MN2O > M, there will be net climate warming due to N2O emissions.
For current practices, see Crutzen et al. 2008: e ≈ 0.4. cv = 0.58 for rapeseed/

bio-diesel, 0.30 for sugar cane/ethanol, and ∼0.37 for corn/ethanol production;
corresponding values for rC are 0.61, 0.44, and 0.43, respectively, thus yielding the
following zero “climate gain” N to dry matter ratios

r(N/dm) = 22.3–37.2 g N/kg dry matter for rapeseed/bio-diesel
r(N/dm) = 8.1–13.6 g N/kg dry matter for sugar cane/ethanol
r(N/dm) = 10.3–17.1 g N/kg dry matter for corn/ethanol

Larger ratios imply “climate loss,” the climate warming by N2O emissions overrid-
ing the savings in fossil fuel CO2 emissions.

More favorable conditions occur for crops and residues with lower N/dm ratios.
In future: e.g., Cellulosic ethanol production from agricultural wastes.
Other important factors concerning the global N budget:
Deposition of N, originating from agricultural activities, in other ecosystems can

enhance C uptake. Reliable quantitative knowledge on this is lacking. It may result
in increased uptake of CO2 by the biosphere, counteracting the climate warming
discussed above.

Further, also NO is produced in the agricultural N cycle. Adopting the relative
yield of NO to N2O of 0.8 by Mosier et al. 1998 and the agricultural N2O source
of 4.9 Tg N2O-N/year, the global NO source from agriculture is equal to 3.9 Tg

NO-N/year, 13–18% of that caused by fossil fuel burning. This causes the produc-
tion of the tropospheric “greenhouse gas” ozone and additional climate warming.

The direct N-fertilizer dependent contribution ≈1% to the N2O flux in agricul-
tural fields is much smaller than the global average range of 3–5% derived from the
global N2O budget calculations. This implies considerable “background” N2O pro-
duction outside fertilized agricultural fields, such as animal husbandry, and transfer
to non-agricultural soils, rivers, estuaries, and coastal zones (Crutzen et al. 2008).

Note that in this study we did not present a full life cycle analysis. We only
considered the C losses by the conversion of biomass to biofuel in the processing
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Table 1 Relative warming derived from N2O production for crops in the production of biofuel

Crop rN(gN/kg dry matter) Relative warming Type of fuel produced
for selected crops (MN2O/M)

Rapeseed 39 1.0–1.7 Bio-diesel
Maize 15 0.9–1.5 Bio-ethanol
Sugar cane 7.3 0.5–0.9 Bio-ethanol

factory. It does not take into account the use of fossil fuel on the farm or for fertilizer
production; on the other hand it also neglects the production of useful co-products.

Main Conclusion

The specific use of agricultural crops for energy production in several cases can be
counterproductive from a climate point of view due to accompanying N2O emis-
sions. This effect has been much underrated in studies of the climatic impact of
biofuel production.

There are major gaps in our knowledge of the N cycle and its interaction with the
C cycle. Where is all that unused fixed N going? By how much can N deposition in
ecosystems promote the sequestration of C from the atmosphere to the biosphere?

References

Crutzen, P. J., Mosier, A. R., Smith, K. A., & Winiwarter, W. (2008). N2O release from agro-biofuel
production negates global warming reduction by replacing fossil fuels. Atmospheric Chemistry
and Physics, 8, 389–395.

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P.,
et al. (2004). Nitrogen cycles: Past, present, and future. Biogeochemistry, 70, 153–226.

Mosier, A., Kroeze, C., Nevison, C., Oenema, O., Seitzinger, S., & van Cleemput, O. (1998).
Closing the global N2O budget: nitrous oxide emissions through the agricultural nitrogen cycle.
Nutr. Cycl. Agroecosyst., 52, 225–248.

Prather, M., Ehhalt, D., et al. (2001). Atmospheric chemistry and greenhouse gases in: Climate
Change 2001. In: J. T. Houghton, Y. Ding, D. J. Griggs, et al. (Eds.), The scientific basis
(pp. 239–287). Cambridge, UK: Cambridge University Press.



Part III
The Long History of Ozone Measurements
and the Early Search for Signs of a Trend



The History of Total Ozone Measurements;
the Early Search for Signs of a Trend
and an Update

Rumen D. Bojkov and Dimitris S. Balis

Abstract The developments of a physical base for optical measurements of total
ozone, starting at the end of the nineteenth century along with the pioneering work
by Fabry and Buisson, who recorded in 1920 the first few weeks of daily measure-
ments by comparing the intensity of solar light at two wavelengths, is presented
here. The work by G.M.B. Dobson and collaborators in adopting a curved-prism
Fèry spectrograph, adding a Cl-Br filter for long wavelengths and quartz wedges,
building a few such instruments, dispatching them to a dozen places around the
world, and analysing the data for possible use for weather forecasting is of funda-
mental importance in the development of total ozone measurements. Measurements
were not made regularly and data before the International Geophysical Year (IGY)
are in general not reliable. Special attention is given to the quality control (QC) and
the possibility of data re-evaluation for achieving homogeneous records of great
importance for detection of ozone changes.

The search for ozone trends had started in the 1970s considering the possible
destruction of the ozone owing to a large SST fleet and then to the CFCs. Scien-
tific studies on all aspects of the ozone issue expanded. A scrutiny of the series of
International Ozone Assessments starting in 1981 provided the background for the
Vienna Convention and its Montreal Protocol. However it was only in the 1980s that
careful re-evaluation of ozone data permitted the NASA/WMO Ozone Trends Panel
to detect statistically significant ozone decline in the Northern latitudes, although
much smaller than the rapid ozone decline noted in the Antarctic springs.

The ozone decline in both hemispheres accelerated toward the 1990s and a num-
ber of interesting facts are presented using objective characteristics as the ozone
mass deficiencies (O3MD) from the pre-1976 averages. In mid-1990s the major
decline in the lower stratosphere was better understood and the essential role of
the stratospheric temperature and dynamics affecting the Arctic ozone decline was
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also confirmed. In 1993 and 1995 in the Northern latitudes the O3MD surpassed the
spring-deficiencies over Antarctica.

Total ozone deficiencies of 4–6% from pre-1976 averages continue to be observed
over extra-polar latitudes except in the tropics (25◦N–25◦S). They are stronger in
winter–spring than in the summer season and are very much influenced by the mete-
orological conditions of nearly equal concentrations of ozone depleting substances.
The largest spring-O3MD over Antarctica was in 2006, the intensity of the loss,
per unit surface covered by <220matm-cm, increased and there are no signs of
reduction of the ozone losses there.

Keywords Total ozone · antarctic ozone hole · ozone trends · measurement
techniques

Ozone Discovery and the Beginning of Total Ozone
Measurements

The discovery of atmospheric ozone and the establishment of the first systematic
measurements of ozone near the ground in the middle of the nineteenth century are
associated with Christian F. Schönbein (born in Betzingen, SW Germany, he spent
most of his adult life as Professor of Chemistry at the University of Basel). While
engaged in experiments on the decomposition of water by electricity, he noticed
a peculiar odor and worked at discovering its cause. His communications to the
French Academy (Schönbein 1840a) and to Poggendorf’s Annalen (1840b, 1845)
drew the attention of the scientific world to the remarkable properties of ozone. He
considered it to be an oxide of nitrogen. Marignac and de la Rive (1845) showed that
ozone contained nothing but oxygen. Houzeau (1858) chemically proved that ozone
exists in the troposphere, at ground level, and that it must be denser than oxygen
(1865). The latter result was explained theoretically by Odling who described the
ozone molecule as triatomic oxygen, which was experimentally proven by Soret
(1863, 1865). Using the oxidizing capacity of the ozone Schönbein initiated ground-
ozone measurements, which spread in the mid-1850s to more than 300 places
(Fox 1873; Bojkov 1986).

Cornu (1879) noted a sharp fall in UV radiation received at the ground at the
end (<300nm) of the solar spectrum. Hartley (1881a, b) explained that the cutoff
in UV radiation at 293 nm was due to ozone, most of which is located in the strato-
sphere. The UV absorption by ozone provided the base for development of optical
instruments for measuring the total ozone in the vertical column above the observing
point.

Fabry and Buisson (1913) first made careful measurements of the ozone absorp-
tion coefficients and estimated the total amount to be ∼500 matm-cm. A few years
later they returned to the subject and made the first few total ozone measurements
in Marseilles in May–June 1920. They used a double spectrograph (dispersions at
right angle to each other) to compare the intensity of two wavelengths (one strongly
absorbed by the ozone and the other not absorbed) from which a total ozone of
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∼300 matm-cm in the vertical column of the atmosphere was deduced (Fabry &
Buisson 1921).

In the mid-1920s G.W.B. Dobson following the principle established by Fabry
and Buisson adopted a UV quartz spectrograph using the Fèry curved-prism (Dobson
&Harrison 1926; Fèry 1911). Fèry spectrograph uses a single quartz optical unit that
combines the characteristics of the prism, mirror, and lenses and thus minimizes
the loss of light signal in the weak UV region. The prism rotation angle is deter-
mined precisely to measure the prism angle (and therefore the wavelength) in the
instrument focal plane. Dobson measured the relative intensities of pair wavelengths
(∼305–326nm), in the Huggins ozone absorption band emanating from the sun. The
main components of the first generation of the ozone spectrograph, in addition to the
curved prism, were a silica container of sodium and potassium vapors, which served
as a filter intended to prevent longer wavelengths from entering the instrument, and
an optical wedge. The intensity of the light was registered by photographic plates.
After the development of photo-plates, the intensities of the wavelengths were deter-
mined with a microdensitometer and the ozone amount expressed in terms of a
thickness of a layer of pure ozone brought to standard pressure (1,013 hPa) and
temperature (15◦C) or [matm-cm].

A half dozen of these instruments were built by Dobson and used until 1931,
when a new design – a double monochromator – with a shutter to cut one or other
beam of measured light, optical wedges to reduce the intensity of the stronger
wave-length until the photo-electric current for each wavelength is the same, and
a photoelectric cell instead of a photographic-plate which made the observations
much simpler (Dobson 1931). In these commercially produced “Dobson spec-
trophotometers” the wavelength E (311/329 nm) was in use. TheDobson instrument
was further improved in 1948 by using a photomultiplier to increase the signal,
introducing new four wavelengths pairs (ABCD), and making measurements more
accurate. It became a landmark in ozone science. It is still the backbone of the
ground-based part of the Global Ozone Observing System (GO3OS) and is contin-
uously in use today at almost 100 observatories around the world. The observations
made on direct sunlight and the difference between standard double-pair wave-
lengths AD (305.5/325.4 and 317.6/339.8nm) for the secant of the zenith angle μ
less than 3 are very precise. In the AD double wavelength pairs, the light is approx-
imately equally scattered by the atmosphere, and is used to reduce or nearly cancel
the aerosol effect.

The principle of operation of the Dobson ozone spectrophotometer is best
explained with reference to Fig. 1. Light enters the instrument through a window
at the top of the instrument and, after reflection in a right-angled prism, falls on slit
S1 of a spectroscope. This spectroscope consists of a quartz lens which renders the
light parallel, a prism which breaks up the light into its spectral colours, and a mirror
which reflects the light back through the prism and lens to form a spectrum in the
focal plane of the instrument. The required wavelengths are isolated by means of
slits S2, S3, and S4 located at the instrument’s focal plane. The observations made
on direct sunlight and the standard double-pair wavelengths AD (305.5/325.4 and
317.6/339.8nm) are the most precise.
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Fig. 1 Optical scheme of a Dobson spectrophotometer (adopted from Dobson, 1957a)

The total ozone in the atmosphere Ω above the station is calculated by:

Ω =
[
log

(
I0/I′o

)− log
(
I/I′

)− (
β −β ′)m(p/po)− (δ − δo) secZ

]
/
(
α −α ′)μ

(1)
where Io / I′o is the extraterrestrial constant for the two wavelengths (determined by
the Langley plot); I/Io is the measured ratio of the two intensities, (β −β ′) is the
difference between the Rayleigh (molecular) scattering of the two wavelengths – for
AD it is 0.009; m is the ratio of the actual and vertical paths through the atmosphere;
(δ − δ ′) are the particle scattering coefficients, which are assumed to be zero for the
double pair wavelengths like AD or CD (but this assumption is not valid for single
pair of wavelengths, therefore observations should generally not be made using sin-
gle wavelength); (α −α ′)is the ozone absorption coefficient of the two wavelengths;
μ is the ratio of the actual path-length of a ray of light through the ozone layer as
compared to the vertical path-length (for its calculation one needs solar zenith angle
Z, earth radius, and the heights of the station and of the ozone layer above sea level).
It may be recalled that for the height of the ozone layer, until the 1940s, Dobson was
using 40 or 45 km, until it became known from soundings and Umkehr observations
that it is ∼22 km for the middle latitudes (Bojkov et al. 2002). That procedure had
introduced noticeable errors in the μ calculations and consequently influenced the
annual course erroneously.

Observations performed on the blue zenith sky were empirically adjusted to
direct sun observations by using a diagram which should have been constructed
from a large number of parallel measurements at each station. For cloudy condi-
tions, cloud diagrams were constructed. In most stations, diagrams were constructed
from a few available measurements, but were never improved. For example, 16 US-
maintained stations used a diagram constructed by Komhyr from only 177 parallel
measurements made in Moosonee (Canada) in 1957.
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One of the first six Dobson instruments (modified Fèry spectrograph) was kept
in Oxford (since 1925), another in Arosa (since 1926), and the other four were
“traveling” for about a year, recording observations in Abisko (Sweden), Canberra
(Australia), Christchurch (NZ), Helwan (Egypt), Kodaikanal (India), Lerwick (UK),
Lindenberg (Berlin), Montezuma (Chile), Bombay (India), Dombaas (near Oslo),
Spitsbergen, Table Mountain (California), Tromso (Norway) and Valentia (Ireland)
as shown on Fig. 2. Thousands of photo-plates were developed centrally in Oxford
and the detection of the intensities of the wavelengths was very elaborate. These
observations permitted Dobson et al. (1927; 1929) to deduce some of the basic char-
acteristics of the total ozone distribution (e.g. its seasonal and latitudinal changes,
and its relation with atmospheric circulation).

Other sporadic measurements of the total ozone were made at Marseilles and
Digne (France) by Fabry and Buisson (1921), and Buisson (1927, 1928). Single
instruments specially designed for ozone measurement were built also by Barbie
and Chalonge (1939) and some measurements in the UV were carried for some
months at Jungfraujoch, Abisco, Haut Provance). Cabannes and Dufay (1927) did
make measurements in the visible part of the spectra but with lower accuracy and
did not produce any long series of data. For tracing the variation in the solar constant
the Smithsonian Institution has arranged regular observations by spectrobolometers
(0.35−2 μm) at Table Mountain, Palomar Observatory and Montezuma. Attempts
to deduce total ozone from these records were not successful (Roosen et al. 1973;
Angione & Roosen 1981). More details on early ozone measurements are given in
Broennimann et al. (2003).

Fig. 2 Locations hosting traveling Dobson-Fèry instruments for periods of up to two years mainly
in the late 1920s providing first information on the latitudinal and seasonal behavior of the
total ozone (Abisko-Sweden, Lerwick-UK, Valentia-Ireland, Oxford-UK, Lindenberg-Germany,
Arosa-Switzerland, Marsellies-France, Table Mountain-California, Helwan-Egypt, Bombay-
India, Kodaikanal-India, Montezuma-Chile, Canberra-Australia and Christchurch-New Zealand)
(compiled by Bojkov)
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Fig. 3 Stations with more than 3-years of observations before1951. In the 1930 and 40’s more
frequent observations were made at Aarhus, Arosa, Dombaas-Oslo, Oxford, Potsdam, Tromso and
Shanghai-Zi-Ka-Wei (compiled by Bojkov)

Expanding of Systematic Observations

During the 1930s and 1940s ozone measurements were carried out by less than a
dozen interested scientists only, and in most places not regularly. At that time inter-
est was not in systematic measurements but in exploring any weather-predicting
relations between ozone and weather patterns. The International Ozone Commis-
sion (IO3C) at its first session (1948) did call for increase in the number of the
ozone stations; however instruments were costly and not readily available. That rec-
ommendation was not implemented until 6–7 years later with decisive help from
Professor Marcel Nicolet. He, as Secretary-General of the International Committee
for the International Geophysical Year (IGY), recognized that proper assessment
of the state of the atmosphere for extended periods requires global data coverage.
In 1953 he urged the WMO as co-organizer of IGY to stimulate Meteorological
Services and guide the establishment of a global network for ozone measurements
using modernized Dobson’s instruments with the common methodology established
by IO3C.

WMO took over the expansion of the network, the standardization of observa-
tions and the very important central collection of the data in Geneva. While by the
mid-1940s there were less than half a dozen stations making observations occasion-
ally, their number increased during the preparations for IGY to ∼30, and at the end
of the 1950s to ∼44 stations reporting regularly. Thus the ground for the WMO
Global Ozone Observing System (GO3OS) as we know it today was laid down dur-
ing the late 1950s. Later, on the proposal of Dr. Warren L. Godson (representing
IUGG and Canada), the WMO–World Ozone Data Centre was moved to the Mete-
orological Service of Canada in Toronto in 1960, where it is operating successfully
till now.
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Not all the stations established for IGY continued their observations but for
the time of the IQSY (1964/65) new Dobson instruments were acquired and since
the mid-1960s there have been regular observations at about 50 locations. To this
number should be added ∼45 stations using broadband optical-filter instruments
developed in the Soviet Union by Gustin (1953), and improved greatly after 1972.
The GO3OS grew further and had 110 stations in the late 1980s, reaching close
to 130 stations reporting regularly in the late 1990s, when a few dozen Brewer
instruments also began to deposit their data. This spectral instrument was developed
during the 1970s by Brewer; however less than a dozen stations began reporting
in the late 1980s and therefore, due to the short observing period, such data were
of no use for the ozone trends in the International Ozone Assessments until 1998.
Since 2000, over 40 Brewers are reporting regularly. Total ozone data from satellites
became available from 1970–72 from IRIS and BUV and complete global coverage
from SBUV, TOMS and TOVS started in 1978. Currently there are >250 instru-
ments around the world; however more than half of them are not taking observations
regularly and many more are not reporting to the WO3UDC on time.

Until the early 1950s most measurements were made on single wavelength and
were not very precise. In the beginning one of the wavelengths in the Fèry spec-
trograph (F1 305/323, F2 306/326, F3 302/326 and F4 306/323 nm) was used. Since
1931, the E pair (311, 330 nm) is being used in the modernized Dobson. To trans-
fer Arosa data from Fèry to E scale, multiplying by 0.88 was recommended. After
1949, with the use of the photomultiplier in the instruments, the A (305.5/325.4),
B (308.8/329.1), C (311.45/332.4), and D (317.6/339.8) wavelength pairs were
introduced and they are being used even today. Since 1953, AD and CD pairs have
been strongly recommended by the IO3C, as the differences minimize the aerosol
error. The AD pair have remained the standard for IGY until today. The requirement
is the data deposited at the WO3DC to be converted to AD equivalent (if observed
in another pair), which has not always been kept and was the source of error in some
statistical studies in the 1980s.

With the changes in the construction of the instrument, the wavelengths and the
absorption coefficients have been changed a few times. Of particular importance for
the determination of the absolute value of the total ozone is accurate knowledge
of the ozone absorption coefficients of the wavelengths at which the measurements
are made. In the 1920s, those provided by Fabry and Buisson (1913) were used;

Table 1 Number of regularly operating stations at equal time periods: 1950–54 until 2000–04
and the number of filter and Brewer instruments reporting regularly to the WO3UDC (compiled by
Bojkov)

Period >30◦N trop >30◦S Total filter Brewer

1950–54 16 2 1 19 – –
1960–64 31 5 13 49 (27) –
1970–74 66 12 11 89 31 –
1980–84 72 22 11 105 34 1
1990–94 98 25 13 136 42 35
2000–04 89 23 15 127 27 40
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Table 2 Ozone absorption coefficients and converting coefficients with respect to the wavelengths
and coefficients used. The Bass & Paur values are used in Global Ozone Observing System since
1992 (compiled by Bojkov)

Wavelengths Ny & Choong Vigroux IOC Vigroux WMO Bass&Paur WMO
pairs [nm] 1932 1953 1968 1992

C 1.160 0.865 0.800 0.833
311.4/332.4 {1.165}
E 311/330
AD 305.5/325.4 1.90 1.388 1.388 1.432
317.6/339.8
CD 311.4/3324 0.64 0.491 0.440 0.459
317.6/339.8
Convert to 1953 to 1968 to 1992
of AD 1.37 1.000 0.9743
of C 1.45 1.072 1.0410
of CD 1.45 1.116 0.9586

later, those modified by Dobson were used and from 1933, the laboratory mea-
surements carried out by Ny and Choong (1932) in Paris are being used. After the
IGY, more precise absorption coefficients (Vigroux 1953) began to be used. The
IO3C recommended the transfer from Ny and Choong to Vigroux-53 to multiply
the data by 1.36. This turned out to be not accurate for all data (see Table 2 for
converting coefficients). The total ozone calculated by different wavelengths was
inconsistent. Vigroux (1967) provided new absorption values to IO3C, which the
WMO requested be used from 1968. Komhyr (1980) detected that calculated AD
ozone was too high by ∼3% and this triggered IO3C to encourage new measure-
ments of the absorption coefficients. They were carried out by Bass & Paur (1985)
at the National Bureau of Standards. They were adjusted for the Dobson instrument
slits (Komhyr et al. 1993) and introduced by the IO3C in the entire WMO network
from January 1992 (Bojkov 1991).

The use of different absorption coefficients and/or wavelength pairs, and some-
times their failure, noted in the WO3DC records, is a reason for the numerous
problems encountered by uninformed users of long term observational records “as
published in the red books” until the NASA Ozone Trends Panel studies in the late
1980s.

Quality Control of Ozone Observations and Data

For the purpose of analysis of long-term ozone variations, observations by Dob-
son instruments provide the longest continuous data series. It should be recalled
that Dobson and Normand (1962), in analyzing the results of the IGY, came to the
conclusion that “the pre-IGY data are comparatively of poor quality”. Now it is con-
firmed that the precision of long term ozone measurements for annual means, using a
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well-maintained modern Dobson instrument, is estimated to be 1% with an accuracy
of 3% (at the 2σ level). The attainment of this precision and accuracy requires an
instrument to be well maintained, calibrated regularly, and adjusted as necessary.

In general, for regular calibrations of the instrument, the following are required:
monthly standard and Hg lamp tests (assurances for stability of the wavelength
settings and the alignment of the Q-prisms); wedge calibrations; and proper determi-
nation of the extraterrestrial constant. Comparison with a World Primary Standard
instrument once every 3–4 years will ensure that the instrument is providing cor-
rect data. In 1980, the Operations Handbook for Dobson-spectrophotometer Ozone
Measurements was published as WMO Ozone Project Report #6 (Komhyr 1980a).
That was an updated version of the Dobson (1957a, b) manuals and helped to
standardize the work at the ozone stations. Indeed, since IGY, monthly tests (e.g.
standard lamp and mercury-lamp for constancy of spectral sensitivity) are being
carried out at a number of stations; however only occasionally are optical wedge-
calibrations carried out. Most of the stations were actually depending on the original
wedge-calibrations and the extraterrestrial constant provided by the manufacturer,
which was not sufficient for precise quality controls. In analyzing the global ozone
distributions for the IGY-IQSY period (Bojkov, TM- NCAR-1966) noted great dis-
crepancies in the reported data, most of which were not retroactively corrected, even
for calibrations of station instruments that are seldom done. Especially notorious
were the numbers reported by the broadband filters (both Vassy and Gustin type—
see more below). Therefore in early 1970, within the frame of WMO, he initiated a
rigorous data quality-control programme including a series of periodic international
intercomparisons between groups of instruments (for review see Basher 1995). The
World Primary Standard (NOAA Dobson #83), which was undergoing absolute
calibration at Mauna Loa annually (Komhyr et al. 1989), was used for calibrations.

The first few comparisons showed that a number of instruments may exhibit a
systematic error as large as 10% in the direct-sun measurements. In subsequent
comparisons, station instruments showed typical calibration changes of 1 to 2% in
AD direct- sun observations – close to the limits of accuracy expected on the bases
of theoretical and experimental studies (see Basher 1995). When the TOMS data
became available in the early 1980s, they were used as the standard for identifying
discrepancies (Bhartia et al. 1984; Bojkov et al. 1987).

To assure the standardization of the data sets, in addition to regular calibrations,
it is necessary to carry out internal and external standardization tests as described
in detail in Bojkov et al. (1993). The internal consistency could be verified by
comparing the standard deviation (σ ) of the given month with the σ of the same
month in the past years; by looking for discrepancies in the course of normalized
monthly deviations from the long-term mean (ΔΩ/σ ) after the annual course was
removed; and by analyzing data stratified by type of observation (sun, zenith, clouds
taken at similar zenith angle (μ)). For the external comparisons the high correlation
between lower stratosphere temperatures with total ozone is very useful (God-
son 1963; Bojkov 1986, 1988). Therefore the normalized ozone deviations could
be compared with those of the temperature at 100 hPa level; comparisons of the
total ozone with stations of the same synoptic region provide useful information; and



82 R.D. Bojkov and D.S. Balis

Fig. 4 Normalised courses of Δ t0/σ of 100 hPa temperature vs. ozone (ΔΩ/σ ) at Hradec Kralove
station: (a) originally deposited data and (b) after homogenising the ozone record according to the
calibrations of the instrument, most of the discrepancies with t0100hPa disappeared (adopted from
Bojkov et al. 1993, (WMO Ozone Report 29))

finally, differences with passing satellites for identification of possible discrepancies
(e.g. Bhartia et al. 1984; Bojkov et al. 1987) is also useful.

The analyses of the ground stations were also indispensable in identifying a drift
(∼0.42%) in the Version (5) of the TOMS data (Bojkov et al. 1987). Unaware
of the drift, the first studies of the 1979–86 data claimed a wrong large down-
ward trend. Unfortunately, most stations applied calibration corrections from a
given date, without re-evaluating the results on their previously deposited data
in WMO-WO3DC. This wrong practice created nonhomogeneous records which
required numerous changes, (see Fig. 5) which began to be corrected for the first
time only in preparation for the WMO/NASA Ozone Trends Panel Report in 1988.

After a series of workshops jointly conducted by WMO-NASA-NOAA in 1990/
1991 (WMO Ozone Report No. 24) a detailed Handbook for Dobson Ozone Data
Re-evaluation was prepared by Bojkov, Komhyr, Lapworth and Vanichek. It was
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Fig. 5 Discrepancies in the originally reported to WO3DC data by Oslo and Hobart vs. overpasses
from TOMS due to not accounted instrument changes. Clear is the drifting of Oslo instrument
expressed in few step-changes, extreme μ dependence due to poor alignment in Hobart up to 1986
when proper calibration and adjustment was done (adopted from Bojkov et al. 1993, (WMO Ozone
Report 29))

published as WMO Ozone Project Report No. 29 in 1993. That Handbook was used
as reference for the methodology applied by Bojkov in his work on “provisionally
corrected” ozone data, used for the 1988 Ozone Trends Panel Report, and as guide-
line for the reevaluation of the data of individual stations. After that, more updated
ozone records from 16 NOAA supervised stations, four Japan stations, Hohenpeis-
senberg, Uccle, Arosa, etc., were submitted to the WMO-WO3UDC to replace their
previous non-standardized records. In general, for better quality control of the data-
series, each station should regularly carry out all calibrations and tests, and initiate
a re-evaluation based on the instrument’s history (e.g. calibrations and tests results)
every few years, looking for outliers and discrepancies, giving consideration also
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to macro-circulation phenomena such as QBO and ENSO, with potential effects on
stratospheric temperature and ozone transport.

The quality of the Russian M-83 broadband optical filter instruments used over a
large area of the GO3OS network in ex-USSR since 1957 deserves special note. The
filter instrument is based upon the same principle as the Dobson spectrophotometer
in measuring the intensity of UV radiation in 300–350 nm Huggins band of ozone.
However, initially it uses two broadband (>40nm) optical filters Gustin (1963). For
the first time unique parallel measurements by a Dobson (#64) and one M-83 broad-
band filter instrument were arranged at the University of Sofia during the IQSY. The
results showed great systematic discrepancies, related mainly to the strong solar
angle and aerosol dependences (Bojkov 1969a, b). These were due to the shifting
of the effective wavelengths by up to 8 nm within the very broad band (>40nm)
optical filters affecting effective absorption. Additional errors arose from the use of
inaccurate empirical charts for ozone determination from the instrument readings.
It was shown that even on sunny days the first version of M-83 (used until 1972)
recorded about 6% less ozone than the Dobson for Sun zenith angles <50◦ (relative
pathlength of sunlight μ < 1.5), whereas for μ > 2.0 the M-83 readings were 20
to 30% higher than the Dobson. In the presence of high atmospheric turbidity the
M-83 readings were another 5 to 10% higher than those of the Dobson.

As a result of the publication of these malfunctions of M-83 and with the encour-
agement of the international community (IAMAP and WMO), the scientists in
the Main Geophysical Observatory in Leningrad under Prof. Genady Gustin have
restructured the instrument, introducing narrower filters (half transmission band 21
and 15 nm) and a third filter to take care of the aerosol scattering and absorption.
A more accurate nomogram has also been introduced, taking into consideration the
influence of variable “effective ozone absorption coefficients” as a function of μ
and total ozone (Gustin 1979). After 1983, a significantly improved Gustin elec-
tronic filter instrument, under the name M-124, was introduced in the entire network.
Thus from the early 1970s data from about 40 locations provide more reliable data
deposited in the WO3UDC. Their accuracy is slightly better than 3% for direct Sun
and ∼5% for zenith sky observations and precision is of the order ±3% for monthly
average amounts (Bojkov et al. 1994).

State of Ozone Science in the 1970s and International Concerns

At the Athens meeting there were eloquent presentations on the developments in
ozone depletion theories (see articles by Crutzen, Rowland and Molina in this
volume). Let us briefly recall that studies by Harold Johnston (1971), and Paul
Crutzen (1970) have shown that the fleet of 500 SSTs proposed at that time could
cause significant catalytic ozone loss by releasing nitrogen oxides directly into the
ozone layer. Stolarski and Cicerone (1974) concluded that chlorine released in the
stratosphere could also deplete ozone. At the same time Molina and Rowland (1974)
expressed concern that CFCs are decomposing in the stratosphere and are a source
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Fig. 6 Differences between old-M-83 and Dobson’s at few nearby European stations confirm the
findings of the IQSY parallel measurements with both instruments at University of Sofia showing
that even on sunny days M-83 gives 6% less ozone than the Dobson for Sun zenith angels <50◦
(relative path length of sunlight μ < 1.5). When for μ > 2.0 the M-83 readings were 20 to 30%
higher than the Dobson. In presence of high atmospheric turbidity the M-83 readings were another
5 to 10% higher. M-83 data before 1972 are of bad quality. (Bojkov 1968)

of chlorine there and therefore could cause major destruction of the ozone layer
leading to increase of UV radiation, reaching the surface. In the late 1970s the one
dimensional numerical models were calculating ozone decline by 5 to 8% up to 14%
in the Polar Regions if the 1978 rate of CFCs release continued.

These scientific findings led to the first expression of intergovernmental concern
for “Modification of the ozone layer due to human activities and some possible
geophysical consequences” issued as a formal WMO Statement in 1975. The WMO
Seventh World Meteorological Congress representing over 130 Governments stated
in May 1975: “. . . there is an urgent need for more studies (and for a definite review
of these studies) to determine the extent to which man-made pollutants might be
responsible for reducing the quantity of ozone in the stratosphere.” Additionally the
Congress “stressed the need to determine the role played by chlorofluoromethanes
(used in refrigerants and aerosol cans) in destroying ozone.”

Furthermore, WMO decided to initiate the WMO Global Ozone Research &
Monitoring Project with the main thrust in encouraging studies of ozone destruc-
tive compounds, calibration of instruments, data re-evaluation, assessment of ozone
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changes, and advising governments on the state of the ozone layer. That project is
being implemented successfully even now. In 1976, the UNEP Governing Coun-
cil called for action. In March 1977, the UNEP Executive Director Dr. Mostafa
Tolba called a meeting of experts designated by Governments and Intergovernmen-
tal Organizations in Washington DC. The overview of the state of the ozone layer
was presented by WMO. The Meeting recommended a World Plan of Action (in
which WMO was responsible for monitoring, research, and assessments; UNEP for
a broad catalytic role and attending to legal aspects). The UNEP Governing Council
approved the proposed Plan of Action and the establishment of a Coordination Com-
mittee on Ozone Layer (CCO3L); the annual meetings started in 1977 and continued
until 1986. Based on the contributions of hundreds of scientists and reviews by the
WMO, negotiations for the Global Framework Convention, initiated by the GC of
UNEP, started in 1981 with WG of Legal and Technical Experts for the Elaboration
of the Framework Convention first meeting (Stockholm, January 1982) guided by
the former Executive Director of UNEP, Dr. Mostafa Tolba.

Search for Ozone Trends

The scientific findings (e.g. by Crutzen, Rowland & Molina) and relevant modeling
results that indicated that ozone decline is due to the increasing industrial release of
ozone-destructive compounds, were available but the ozone data were neither suffi-
cient nor in good shape to permit confident detection of such a change. Monitoring
of the ozone layer required meticulous attention to subtle details of instrument cal-
ibration if long-term trends were to be accurately determined. The influences of
natural effects such as solar cycle, QBO, ENSO, and occasional volcano eruptions
had to be carefully evaluated. Analyses had also to consider a slump in the North-
ern latitudes in the early 1960s, apparently related to the atmospheric nuclear bomb
tests, in combination with the QBO and solar effects.

The problem was that we were looking for ozone trends of the order of only
a few percent per decade. While the day-to-day variations increase (reaching 20%
of the total) poleward with latitude, and seasonally from summer/autumn to win-
ter/spring, the variations range from a minimum of ∼5% in the tropics to about
30% in high-latitudes. The common conclusion of leading scientists was that the
incapacity to predict the effects of released CFCs automatically results in the need
for a large-scale experiment with unknown consequences for the global system.
The predominant opinion was for encouraging international agreement based on the
“precaution principle” as explained in the presentation by Benedict (this volume).

In this section, the efforts of the scientific community to establish a trend for
total ozone after starting regular observations in the late 1950s are summarized.
The scientific background and critical reviews of the state of ozone, contributed by
hundreds of scientists, and the subject of international scrutiny, were published by
WMO in collaboration mainly with NASA and NOAA in a series of Ozone Assess-
ments starting in 1981. Later, the EC began to contribute to the process and UNEP
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was made ex-officio for the science reviews requested by the Montreal Protocol. The
description of the search for trends follows some of the milestones, reflected in these
Assessments, up to 1994, when most of the issues with the detection and description
of the total ozone trends were resolved. More details can be found in the thousands
of pages in the published WMO Assessment reports listed in the References.

In 1981, it was nearly a decade since there had been increasing public and sci-
entific interest on the question of whether man can inadvertently modify the ozone
layer allowing harmful UV to reach the ground. A number of national reports con-
sidered the impact of emission by SST (CIAP) and the release of CFCs (e.g. NASA
RP-1010 & 1049; Pollution Paper #15 of UK Dept. of Environment). It was time for
an international review to build a consensus assessment. NASA jointly with WMO
invited most of the institutions in the world engaged in stratospheric research to
attend a scientific workshop in Hampton, Virginia (May 1981). The meeting was
attended by more than 100 experts from 12 countries. The papers and contributed
chapters for a comprehensive (515 pages) report on The Stratosphere 1981: Theory
and Measurements (WMO 1981 Ozone Project Report No. 11) were distributed in
advance.

How inconclusive the trend analysis available before the 1981 Assessment meet-
ing was, is demonstrated by Fig. 7, resulting from a WMO meeting of experts on the
Assessment of Performance Characteristics of Various Ozone Observing Systems
held in NCAR, Boulder, Colorado in August 1980 (WMO Ozone Project Report
No. 9). The Ozone Report No. 11 was edited by a Science Council with essential
support from NASA and confirmed the imminent threat of ozone catalytic destruc-
tion by chlorine in the stratosphere. A major part was dedicated to understanding the
delicate interplay between chemistry and dynamics. A few one-D and 2-D models,
with the function of changing chemical kinetics, were predicting a steady-state total
ozone decline of −5 to −18%, due mainly to perturbation of CFCs at ∼40 km (!).
However, at that time, only 36 stations had ozone records for more than 15 years,
mostly of uncertain quality. The satellite coverage was just starting and was not use-
ful for predicting trends. There had been only single attempts to detect any ozone
trend (e.g. Hill et al. 1977). Descriptive and statistical studies indicated a neutral
or slightly positive global ozone trend for 1970–1979. Limited available data up to
1978 were combined by regions and examined for effects of solar cycle, volcanic
eruptions, nuclear tests, and CFCs. There was some increase (∼3%) in the 1960s and
slight decrease after 1970 (e.g. Angell & Korshover 1978). However to determine
the true trend the estimated errors and the thresholds of detectability were very high
[2σ = ±3.6%] due to the short period, and instrument and spatial disparity. Three
statistical studies for the detection of changes in global ozone, based on monthly
average (not re-evaluated!) total ozone reported by 36 stations for 1958–1979 were
available from renowned statisticians for the Assessment-1981. Using linear trend
and starting from 1970, Bloomfield et al. (1983) and Reinsel et al. (1981) were cal-
culating (1.7± 2.0)% and (0.8± 1.3)% respectively. St. John et al. (1981) started
from 1960, using functions such as predicted CFC effect and found (1.1± 1.2) %,
all statistically not significant!
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Fig. 7 Deviations in per-
cent from the mean ozone
in 1957–1979 for few belts
and estimated for the world.
The vertical bars represent
±2σ of the variation in per-
centage deviation for station
values in each group. These
values are an indication of
the “natural variability” of
total ozone against which
systematic trends need to be
calculated. So far no obvious
trend appeared (adopted from
WMO 1980; following Angell
& Korshover 1978)

Even in the extensive three-volume 1985 International Assessment (WMO Ozone
Project Report No. 16), when expressing unanimous agreement on the destructive
effects of CFCs and other ozone-perturbing gas components , the main conclu-
sion for ozone change was that “global trend estimates of total ozone determined
from the Dobson Spectrophotometer network indicate little overall support for a
significant trend during the 14-year period 1970–1983. . . .. Recent evidence has
been presented that indicates a considerable decrease during the Antarctic spring
since about 1969. This is presently the subject of further analysis. At the same
time the one- and two-dimensional models were predicting that the 1980-rate of
release of CFCs would reduce the ozone by ∼5 to 8% up to 14% in the Polar
Regions. So, at this point, scientists were unable to find trends on a global scale,
but there appeared a trend since the late 1970s during the Antarctic-spring that was
sudden and unexpected, much greater than anything that had been predicted (see
section 6). The decline was stronger in the lower stratosphere and not as originally
expected in the ∼40 km region. It was more than urgent to arrange measurements
within the Antarctic “ozone hole” and review carefully the ozone observational
data and if possible explain the discrepancy. Such expeditions were arranged in
the next two years by NASA and NOAA. At the end of 1986, the NASA-NOAA
Antarctic Ozone Expedition documented that “perturbed chemistry is involved” in
the Antarctic-spring drastic ozone decline. However, whether the ozone hole was
caused by chlorine compounds contributed by man-made chemicals, was still to be
confirmed by ground remote sensing and by the instrumented aircraft measurements
penetrating into the polar vortex.
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In early 1986, one of the principal investigators of the TOMS instrument testified
before Congress that the six-year satellite data indicate a global decline of ∼1% per
year. At that time the drift of 0.42% in the TOMS data versus the well calibrated
ground-based observations detected by Bojkov et al. (1988) was not yet known. In
October 1986 NASA initiated work on an International Ozone Trends Panel chaired
by Bob Watson with 33 lead scientists from NASA, NOAA and WMO, supported
by hundreds of other world renowned specialists from the field. The panel’s mission
was to go into the data in some detail and look at the resulting trends to deter-
mine whether they were real or might be due to uncertainties, inaccuracies, or a
degradation of the observing systems. The Panel studied the question of whether
carefully re-evaluated ground-base and satellite data would support the findings of
ozone depletion over Antarctica and on a global scale. A detailed study culmi-
nated in the two-volume Panel Report 1988 on Ozone Assessment (WMO Ozone
Project Report No. 18). The Ozone Trends Panel concluded that the SBUV instru-
ment on Nimbus-7, on which Donald Heath had relied for his Congress testimony
to announce a substantial global decline of about −4%, had suffered degradation,
and thus his findings were suspect. For the first time it was confirmed from pro-
visionally reevaluated data that significant ozone decline had occurred during the
winter–spring in the middle and polar latitudes.

Even before the Ozone Trends Panel, Rumen Bojkov took a new look at the
ground station data deposited at WO3DC–Toronto. Many stations have been taking
regular measurements since the IGY (1957) and conducting instrument calibration;
however, practically none was correcting the once-deposited data for results of the
calibrations. He identified discrepancies and brought to the attention of each sta-
tion the need to look deeper into their maintenance records and to systematically
re-evaluate their data (Bojkov 1988). During the course of the Ozone Trends Panel
study, he prepared 31 provisionally re-evaluated data sets, (see Appendix to Chapter
4 in WMO No. 16) then collaborated with Neil Harris to carry the trend analysis
which Sherry Rowland, as Chapter 4 Chair summarised for the Trends Panel Report
(Rowland et al. 1988). A number of stations submitted their re-evaluated records
at first call (e.g. Belsk, Hradec Kralove, Hohenpeissenberg, and four from Japan).
Other stations, under pressure, followed after some years (e.g. Australia, Belgium,
Brazil, Switzerland, and USA). The re-evaluation request was less successful with
the stations in India (except Ahmadabad). Analysis of provisionally re-evaluated
data for known instrument calibrations of the period 1965–1986 (assuming linear
change after 1969) were separated for the first time into seasons and three lati-
tudinal bands (30–39◦N, 40–52◦N and 53–64◦N). The winter-spring (DJFM) data
did indeed show a significant trend from −2.3; −4.7; −6.2% respectively for the
17-year period of 1969–1986. There were calculations of 1 to 1.8 matm-cm per
year loss (roughly −2 to −3.5% per decade statistically significant) poleward from
40◦N i.e. reaching as far south as Boulder, Bismarck, Edmonton, Toronto, Caribou
(in North America) and Rome, Arosa, Hohenpeissenberg, Belsk, Hradec Kralove,
and Leningrad, (in Europe). The summer (MJJA) ozone losses were smaller (−0.2
to −1.9%) and not significant in all belts.
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In the preparation of the Scientific Assessments of 1989 and 1991 (WMO Ozone
Reports No. 20 and 25) further progress was made in assessing the ozone changes.
Reanalysis (e.g. Bojkov et al. 1990; Stolarski et al. 1992) of the Dobson data
enriched with filter-ozonometer sets and 13-year TOMS data confirmed the Trends
Panel findings and showed ozone decline in all seasons except over the tropics,
which cannot be attributed to known natural processes. Benefiting from data of sev-
eral more years and a new technique for internal calibration of the satellite data,
the trends by satellite data on a global scale showed some longitudinal differences
detected with difficulty by ground-based data (e.g. Stolarski et al. 1992).

The decline was larger during the 1980s than in the 1970s. The observed ozone
decreases have occurred predominantly in the lower stratosphere below 25 km.
These findings have led to the recognition of major gaps in theoretical models,
which considered heterogeneous reactions in stratospheric clouds. The Assessments
were emphasising that “the weight of scientific evidence strongly indicates that man-
made chlorine and bromine compounds are primarily responsible for the Antarctic-
spring ozone losses. If substantial emissions of halocarbons continue, significant
ozone decrease even outside Antarctica is highly likely in the future”. For the first
time, it was recognized that the observed lower-stratosphere ozone depletion tended
to cool the lower stratosphere at middle and high latitudes. The lower temperatures
would influence the longevity of the polar vortex and facilitate the ozone destruction
processes.

In the 1994 Assessment the main focus of the trends analysis was on their sea-
sonal and regional patterns and their underestimated magnitudes by the numerical
models. Seasonal and year-round trend analysis of ground-based total ozone data,
carefully quality controlled using 46 Dobson stations covering the two polar regions
also, plus information from 45 ozonometer stations forming four regions of the for-
mer USSR, were prepared for the Assessment Report (WMO 1994) by Bojkov et al.
(1995). The trend model incorporated the 10.7 cm solar flux and 50 hPa equato-
rial stratospheric winds as indicators of the removal of the solar and quasi-biennial
components in ozone variations. The trends were calculated for two time inter-
vals: January 1964–March 1994, with slope since 1970, and from January 1979
through March 1994. The analysis shows continuous year-round ozone decline in
the polar and middle latitudes (35◦–60◦). In the latter the estimated values are
−4.3 and −4.1% per decade respectively in the northern and southern hemispheres.

Table 3 Total Ozone Trends (% per decade) with ±2σ show similarity of the values derived from
TOMS and ground-based data in 1979–91. An acceleration of the decline is also obvious from the
ground data. (adopted from WMO 1991)

TOMS ∼45◦N Ground-based 26◦N–64◦N

Season/years 1979–91 1979–91 1970–1991
Dec–Mar −5.6±3.5 −4.7±0.9 −2.7±0.7
May–Aug −2.9±2.1 −3.3±1.2 −1.3±0.4
Sep–Nov −1.7±1.9 −1.2±1.6 −1.2±0.6
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The northern hemisphere data permits us to estimate the trends in percent per
decade over vast regions such as North America −4.1±1.5%, Europe −5.1±2.0,
and Siberia and the Far East −5.6± 1.8%. The decline over the Arctic region is
−5.6± 2.0% for year-round trend and −7.5 ± 3.8% per decade for the winter-
spring season. Most dramatic is the decline over Antarctica where during spring
it is −22.7± 7.2% per decade. The ozone deficiency there had more than doubled
during the past 7 years.

The Assessment discusses the sensitivity of the ozone trends and the extremely
low ozone during the 1992–1993 period when a very strong QBO influenced the
poleward transport and lower stratospheric temperatures, as well as the partial con-
tribution to the decline attributed to the abundance of aerosols after the Mt. Pinatubo
eruption in 1991. The trends estimated for 1979–1994 are by 1.5÷ 2% per decade
stronger in northern and southern middle and high latitudes than the trends with
slope since 1970, which shows a substantial acceleration of the rates of ozone
decline. In general, over the northern mid-latitudes ozone decline is stronger dur-
ing the months of high ozone values and weaker during the ozone annual minimum.
Figure 8 demonstrates that seasonal dependence. This seasonality of the trends is
difficult to distinguish over the southern mid-latitudes.

The availability of more data both from ground-based and satellite instruments
permitted the establishment of long-term zonal as well as hemispheric and global
variations for the 1964–1994 period (Bojkov & Fioletov 1995). The difference
between the estimations of monthly zonal variations from ground-based and TOMS
data for the overlapping period of 1979–1993 is less than 1% in latitudes 40◦S–60◦N.
The ozone changes are several times larger than possible errors of the estimated
values; therefore the results are highly reliable. They show that the northern hemi-
sphere average ozone was ∼312 and the southern average was ∼300 matm-cm in

Fig. 8 The seasonal dependence of the total ozone trends for the January 1979 to March 1994
period over Dobson stations in the band 35◦–60◦N (average of station trends – right scale) and total
ozone long-term mean values (left scale) for the same set of stations (from Bojkov et al. 1995)
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the pre-ozone-hole decades (1964–1980) and that the global average for the 1984–
1993 period was lower by ∼3% (from 306.4±1.0 down to 297.7±2.2matmcm) as
shown in Fig. 9. Noticeable is the levelling of the secondary ozone maximum during
Sep–Nov of the later period due to the drastic Antarctic-spring decline.

The levels of annual ozone maximum have been reduced by 5.8% in the southern
hemisphere and 3.2% in the northern hemisphere, and the levels of ozone mini-
mum have been reduced by 2.1% and 1.2%, respectively. The cumulative year-round

Fig. 9 Difference between total ozone values for two periods (1954–1980 and 1984–1983). Upper
panel: global monthly difference. Lower panel: latitudinal monthly differences (in percent) reach-
ing maximum during winter–springs; Note southward of 60◦S from September to November the
difference is more than 15%, with a maximum exceeding 35% poleward of 80◦ in October (adopted
from Bojkov & Fioletov 1995)
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global ozone decline is 4.8±0.6%; however, the cumulative year-round decline over
the middle and polar latitudes is close to 8%. In the northern belt it is higher in the
winter–spring and is 4–6% in summer and fall. In the southern belt the cumula-
tive decline is ∼10%, reaching 40% in Sep–Nov in Antarctica. The southern hemi-
sphere contributed ∼64% of the overall ozone decline.

Update of the Ozone Decline in Mid- and High- Latitudes

This chapter also provides information on the course of the observed ozone decline
utilizing one more advanced objective method, namely calculated ozone mass-
deficiency (O3MD) from the pre-1976 averages. This permits us to have comparable
estimates of the O3MD over various latitudinal belts and for different seasons and
years updating the record up to the present. Special attention is given first to the
decline in Antarctica and then to the changes that have occurred in the northern
latitudes.

Antarctica

Ozone observations in Antarctica began in 1956–57. Since then, total ozone data
were collected at 17 locations at one time or another. Only Argentina Isl.- Faraday
(65◦S, 64◦W) and Halley Bay (76◦S, 27◦W) have kept an uninterrupted ozone
record with regular calibrations; however not all their data was deposited at the
WMO-WO3DC. In 1961 the Dobson instrument was located at the South Pole –
Amundsen–Scot base and in 1966 at Syowa (69◦S, 40◦E). These four stations were
the backbone of the information on the ozone regime over Antarctica. Shorter data
sets such as 1962–68 Byrd (80◦S), 1957–58 Little America (78◦S), 1961–63 Hallett
(72◦S), and 1965–66 King Baldouin (70◦S) were also useful in the first studies of
the regime over Antarctica in the 1980s. Measurements by broadband filter instru-
ments from 1960 to 1966 at Mirni (67◦S), and IGY Vassy observations at Dumont
d’Urville (67◦S) including star observations demonstrated unusual variability and
inconsistency, which could confuse and mislead a superficial examiner.

A review of all the Dobson readings in the Southern polar and upper mid-
dle latitudes since IGY until the end of the 1970s showed very few occasions
when daily values were near 200 matm-cm (Bojkov 1986a, b). Usually such occa-
sions did not form a prolonged period, very seldom were they accompanied by
corresponding values in other stations; thus they cannot be compared with the
wide-spread, magnitude, and duration of the extremely low Antarctic spring val-
ues registered since 1979 onwards. The appearances of such low ozone values from
ground-based observations were brought to the attention of the scientific commu-
nity by Chubachi et al. (1984), and Farman et al. (1985), and from TOMS data
by Stolarski et al. (1986). Now we know that since the end of the 1970s the total
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ozone over the southern polar region has drastically declined each spring starting
in August, but mainly from September through November when the reduction from
the pre-1976 monthly values in the last twenty years was reaching ∼40–50%. The
negative ozone trends since 1979, in percent per decade (significant at 2σ level)
were ∼22% for Sep–Nov, ∼5% for Dec–March, and ∼9% for year round. By com-
parison, the annual trend in the 35–50◦S belt is only ∼2% and in the 50–65◦S belt
is ∼4.5%. The main ozone depletion takes place in the 14–21 km layer which is
completely depleted of ozone during late September and the first half of October.
This springtime depletion has been extensively studied (e.g. WMO Assessments
1994, 1998, 2002 and the references therein). It has been confirmed that chlorine
and bromine-activated heterogeneous reactions in the stratosphere are responsible
for the observed ozone destruction. The low stratospheric temperature (<−78◦C)
in the isolated circumpolar vortex and enriched aerosol content (especially soon
after volcanic eruptions reaching the stratosphere, like Pinatubo in 1991) have been
identified as key controls over the ozone decline at the current burden of chlorine
loading.

All stations have been used to determine the pre-1976 total ozone levels. The
satellites (TOMS on Nimbus7, Meteor and Earth Probe; SBUV/2 on NOAA-9 for
1995 and part of 1996, and OMI since 2005) provided high-resolution gridded data
for 1979–2007. These were adjusted for the known instrument-to-instrument biases
(WMO 1994; WMO 1998; Balis et al. 2007) and standardized to 3◦ × 5◦ grids.
The latitudinal averages derived in Bojkov and Fioletov (1995) were adjusted to the
pre-1976 ozone levels using ground station data and were verified by the 1970–72
BUV data. In order to calculate O3MD, the deviations from the pre-1976 zonal
averages were first determined daily for each 3◦ × 5◦ grid. If the deviations were
found to be greater than −10% (>σ ), knowing its value in matm-cm, it becomes a
simple matter to determine the respective ozone mass (see Bojkov et al. 1998). The
daily O3MD were subsequently integrated to arrive at the overall mass deficiency
in Mt for the given latitudinal belt and/or for a time-period of interest. The derived
characteristic is directly comparable on a molecule per molecule basis, independent
of the season and location. The basic characteristics of the ozone hole each year
since 1979 are shown in Fig. 10. The maximum extent of the O3h-area which only
exceeded 10millionkm2 in the mid-1980s, reached 22millionkm2 for a few days
during each year of the 1990s and was >25millionkm2 in the last nine years except
1999, 2002 and 2004. The lowest ozone values within the O3h occurred usually
during the second half of September and/or early October. The minimum total ozone
values have fallen from∼200 matm-cm in the early 1980s to ∼150 in the mid-1980s
and down to values of a few units less than 100 matm-cm in most of the last 14 years.

A review of the integrated O3MD within the −10% contour and integrated over
the area >35◦S for the months of September, October, November and December
shows O3MD has been increasing since 1979, with the exception of 2002. It
has fluctuated mainly between 4,700–6,300.106 km2, remaining rather high since
the mid 1980s with maximums >7,000.106 km in 2004 and 2006. The integrated
O3MD>35◦S has tripled from ∼4,000 Mt average for 1979–84 to ∼12,000 Mt of
the last six years (2001–2006). The area with ozone deviations stronger than −10%
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Fig. 10 Upper panel: (squares) maximum day-area covered by O3h values [in millions km2];
(circles) lowest total column ozone measured each year. Lower panel: (triangles) Ozone-mass-
deficiency (O3MD) as difference from pre-1976 values integrated for 105 days (1 Sep.–15 Dec.)
within the O3h area [in Mt] right scale; (diamonds) date of disappearance of values <220 matm-cm
months left scale (Updated from Balis & Bojkov 2003)

poleward from 35◦S for the same time intervals has also increased but only ∼2
times (from ∼2,900 to ∼6,000.106 km2). This demonstrates an intensification of
ozone destruction per unit area.

More detailed information on the size and duration of the ozone hole is given
in Table 4. Since the early 1990s the area of O3h greater than 10millionkm2 has
been occurring in ∼75 to 90 days with maximums in the austral springs of 1998,
1999, 2001 and 2006, and lasting for about 100 days. The O3h area was greater than
20millionkm2 in ∼35 to 50 days (max 61 days in 2006). The area of 15millionkm2
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Table 4 Number of days when the “ozone hole” area (total ozone <220 matm-cm) covered a sunlit
surface greater than 10, 15, 20 and 25 [km2 ×106] in the last 12 years (compiled by Bojkov)

year >10 >15 >20 >25

1995 75 68 36 –
1996 88 70 35 –
1997 73 56 25 –
1998 101 70 48 20
1999 98 79 50 –
2000 75 54 41 7
2001 97 82 53 17
2002 18 5 – –
2003 68 54 38 14
2004 75 54 21 –
2005 81 64 50 6
2006 97 89 61 21

Fig. 11 O3MD from pre-
1976 averages, inside the
−10% deviation contours,
integrated for 105-days
(1 Sep.–15 Dec.) in Mt for
Southern polar region (>60◦S
dashes) and middle latitudes
(35–55◦S continues line) in
the period 1979–2006, show
major increase of O3MD only
over the polar region (updated
from Balis and Bojkov, 2003)

has also increased. All these show that ozone depletion in Antarctica is not abating.
The “anomalously” early disappearance of the O3h in the October of 1988 and 2002
with relatively smaller ozone deficiency was due to an early break-down of a warmer
stratospheric polar vortex.

In Fig. 11 it is interesting to note that the O3MD poleward from 60◦S, which
increased rapidly during the early 1980s, reached high values in the mid-1990s and
again in the last few years, except in 2002, reaching a record low in 2006. In contrast,
over the middle latitudes (35–55◦S) the O3MD does not show a major decline and
is fluctuating between 3,000 and 5,000 Mt, which level had already been reached
in the early 1980s. These fluctuations are perhaps related to the macro-circulation
specifics over the middle latitudes and the intensities of the spread over the middle
latitudes of the Antarctic low ozone after the breakdown of the polar vortex, which is
different in each year, and can also be subject to climate change-induced circulation
changes.
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Fig. 12 Five-year Sep + Oct integrated averages of O3 mass-deficiencies [M-tons] and sunlit area
[106 km2] with Ω < 220 matm-cm poleward of 60◦S (only last columns are for 4-years). The area
since late 1980s is nearly without change ∼14.3106.km2 while the deficiency is increasing reaching
highest average values (>4,600Mt) in the very last years. There is no indication of weakening of
ozone destruction during the Antarctic spring! (updated from Balis and Bojkov, 2003, 2004a)

More information on the developments in the polar region (>60◦S) during the
times of greatest ozone decline in September and October could by deduced by
reviewing the O3MD and area with <220 matm-cm presented in Fig. 12 as 5-year
averages. The area of the O3h since the mid-1980s has been stationary between 14
and 15 ·106 km. Its fluctuations were related to the size and position of the Antarctic
stratospheric vortex. In contrast to this the ozone destruction within the vortex has
shown major increase until the last few years. The O3MD inside the ozone hole in
2003–07 exceeded the mid 1990s values (it reached an absolute maximum ∼7,600
Mt in 2006), indicating that so far there has not been any turn-around of the observed
ozone destruction.

Ozone Changes Over Northern Latitudes

Ozone in the mid-latitudes is subject to many natural as well as anthropogenically
forced variations. Sophisticated linear regression schemes including the seasonal
cycle, linear trend, quasi-biennial oscillation, and 11-year solar cycle have been
applied to deduce ozone trends. These analyses indicate that the downward trend
attributed to ozone depleting substances (O3DS) is ∼4% averaged for 65◦N to 65◦S.
A relatively large variability of about ±1%, related to dynamic, solar cycle and
volcanic effects, exists.
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Short-term total ozone changes at the Northern mid- and high-latitudes are to a
large extent caused by a redistribution of ozone in the lower stratosphere, where the
lifetime of ozone is long. As a consequence, total ozone is connected with planetary
wave activity and embedded synoptic scale disturbances near the tropopause such as
troughs or ridges. For a given location, variations in total ozone are closely related
to the tropopause height.

For the latitudes poleward from 45◦N the total ozone decline in the northern
winter–spring season during the past 25 years shows an average trend of 3 to 6%
per decade (WMO 2002).

Figure 13 shows the combined (February and March) area-averaged total ozone
deviations from the pre-1976 means for the three continental scale regions between
45◦ and 65◦N. The high level of interannual variability is well pronounced together
with increasingly negative deviations in the 1990s and reduction of the negative
deviations in the last few years. The position of the polar stratospheric vortex and
its expansion south of 65◦N explains partly the higher deviations observed over
Siberia (1990, 92, 93, 95 and 2002); over Europe in 1990 and 1993; and over North
America in 1993, 99, and 2005 (Bojkov et al. 2000; Balis & Bojkov 2004). The
warm stratospheric temperatures and the early break of the polar vortex in the winter
of 1999 and 2003 (EORCU 2003) resulted in smaller deviations over Europe and
Siberia similar to those observed in the 1970s and early 1980s.

The strong meteorological variability above the Arctic from year to year, with
stratospheric temperatures around the PSC threshold, leads to considerable vari-
ability in PSC existence and consequently in observed ozone loss. The springtime
ozone loss above the Arctic at equal chlorine-bromine loading is strongly depen-
dent on the stratospheric temperature (WMO 1998, 2002). In the Arctic vortex and

Fig. 13 Area averaged (45◦N–65◦N) total ozone departures (in %) from the long-term pre-1976
averages for February and March 1975–2007. The 2σ for each point is less than 6% (updated from
Balis & Bojkov 2003)
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adjacent areas, ozone loss of about 100 matm-cm, with extremes lasting a week or so
exceeding 200 matm-cm, below the pre-1976 averages of 420–450 matm-cm were
recorded. The ozone deviations were especially strong (exceeding 25% for month-
long periods over Siberia and/or Europe or North America) during seven seasons
of the decade of the 1990s as well as in 2000 and 2005. The effect of the position
of the polar vortex is demonstrated in the large negative deviation persisting over
central Siberia during most of the 1990s, as shown in Fig. 14, where the average
February–March ozone departures are shown for 1990–2000.

Figure 15 shows calculated ozone-mass deficiency (O3MD) from the pre-1976
averages for 1 Jan.–15 Apr., within the −10% contour for lower (35–45◦N), and
upper (45–60◦N) middle latitudes and separately for >60◦N. The latter region coin-
cides with the Arctic stratospheric vortex within which, if the temperature is <78◦C,
conditions are favorable for chemical ozone destruction. It is calculated that the
overall O3MD integrated >35◦N for the first 105 days of each year has increased
from ∼2,800 Mt in 1979–1984 to an average of ∼7,400 Mt in the 1990s. It was
less than 4,000 Mt in 1991 and 1998 but exceeded 12,000 Mt in the spring of 1993
and 1995. The latter quantity is comparable with the average O3MD for the Antarc-
tic springs of the 1990s. During the last seven years the average O3MD >35◦N is
∼7,200 Mt.

The upper part of the middle latitudes contributes rather constantly the biggest
portion (∼42%) of the O3MD poleward of 35◦N. The strength of the deficiency
in this belt is related to the longer time chemically disturbed air-masses that are
exposed to sunlight and expansions of the Arctic vortex. Over the southern part of

Fig. 14 Average total ozone departures from pre-1976 values for the period 1990–2000 shows
great area coinciding with the winter-spring stratospheric vortex position where the ozone
departures are between 10 and 20% even in 11-years averages (Balis & Bojkov 2004)
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Fig. 15 Integrated Ozone Mass Deficiency for a period of 105 days within the −10% contour for
latitudinal belts: 45◦–60◦N (solid line), southern part of the middle latitudes (35–45◦N doted line)
and >60◦N (dashed line). It is seen that the contribution of the polar region to the O3MD has been
smaller during the last decade when the contribution of the southern part of the middle latitudes
has rapidly increased (updated from Balis and Bojkov, 2003, 2004a)

the middle latitudes the O3MD variation were marginal (∼20%) until the last seven
years when their share increased twice, probably due to more frequent influence
from the transport of low ozone from the sub-tropical belt (Bojkov & Balis 2001)
and less intensive ozone loss processes in the polar region.

Table 5 has details of the contribution of these latitudinal belts during different
periods. If the area poleward of 35◦N is taken as unity, the area of the three belts
is nearly the same (∼33% of the total surface >35◦N). The most interesting fact is
that the contribution by 1% of the 35–45◦N area in the first 20-years of the ozone
decline was ∼0.6%; however, in the last seven years, it has increased to 1.2%. This
is compensated by the strong decline of the contribution by 1% area >60◦N from
∼1.2% down to 0.6%. Indeed in the last 29 years, the winter–springs of 1985, 1999,
2001, 2004 and 2006 were the ones with very weak vortex – above normal strato-
spheric temperatures over the Arctic and below normal total ozone over the lower
latitudes of this hemisphere. The latter were related to the intensive north-eastern
transport of sub-tropical air masses with low total ozone content. Over the polar
latitudes >60◦N the fractional contribution to the overall O3MD has been strongest
(∼39%) in the 1990s but has declined drastically to 22% in the last seven years,
indicating less intensive ozone losses there.

These results show that in some years the ozone deficiencies should be related
not only to the high chlorine loading in the stratosphere in conditions of unusually
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Table 5 The area of few latitudinal belts as fraction of the entire area poleward from 35◦N and the
% contributions of the specified belts to the O3MD integrated for 105 days (1 January–15 April)
within −10% deviation contours >35◦N averaged in [Mt] for 1979–1989, 1990–2000 and 2001–
2007 (second row). Last three lines give the contribution of 1% area of each belt to the overall
O3MD >35◦N for the three periods (compiled by Bojkov and Balis)
belts >35◦N 35–45◦ 45–60◦ 60–90◦
area in % 100 33 34 33

% of >35◦
1979–1989 3500 Mt 23 46 31
1990–2000 7400 Mt 19 42 39
2001–2007 7200 Mt 40 38 22
1% area contributes x% of >35◦ 0.66 1.38 0.94

0.58 1.24 1.18
1.21 1.15 0.64

low polar winter–spring temperatures but also to the related stratospheric transport
of low ozone from the sub-tropical belt. The role of the transport of atmospheric
air masses in the overall decline of the ozone amount is being addressed. However,
clearly determining the contribution of each of the two processes has proved to be
extremely difficult. Here it should be mentioned that there are evidences for the
appearances not only of single episodes with extremely low ozone values in the
middle latitudes due to sub-tropical mass-transport, but also that such events have
happened during the entire ozone-observing record of more than forty years (Bojkov
& Balis 2001). The latest such event was noted in mid January 2004 when ozone
values of less than 200 matm-cm were observed over the Iberian Peninsula.

International campaigns conducted in the 1990s and early 2000s (AASE,
EASOE, SESAME, THESEO, VINTERSOL etc.) have estimated cumulative chem-
ical ozone destruction between 100 and 140 DU during each winter–spring since
1989 except in 1998 and 1999. In the lower stratosphere inside the vortex, low ozone
mixing ratios of ∼1 ppm were observed in 1995, 1996, 1997 and 2000. The major
ozone loss was noted mostly from mid-February to the end of March. In the same
peroid within the vortex, the concentrations of ozone depleting substances were sim-
ilar to those in the Antarctic spring and consequently for short periods of time the
daily ozone loss rates have also been similar (e.g. Mueller et al. 1997).

Some Differences in the Ozone Regimes in the Two Hemispheres

Sophisticated linear regression schemes including the seasonal cycle, linear trend,
quasi-biennial oscillation, and 11-year solar cycle have been applied to deduce
ozone trends. These analyses indicate that the downward trend attributed to ozone
depleting substances (O3DS) is ∼4% averaged for 65◦N to 65◦S. A relatively large
variability, related to dynamic, solar cycle, and volcanic effects, of about ±1%
exists.
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It should be noted that there are substantial differences in the annual courses of
the total ozone (as well as of the stratospheric temperatures), in particular between
the Northern and Southern Polar Regions demonstrated in Fig. 16. Possible dif-
ferences in the ozone regimes of both hemispheres were mentioned first by Vassy
and Vassy (1939). A time delay of over a month in the occurrences of ozone max-
imum at Halley Bay versus that at Oxford was noted in the first data analyses after
IGY by Dobson (1963). Before that at the Symposium on the Stratosphere in the
Free University of West Berlin, Godson (1963) demonstrated that large differences
exist between Arctic and Antarctic stratospheric temperatures and the annual course
of total ozone regimes and provided eloquent explanation based on radiation and
dynamic differences. He showed that rapid warming, accompanied by substantial
increase of the ozone over Antarctica, occurs about 2 months later than over the
Arctic.

In pre-ozone-hole conditions the main reason for a lag was the domination
of a strong baroclinik circumpolar stratospheric vortex over Antarctic from April
through October, preventing any systematic meridional exchange. This circulation
creates an isolated region of low ozone centered over the Antarctic surrounded by
a relatively high ozone belt over the middle latitudes. This regime persists until the
vortex breakdown in October. Currently, with depleted ozone in the lower strato-
sphere, temperature is lower and the breakdown is delayed to the end of November
or early December (Bojkov & Balis 2000; Balis & Bojkov 2003, 2004a).

An analysis of the month-to month changes in the ozone zonal means indicates
that the time of attainment of the ozone maximum now is progressively delayed
from October (at 55◦S) to December (at 75◦S up to the Pole). The time of the annual

Fig. 16 The 1957–1985 100 hPa monthly average temperature (right scale) and 10-day mean total
ozone (left scale) for Resolute (75◦N) –continuous lines, and Halley Bay (76◦S) – dots with lower
time-scale where July is equivalent to January in Resolute. On the abscissa the long marks of each
month show 30-day intervals starting with the winter solstice. Due to longer lasting Antarctic polar
vortex, there is a 2 to 3 months delay in the occurrence of annual ozone maximum at Halley which
is nearly 130 matm-cm weaker than in the Arctic – Resolute (Bojkov 1986b)
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ozone increase occurs earliest (October) at 55◦S. In the pre-ozone-hole years most
of the annual ozone increase over Antarctica occurred in October/November. If the
latter is delayed even by only a few weeks (due to prolonged domination of the
southern circumpolar vortex) the air transported from the middle latitudes will carry
relatively less ozone, as the annual ozone decrease there in November is already at
an advanced stage. Thus, the ozone values in the Antarctic would be lower than if
the meridional transformation were to occur in late September–early October, which
would have corresponded to what happens over the Arctic in late March.

This delay in natural spring-time stratospheric temperature increases over Antarc-
tica as it happens now in conditions of disturbed chemistry is essential for contin-
uous lower stratospheric temperatures, facilitating the ozone destructive processes.
Such destruction is not possible to the same extent and duration in the much warmer
Arctic stratosphere, continuously disturbed by propagating baroclinik waves.

A comparison of the ozone mass-deficiency over the two hemispheres poleward
from 35◦ reveals interesting differences. The O3MD integrated over the winter–
spring seasons (1 Jan.–15 April poleward of 35◦N and 1 Sep.–15 Dec. poleward
of 35◦S) for each year during 1979–2007 is shown in Fig. 17. In the NH the defi-
ciency has increased from ∼2,800 Mt in the early 1980s to ∼7,800 Mt in the 1990s
and exceeded 12,000 Mt in the winter–springs of 1993 and 1995. During these two
single years, O3MD over the NH exceeded O3MD over the SH. However, in the
long run, the spring deficiency over the SH is stronger. From ∼4,000 Mt in the
early 1980s it rapidly increased and since the mid-1980s it is frequently greater than
11,000 Mt and has lately exceeded 15,000 Mt!

Fig. 17 The O3MD (from the average pre-1976 ozone levels) poleward >35◦N and >35◦S.
The O3MD is calculated over surface area, with deficiencies larger than −10% (>σ ) and integrated
(updated from Balis and Bojkov, 2003, 2004a)
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The O3MD differences >60◦ are even greater. In the Northern polar region, in the
early 1980s, the integrated average deficiency was ∼1,050 Mt, while over Antarc-
tica it was ∼2,350 Mt. In the mid-1990s the deficiencies over the Arctic were the
strongest at ∼3,600 Mt but they declined to an average of ∼1,650 Mt in the last six
years. Over Antarctica, for the corresponding periods, the deficiencies were nearly
the same at ∼5,900 Mt and ∼6,000 Mt. The stratosphere of the northern upper
latitudes is warmer than in the southern hemisphere. The Arctic stratosphere is sig-
nificantly chemically perturbed; however, it warms up earlier in the spring by major
meridional transport, and by the time there is sunlight available to activate ozone
losses, the PSCs have already disappeared. That explains why there is no Arctic
ozone hole.

Concluding remarks

It is amazing how the dedicated efforts of a few scientists like Fabry, Buisson,
and Dobson in the 1920s succeeded in establishing a reliable methodology for the
measurement of the total ozone and deducing some of the basic seasonal and lat-
itudinal characteristics. During the 1930s and 1940s, ozone measurements were
carried out by less than a dozen interested scientists and in most places not regu-
larly. At that time, their interest was not in systematic measurements but in exploring
the weather-predicting relations of ozone and weather patterns. The network based
on international cooperation was established only 50 years ago in preparation for
the International Geophysical Year and it evolved into the WMO Global Ozone
Observing System (GO3OS). It is being supplemented by satellites for about 30
years. Without the dedicated efforts of numerous scientists supervising the ozone
measurements and starting to control their quality, it would have not been possible
to make any assessment on the state of the ozone layer when some theory for its
possible destruction started to appear.

Data from the GO3OS have been essential for understanding the effects of chlo-
rofluorocarbons (CFCs) and other ozone-depleting gases on the global ozone layer.
Starting before the launch of space-based ozone-measuring instruments and con-
tinuing to the present day, the Dobson instruments are routinely being used to help
calibrate space-based observations of total ozone because of their stability and accu-
racy. The problems faced by the first ozone observers have not gone away. Above all,
data sets need to be longterm, sustained over decades and periodically standardized.
It is easier to get big funding for a one-off project than small funding for long-term
monitoring infrastructure. Although in situ monitoring is cheap, ground-based sta-
tions frequently face closure and vital time series are broken. Sustaining continuity
and quality is difficult.

In the early 1970s, scientific findings by Crutzen, Rowland, Molina, Stolarski and
Cicerone (to mention a few) highlighted the potential of chlorofluorocarbons and
halons to destroy stratospheric ozone, with serious environmental implications. The
search for ozone trends has started considering first the possible destruction of the
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ozone from a big SST fleet and then from the CFCs. Scientific studies on all aspects
of the ozone issue expanded and provided the background for the Vienna Conven-
tion (1995) and its Montreal Protocol (1987). However, only in the mid-1980s,
have the increasing international concerns stimulated careful data re-evaluation,
based on calibrations and comparisons, which permitted the NASA/WMO Ozone
Trends Panel to detect statistically significant ozone decline in the Northern lati-
tudes, although much smaller than the rapid ozone decline noted in the Antarctic
springs. It was not until the early 1990s however, that convincing evidences of
ozone decline also over the middle latitudes in all seasons were obtained, thanks
to extensive research by scientists from around the world. In the mid-1990s the
major decline in the lower stratosphere was better understood and the essential role
of the stratospheric temperature and dynamics affecting the Arctic ozone decline
was confirmed. The trends were detected by both ground-based and satellite-borne
monitoring instruments.

The preparations of periodic international Ozone Assessments have helped to
reach new and more advanced understanding of the processes causing human-
influenced changes and their effect on the ozone decline so dramatically demon-
strated not only by the Antarctic spring ozone hole events, but also by the similar,
but much shorter-lasting, ozone declines over the Northern polar and middle lati-
tudes, most pronounced during the 1990s. Total ozone deficiencies of 4–6% from
pre-1976 averages continue to be observed over extra-polar latitudes, except in the
tropics (25◦N–25◦S). They are stronger in the winter–spring than in the summer
seasons and are greatly influenced by the meteorological conditions at nearly equal
concentrations of ozone depleting substances.

The review of the total ozone changes presented here shows occurrences of great
variations on a background of a general declining trend since the 1970s. It seems
that part of the variations could be better explained in connection with coherently
appearing variations in the atmospheric circulation planetary waves, but this aspect
needs further study. The ozone changes observed in the last few years are in con-
currence with the understanding of the important role played by the atmospheric
circulation in the complex processes of ozone changes. Presently, there are no indi-
cations of any slow-down of the ozone losses over the Antarctic. Even greater ozone
losses in the polar and mid-latitudes could be expected, at the present stratospheric
chlorine loading, subject to the prevalence of favourable meteorological conditions.
The findings in the WMO Ozone Assessments that the ozone losses will not end
until the stratospheric chlorine loading falls back to its pre-ozone-hole values of
∼2 ppbv (expected to occur much after the middle of the 21st century) calls for
continuous monitoring and study of the state of the ozone layer.

It is commonly accepted that with accurate, quality-controlled data, we shall
better comprehend the Earth system, watch the ozone-change and gain warning of
dangers to come. However, monitoring does not win glittering prizes. Its support is
marginal and publication is difficult and unappreciated. Despite the obvious success
of the efforts for reliable ozone data bringing us to the Vienna Convention and its
Montreal Protocol, longterm quality measurement is simply not valued as ‘discov-
ery’ science. As this meeting was dedicated to the 20th aniversary of the Montreal
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Protocol, it must be stated clearly that even if no ozone recovery is detectable
in the coming decade(s), or even worse, if an ongoing downward trend contin-
ues (i.e. largest O3MD over Antarctica was in 2006!), ozone depletion would have
been worse without the regulations for the phase-out of ozone depleting substances
embedded within the Protocol.
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The Long History of Ozone: Analyses of Recent
Measurements

Neil R.P. Harris

Abstract The magnitude and understanding of the changes in stratospheric ozone
since the 1970s are presented in this chapter. Ozone has declined over all regions
outside the tropics. The emphasis in this chapter is the decline over the northern
and southern mid-latitudes. For a number of years, a standard statistical approach
to the analysis of ozone data has been presented in the UNEP/WMO assessments.
The assumptions underlying this model are discussed and analyses of updated time
series of ozone are presented. The influence of dynamical changes on the decadal
evolution of ozone is becoming clearer, particularly in the more dynamically active
northern hemisphere. Finally, the main factors which will determine future ozone
amounts are briefly discussed.

Keywords Future ozone · ozone depletion · stratospheric ozone · trend analysis

Introduction

Stratospheric ozone depletion arising from the addition of trace gases resulting from
anthropogenic activities has been a source of major international concern since
the 1970s (Crutzen 1971; Johnston 1971; Molina and Rowland 1974; Stolarski &
Cicerone 1974). In the mid to late 1980s decreasing ozone amounts were observed
at polar and middle latitudes (Farman et al. 1985; Rowland et al. 1988) which
were related to the release of man-made ozone depleting substances (ODS) such
as chlorofluorocarbons (CFCs) and Halons.

The evidence for this link between ODS and ozone depletion has strengthened
significantly over the years (e.g. WMO 2007 and preceding reports referenced
therein). As a result the Montreal Protocol has been modified a number of times
with an international agreement reached on the increasingly strict limits on ODS
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production. The effect of the implementation of the Montreal Protocol can now be
clearly seen in the observational record of the atmospheric concentrations of ODS
(Clerbaux & Cunnold 2007)

In the absence of other atmospheric influences, the changes in the atmospheric
ODS amount would be mirrored in the ozone amount. However, in reality there
are many influences and so the determination of ozone trends has relied on the
use of statistical models which simultaneously calculate the effect of the known
(assumed), quantifiable influences. The statistical models themselves assume a sim-
ple (usually linear) relationship of ozone with ‘proxy variables’ representing the
other influences. In practice, such relationships are not that simple, and some influ-
ences have to be omitted altogether because of the lack of a suitable proxy variable.
The most obvious omitted influence is the dynamical activity due to changes in
the stratospheric circulation and in the lowermost stratosphere where the effect of
tropospheric meteorology is most keenly felt.

In the first part of this chapter, the evolution of ozone from the mid-1960s to mid-
2007 at northern and southern mid-latitudes is presented, and the standard statistical
model is described. Possible additions to the standard model to represent other influ-
ences on ozone are discussed in the light of the quality and variability in the ozone
data and the likely limits to the usefulness of increasingly complex statistical mod-
els. Comparisons with models and the trends in ozone in the lower stratosphere
are presented. Finally, the influences that may be important in determining future
stratospheric ozone amounts are discussed.

Ozone at Northern and Southern Mid-latitudes: The Main
Features

The time series of total column ozone for 35◦N to 60◦N and 35◦S to 60◦S are shown
in Figs. 1 and 2 respectively. They both show a relatively stable period prior to 1980
followed by a decrease in the early 1990s, with a slightly larger decrease over north-
ern mid-latitudes than over southern mid-latitudes. From this time on, the behaviour
diverges, with an increase of a few percent in the northern mid-latitudes and a con-
tinued, though slower, decline in the southern mid-latitudes. In addition, there is a
clear pronounced minimum over northern mid-latitudes in the first half of the 1990s,
roughly coincident with and following the eruption of Mt. Pinatubo in May 1991.
No comparable effect is seen in the southern hemisphere.

In order to quantify how much of these changes result from chemical depletion
caused by ODS, statistical models have been developed to remove the effects of
other factors. The standard multiple regression model used in the UNEP/WMO
Assessments includes terms for the seasonal cycle (already removed in Figs. 1
and 2), the 11-year solar cycle and the quasi-biennial oscillation in tropical strato-
spheric winds. The remaining trends (seasonally varying to allow for larger trends
in spring than autumn for example) are interpreted as being caused by ODS. This
last trend term now uses the effective stratospheric chlorine loading (EESC) as the
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Fig. 1 Total column ozone averaged over 35◦N to 60◦N from five total ozone observation data sets
(the ground-based network, the merged SBUV/TOMS, GOME/OMI, SBUV and NIWA). Only
the seasonal cycle has been removed before presentation. For more details see Chipperfield and
Fioletov (2008). The plot was kindly provided by V. Fioletov

Fig. 2 Total column ozone averaged over 35◦S to 60◦S from five total ozone observation data sets
(the ground-based network, the merged SBUV/TOMS, GOME/OMI, SBUV and NIWA). Only
the seasonal cycle has been removed before presentation. For more details see Chipperfield and
Fioletov (2008). The plot was kindly provided by V. Fioletov

proxy variable for the trend as it relates more directly to the effect of the ODS.
Previously a linear trend term was used, but this became inappropriate after the peak
halogen loading had passed in the late 1990s (see WMO 2007 and Harris et al. 2008
for further discussion).
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Other Influences on Mid-latitude Ozone

While it has long been known that changes in dynamics have large effects on total
ozone on short time scales (Dobson 1926), the influence of dynamic influences on
ozone on decadal timescales has only become apparent more recently (e.g. Hood
et al. 1997; Steinbrecht et al. 1998). However, while correlations between ozone and
a number of meteorological quantities (such as tropopause height) are statistically
significant, it is very hard to link these in an unambiguous causal way to particular
physical processes. To first order, the processes can be divided into those in the upper
troposphere and lower stratosphere (UTLS), for example, Rossby waves, where the
troposphere exerts a direct and strong influence on the stratosphere, and those which
affect the strength of the stratospheric circulation. It is hard to identify suitable proxy
variables for either set of processes because there are no measurable quantities that
can be used unambiguously and causally to represent the processes, largely because
the atmosphere is closely coupled. Changes in the lower stratosphere can be seen
by looking at fields such as tropopause heights, geopotential heights and PV on
isentropic surfaces, but all of these are influenced by many atmospheric processes
only some of which are important in determining total column ozone amounts on
longer timescales.

The vertical component of the Eliassen-Palm flux (a measure of the upward wave
energy) has been used as a proxy for the strength of the stratospheric circulation.
However, the relation of this with total ozone is not simple as the wave energy
reaches different parts of the stratosphere depending, for example, on the position
and strength of the polar vortex and so its effect on the total ozone column is strongly
modulated. Trends in Eliassen-Palm flux were observed during the 1980s and 1990s
in January and February in the northern hemisphere. However, no trends were seen
over the course of the whole winter indicating that careful use of EP flux as a proxy
variable in trend models is needed (Harris et al. 2008). Taking the results of all
such studies into account leads to the conclusion that perhaps 30% of the trend
in northern hemisphere ozone during the 1980s and early 1990s was a result of
dynamical changes. Much stronger conclusions are reached regarding the increased
total ozone values since then which are widely regarded as being principally caused
by dynamical changes (e.g. Hadjinicolaou et al. 2005; Brunner et al. 2006; Dhomse
et al. 2006). Such effects are smaller in the southern hemisphere, as evidenced in
the smaller variability in Fig. 2.

Another cause of the different variability in the two hemispheres is the influence
of the springtime polar ozone loss. The magnitude of this does not change much in
the Antarctic and so the influence on southern mid-latitudes does not vary strongly
from year to year. In contrast, the chemical ozone loss in the Arctic varies greatly
and enhances the natural variability resulting from inter-annual changes in dynam-
ics. The influence of polar ozone on the mid-latitudes is thus more variable in the
northern hemisphere (e.g. Braesicke & Pyle 2003). (An intriguing corollary to this
is the enhanced variability at southern mid-latitudes in the early 2000s, a period
of high variability in the ozone reduction over the Antarctic (compare Fig. 2 with
Fig. 4.7 in Newman et al. 2007)). Attempts have been made to include the effect of
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this process in statistical models by including a term dependent on EESC and the
volume of polar stratospheric clouds, but it is hard to distinguish it statistically from
the more straightforward term which is simply linear dependent on EESC. While
these effects are distinguishable in principle, it is hard to identify them in practice
as the atmospheric signal is relatively small, similar in magnitude to unresolved
natural variability and close to the observational noise (Harris et al. 2008).

Comparison with Models

Comparisons of the observations at northern mid-latitudes with calculations by
atmospheric models shows that 2-dimensional (2D) chemical transport models
(CTMs) of the atmosphere tend to underestimate the trends in the 1980s and
1990s, while 3D CTMs driven by analysed meteorological fields do a better job
(Chipperfield & Fioletov 2007). This may be due to the better representation of the
inter-annual dynamic changes in the 3D CTMs, though these are still limited by
errors in the meteorological analyses and/or errors in the CTM transport schemes.
However, the opposite was found in the southern mid-latitudes with better agree-
ment with 2D than 3D models, the latter calculating trends which are too large.
Large uncertainties can be clearly seen in the large spread in the modelled trends
calculated in the lower stratosphere (altitudes below 20 km), which is also where
the observational uncertainties are larger. Increasing the background bromine con-
centrations have only a small effect on the modelled ozone trends, except in the low
stratosphere during periods of high aerosol loading.

Recovery

A number of studies have examined the observational record for signs of ozone
recovery as a result of the turnaround in ODS concentrations (see Chipperfield &
Fioletov 2007). These depend to a large degree on the successful separation of
chemical and dynamical influences on ozone and so are subject to a fair degree
of uncertainty. The most convincing evidence is in the upper stratosphere (35–45
km) where dynamical effects are small and where a distinct upturn is seen in mid-
dle latitudes in both hemispheres (W. Steinbrecht, private communication updating
Steinbrecht et al. 2006).

Influences on Future Ozone

It is now clear that chemical and dynamical changes have both contributed to
decadal changes in the observed ozone record. CTMs are not currently reproducing
the observed differences in trends between the mid-latitudes of the two hemispheres.
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Large uncertainties are still associated with observed and modelled trends in the
lowermost stratosphere. Given that the lowermost stratosphere is likely to be partic-
ularly sensitive to a changing climate, this represents a significant weakness in our
ability to make plausible forecasts of the future. For example, tropopause heights are
increasing globally (Santer et al. 2003), while the tropical belt is widening (Seidel
et al. 2007). Such changes, if sustained, will have a direct impact on future strato-
spheric ozone amounts. Chemistry-climate models currently struggle to represent
this region well and there have to be significant uncertainties associated with how
well future changes are being calculated. In addition, the stratospheric circulation
will depend on how the wave forcing into the stratosphere changes in magnitude,
location and what it is modulated by. Finally, an increasing input of bromine com-
pounds into the stratosphere—as might plausibly happen as a result of higher marine
production and increased strong convection—would cause trends in stratospheric
ozone trends. Confidence in the quantification of most of these processes is poor at
present.
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The Long History of Ozone Measurements:
Climatological Information Derived from Long
Ozone Records

Johannes Staehelin, Christian Vogler, and Stefan Brönnimann

Abstract Long-term measurements of total ozone started in the 1920s and a large
number of column ozone observations using different techniques were performed
prior to the International Geophysical Year (IGY 1957/58) when the presently
used method for Dobson spectrophotometry (using two wavelength pair measure-
ments) was introduced as a standard method. Only for a few series the prerequisites
(considering, e.g. length of the record, sufficient documentation of observations
including wavelengths used, calibration, etc,) are given for a useful and successful
re-evaluation of pre-IGY total ozone measurements. In this chapter we summa-
rize the re-evaluation and homogenization of the record of Oxford, performed in
the laboratory of Dobson who is one of the most outstanding pioneers of the
early atmospheric ozone research history. The Oxford series adds to a few other
long-term series extending backwards beyond the IGY which were either recently
re-evaluated and homogenized or tested for their reliability. The European sites
Arosa (Switzerland), Oxford (United Kingdom), Lerwick (UK), Tromso (Norway),
Svalbard (N), and Vigna di Valle (Italy) allow constructing a long-term interannual
ozone climatology extending over more than 4 decades prior to start of the anthro-
pogenic ozone depletion. (However, we only recommend the use of a subset of these
series for long-term trend analysis.) The re-evaluated data sets are believed to be par-
ticularly useful to compare long-term ozone variability with anthropogenic forcings
of the ozone layer (such as anthropogenic ozone depletion, its expected recovery
from ozone depleting substances and stratospheric temperature decrease as a con-
sequence of climate change) and to test numerical simulation performance for the
pre-CFC era. Examples of other scientific applications of the ozone series related to
the study of climate variability are highlighted as well.

Keywords Dobson instruments Ozone · historical measurements · ozone layer ·
recovery
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Introduction

Christian Friedrich Schönbein discovered ozone by electrochemical experiments in
the laboratory in 1840 and the following fascinating history of the molecule ozone
reflects many aspects of the evolution of modern chemistry in the nineteenth century.
Two years after its discovery Schönbein was able to show that ozone is present
in ambient air (Schönbein 1844), which was the beginning of the long history of
atmospheric ozone research leading to the present text book knowledge that ozone
is indeed a key species of the atmosphere—today we know that this molecule is
responsible for the protection of the biota living on the Earth’s surface from the
detrimental part of solar radiation, it is a significant greenhouse gas, the most impor-
tant precursor for tropospheric oxidation capacity, and the most important species
of photochemical air pollution. Based on scientific knowledge, political action was
taken to protect the ozone layer with the pioneering Vienna convention (1985) and
the subsequent Montreal Protocol. Its 20th anniversary was celebrated in Athens in
September 2007 by many involved scientists. Atmospheric ozone history, however,
is not only instructive for the development of atmospheric sciences and the interac-
tion between science and politics, but total ozone measurements performed between
the 1920s and the late 1950s contain very valuable information not only about the
ozone layer prior to the disturbance by human emissions but also about the climate
during an important period, e.g., when modern meteorological measurements by
observations from space were not available.

Regular total ozone measurements started in the 1920s, after the production
of an instrument by Dobson which allowed atmospheric ozone observations with
reasonable efforts (Dobson & Harrison 1926). The next generation of instruments
designed by Dobson allowed for more sensitive measurements and required much
shorter time for evaluation of the measurements (for more details see Section
“Main design of Dobson spectrophotometers”). In this earlier time the measure-
ments were motivated by atmospheric science questions, namely the study of the
processes determining ozone in the stratosphere (Dobson & Harrison 1926; Dobson
et al. 1927, 1929, 1930). In the late 1920s the basic relations between total ozone
and synoptic weather conditions were established and the climatology of the world-
wide ozone layer in extratropics was derived; in the early 1930s the basic features
of stratospheric ozone profiles variability were established (Götz et al. 1934). In the
1930s a chemical theory for stratospheric ozone formation was presented (Chap-
man 1930) and the basic features of stratospheric ozone transport were determined
in the following decades (Brewer 1949; Dobson 1956).

A paradigm change in stratospheric ozone research occurred in the early 1970s,
when anthropogenic ozone destruction started to be discussed. The effect of
nitrogen oxides emitted by supersonic aircraft was first debated (Johnston 1971).
However, no large such passenger fleet was ever built and therefore the problem
of stratospheric ozone depletion by nitrogen oxides was no longer a topic of scien-
tific research and public debate. In 1974 ozone depletion by chlorine radicals was
studied independently by Stolarksi and Cicerone (1974) and Molina and Rowland
(1974) and the latter additionally discovered a significant anthropogenic source of
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stratospheric chlorine radicals for the (upper) stratosphere, namely the chlorofluo-
rorcarbons (CFCs). Figure 1, panel a shows the temporal evolution of the emissions
of ozone depleting substances (ODS), which include CFCs (chlorofluorocarbons),
halons (bromine containing gases), and HCFCs. The later also contain hydrogen and
can destroy stratospheric ozone, but their contribution to ozone depletion is much
smaller because they are mostly degraded in the troposphere (and therefore they
were introduced as substitutes for CFCs).

Starting around World War II chlorofluorocarbons (CFCs) (and in lower amounts
halones) were increasingly produced and emitted into the atmosphere. The emis-
sions of ODS decreased in the second part of the 1970s because their use as
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Fig. 1 Scheme of stratospheric ozone depletion by ozone depleting substances (ODS). (a)
Production of ODS: black: Chlorofluorocarbons (CFCs) and halones; grey: HCFCs; (b) Evo-
lution of anthropogenic stratospheric ozone depletion by ODS; (c) Stratospheric ozone; black:
Measurements between 30◦S and 30◦N; grey: numerical simulations. (d) Solar Erythemal (ultra-
violet) radiation. Gray: Erythemal changes caused by stratospheric ozone; Shaded area: including
additional effects of changes in cloudiness (From MWO (2007))
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spray propellants was reduced as result of the study of Molina and Rowland. CFC
emissions increased again in the early 1980s because industry found additional
applications. In the second part of the 1980s production and emission of CFCs and
other ODS strongly decreased following the discovery of the ozone hole and the
Montreal Protocol in 1987. The documentation of significant stratospheric ozone
downward trends in northern mid-latitudes and the scientific explanation of the
ozone hole by ODS led to a significant strengthening of the Montreal protocol in
several steps. Today it is well known that the Montreal Protocol (and its subsequent
amendments and adjustments, the last (not included in Fig. 1) was decided in 2007)
was very successful to limit the emissions of ODS. In addition, the Montreal Pro-
tocol also had a very beneficial effect to reduce the emissions of greenhouse gases
since CFCs are also very strong greenhouse gases (Velders 2007).

Stratospheric ozone depletion by ODS is described by the scale of EESC (effec-
tive equivalent stratospheric chlorine, see Fig. 1, panel b). The temporal evolution
of ODS emission strength and EESC are not directly related, because ODS are not
reactive in the troposphere and they need several years to be transported into the
stratosphere, where they are degraded by photolysis initiating chemical ozone loss.
EESC shows an almost linear increase in stratospheric chemical ozone depletion
between the early 1970s and the middle of the 1990s. Ozone evolution as observed
from 60◦S to 60◦N (see Fig. 1, panel c) seems to follow grossly EESC including the
leveling off and the slight increase in the last years. It is obvious, that stratospheric
concentrations of ODS will decrease in the next decades and therefore it seems most
likely, that the ozone layer will slowly recover.

In this chapter we aim to show how total ozone measurements prior to IGY can be
treated and re-evaluated to extract reliable information and how these measurements
can be used in atmospheric sciences. In the following sections we present a short
overview of the design of Dobson instruments, thereafter we describe the data re-
evaluation of the total ozone series of Oxford (described in more detail by Vogler
et al. 2007), then we show some comparison of available total ozone measurements
in the pre-CFC era, and the last section contains information how these historical
measurements have already been used and for which important scientific questions
they might be used in future.

Design of Dobson Instruments

The irradiance at the Earth’s surface in the wavelength range of 300–340 nm is mea-
sured by Dobson spectrophotometers. The first type of ozone instrument designed
by Dobson was the Fery spectrophotometer used during the 1920s (Dobson &
Harrison 1926); in this spectrophotometer the light was measured at several wave-
lengths and the signal was registered on photographic plates. The determination of
the ozone content from the signal of the photographic plate was rather time con-
suming. Around 1930 Dobson developed a new type of instrument, in which the
difference of the irradiance of two wavelengths (wavelength pair) was determined
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using an optical wedge and the measurement result was registered by photoelectric
detection (Dobson 1931). This type of instrument was more sensitive and the
determination of the ozone content from the measurements was much less time
consuming. After World War II photomultipliers became available allowing for
enhanced sensitivity (Normand & Kay 1952). This type of instrument is (using mod-
ern electronics) still in use in the ground-based ozone network which is operated
under the auspices of the WMO (World Meteorological Organization).

In the wavelength range of 300–340 nm atmospheric ozone attenuates the solar
radiation which allows determination of the total ozone amount. Additionally the
solar light is diminished by molecular scattering (Rayleigh scattering) when pass-
ing through the atmosphere which can be easily accounted for. More difficult is the
appropriate handling of the term of aerosol (Mie) scattering, because aerosol content
strongly varies with atmospheric pollution. In order to minimize aerosol scattering
two wavelength pairs can be used in ozone determination because aerosol scattering
only weakly depends on wavelength in the range of 300–340 nm. Two wavelength
pair measurements were introduced as world standard in IGY (Dobson 1957a, b).
The measurement of direct sun radiation allows the most precise total ozone deter-
mination. Ozone content also can be measured on blue or cloudy sky conditions
(so-called zenith blue and zenith cloud observations). Such measurements need to be
calibrated by direct sun observations performed before and after zenith cloud/zenith
blue measurements.

The measurements of Dobson instruments need to be calibrated requiring knowl-
edge of the extraterrestrial solar intensity at the respective wavelengths. This infor-
mation can be obtained by extrapolation of measurements at different solar angles
(Langley plot method, see Dobson 1957a). However, this requires constant total
ozone amount for at least a half day, which is difficult to ensure in extratrop-
ics because of natural total ozone fluctuations. In order to overcome this problem
the Dobson World standard instrument is presently calibrated by the Langley plot
method at the Mauna Loa Observatory at Hawaii. Another approach to obtain the
instrumental constants is to use the measurements of an ensemble (performed,
e.g., during 1 year) instead of measurements of one single half day, as proposed
by Dobson and Normand (1962; see also Dütsch 1984). The individual Dobson
instruments used in the earlier time were calibrated by side by side comparison in
Dobson’s laboratory in Oxford, and the respective instrumental constants (including
extraterrestrial) were provided to the operators when the instruments were shipped.

Digitization and Homogenization of the Oxford Series

The original observation record of the Oxford measurements was obtained from
Clive Rodgers of the University of Oxford. Photo copies were transported to ETH
in Zürich and all data on the sheets were digitized. The availability of the measure-
ments and of their types (see Figs. 2 and 3) strongly varies over time making the
homogenization a rather difficult task.
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Fig. 2 Instruments and wavelengths used in the total ozone measurements made in Oxford (UK)
(From Vogler et al. 2007)
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Fig. 3 Time series of number of measurements available from the total ozone series of Oxford.
DS: Direct sun observations; ZC: Zenith cloud observations; ZB: Zenith blue observations
(see text) (From Vogler et al. 2007)

The basic approach for homogenization was the following. The measurements
were first converted into the presently used ozone absorption scale (Bass and Paur),
making use of the information of the ozone absorption scale used at the time
the measurements were performed. The Fery spectrophotometer data were not re-
evaluated but corrected by an offset proposed by Dobson (Dobson et al. 1927).
The aerosol scattering is a particularly difficult problem for single wavelength pair
observations, which were standard practice before IGY. However, some wavelength
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pair measurements were performed already earlier allowing constructing transfer
functions. A similar statistical approach was used to determine transfer functions
between direct sun and zenith blue/zenith cloud observations allowing integrating
these types of observations in the re-evaluated series (for more details see Vogler
et al. 2007).

For the large number of measurements performed between 1940 and 1944
the extrapolated values for the extraterrestrial constants derived from ensembles
of observations using the statistical Langley plot approach (compare Dobson &
Normand 1962 and Dütsch 1984) provide evidence, that the instrument was stable
during this period.

The stability of the calibration scale between the individual periods of measure-
ments was studied by comparison with a homogeneous reference series which is
based on local meteorological variables and correlates well with ozone:

Ref400hPa = a + b T400hPa + c Z400hPa (1)

where: T400hPa: temperature at 400 hPa, Z400hPa: 400 hPa geopotential height.
The parameters a, b, c were determined by regression using Oxford total ozone

measurements between October 1957 and 1963 on the left-hand side:

Oxf = a + b T400hPa + c Z400hPa + ε (2)

The following meteorological data were available for this analysis:

– after 1948: daily reanalysis data (NCEP/NCAR; Kistler et al. 2001)
– 1939–1944: daily aircraft data close to Oxford
– 1924–1947: Monthly means reconstructed based on surface temperature and

pressure data

The comparison of the historical total ozone series from Oxford with Ref400hPa

revealed significant biases in some periods. These biases were corrected accord-
ing to Ref400hPa. After this homogenization the difference between total ozone at
Oxford and Arosa (Switzerland), which serves as an independent test, revealed a
much better agreement (except some periods in the 1950, see Vogler et al. 2007).

Results and Discussion

Total ozone was measured at many sites prior to IGY and different types of instru-
ments were used (Brönnimann et al. 2003a). Only at a few sites measurements
were continued over extended periods. The measurements were performed for sci-
entific studies. The goals of such measurements were to extend the knowledge
of ozone climatology and to explore relations between total ozone and synoptic



126 J. Staehelin et al.

meteorology with the ultimate goal to improve weather forecast. The results of total
ozone measurements were submitted to an archive operated under the auspices of
the international ozone commission. However, the data quality of the measurements
of many stations was judged to be low.

The measurements of Oxford were used in the early pioneering publications
of the group of Dobson and his co-workers (Dobson & Harrison 1926; Dobson
et al. 1927, 1929, 1930). The measurements were continued until 1975 but the
Oxford total ozone measurements appear in the scientific literature only in the pub-
lication of Goldsmith et al. (1973). This can probably be explained by the fact, that
Dobson and Normand were aware of the problems of the absolute calibration of the
spectrophotometers using the Langley plot method with measurements at Oxford
and the results of these calibrations obviously did not satisfy their high scientific
demands (Dobson & Normand 1962). It is interesting to note, that Dobson and
Normand already reported in 1962 about the benefits of measurements in Hawaii
in order to get reliable Langley calibration results. This can be regarded as the start
of the history of the modern worldwide Dobson monitoring network, continued until
present under the auspices of WMO (Komhyr et al. 1989). Furthermore the study of
Vogler et al. (2007) confirmed instrumental breaks in the Oxford series, which we
tried to overcome as best as possible applying the homogenization described in the
previous chapter.

Besides the measurements of Oxford the total ozone series of several sites
were re-evaluated during the last decade. An overview of the sites with eval-
uated/tested long-term total measurements performed prior to IGY is shown in
Fig. 4, which cover Europe extending from 42◦N to 79◦N, and include the series of
Arosa (Switzerland, see Staehelin et al. 1998a), Tromso (Hansen & Svenoe 2005),
and Svalbard (Vogler et al. 2006). The data series of Tromso and Svalbard were
recently re-evaluated completely independently. The re-evaluated Oxford series was
validated by comparison with the homogenized Arosa series; also the historical
measurement series of Vigna di Valle (Italy) and Lerwick (UK) were tested by
comparison with the Arosa series (Brönnimann et al. 2003b), while this type of
comparison data led to the conclusion, that other European pre-IGY data are of
minor data quality and were therefore ignored in this chapter (see Brönnimann
et al. 2003b).

These measurements (see Fig. 5) can be used to construct reliable information
on the climatology of total ozone over Europe (see Vogler et al. 2007), but only the
measurements from Tromso (Hansen & Svenoe 2005) and Arosa (Staehelin 1998b)
have been used for long-term trend analyses, since a data quality control program
between station and reference instruments were not part of the standard practice
before the middle of the 1970s and most of the stations did not provide continuous
measurements extending into the recent time.
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Fig. 4 Map of sites of long-term European ozone series which were either re-evaluated and
homogenized or tested by comparison with nearby series (see text) (From Vogler et al. 2007)

Conclusions and Outlook

In the middle of the 1970s the human destruction of stratospheric ozone by ODS was
discovered and since then high-quality measurements used for monitoring of total
ozone become an important topic; note, that the documentation of the effect of ODS
on the ozone layer is a difficult task because natural fluctuations strongly mask the
signals of anthropogenic ozone depletion in mid-latitudes. A network of ground-
based Dobson spectrophotometers is operated since the 1970s under the auspices
of the World Meteorological Organization (WMO), which relies on the primary
Dobson instrument which is maintained by NOAA-ESRL at Boulder (Co, USA)
and regularly calibrated by the Langley plot method at the Mauna Loa Observatory
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Fig. 5 Time series of long European total ozone observations extending backwards beyond the
International Geophysical Year (see text). For sites see Fig. 4. (Note that only the series of
Arosa (Switzerland) and Lerwick (UK) are entirely based on total ozone measurements performed
by Dobson instruments, whereas other series also include satellite measurements or total ozone
observations by Brewer instruments (for details see Vogler et al. [2007])

in Hawaii. A similar network is based on measurements of the more recently devel-
oped Brewer instrument which are commercially available since the middle of the
1980s. Since 1979 the worldwide ozone shield is monitored by different satel-
lite instruments which provided data with quasi global coverage. Ozone satellite
measurements need comparison with high-quality ground-based measurements for
data quality assurance. Several data sets were constructed to combine the individ-
ual satellite measurements to a global long-term series most suitable for long-term
ozone trend analysis. These efforts need to be continued since satellite measure-
ments can suffer from instrumental drifts and offsets between individual satellite
instruments which needs to be accounted for.

Continuous observations of high data quality are also very important for docu-
mentation of the future evolution of the ozone shield, which is expected to recover
from the burden of ODS.

This process is predicted to be very slow and did not start at the present time
for Antarctica, where ozone depletion is believed to be saturated by ODS for the
next years. Because of the large inter-annual meteorological variability the unam-
biguous signal of the benefit of the Montreal protocol needs further high quality
measurements in the coming years (WMO 2007).
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Numerical simulations are the only tools able to predict the future ozone level.
The numerical models show a large spread in future stratospheric ozone for the
time, when ODS will be essentially removed from the stratosphere (see Fig. 1,
panel c). Some of the models expect much higher stratospheric ozone concentra-
tions than they were in the period before the 1970s, e.g. in the pre-CFC era. This
“super recovery” is explained by the fact, that stratospheric temperature decreased
(and are expected to decrease further) in parallel to the temperature increase in
the troposphere originating from the greenhouse gas warming. A considerable part
of the tropospheric ozone budget originates from transport from the stratosphere
(e.g. Stevenson et al. 2005). Therefore, a substantial increase in ozone in the lower
most stratosphere over the extratropics could increase ozone concentrations in the
troposphere, particularly in the tropopause region, where ozone is known to be a
strong greenhouse gas. During the 1990s ozone in the lowest part of the strato-
sphere in northern extratropics increased (most likely as consequence of the record
low ozone values following Mt. Pinatubo eruption in the early 1990s and long-
term climate variability). In the same period also tropospheric ozone background
values in large part of the northern extratropics increased as measured by ozone
sondes in Canada (Tarasick et al. 2005), high mountain sites in Europe, background
measurements at a coastal site in Ireland (Simmonds et al. 2005) and from regu-
lar aircraft in the tropopause region (Thouret et al. 2006) and a strong correlation
between lower-most stratospheric ozone and ozone at Alpine mountain sites was
documented (Ordonez et al. 2007). Such studies suggest, that a “super recovery”
(if ozone substantially increases in the lower most stratosphere) could possibly
significantly enhance radiative forcing in the future.

Over the last decade several total ozone series, some extending backwards to the
1920s, were carefully evaluated allowing to construct a reliable climatology of the
northern mid-latitude extratropics (compare also Brönnimann et al. 2007a). These
measurements might be used for the following purposes:

– Evaluation of long-term stratospheric ozone variability, which is important in the
context of the evaluation of the turn-around and the ozone recovery.

– Evaluation of numerical simulations which are used for the prediction of the
ozone layer in the post CFC era. Such data comparison might be very useful
to assess the reliability of numerical prediction of the possible “super recovery,”
which might significantly affect our future climate.

In addition to these topics directly linked to stratospheric ozone, the data sets can
be used to study long-term climate variability, since total ozone is strongly linked to
tropospheric variability:

– Brönnimann et al. (2004) included total ozone measurements in their study, in
which they showed how extreme El Nino events can affect temperature in Europe.

– Total ozone measurements were used to test the reliability of QBO reconstruc-
tions of the period 1924–1957 (Brönnimann et al. 2007b).
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Abstract The necessity for a careful monitoring of the endangered ozone layer was
considered to be of prime importance after the discovery of the Antarctic hole in the
early 1980s. To that aim, a ground-based global network was established in 1991
in order to monitor not just the ozone but also the chemical and physical parame-
ters that influence the ozone budget. The Network for the Detection of Stratospheric
Changes (NDSC) relied on the worldwide measurement stations equipped with mul-
tiple instruments for the parallel monitoring of a variety of atmospheric parameters
involved in the ozone depletion issue. In recent years, new developments in the
measurement techniques broadened the scope of the network to the monitoring
of atmospheric composition in the free and upper troposphere. The name of the
network was changed to Network for the Detection of Atmospheric Composition
Changes (NDACC) in order to reflect these new priorities. At present, the NDACC
includes more than 70 research stations throughout the world, equipped with active
and passive remote sensing instruments to monitor the atmospheric composition
and its link to climate change. This chapter provides an overview of the network
implementation and operation, with particular emphasis on data quality issues.
It includes examples of recent results on the long-term evolution of atmospheric
parameters relevant to ozone depletion and describes the new development in the
network-observing capabilities.
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Introduction

The discovery of the Antarctic ozone hole in the early 1980s triggered multiple
investigations on the ozone layer. The understanding of the mechanisms respon-
sible for the massive ozone destruction in Antarctica emphasised the importance
of heterogeneous chemistry with respect to the stratospheric ozone budget. It was
shown in particular that the influence of anthropogenic halogen compounds on
stratospheric ozone was maximum in both the upper and lower stratosphere at a
global scale (Stolarski et al. 1998). Subsequent long-term trend studies showed that
ozone depletion was indeed highest in the lower stratosphere and around 40 km,
with trends in the former region providing the largest contribution to the total ozone
decrease. In addition, substantial losses have been reported in the Arctic for various
winters during the 1990s and the first decade of the twenty-first century (Newman
et al. 2007). The causes of the mid-latitude ozone decrease, which was strongest
during the 1990s, are more complex: apart from the impact of polar ozone losses on
mid-latitude regions through vortex erosion events and dilution after the vortex final
break-up, the mid-latitude ozone loss can be attributed to specific chemical reactions
involving very short-lived substances and sulphate aerosols, as well as to changes in
the meridional circulation and mixing processes between mid-latitude and tropical
regions.

A full understanding of the various causes of ozone decrease at a global scale
requires accurate long-term measurements of not just ozone but also a broad
range of chemical species and long-lived tracers that influence the ozone budget
in the stratosphere. In response to the Montreal protocol, which underlined the
necessity for careful monitoring of ozone and related species around the globe,
the Network for the Detection of Stratospheric Changes (NDSC) was created in
1991. The objective of this network was to establish a database of high-quality,
ground-based measurements based on various instrumental techniques, in order to
monitor the short-term and long-term variability of various stratospheric param-
eters, including ozone, and to understand the causes of the observed changes
and their impacts on the lower atmosphere and at the ground. The NDSC com-
plemented the already existing networks for ozone monitoring, which had oper-
ated under the umbrella of the World Meteorological Organisation, as part of the
Global Atmospheric Watch (GAW) programme: the Dobson and Brewer spectro-
radiometer networks monitoring the total ozone content and the ozonesonde net-
work measuring the ozone vertical distribution. More information on GAW can be
found in http://www.wmo.int/pages/prog/arep/gaw/gaw home en.html.

More recently, new developments in the measuring techniques showed that the
monitoring capabilities of NDSC were not only limited to the stratosphere, but
could also address scientific issues in the free troposphere. In order to reflect these
changes, the name of the network was changed to NDACC for Network for the
Detection of Atmospheric Composition Changes.

Considering the nearly 20-year existence of the NDACC, it is impossible to
explain in one chapter the numerous scientific results that have been obtained in
the frame of the network. The objective here is merely to provide a short overview
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of the network’s operation, its quality assurance procedures and highlight some
scientific achievements. The chapter is organised as follows: after the description
of the network structure, the data quality issues and satellite validation studies are
addressed in Sections 3 and 4. Some examples of scientific results are provided in
Sections 5 and 6. Recent developments in the measurement techniques are described
in Section 7, followed by conclusions in Section 8.

Scientific Goals and Structure of the NDACC

The NDACC is a research network built through the collaboration of national and
international agencies. Its specific scientific goals are:

– To quantify the variability of atmospheric composition and physical state of the
stratosphere and upper to free troposphere, in order to permit an early detection
of long-term changes.

– To provide an independent calibration and validation of satellite sensors.
– To produce validated data sets for testing chemistry transport models.
– To support field campaigns focusing on specific scientific issues at various

latitude ranges.
– To establish the link between changes in stratospheric ozone, surface UV radia-

tion, tropospheric chemistry and climate.

The measurements priorities of the NDACC include ozone (total content and vertical
distribution), temperature, aerosols and chemical parameters that affect the ozone
budget.

Table 1 lists the main parameters measured within the NDACC, the instrumental
technique used and the rationale for their measurements.

Considering the global aspect of the ozone depletion issue and its link to climate,
the locations of NDACC stations have been selected to provide a large latitudinal
coverage, given the constraints of national funding. At present, the network is com-
posed of five primary stations located in the northern and southern polar latitudes,
in the northern and southern mid-latitudes and in the northern tropical region. In
these primary stations, different instrumental techniques are implemented in order
to measure a large suite of the NDACC key parameters listed in Table 1. Due to the
specificity of each site, the constraints of the instrumental techniques with respect
to clear skies or site elevation and the already existing instruments, the primary sta-
tions comprise several stations located in a range of 1,000 km at most, which is
reasonable considering the spatial scale of the dynamical and chemical processes
in the stratosphere. The co-location of various instruments is particularly useful for
the understanding of the causes of observed changes in the measured parameters.
For measurements in the free troposphere, the composite aspect of the primary sta-
tions is less pertinent. In addition to the primary stations, the NDACC includes more
than 60 complementary stations, in which one or more of the key parameters of the
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Table 1 Key NDACC measurements

Measurements Altitude range
(km)

Instrument types

Ozone total
column

Dobson, Brewer
spectrophotometer
DOAS, UV–Vis
spectrometer

Passive RS (absorption)

Ozone profile 0–12 Tropospheric DIAL Active RS (absorption)
10–50 Stratospheric DIAL Active RS
15–65 Microwave radiometer Passive RS (emission)
0–32 Ozone sondes In situ

Temperature 15–35 Raman lidar Active RS
profile 30–35 Rayleigh lidar Active RS

ClO profile 25–45 Microwave radiometer Passive RS
H2O profile 0–14 Raman lidar Active RS

0–30 Hygrometer sondes In situ
25–80 Microwave radiometer Passive RS

Aerosol 0–30 Backscatter lidar Active RS
distribution Raman lidar

NO2 UV–Vis spectrometer Passive RS (absorption)
stratospheric
column

FTIR

ClONO2, CH4,
HCl, CFCs
total column

FTIR Passive RS

Surface UV
radiation

UV spectroradiometer

RS: remote sensing; DIAL: differential absorption lidar. Requires emission of 2 laser wavelengths

network are measured. In order to ensure homogeneity on the quality of NDACC
data products, the complementary measurements are required to meet the same stan-
dards as those performed in the primary stations. Figure 1 shows the geographical
coverage of the network, including both the primary and complementary research
stations. More information on the NDACC sites and archived data can be found in
the NDACC web site: http://www.ndacc.org.

The various observations obtained in the frame of the network are under the
responsibility of scientific principal investigators (PIs) who are involved in the sci-
entific validation of their measurements and have to report each year on the status
of their instruments and the number of observations performed. The network is
organised in working groups corresponding to the various instrumental techniques
selected within the network and scientific activities. At present, there are nine
Working Groups (WG): Lidar remote sensing, UV–Visible (UV–Vis) spectrome-
ters, Fourier Transformed Infrared (FTIR) spectrometers, Microwave spectrometers,
Ozonesondes, Dobson and Brewer spectrophotometers, spectral UV, Satellite and
Theory and Analysis. Each WG meets every 1 or 2 years. Individual PIs meet during
intercomparison exercises.
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The network is managed by a Steering Committee, which meets annually in order
to evaluate the scientific activity of the network. The NDACC Steering Committee
consists of two co-chairs, nine pairs of PIs representing each WG, independent
scientists who are appointed to act as peer reviewers and ex officio members
from important NDACC funding agencies. The WG co-chairs are elected by the
PIs involved in the WG, while the NDACC co-chairs are elected by the Steering
Committee.

Data Quality Issues

Commitment to data quality is essential for achieving the goals for the network
in terms of trend detection and satellite validation. Homogeneity is required on
the temporal scale for individual instruments, and on the horizontal scale for the
various instruments of the same kind involved in the network and measuring the
same geophysical quantity. The main limitations for trend detection, in addition
to natural variability, are temporal discontinuities in the measurement time series.
Instrumental changes inevitably occur in experimental set-ups deployed for decade-
long measurements. So instrumental drifts or shifts are always possible and can be
a severe limitation for the investigations of long-term change. For satellite valida-
tion, horizontal homogeneity of the correlative measurements is required in order to
be able to quantify possible latitudinal bias of the satellite instrument. The NDACC
instruments are research prototypes that are generally different in their experimental
design. Systematic differences in the measurement capability that are of particular
relevance for data quality must be critically analysed and possibly discarded.

This is why strict quality control procedures have been implemented within the
NDACC under the responsibility of the various instrument working groups. These
procedures include retrieval algorithms intercomparison exercises (e.g. Steinbrecht
et al. 1997; Godin et al. 1999 for aerosol and ozone lidar algorithms). Such exercises
aim at identifying inconsistencies in the data analysis process among the various
research groups. For the remote sensing instruments, they also enable the selec-
tion of the most suitable spectroscopic parameters. Numerous field intercomparison
campaigns have also been organised within the network. Such campaigns generally
include a ‘blind’ period during which the exchange and discussion of measure-
ments is prohibited. These campaigns are supervised by a neutral referee who is
not involved in the campaign. As an example, the first formal intercomparison of
NO2 measurements by UV–Vis spectrometers using the differential optical absorp-
tion spectroscopy (DOAS) method was organised at Lauder, New Zealand, in 1992
(Hofmann et al. 1995). The most recently published campaign for this type of instru-
ment was carried out in Andenes, Norway, in February–March 2003. The campaign
aimed at investigating measurements of NO2, BrO and OClO in high solar zenith
angle conditions. The results showed that for the NO2 data obtained in solar zenith
angles conditions ranging between 75◦ and 95◦, all instruments agreed within 5%
with imposed analysis parameters in the 425–450 nm range (Vandaele et al. 2005).



International Multi-Instruments Ground-Based Networks 141

Similar intercomparison campaigns have been organised by the Microwave, FTIR,
lidar and spectral UV working groups. In the case of the lidar instruments that are
generally not transportable, a mobile system was developed by NASA in order to
visit the different stations of the network (McGee et al. 1991). A review of the results
of the various ozone and temperature lidar intercomparison campaigns can be found
in Keckhut et al. (2004). Most of these campaigns have also included comparisons
with co-located radiosondes or microwave radiometers measurements, as well as
close-by satellite measurements.

Satellite Validation

As mentioned previously independent calibration/validation of atmospheric chem-
istry satellites is a major goal of the NDACC. Indeed, ever since the implementation
of the network, the various ground-based measurements taken as part of the NDACC
have been used for that purpose. Such a use of NDACC data has grown over the
years as confidence in the quality and stability of the different time series has also
increased. One can refer to the NDACC satellite WG web site for a complete list of
related publications. The most recent validation exercises have concerned the Global
Ozone Monitoring by Occultation of Stars (GOMOS), the Michelson interferometer
for Passive Atmospheric Sounding (MIPAS) and the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric CHartographY (SCIAMACHY) instruments
dedicated to atmospheric chemistry on board the ENVISAT European platform
launched in March 2002. Several projects have been funded by the European Space
Agency for the long-term validation of ENVISAT products using NDACC measure-
ments, e.g. the EQUAL and CINAMMON projects (Meijer et al. 2006; Lambert
et al. 2003). The NDACC has also contributed to the validation of MAESTRO and
ACE instruments launched by the Canadian Space Agency in 2003, and of SMR
and OSIRIS instruments on board the European ODIN satellite launched in 2001.
More recently, NDACC data were used for the validation of high resolution dynam-
ics limb sounder (HIRDLS), multiple listing service (MLS) and ozone monitoring
instrument (OMI) measurements on board the AURA platform launched by NASA
in 2004 (e.g. Jiang et al. 2007 and other articles on AURA validation special issue
in the same journal).

Long-Term Trend Studies

The NDACC measurement time series have been involved in numerous studies
dedicated to the understanding of the ozone depletion processes and the assess-
ment of the success of the Montreal protocol. These studies addressed a variety of
issues such as the short-term variability and long-term evolution of stratospheric
ozone from multiple instruments (e.g. Calisesi et al. 2000; Guirlet et al. 2000),
the monitoring of ozone depleting substances in the stratosphere, trend analyses of
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various parameters playing a role in ozone depletion (e.g. NO2 total content, strato-
spheric temperature and aerosol) or the evolution of surface UV radiation in various
latitudinal ranges.

Ozone Depleting Substances

Column observations of hydrochloric acid (HCl) and chlorine nitrate (ClONO2) can
be used to evaluate the total inorganic chlorine (Cly) content in the stratosphere,
resulting partly from the breakdown of chloroflurocarbons (CFC) and hydrochlo-
rofluorocarbons (HCFC). FTIR time series from three NDACC stations with mea-
surements spanning more than 20 years have been used to evaluate the compliance
to the Montreal protocol through the long-term evolution of Cly. These observa-
tions provided evidence for the stabilisation in total chlorine loading, with a broad
peak starting at the end of the 1990s, following a rapid build-up during the 1980s
(Rinsland et al. 2003). Figure 2 provides an update to the NDACC time series from
the Jungfraujoch station measurements extending through 2004. It indicates that Cly
has decreased slowly since it peaked in late 1996, at the limit of being statistically
significant at two standard deviation level (Mahieu et al. 2004).

Chlorine monoxide (ClO), one of the most important parameters in ozone deple-
tion processes is also monitored within the NDACC by microwave spectrometers.
Figure 3 displays a long-term times series of stratospheric ClO mixing ratio from
1982 to December 2004 near the peak of the altitude profile at 35–39 km (4 hPa)
above Hawaii (20◦N). The trend shows a rapid rise of 58% from 1982 to a broad
maximum in 1994–1997, and a substantial decline of 1.5%/year from the maximum
through late 2004. About one third of the decline, which is steeper as compared to
Cly trends deduced from FTIR measurements, may be due to increases in strato-
spheric methane (Solomon et al. 2006). These observations are broadly consistent
with the rise in total chlorine due to human activities and recent declines due to the
Montreal Protocol.

Long-Term Evolution of Ozone in the Upper Stratosphere

As mentioned previously, investigations of long-term ozone trends showed that
ozone depletion was largest in the lower and higher stratosphere. Outside Polar
Regions in winter–spring, the contribution of chlorine radicals (ClOx) to ozone loss
is maximal in the latter altitude range. The upper stratosphere is thus expected to
be one of the most sensitive regions to total chlorine decline following the Montreal
protocol. Long-term measurements of ozone by lidar and microwave spectrometers
performed within the NDACC have been used to study the evolution of ozone in
the upper stratosphere over the last decades. Figure 4 shows the evolution of upper
stratospheric ozone relative anomalies, averaged between 35 and 45 km altitude,
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stratospheric data (Updated from Mahieu et al. [2004])
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Fig. 3 Trend in daytime stratospheric ClO mixing ratio from 1982 to December 2004 near the
peak of the altitude profile at 35–39 km (4 hPa) above Hawaii (20◦N). Black symbols are weekly
averages of deseasonalised measurements. Red symbols are yearly averages. The blue curve is the
trend in total tropospheric chlorine and the green curve is total tropospheric chlorine shifted by
3.4 years to account for the difference in age of air

from such measurements, for five stations (Steinbrecht et al. 2006). The correspond-
ing zonal averages from satellite data (SAGE, SBUV and HALOE) are also plotted.
Anomalies are defined as the deviation of individual monthly means from the aver-
age climatological annual cycle. Ozone anomaly time series from all instruments
track each other very well and typically agree within 3−5%. All records starting
before 1990 clearly show the long-term decline of ozone in the upper stratosphere.
Upper stratospheric ozone trends before 1997 were about −6%/decade at the north-
ern mid-latitude stations, almost −8%/decade at Lauder in southern mid-latitudes
and only −4.5%/decade at subtropical Hawaii. Figure 4 shows that the ozone levels
seem to follow an inverse chlorine curve, and at many stations the previously steep
ozone decline has not continued in the last 5 years. These results confirm the study
of Newchurch et al. (2003), using SAGE data, which emphasised the lack of decline
of ozone in the upper stratosphere since 1997.

NO2 Long-Term Trends

The integrated content of nitrogen dioxide, another important parameter relevant to
the ozone depletion issue, is monitored within the NDACC by UV–Vis spectrometers
using the Differential Optical Absorption Spectroscopy (DOAS) method. The NO2
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averaged over the altitude range from 35 to 45 km, or the pressure range from 6.4 to 1.6 hPa
for SBUV (V8-merged dataset). For clarity, 5-month running means are plotted. Magenta curve:
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radical is involved in the catalytic loss of ozone by the nitrogen (NOx) family, which
is largest in the middle stratosphere. It is also a key compound in the coupling of
nitrogen, chlorine and hydrogen families, leading to the formation of ClONO2 and
HNO3. The longest NO2 time series is provided by DOAS measurements at Lauder
(New Zealand). Figure 5 shows the linear trend of NO2 over Lauder as a function
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Fig. 5 Trend of the NO2 slant column density from DOAS sunrise (a.m.) and sunset (p.m.) mea-
surements at Lauder (New Zealand), as a function of end year of the analysis. The bars show
one standard deviation limits for secular trend from 1981 in a multidimensional model with
autocorrelation correction (B. Liley, personal communication, 2007)

of the end year of the analysis. The trend was computed from the slant column den-
sities (SCD) using a multidimensional model with autocorrelation correction (Liley
et al. 2000). The SCD corresponds to the integrated content of NO2 along the path
of sunlight from the top of the atmosphere to the instrument. As the time series that
started in 1980 has accumulated, uncertainty in the fitted trend has slowly dimin-
ished. Data for the last year have reduced the fitted trend slightly but, within the
uncertainties, data for recent years have not changed conclusions about the long-
term trend that remains nearly twice the rate of increase of stratospheric N2O, the
predominant source of NO2. Using a combination of photochemical and 3-D chem-
ical transport model, McLinden et al. (2001) showed that these apparent conflicting
trends could be explained by concurrent trends in stratospheric ozone and increased
halogens. Over the period 1980–2000, a 4.3%/decade increase in NO2 was predicted
over Lauder. Of this, only 2.4%/decade was attributed to the increase of N2O. The
remainder included 2.5%/decade increase due to ozone change and -0.5%/decade
due to the increased halogen impact on odd nitrogen partitioning. The continuation
of the NO2 time series in the context of both stratospheric ozone increase and chlo-
rine compounds decrease will further check our understanding of ozone chemistry
in the stratosphere.

Polar Ozone Loss Evaluation

In addition to long-term trend studies, the NDACC observations have been used to
evaluate the ozone chemical depletion in the Arctic stratosphere during winter and
spring. Using total ozone measurements from observations performed by Système
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d’Analyse par Observation Zénithale (SAOZ) UV–Vis spectrometers in the Arctic
region, Goutail et al. (1999) evaluated the cumulative ozone chemical loss dur-
ing successive Arctic winters. The method used involves calculating the difference
between total ozone observed and simulated by a Chemical Transport Model (CTM)
run in passive mode, that is, ignoring chemistry. The model’s runs are initialised at
the beginning of the winter using the ozone distribution provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF). ‘Passive ozone’ columns
are then extracted in coincidence with each SAOZ observation during the course of
the winter. The difference between observed and modelled passive ozone columns
provides an estimate of the photochemical loss.

The retrieved ozone loss can then be compared to the full-chemistry simulations
from the model in order to check the consistency between simulated and observed
ozone loss. The agreement between model and observations varies in the course of
the winter and from one winter to the next. For instance, in the case of the 2002/2003
winter, total ozone loss was retrieved using two different CTM for the provision of
the passive total ozone columns (Goutail et al. 2005). Despite the fact that both
models had a different approach to calculate the descent inside vortex, both eval-
uations provided similar results of about 19% ± 4% ozone loss at the end of the
winter. The study showed that the loss started around mid-December, at least 10–20
days earlier than during any of the previous 11 winters, except 1993–1994. This
unusual behaviour was consistent with the low temperatures reported in the strato-
sphere and to high levels of activated chlorine indicated by ground-based balloon
and satellite observations. The chemical ozone loss simulated by the model was
of lesser amplitude (around 14%) as compared to that retrieved from SAOZ. The
underestimation was already observed by mid-January 2003. The Arctic chemical
ozone loss deduced from SAOZ measurements over the period 1994–2007 is rep-
resented in Fig. 6 (Adapted from Figure 4–14 in Newman et al. 2007). It shows a

Fig. 6 Interannual variation of the ozone column losses in the Arctic since the early 1990s
retrieved from SAOZ total ozone column measurements
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large interannual variability, ranging from 20 DU in 1999 to 160 DU in 1995, which
correspond to a maximum of 35% total ozone loss.

New Developments in Observing Techniques

In recent years, new developments in the instrumental techniques involved within the
NDACC have extended the network’s measurement capability to a region outside
the stratosphere, such as the high and free troposphere. These developments extend
the initial scope of the network and address scientific issues relevant to, for exam-
ple, air quality monitoring, climate change or long-term evolution of atmospheric
composition in the low atmosphere.

FTIR Measurements

Ground-based high-spectral resolution Fourier-transform infrared (FTIR) solar
absorption spectroscopy is a powerful remote sensing technique to obtain informa-
tion on the total column abundances of a variety of constituents in the atmosphere
(e.g. Zander et al. 2005). By analysing the shape of the absorption lines in the spectra
and their different temperature sensitivities, the vertical distribution of absorbers can
also be retrieved. Such retrieval has been undertaken by several teams in the FTIR
work group. For instance, within the framework of the European project UFTIR
(Upper Free Troposphere observations from a European ground-based FTIR net-
work), six FTIR stations have joined their efforts to evaluate the trends over the
period 1995–2004 of several direct and indirect greenhouse gases (De Mazière
et al. 2005; Schneider et al. 2005). All the stations are situated in western Europe,
covering a large latitudinal range from 28◦N to 79◦N Common strategies for
the retrieval of CO, CH4, C2H6, N2O CHClF2 (HCFC-22) and ozone have been
established to optimise the vertical information content of the retrieved profiles.

The inversion process is an ill-posed problem that is solved using the opti-
mal estimation method (OEM) developed by Rodgers (2000). Different algorithms
can be used for that purpose, e.g. PROFFIT9 (Hase 1999) or SFIT2 (Pougatchev
et al. 1995). In both codes, the retrieved vertical profiles are obtained by fitting
one or more narrow spectral intervals (micro-windows). The vertical information
content of the retrieved profiles depends strongly on the choice of micro-windows
and a priori information, which are part of the retrieval strategy. The vertical infor-
mation content of the retrieved target gas profile can be quantified by the number of
degrees of freedom for signal (DOFS), which is between 4 and 5 in the case of ozone
(Barret et al. 2002). Using the measurements obtained in the six stations involved
in the UFTIR project, Vigouroux et al. (2008) analysed trends of partial ozone in
the following layers: ground–10km, 10–18 km, 18–27 km and 27–42 km over the
1995–2004 period. An example of the FTIR ozone time series at the Jungfraujoch
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Fig. 7 Time series of ozone partial columns from FTIR measurements at Jungfraujoch (47◦N,
8◦E), Switzerland

stations in the various altitude ranges is shown in Fig. 7. From this study no sig-
nificant trends was generally found in the lowermost layer while positive trends
were obtained in the lower and middle stratosphere. In the upper stratosphere both
positive trends were retrieved depending on the station (Vigouroux et al. 2008).

MaxDOAS

Until recently DOAS spectrometers, which measure ozone and trace gases involved
in ozone depletion like NO2, BrO and OClO, operated almost only in zenith-sky
geometry, thus probing mainly the stratosphere. Over the last decade, new instru-
ments pointing not only at zenith but also towards the horizon (off-axis geometry)
have been developed (e.g. Hönninger et al. 2004; Theys et al. 2007). Pointing at
an elevation angle close to the horizon provides enhanced sensitivity to the tropo-
sphere compared to zenith-sky observations (see Fig. 8). The Multi-AXis (MAX-)
DOAS technique combines different elevation angles. Since the different viewing
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Fig. 8 Sketch of the zenith-sky and off-axis viewing geometries of a DOAS spectrometer. The
enhancement of the absorption path length in the troposphere due to the different off-axis viewing
directions can be seen

directions have a maximum of sensitivity at different altitudes, some informa-
tion on the vertical distribution of the absorber can be retrieved from this kind of
measurements.

Formaldehyde (HCHO) is an important tropospheric gas species since it is a
major intermediate in the oxidation of methane and many other hydrocarbons.
MAX-DOAS measurements of HCHO have been performed during a campaign
held in April–May 2007 at Uccle, Belgium (50.5◦N, 4.2◦E). A profiling algorithm
has been applied to the off-axis minus zenith differential slant column densities
(DSCDs) at different elevation angles in order to retrieve the vertical distribution
of HCHO in the troposphere. The aerosol extinction profile, which is an impor-
tant parameter in the retrieval of tropospheric absorber using the MAX-DOAS
technique, has been derived from simultaneous MAX-DOAS oxygen dimer (O4)
measurements. The retrieved profiles and corresponding HCHO columns have been
compared to coincident FTIR and ENVISAT/SCIAMACHY nadir measurements.
An example of comparison results of HCHO columns is shown in Fig. 9. A very
good agreement is found between MAX-DOAS, FTIR and SCIAMACHY HCHO
columns. As it can be also seen, the short-term variations of the tropospheric HCHO
column are consistently captured in both MAX-DOAS and FTIR data sets.

Lidar Water Vapour Measurements

To contribute to the effort of understanding atmospheric water vapour-related pro-
cesses, the NDACC has recently recommended including the measurement of water
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vapour profile in the upper troposphere and lower stratosphere (UT/LS) regions in
its scientific priorities. A workshop was organised on that subject, in order to evalu-
ate the various instrumental techniques providing measurements in UTLS. A report
on the workshop can be downloaded from the NDACC microwave WG web site
(Braathen 2006). Lidars can be used to measure water vapour using the Raman
technique (e.g. Whiteman 1992) but until now, only a few Raman lidar systems
have been dedicated to the measurement of upper tropospheric/lower stratospheric
(UT/LS) water vapour (Leblanc & McDermid 2008). The measurement technique
is relatively simple and affordable to implement, and provides high vertical resolu-
tion profiles up to the tropopause. This is a considerable advantage since no other
technique at this time can routinely measure water vapour with high vertical res-
olution above 12 km altitude. Two recent intercomparison campaigns MOHAVE
and MOHAVE-2 (T. Leblanc, personal communication, 2007) have demonstrated
the capability of the Raman lidar technique to measure water vapour up to the
UT/LS (see Fig. 10). With the continuous development of higher power lasers and
improved optics, this technique is very promising for the long-term monitoring of
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Fig. 10 Unsmoothed averaged water vapour profiles obtained from the JPL, GSFC-AT,
and GSFC-ALVICE Raman lidars simultaneously measured with ten Cryogenic Frost-point
Hygrometer and Vaisala RS92 balloon flights performed during MOHAVE-2 (October 2007)

water vapour in the UT/LS. The NDACC currently includes seven contributing or
candidate water vapour Raman lidars.

Conclusions

The scientific results shown in this chapter are by far not exhaustive. NDACC mea-
surements have for instance strongly contributed to the study of volcanic aerosol
originated from the Mt. Pinatubo eruption in 1991. Aerosol lidar measurements
have documented both the global dispersion of the volcanic cloud and its decay
in the stratosphere (e.g. Neuber et al. 1994; Jäger et al. 2005). Because of drifts and
inhomogeneities in the successive satellite time series, lidar are also key instrument
for the quantification of the cooling in the stratosphere due to the global increase
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of carbon dioxide, and to ozone depletion (Randel et al. 2004). Besides, NDACC
data have been compared to chemical transport simulations in various studies dedi-
cated to, for example, the understanding of long-term trends, polar ozone depletion
or the budget of halogen compounds in the stratosphere (e.g. Ricaud et al. 1998;
Chipperfield et al. 1999; McLinden et al. 2001; Hendrick et al. 2007).

Ever since its inception, the NDACC has made a point to follow the scientific
issues that have emerged, relevant to stratospheric ozone depletion and its link to
climate change. For instance, surface UV spectral irradiance measurements were
added to the network in 1995 and more recently, measurements of water vapour in
the UT/LS were considered a network priority. In addition, a better coordination
with total column and profile ozone measurements as part of the WMO GAW pro-
gramme is presently underway. The network has thus a flexible structure that enables
it to adapt to new challenges in atmospheric science. Thanks to its ongoing exper-
tise, it has the potential to be a major contributor for the atmosphere to the Global
Earth Observation System of Systems (GEOSS) to be implemented in the next years
under the impulsion of the Group on Earth Observation, provided that long-term
ground-based observations are continuously supported by the various national and
international funding agencies.
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International Balloon Measurements for Ozone
Research

David J. Hofmann

Abstract Balloon-borne instruments, in particular ozonesondes, have played a
unique role in stratospheric ozone research, especially in ozone depletion. Balloons
are able to probe the region of ozone depletion in the stratosphere and thus make
measurements with in situ instruments, observing both ozone and ozone-depleting
chemicals. Measurements using balloons have been important for verifying strato-
spheric ozone chemistry and in understanding the nature of other atmospheric
constituents necessary for the occurrence of ozone depletion, for example, strato-
spheric aerosol particles in the form of nitric and sulfuric acid and water-ice. The
list of accomplishments in ozone research by balloons is long. For example, obser-
vation of the buildup and decline of chlorofluorocarbons (CFCs) in the stratosphere,
observations that near total ozone destruction occurred in Antarctica in a limited
region around 12–20 km, multinational ozonesonde networks verifying the verti-
cal extent of ozone depletion in Antarctica and ozone depletion chemistry in the
Arctic, and large balloon campaigns verifying ozone chemistry in situ. This work
summarizes the most important of these many contributions.

Keywords Antarctic · balloons · ozone · ozonesondes · stratosphere

Introduction

Stratospheric ozone research using balloons as vehicles had its origin as early as
1934 when spectrographs, used to measure the intensities of lines in the Hartley
band of the solar spectrum, were sent up on sounding balloons by E. and
V. H. Regener in Germany (1934). Chemilumenescent “ozonesondes” were devel-
oped in the 1950s and saw substantial application (Regener 1960); however, the
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possibility of accurate routine sounding of ozone profiles in the atmosphere was not
realized until the “Brewer-Mast” electrochemical sonde (Brewer & Milford 1960),
the development of electrochemical concentration cell (ECC) technique later
(Komhyr 1969), and the following commercial availability of an ozonesonde based
on the principle. Its extensive application, following the discovery of chlorine
chemistry-related stratospheric ozone depletion in the 1980s, has led to much of
our knowledge of the ozone layer and Antarctic ozone depletion in particular.

Even in the early 1970s, when construction of a US Supersonic Transport was
being considered, both small and large balloons were used to study the possible
effects of aircraft water vapor and nitrogen oxides effluents on the ozone layer.
These early efforts were reviewed by Hofmann (1976) and will not be discussed in
detail here. It is to those who pioneered the measurements of stratospheric ozone and
related gases, by both balloons and surface-based instruments such as the Dobson
spectrophotometer when it was not a popular thing to do, to whom we owe a debt of
gratitude for compiling a database without which the depletion of the stratospheric
ozone layer could not have been discerned as early as was possible.

The need to understand the atmospheric chemistry responsible for ozone deple-
tion called for the introduction of multiple instruments on balloon-borne gondolas
in the 1980s and 1990s. These multiple instruments required large volume bal-
loons which could not be launched as frequently as ozonesondes but which could
reveal chemical processes necessary for understanding and therefore predicting the
future of the ozone layer through models. Large balloons and multiple instrument
platforms were also used to validate satellite instruments.

Surface-based long-term measurements of ozone-depleting gases allowed for the
formulation of parameters, such as Effective Equivalent Chlorine (EECl), for study-
ing the net effect of all the halogen gases on the stratospheric ozone (Montzka
et al. 1996). For example, EECl peaked in the lower atmosphere in about 1994 with
an expected peak in the stratosphere about 3–6 years later, depending on latitude.

Of course, balloon-borne ozonesondes were also used to study atmospheric
ozone trends as a function of altitude from numerous global locations. Signifi-
cant works were those of Logan et al. (1999) for the stratosphere and Oltmans
et al. (2006) for the troposphere.

This brief summary of balloon-borne measurements related to ozone research
will not be exhaustive but will touch on what the author feels represented critical
advances in stratospheric ozone research. His familiarity with ozonesonde work has
undoubtedly biased this account. Unfortunately, much good work will be left out
here for which he apologizes.

CFCs in the Stratosphere

Molina & Rowland (1974), from studies of the stability of chlorofluorocarbons
(CFCs) following release to the atmosphere, hypothesized that the ultimate destruc-
tion of these inert refrigerants and propellants, used extensively by society, was in
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the stratosphere where they were exposed to high-energy solar ultraviolet radiation,
radiation which was largely blocked from penetration to the surface by the ozone
layer. Their laboratory measurements showed that the resulting chlorine atoms could
chemically destroy ozone. Although the details of these processes were not well
known, it spurred the atmospheric research community to look for evidence of these
processes in the stratosphere.

A group of researchers in the National Oceanic and Atmospheric Administration
(NOAA) Aeronomy Laboratory in Boulder, Colorado, led by Dr. Art Schmeltekopf
designed a simple grab sampler that could be flown into the stratosphere on small
balloons. An evacuated sphere was filled at a predetermined altitude, parachuted to
Earth and the air was sampled with gas chromatographs for the chlorofluorocarbons
CFC-11 and-12. The initial soundings were conducted in collaboration with the
University of Wyoming atmospheric balloon research group (of which the author
was then a member), in Laramie, Wyoming in 1975. After three successful sound-
ings to three different altitudes, they were able to show that the CFCs, which should
have maintained a constant mixing ratio with altitude if they were not being disso-
ciated, did indeed decrease with altitude into the upper stratosphere, a simple result
that changed stratospheric ozone research forever. Figure 1, from Schmeltekopf
et al. (1976) shows these results. Extensive research on the vertical profile of the
CFCs followed on large balloons carrying cryogenic samplers, for example, the
group of Peter Fabian in Germany (see Fig. 2 from Fabian et al. 1996 for profiles
obtained in this program).

Fig. 1 CFCl3 (CFC-11) and CF2Cl2 (CFC-12) altitude distributions. Surface values and the results
from balloon-borne grab samples at several altitudes are shown. The solid curves are from a one-
dimensional photochemical model (Adapted from Schmeltekopf et al. 1976)
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Fig. 2 CFC-12 mixing ratio altitude profiles for three time periods 1977–1979, 1980–1983, and
1988–1991 (Adapted from Fabian et al. 1996)

The Ozone Surprise

By the early 1980s considerable modeling results indicated that the main ozone
depletion would occur in the upper altitudes (>25km) and would be relatively mild
(∼5%). It was thus somewhat of an awakening when in 1985 Farman et al. (1985)
reported that they had observed large reductions in the total column of ozone at
Halley Bay, Antarctica, during the austral spring with October values down some
30% or more.

Susan Solomon, also working at the NOAA Aeronomy Laboratory in Boulder,
Colorado, in analyzing balloon-borne ozone data obtained in the early 1980s at
Syowa, Antarctica, noticed that the October profiles were depressed well below
25 km and that a process other than the gaseous reaction proposed by Molina and
Rowland must be at play. Evidence from Rowland’s laboratory at the University of
California at Irvine indicated that heterogenous reactions on surfaces appeared to
affect the processing of chlorofluorocarbon products which could be important in
ozone chemistry. Solomon et al. (1986) proposed that polar stratospheric clouds,
which could appear extensively only in the Antarctic stratosphere (owing to the
cold temperatures), were providing the surfaces for heterogeneous reactions which
produced chemical precursors and, following austral sunrise, would destroy ozone
photochemically. The need to study the Antarctic stratosphere during the austral
spring period became critical.
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The US National Ozone Expedition (NOZE)

In March 1986 a group of scientists from the NOAA labs and the University
of Wyoming met in Boulder to discuss the evidence for ozone depletion. The
Wyoming group had already arranged, through the Office of Polar Programs of the
US National Science Foundation, to conduct extensive ozone balloon soundings
during the 1986 austral spring period. It was decided to extend this to an expedi-
tion involving researchers from both NOAA and NASA labs as well as universities.
This required going to McMurdo Station, Antarctica during the winter flights which
occurred in late August. These US Navy flights from Christchurch, New Zealand
had, in the past, been generally for operational rather than scientific purposes.

After an aircraft turnaround due to weather on August 20, the team arrived at
McMurdo Station on Ross Island successfully on August 22, 1986. Ozone mea-
surements were conducted from August 24 until mid-November with nearly daily
balloon-borne ozonesondes. Specially designed polyethylene balloons (to with-
stand the −90◦C stratospheric temperatures) were used with the first digital ECC
ozonesondes, designed for this campaign, and clearly mapped out the altitude region
of ozone depletion. This region, with nearly total ozone depletion, was approxi-
mately 12–20 km at this time (it later would extend to 24 km as the “ozone hole”
as it came to be called, increased in severity in the 1990s and early 2000s). Remote
optical measurements (UV-Visible [UV–Vis] light spectrometers which could detect
molecules such as NO2 and OClO) from the surface confirmed unusual chlorine
chemistry in the springtime Antarctic stratosphere. Balloon-borne measurements of
stratospheric aerosol particles also confirmed that the effects of the El Chichón erup-
tion in 1982 had all but decayed away and could not be related to the ozone loss,
and that there was no evidence in the particle measurements for vertical motions
in the polar vortex which might be removing ozone. In a satellite transmission to
Washington DC, Susan Solomon, speaking for the group, indicated that the expedi-
tion results clearly indicated a chemical cause for the ozone hole.

The NOZE McMurdo Station campaign was repeated in 1987 with the addition
of stratospheric aircraft flights from Punta Arenas, Chile, which further confirmed
the chlorine hypothesis by in situ measurements of ozone and the chlorine monox-
ide (ClO) molecule in the ozone depletion region simultaneously before and after
the phenomenon began. This campaign coincided with the release of the Montreal
Protocol on Substances that Deplete the Ozone Layer in 1987 and was instrumental
in strengthening the Protocol through later amendments.

Continuing Research of Ozone Depletion

The US National Oceanic and Atmospheric Administration (NOAA) has conducted
balloon-borne ozone measurements from the South Pole Station each year since
1986. Weekly soundings during most of the year are increased to three soundings per
week during the springtime ozone hole period from late August to early November.
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Fig. 3 South Pole ozone balloon launch photo (provided by David Hofmann, NOAA Earth System
Research Laboratory)

Launching of a balloon at the South Pole is shown in the illustration in Fig. 3.
The ozone profiles for the soundings, which indicated the highest level of ozone
depletion for each year, are shown in Fig. 4.

Antarctic balloon ozone soundings were also used to detect the effects of volcanic
eruptions on stratospheric ozone. Solomon et al. (2005) used ozonesonde data from
Syowa and the South Pole to show that following the eruption of Pinatubo (1992–
1995) ozone depletion in the springtime lower stratosphere was enhanced compared
to other times (see Fig. 5). As indicated in Fig. 6, enhanced ozone reductions at 150
hPa, where it is generally not cold enough for extensive PSC formation, are related
to sulfuric acid aerosol in the lower stratosphere, e.g., from the Pinatubo eruption
in 1991. The surfaces provided by the volcanic aerosol are adequate to enhance
the heterogeneous chemical ozone loss process. Data from Syowa following the
eruption of El Chichón in 1982 suggest that there may have been a small effect at
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Fig. 4 South Pole ozonesonde profiles for maximum ozone depletion from 1986 to 2007 (provided by Bryan Johnson, NOAA Earth System Research
Laboratory)
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Fig. 5 Post-Pinatubo ozone profiles (1992–1995) clearly show more depletion in the lower strato-
sphere than at any other time. In fact the lowest total ozone ever observed by ozonesondes at South
Pole (89 DU) occurred in October 1993 when the 200 hPa ozone maximum was almost totally
removed (Reproduced from Solomon et al. 2005. With permission of the American Geophysical
Union)

Fig. 6 Enhanced ozone reductions at 150 hPa, where it is generally not cold enough for extensive
polar stratospheric cloud formation, are related to sulfuric acid aerosol in the lower stratosphere,
for example, from the Pinatubo eruption in 1991. Data from Syowa following the eruption of
El Chichón in 1982 suggest that there may have been a small effect at the lower chlorine levels
that would have existed, contributing to the nonlinear onset of the ozone hole. There is no evi-
dence for ozone depletion following the eruption of Agung in 1963 when chlorine levels were low
(Reproduced from Solomon et al. 2005. With permission of the American Geophysical Union)

the lower chlorine levels that would have existed, contributing to the nonlinear onset
of ozone depletion. There is no evidence for ozone depletion following the eruption
of Agung in 1963 when chlorine levels were low.
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Ozone Hole Recovery

An important question for the future is if and when the Antarctic ozone hole will
disappear with the reductions in ozone-depleting chemicals. This will occur in a
series of events, for example, the cessation of worsening of the ozone hole (which
has already occurred), the first evidence of the beginning of recovery (e.g., a statis-
tically significant increase in ozone), and full recovery which is not expected until
the latter half of the twenty-first century. Balloons in Antarctica will play a major
role in detecting these stages of recovery because they can accurately resolve ozone
changes at various altitudes.

At present there appears to be no evidence for the second stage of recovery of the
ozone hole, i.e., a lessening of the severity of ozone depletion. Figure 7 shows total
ozone data from the South Pole ozonesondes for the 2007 ozone hole compared
with the past 22 years. We see that for most of the soundings, springtime ozone loss
was within the standard deviation of losses observed since 1986. The 2007 ozone
hole was more prolonged than the past average, lasting well into December.

Fig. 7 Total column ozone versus time as measured by ozonesondes at South Pole Station during
2007 (yellow dots) as compared to data compiled each year from 1986 to 2006. The light blue
envelope defines the minimum and maximum total ozone values observed while the dark blue area
defines the average total ozone plus and minus one standard deviation over this period (provided
by Bryan Johnson, NOAA Earth System Research Laboratory)
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The international effort of launching ozonesondes in Antarctica, especially dur-
ing the springtime ozone depletion period, is instrumental in the World Meteorolog-
ical Organizations’ (WMO) Global Atmosphere Watch (GAW) program. These data
are used to compile the Antarctic Ozone Bulletin that appears during the springtime
Antarctic period: http://www.wmo.int/pages/prog/arep/gaw/ozone/index.html

Ozone Depletion in the Arctic

While early measurements hinted at ozone depletion in the springtime Arctic strato-
sphere (Hofmann et al. 1989, 1991), it was not until Arctic ozone depletion was
studied using the MATCH balloon technique (Streibel et al. 2006) that the phe-
nomenon could be quantified. As indicated in Fig. 8, the Arctic MATCH campaign
of 2002–2003 involved ozonesonde balloon launches from 34 stations involving sci-
entists from 25 institutions in 16 countries. This was truly an international campaign
as it is required to study the Arctic stratosphere properly. Using meteorological tra-
jectory forecasts it was possible to make balloon ozone measurements in the same
polar air mass at different times and separate chemical and dynamical effects on
ozone to determine polar ozone loss rates due to chemistry alone. Some of these
results are shown in Fig. 9.

The Use of Large Balloons in Ozone Research

As indicated earlier, by the mid-1970s, key measurements in the CFC ozone deple-
tion hypothesis had been made from balloons, including CFCs, demonstrating their
transport into the stratosphere, and the decomposition products HCl and, most
importantly, ClO (NASA 1977). Measurements using large balloons in the US
(NASA) and European investigators continued though the 1970s and 1980s.

It was soon realized that in order to fully understand the ozone depletion chem-
istry, numerous reaction products and tracers had to be measured simultaneously in
the same air mass. This required large balloons which were capable of very large
payloads. Figure 10 shows photos of some of these large balloon systems from
NASA campaigns. The following is a listing of significant US (NASA) campaigns
using large balloons for multiple chemical species during the period 1982 to present.

US Large Balloon Campaigns

1. Balloon Intercomparison Campaign, Palestine TX, 1982–1983, mostly remote
sensing instruments, for a variety of species (see WMO 1985 for details).

2. Balloon Ozone Intercomparison Campaign, Palestine TX, 1983–1984, mostly
in situ, for ozone (see WMO 1985 for details).

3. During the Upper Atmosphere Research Satellite (UARS) Correlative Mea-
surements Program (CMP), 16 large balloons were launched between October
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Fig. 8 Map of the 34 stations that participated in the Arctic MATCH campaign in 2002–2003
(Adapted from Streibel et al. 2006)
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Fig. 9 Chemical ozone loss in the Arctic winter 2002–2003 determined in the Arctic MATCH
program (Adapted from Streibel et al. 2006)
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Fig. 10 Large balloons and large payloads – the requirement for understanding ozone depletion
chemistry (provided by J. Margitan, NASA)
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1991 and October 1994, all but one from mid-latitude NH launch sites, dur-
ing different seasons. The UARS CMP Balloon Schedule (see Table 1) lists the
dates, launch sites, latitude of launch site, principal investigators, and chemical
species measured on the balloon flights. Data were obtained by the different bal-
loon instruments (mostly remote sensors) for all species measured by UARS.
Small sondes and probes were also launched for measuring ozone, water vapor,
aerosols, and nitric acid. In addition, there were a number of flights by the
French UARS CMIs, launched primarily in France by Centre National d’Etudes
Spatiales (CNES).

4. Observations of the Middle Stratosphere (OMS) in 1996–1998 was a balloon
component (8 flights) of the aircraft campaigns’ Stratospheric Tracers of Atmo-
spheric Transport (1996–1997) and Photochemistry of Ozone Loss in the Arctic
Region in Summer (1997). For OMS, an in situ gondola was assembled with the
instruments ALIAS-II/Webster/JPL, ARGUS/Loewenstein/ARC, CO2/Wofsy/
Harvard, LACE/Elkins/NOAA CMDL, Ozone/Margitan/JPL and Water/Oltmans/
NOAA CMDL. In addition the MKIV/Toon/JPL also flew in the campaigns.
OMS in situ flew from Brazil, New Mexico, and Alaska and the collection of
instruments also flew in later campaigns.

5. ADEOS Validation Campaign, Alaska, 1997, for validation of the Japanese
ADEOS satellite, jointly supported by NASA and NASDA, with FIRS2/Traub/
SAO, SLS/Stachnik/JPL, Ozone/Margitan/JPL, and MkIV/Toon/JPL.

6. SAGE III Ozone Loss and Validation Experiment, 1999–2000, Sweden, which
was an aircraft and balloon campaign, included the OMS in situ gondola, MkIV/
Toon/JPL and SLS/Stachnik/JPL. The European THESEO campaign was at the
same time making this an international SOLVE-THESEO campaign.

7. SAGE III Ozone Loss and Validation Experiment-II, 2002–2003, Sweden, which
was an aircraft and balloon campaign, included the MkIV/Toon/JPL and ozone/
Margitan/JPL.

8. Balloon Observations of the Stratosphere, 2002–2003, New Mexico, was a
series of balloon flights to bridge the gap between the aging UARS and the
to-be-launched EOS Aura, with BOH/Pickett/JPL, FIRS2/Traub/SAO, MkIV/
Toon/JPL, and OMS in situ (ALIAS-II/Webster/JPL, ARGUS/Jost/ARC, CO2/
Wofsy/Harvard, LACE/Elkins/NOAA CMDL, Ozone/Margitan/JPL and Water/
Oltmans/NOAACMDL).

9. Aura Validation Campaign, 2004–present, New Mexico and Sweden, for vali-
dation of EOS Aura, with BOH/Pickett/JPL, CWAS/Atlas/Miami, FIRS2/Jucks/
SAO, MkIV/Toon/JPL, Ozone/Margitan/JPL, SLS/Stachnik/JPL and OMS
in situ (in 2004).

Summary

Balloon-borne instrumentation has been vital in discovering the region of ozone
depletion in the stratosphere and in keeping track of ozone-depleting chemicals.
Measurements using balloons have been critical in verifying ozone chemistry and
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Table 1 UARS Correlative Measurements Program*, US Large Balloon Flights (Provided by
J. Margitan, NASA)

Date Site Lat Principal investigators Species (Profiles) measured

Oct-91 Ft. Sumner, NM 34 Stachnik/Pickett /Margitan O3, ClO, HCl, OH
Feb-92 Daggett, CA 35 Stachnik/Pickett /Margitan O3, ClO, HCl, OH
May-92 Ft. Sumner, NM 34 Nolt/Carli O3, H2O, HCl, HF

Zander HCl, CH4
Traub/Pickett/ Margitan O3, HCl, HF, H2O, N2O, HNO3,

OH
Jul-92 Palestine, TX 32 Murcray(s) HNO3, F12, F11, O3, ClNO3,

CH4, NO2, NO, H2O, HCl
Aug-92 Palestine, TX 32 Webster NO2, CH4, N2O, HCl, HNO3
Sep-92 Ft. Sumner, NM 34 Toon O3, NO, NO2, N2O, HNO3, H2O,

CH4, CO, F12, F11, HCl, ClNO3,
HF

Traub/Stachnik/
Pickett/Margitan

O3, ClO, HCl, OH, H2O, N2O,
HNO3

Oct-92 Ft. Sumner, NM 34 Murcray(s) HNO3, F11, F12, O3, N2O5, H2O
Mar-93 Daggett, CA 35 Traub O3, HCl, HF, H2O, N2O, HNO3
Apr-93 Ft. Sumner 34 Toon/Stachnik/

Margitan
O3, ClO, NO, NO2, N2O, HNO3,

H2O, CH4, CO, F12, F11, HCl,
ClNO3, HF

Murcray(s) HNO3, F12, F11, O3, ClNO3, CH4,
NO2, NO, H2O, HCl

May-93 Ft. Sumner, NM 34 Nolt/Carli/Pickett/
Margitan

O3, H2O, HCl, HF, OH

Jun-93 Ft. Sumner 34 Zander HCl, HF, CH4
Jul-93 Palestine, TX 32 Murcray(s) HNO3, F12, O3, N2O5, ClNO3,

CH4, N2O, H2O
Sep-93 Ft. Sumner, NM 34 Toon/Stachnik/

Pickett/Margitan
O3, ClO, OH, NO, NO2, N2O,

HNO3, HF, H2O, CH4, CO, F12,
F11, HCl, ClNO3

Feb-94 Kiruna, Sweden 67 Stachnik O3, ClO, HCl, N2O, HNO3
Stachnik/Margitan O3, ClO, HCl, N2O, HNO3

May-94 Ft. Sumner, NM 34 Nolt/Carli/Pickett O3, H2O, HCl, HF, OH
Toon/Traub/Margitan O3, OH, NO, NO2, N2O, HNO3,

H2O, CH4, CO, F12, F11, HCl,
ClNO3, HF

Oct-94 Ft. Sumner, NM 34 Murcray(e)/Margitan HNO3, F11, F12, O3, N2O5, H2O

in understanding the nature of other atmospheric constituents necessary for the
occurrence of ozone depletion, for example, stratospheric particles in the form of
nitric and sulfuric acid and water-ice.

The following is a list of unique contributions of balloons to ozone research over
the past 30+ years:

1. First measurements of CFCs in the stratosphere and their decline above ∼20km
owing to UV breakdown ∼1976.

2. Observation that near total ozone destruction occurred in Antarctica in a limited
region around 12–20km ∼1986.
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3. Observation of the buildup and decline of CFCs in the stratosphere.
4. Multinational ozonesonde network key in verifying vertical versus horizontal

extent of ozone depletion in Antarctica.
5. Multinational ozonesonde network MATCH campaign critical in verifying

ozone depletion chemistry in the Arctic.
6. Observation that major volcanic eruption aerosol clouds had an effect on ozone

similar to polar stratospheric clouds – Pinatubo ∼1993.
7. Large balloons – multiple experiments verify in situ ozone chemistry.
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The Role of Airborne Science in the Study
of Polar Ozone

Michael J. Kurylo

Abstract This chapter will provide a brief historical perspective of the Antarctic
ozone hole and the role that 1986–1987 ground-based and aircraft studies played in
linking its formation to reactions involving chlorine and bromine radicals resulting
from the degradation of halocarbon source gases (emitted in large part from human
activities). The results from later aircraft campaigns focused on understanding ozone
production and loss within the Arctic stratosphere will also be highlighted. These
results affirm the continuing need in ozone research for the integration of syn-
optic scale satellite measurements with ground-based, balloon-borne, and aircraft
measurements having a unique temporal and spatial resolution.

Keywords Airborne science · integrated observations · ozone depletion · ozone
hole · Polar Ozone

Introduction

Airborne science has played a critical role in the broad suite of measurements that
have been used to study polar ozone chemistry for more than 2 decades. It is fitting
to highlight this role as we celebrate the 20th anniversary of the Montreal Protocol,
an incredibly successful interface between science and international environmental
policy.

This chapter will provide a brief historical perspective of the Antarctic ozone
hole and the role that 1986–1987 ground-based and aircraft studies played in link-
ing its formation to reactions involving chlorine and bromine radicals resulting
from the degradation of halocarbon source gases (emitted in large part from human
activities). The results from later aircraft campaigns focused on understanding ozone
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production and loss within the Arctic stratosphere will also be highlighted. The
results from both polar regions have figured prominently in the international scien-
tific assessments of ozone depletion conducted under the provisions of the Montreal
Protocol. They further affirm the continuing need in ozone research for the integra-
tion of synoptic scale satellite measurements with ground-based, balloon-borne, and
aircraft measurements having a unique temporal and spatial resolution.

Any discussion about the Antarctic ozone hole would not be complete without
showing one of the renditions of the ground-based data from Dobson spectrometer
measurements at Halley Bay, Antarctica (75.35◦S, 26.34◦W) (Fig. 1).

With these Dobson data as a background, measurements from NASA’s total
ozone mapping spectrometer (TOMS) satellite instrument began to provide a more
synoptic scale picture of the various aspects of the Antarctic ozone hole and its mor-
phology, a story with which most of you are very familiar. In fact, it has been said
that the popularization of the TOMS imagery of the Antarctic ozone hole has made
it the “poster child of ozone science” (Fig. 2).

Other authors have already provided a wonderful introduction to the various the-
ories that were brought forth regarding the possible causes of the Antarctica ozone
depletion. Hence, I will only mention these briefly to connect them to some of
the instrumentation that was deployed on the first airborne campaign, the Airborne
Antarctic Ozone Experiment (AAOE) conducted from Punta Arenas, Chile in 1987.

There were three basic theories: (1) dynamics, in which low ozone air was
lifted up from the troposphere into the ozone hole region; (2) solar, in which solar
production of odd nitrogen species initiated the NOx catalytic cycle for ozone

Fig. 1 October mean total column ozone abundance from Dobson spectrometer measurements at
Halley Bay, Antarctica (75.35◦S, 26.34◦W). Updated from Jones et al. (1995). The data originally
published by Farman et al. (1985) are shown in red (Data courtesy of J. Shankin, British Antarctic
Survey)
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Fig. 2 Total ozone mapping spectrometer (TOMS)

destruction; and (3) halogen chemistry, in which chlorine reservoir species were
activated by heterogeneous reactions occurring on polar stratospheric clouds leading
to the catalytic loss of ozone by chlorine chemistry. For each one of these hypothe-
ses, some key measurements were identified. In the case of dynamics, it was very
important to measure tracers of atmospheric motion (such as N2O), to be able to
relate ozone to its source region. For examining the possible role of NOx catalytic
cycles, measurements of NO and other NOy species were critical. Finally, for the
halogen cycles, measurements of active chlorine were most significant. Of course,
measurements of ozone itself as well as various meteorological parameters were
also essential.

AAOE benefited significantly, from the first National Ozone Expedition (NOZE
I), sponsored by several US agencies and led by Susan Solomon. As we have already
heard, initial evidence relating Antarctic ozone depletion to chlorine chemistry was,
in fact, provided by that campaign. From an airborne science perspective, the sci-
entific community was fortunate that NASA had been preparing to conduct the
Stratosphere and Troposphere Exchange Project in Darwin, Australia, early in 1987.
A lot of the instrumentation, predominantly for studying ozone and dynamics, had
been constructed and tested for the STEP campaign. Thus, in 1986, through the
efforts of a number of people, at NASA, NOAA, NSF, and even chemical indus-
try, the AAOE campaign was formulated. However, it was recognized that some
additional critical instrumentation would be required, one of which was the Har-
vard ClO/BrO instrument that had been flying on high-altitude balloons but had
never been flown on an aircraft. It was a masterful engineering accomplishment to
get an autonomous instrument working on a high-altitude aircraft in such a short
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Fig. 3 Airborne Antarctic ozone experiment

Fig. 4 Airborne Antarctic ozone experiment

period of time. You can see in the next two charts (Figs. 3 and 4) a picture of the
NASA high-altitude research aircraft (the ER-2) in Punta Arenas, Chile, along with
a schematic showing the location of the various instruments on the payload, critical
for examining each of the proposed theories.
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As it has often been referred to, the smoking gun that came out of this campaign
was the incredible data set showing the development of the anti-correlation between
active chlorine (in the form of ClO) and ozone. Through this campaign, we were able
to assemble a time series from late August through mid-September, in which we can
see the buildup of ClO without significant change in ozone until the catalytic cycle
could be driven by the return of sunlight. With the return of sunlight to the polar
region, the detailed anti-correlation between ClO and ozone develops and significant
ozone depletion occurs (Figs. 5 and 6).

Since the details of the rate-limiting steps for ozone loss have already been pre-
sented by Susan Solomon and Mario Molina it is not necessary for me to discuss
them further other than to point out that calculations using the AAOE measurements
of ozone and chlorine radicals as a function of time have enabled us to further verify
the connection between chlorine catalytic cycles and Antarctic ozone loss. However,
I would be negligent not to mention that there are new laboratory data on chlorine
oxide photochemistry that refine our understanding, or perhaps point to the lack
of full quantitative understanding, of some of these catalytic halogen cycles. This

Fig. 5 Summary of 23 August and 16 September Flights
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Fig. 6 CIO and ozone observations

challenges our ability to qualify ozone loss with the exactness of the metric that
we have set. Nevertheless, the causal relationship between the chlorine and bromine
chemistry and the Antarctic ozone hole remains robust and I think that many of us
are optimistic that the future will enable us to obtain improved quantification of the
detailed chemical reactions involved. In summarizing the AAOE accomplishments,
it is important to point out that there was a real partnership forged in conducting
this experiment, not only among US Government agencies, but also with chemical
industries. Without this partnership, a lot of what we did in the lab, as well as in the
field could have been accomplished. This stands as one of the true success stories in
atmospheric science.

From the Antarctic, attention naturally shifted to the Arctic where most of the
funding agencies are located in both the USA and Europe and where the popula-
tion is much greater. Thus, less than 2 years after AAOE, NASA conducted the
first Airborne Arctic Stratosphere Expedition (AASE I) from Stavanger, Norway,
in 1989. One of the key (surprising) findings of this study was the revelation that
active chlorine abundances in the Arctic approached those measured in the Antarc-
tic. The persistence of these high levels of ClO into the sunlit period defines the
extent of Arctic ozone loss in late winter and early spring. A couple of years later,
we conducted a second Arctic campaign (AASE II) based in Bangor, Maine. We
were very fortunate that, despite the lower latitude of the deployment site, we were
able to probe into the interior of the Arctic vortex with our research aircraft. This was
a result of meteorological conditions shifting the vortex to lower latitudes (nearly
over the Bangor deployment base). As in AAOE, we were able to map the evolution
of ClO throughout the winter. The AASE II measurements showed the increasing
abundances of ClO and decreasing abundances of NO as one moved into the vor-
tex, affirming the similarities in ozone loss chemistry with that occurring in the
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Antarctic. When the vortex had moved over northern US, the incredibly high levels
of ClO in the outer vortex gave many people a cause for concern about the potential
for significant ozone depletion occurring over populated northern latitudes. Coinci-
dently, in February 1992, the US Senate unanimously voted to accelerate the ban on
chlorofluorocarbons (CFCs) (Fig. 7).

The focus on the polar regions continued with a summer campaign in 1997.
The Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS)
campaign was designed to understand the seasonal behavior of polar ozone as
it changed from high concentrations in spring to the very low concentrations in
autumn, attributed to the increased role of NOx catalytic cycles during periods
of prolonged solar illumination during the summer period. The POLARIS results
helped to improve our understanding of the partitioning of ozone loss amongst dif-
ferent cycles, while also pointing out a lack of closure in our understanding of some
of these cycles (Fig. 8).

We returned to the Arctic vortex for the winter of 1999–2000, for a campaign
that I believe still stands as one of the most extensive international collaborations
in airborne science. This was the combined effort of the SAGE III Ozone Loss and
Validation Experiment (SOLVE) and the Third European Stratospheric Experiment
on Ozone (THESEO). Once again, we were able to demonstrate a very dramatic
signature of ClO and ozone anti-correlation on flights taken across the polar vortex.

Fig. 7 Very high CIO over Northern US
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Fig. 8 The photochemistry of ozone loss in the Arctic region in summer (POLARIS)

With the improved and more extensive instrumentation of SOVLE/THESEO we
were able to map out ozone loss rates, as a function of NO2. Thus we were able to
characterize the interplay between the NOx and ClOx catalytic cycles. One of the
additional key findings was the discovery of some rather large ice particles, now
commonly referred to as Nitric Acid Trihydrate (NAT) rocks, which may play a
significant role in denitrification processes and (depending on seasonal conditions)
could actually lead to enhanced ozone loss in the Arctic.

This international cooperation continued with the joint SOLVE II/VINTERSOL-
EUPLEX campaigns in January–February 2003. This joint US/European effort
further refined our understanding of the role of meteorological variability on the
susceptibility of the Arctic region to significant seasonal ozone depletion. The cam-
paign also marked the use (from a US perspective) of heavy-lift, high-altitude
balloon payloads in conjunction with the research aircraft for studying polar ozone.
Lidar measurements from the NASA DC-8 played an important role in quantifying
the amount of ozone loss during that Arctic winter.

These field measurement campaigns have been conducted via critical partner-
ships among international funding agencies and institutions, among the members
of the international scientific community, and between science and platform oper-
ations. Our ability to further our understanding of chemistry and dynamics of
atmospheric ozone and to do it in a manner that is tied to climate science, requires a
continuation of an integrated and coordinated observational and analytical approach
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Fig. 9 The future of ozone research

consisting of ground-based instruments, balloons, aircraft, satellites, and models.
We cannot answer the questions of the future unless we have this type of combined
capability (Fig. 9).

This can be illustrated by a simplified representation of the interface between sci-
ence and policy (Fig. 10). We measure the atmosphere using various observational
capabilities, and then use information from laboratory studies together with chemi-
cal transport models and data assimilation to analyze these results. The models can
then be tested by using additional measurements to verify model descriptions of
other parts of the atmosphere (at other times, seasons, or latitudes). All of these
components feed into the assessment activities that are essential in guiding inter-
national environmental policy, a successful component of which we are celebrating
in this symposium. Only through iterative studies using a combined suite of obser-
vational and analytical capabilities can we develop the improved prognostic ability
that is essential for understanding ozone in a chemistry/climate coupled atmosphere.

I would like to conclude by echoing something that has been said in a number
of ways by other authors. This has, indeed, been an incredible journey for those
of us who spent the last few decades in atmospheric science, particularly in the
ozone arena. In my case it actually started with the US Climatic Impact Assessment
Program (CIAP) focused on understanding the possible environmental effects of
stratospheric aircraft. From my own personal perspective, I cannot think of a finer
group of traveling companions with whom to have made such a journey. I truly
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Fig. 10 Interactive research elements addressing ozone depletion and recovery

believe that we have changed and will continue to change the course of history in
understanding and protecting the Earth’s environment. Hence, I want to thank you,
one and all.
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Role of Satellite Measurements in the Discovery
of Stratospheric Ozone Depletion

Pawan K. Bhartia

Abstract This chapter discusses the role satellite total ozone measuring instru-
ments have played in the study of stratospheric ozone depletion. By the early 1980s
total ozone measured from two NASA satellites had produced a record that spanned
more than a decade, with quality comparable with best ground-based stations. It was
therefore a puzzle to many why NASA did not report the discovery of the Antarctic
ozone depletion until late 1985. This was initially described as a computer error and
continues to be described that way in both scientific and popular media. This sim-
plistic labelling has unfortunately served to hide deeper issues about the ability of
satellite instruments in making new scientific discoveries as the nature of the satel-
lite retrieval problems make them critically dependent on the availability of prior
information. Lack of such prior information and the unavailability of “ground-truth”
data were key contributing factors that caused the delay in reporting the discovery
of the Antarctic ozone hole, though it was clearly seen in the data by the sum-
mer of 1984. The strength of the satellite instruments is their capability to expand
the limited view provided by ground-based and aircraft instruments into a global
view. This view played a crucial role in making the public and policy makers aware
of the seriousness of the ozone depletion problem that led to the phase-out of the
ozone-destroying chemicals. This case is even stronger for the surface UV radiation
where large spatial and temporal variability due to clouds and aerosols make it very
difficult to see patterns in the data without the perspective that only satellites can
provide.

Keywords Ozone hole · satellite algorithm · TOMS · total ozone · UVB
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Introduction

Systematic measurement of stratospheric ozone from satellites started in April 1970
with the launch of the Nimbus-4 satellite by NASA. Subsequently, many instruments
of increasing sophistication have been launched on the US, European, Japanese, and
Russian satellites. These instruments, along with remote sensing instruments on the
ground, and in situ instruments flown on balloon and aircraft, have contributed to the
discovery of the stratospheric ozone depletion and have helped in understanding the
causes and consequences of this depletion. In this chapter we will focus on just one
aspect of this issue, that is, long-term monitoring and mapping of total column ozone
from satellites leading up to the discovery in 1984 of the rapid depletion of ozone
in the Antarctic polar vortex, now popularly known as the “ozone hole”. Though
ground-based stations were the first to report the discovery (Chubachi 1984, 1985;
Farmer et al. 1985), satellite-derived maps of global ozone and surface UV radiation
have played a key role in convincing the public, the press, and the public officials
of the severity of the problem which led to the phase-out of the chloroflurocarbons
(CFCs) and other ozone destroying chemicals.

Measurement of Total Column Ozone from Satellites

Historical Perspective

J. V. Dave and Carlton L. Mateer were the first to propose a technique for estimating
the total column ozone from satellites (Dave & Mateer 1967). This technique was
loosely based on the ground-based Dobson and Brewer techniques. After the launch
of the Backscatter UV (BUV) instrument on the Nimbus-4 satellite, Mateer (1971)
successfully used this technique to estimate total ozone from the satellite data. An
improved version of this technique (Klenk et al. 1982) was used to process data
from the Solar-BUV (SBUV) and Total Ozone Mapping Spectrometer (TOMS)
instruments that were launched on NASA’s Nimbus-7 satellite in October 1978
and continued to operate until the early 1990s. The development of these datasets
took place at the same time the stratospheric ozone depletion became first a sci-
entific and then an environmental and a public policy issue. Hence these datasets
have received considerable scrutiny in both scientific and public media. Since the
perceived problems in processing these data continue to be mentioned in modern
textbooks, scholarly journals, as well as in the popular press, it is useful to look at
the issue in some detail.

Retrieval of total ozone from satellites, like all remote sensing techniques, is
a mathematically ill-posed problem. It is now well known (Rodgers 2000) that to
make these problems tractable one needs a priori information. Recognizing this
problem, Mateer (1971) proposed using a set of “standard” ozone profiles to esti-
mate the total column ozone from satellite-measured radiances. The shape of these
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standard profiles varied with total ozone. In adopting this approach Mateer took
advantage of a feature of atmospheric ozone that was very well known at the time
that variations in total column ozone reflect large-scale variations in the lower strato-
spheric ozone profile. Hence, he used total ozone itself to select the correct (lower
stratospheric) ozone profile. It turns out that this innovative idea works extremely
well and continues to be used by modern satellite algorithms. Largely due to the
success of the Mateer algorithm, by the early 1980s total ozone had become one
of the best-measured atmospheric variables from space, comparable in quality to
the best ground-based stations (Bhartia et al. 1984). It was sometimes mentioned
euphorically that satellites could one day make the ground-based measurements
unnecessary.

However, in making such claims people ignore the critical role in situ measure-
ments play in satellite retrievals. To construct the standard profiles, Mateer used
ozonesonde data below 25 km and rocketsonde data above. Though the upper strato-
spheric profiles have been progressively improved using limb-viewing satellite data,
the ozonesonde data remain indispensable below 25 km for constructing the infor-
mation needed for satellite retrievals. Before the discovery of the ozone hole, there
were virtually no ozone profiles from sondes that contained less than 180 DU of total
ozone; hence the lower range of validity of satellite retrievals was set at 180 DU.
Smaller values were flagged as invalid since they couldn’t be correctly retrieved
using the standard profiles. When the SBUV and TOMS data from October 1983
were processed at NASA in August 1984, it quickly became clear that both satel-
lite instruments were measuring far more UV radiation than that expected from
a 180 DU total ozone standard profile. To analyze these data the standard ozone
profiles were arbitrarily extrapolated to lower ozone values. Figure 1 shows the
first complete map of the Antarctic ozone hole ever made. It was made in late
1984 using Nimbus-7 TOMS data. This map and the ozone profiles derived from
the SBUV instruments were presented at the IAGA/IAMA symposium in Prague,
Czechoslovakia, 1985 (Bhartia et al. 1985). Several figures from this presentation
were later reproduced in a paper (Callis & Natarajan 1986). When the ozonesonde
data taken inside the Antarctic polar vortex became available the standard profiles
were extended down to 125 DU. These profiles are now used for processing all
satellite data.

Unfortunately, some in the scientific community have derived incorrect conclu-
sions from this experience. It has been widely but incorrectly reported that the
TOMS team missed the discovery of the ozone hole since “they rejected the data
and discovered it only after the publication of Farman et al. 1985 paper” (see
Seinfeld & Pandis 1998, page 189, for a typical example). In fact when the South
Pole Dobson data from October 1984 became available to the TOMS team in late
1984, well before the publication of Farman et al. paper, there was no doubt on the
validity of satellite total ozone retrievals. (Ironically, October 1983 total ozone val-
ues initially reported by the S. Pole station showed normal ozone values that were
much larger than that being reported by TOMS. These data were later withdrawn
by the station.) The correct conclusion that should be derived from this experience
is that remote sensing techniques, such as those used by nadir-viewing satellites,
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Fig. 1 The figure shows October 1, 1983 map of the total ozone column over Antarctica and sur-
rounding regions. It was made in late 1984 by special processing of the data taken by the TOMS
instrument on the Nimbus-7 satellite. Special processing was required since the ozone profile infor-
mation needed by the operational algorithm was not available for total ozone amounts below 180
DU. Red and orange colored values in the center of the map are below 180 DU. They may have
errors of up to 10% since they were produced by making a rough guess of the ozone profile. The
data were later reprocessed when the ozonesonde data from Antarctica became available

depend critically on information generated by in-situ techniques because of their
dependence on prior information. When the retrievals are pushed beyond the lim-
its set by prior information the data become suspect. To report such data without
proper validation is scientifically irresponsible. The TOMS team followed the cor-
rect approach even though it caused several months delay in reporting the data to
the scientific community.

Current Status

A modified version of the Klenk et al. 1982 algorithm is still in use (TOMS
V8 and V8.5). The modifications consist of better handling of clouds and UV-
absorbing aerosols, such as smoke and dust. The V8.5 algorithm uses effective
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cloud heights derived from the filling-in of Fraunhofer lines by rotational Raman
scattering using data from the Ozone Monitoring Instrument (OMI) that has been
flying on NASA’s Aura satellite since July 2004. In 2003 a new SBUV algo-
rithm (SBUV V8) was developed in which total ozone is derived by integrating the
ozone profile derived by optimal estimation using the shorter SBUV wavelengths.
Since this makes the algorithm less sensitive than TOMS algorithm to instrumental
errors, as well as to a priori ozone profile and aerosols, the TOMS data have been
adjusted so they agree with the mean total ozone derived from Nimbus-7 SBUV
and NOAA SBUV/2 series of instruments. Several groups in Europe have inde-
pendently developed algorithms to derive total ozone from modern hyperspectral
instruments (GOME, SCIAMACHY, OMI) using the Differential Optical Absorp-
tion Spectroscopy (DOAS) technique. These algorithms use a priori profiles similar
to those proposed by Mateer, but are less sensitive to some types of instrumen-
tal errors than the TOMS algorithm. These algorithms produce results very similar
to the SBUV and TOMS algorithms in low and mid latitudes, though significant
differences remain at large solar zenith angles.

Surface UV Radiation

UVB produces both biological and photochemical effects. These effects can be ben-
eficial or harmful. UVB is an important source of vitamin D, which is getting
increasing attention in the medical community as being vital for human health.
It also produces the hydroxyl radical that is necessary to cleanse the atmosphere
of pollutants. The harmful effects are skin cancer, DNA damage, and production
of smog. Long-term changes in UVB are caused by 3 major factors: total ozone,
clouds and aerosols. Shape of the ozone profile and surface albedo are usually of
minor importance. Since the effects of clouds and aerosols on UVB are largely mul-
tiplicative, percent change in UVB due to change in total ozone can be estimated
accurately without considering cloud and aerosols. Given global total ozone data
from satellites starting in 1970, it is fairly straightforward (Herman et al. 1996)
to calculate the “ozone forcing” on global UVB, if we define ozone forcing as
percentage change in UVB due to changes in ozone since 1970.

However, forcings due to clouds and aerosols are much harder to quantify and
remain controversial. It has been reported recently that ground-based pyranome-
ters that measure broad-band visible radiation have detected 2–3%/year reduction in
total solar irradiance at the ground at many sites over the globe, including Antarc-
tica. These estimates are also supported by pan-evaporation measurements. This
effect is now popularly known as “global dimming”. It has been postulated that this
dimming may have been caused by increase in cloud brightness due to the indi-
rect effect of aerosols on clouds. It is also believed that increase in soot content
of aerosols in many parts of the world may have caused additional dimming. These
changes would produce similar effects on UVB, reducing the effects of ozone deple-
tion over most of the world, and causing long-term UVB decrease in the tropical
region.
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However, satellite data have not confirmed these estimates. Eck et al. (1995)
showed that the attenuation of UV radiation by clouds can be estimated accurately
using satellite measured radiances at a non-ozone-absorbing UV wavelength (340–
380 nm). The technique is based on the concept of Lambert-equivalent reflectivity
(LER) that was first proposed by Dave & Mateer (1967) to derive total ozone from
satellites. Satellite data taken since 1970 do not show significant increase in LER as
would be expected if there has been a global brightening of the clouds. It is possible
that the effect may have been partially canceled by global increase in UV-absorbing
aerosols. Aerosols that have stronger absorption in the UV than in the visible include
secondary organic carbons and desert dust containing hematite.

Conclusion

Satellite instruments have made significant contribution to the study of stratospheric
ozone depletion. However, satellite data are most useful when they are combined
with high quality in-situ measurements taken from balloon and aircraft. Many satel-
lite techniques depend on this information to create a priori information needed
for accurate retrievals. In addition, systematic long-term measurements from fixed
sites on the ground are necessary for inter-calibrating satellite instruments across
data gaps and to account for changes in algorithms and instruments. Though the
effect of ozone depletion on UVB is straightforward to estimate using satellite and
ground-based total ozone data, the expected increase in UVB since 1970 due to
ozone changes may have been moderated or reversed by global dimming of solar
radiation due to aerosol-caused brightening of clouds and increases in UV-absorbing
aerosols. Careful comparison of satellite data in the 330–380 nm wavelength range
with ground-based UV and pyranometer data may help clarify this issue.
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Estimating When the Antarctic Ozone Hole
will Recover

Paul A. Newman, Eric R. Nash, Anne R. Douglass, J. Eric Nielsen,
and Richard S. Stolarski

Abstract The Antarctic ozone hole develops during the Austral winter and reaches
its deepest levels by early spring (late September to early October). The severity of
the hole has been assessed from satellites by calculating the average aerial coverage
of depletion during the September–October period. Profile information shows that
ozone is completely destroyed in the 14–21 km layer by early October. This ozone
is mainly destroyed by halogen (chlorine and bromine) catalytic cycles, and these
losses are modulated by temperature variations.

Because atmospheric halogen levels are responding to international agreements
that limit or phase out production, the amount of halogens in the stratosphere should
considerably decrease over the next few decades. Using projections of halogen lev-
els combined with age-of-air estimates, we find that the ozone hole is recovering
at an extremely slow rate and that large ozone holes will regularly recur over the
next 2 decades. We estimate that the ozone hole will begin to show first signs of
area decrease in about 2023, and the hole will fully recover to pre-1980 levels in
approximately 2070. Estimates of the ozone hole’s recovery from models reveal
important uncertainties in recovery as a result of climate change.
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Introduction

The Antarctic ozone hole is the most recognizable part of the ozone depletion prob-
lem, and is a classic example of the effects of human-produced compounds on our
atmosphere on a very large scale. The discovery of the ozone hole by Farman et al.
(1985) was quickly followed by research that both explained the major aspects of the
unusual chemistry and showed that the ozone hole resulted from human-produced
chlorine and bromine gases that have very long lifetimes in the atmosphere (i.e.,
chlorofluorocarbons or CFCs). These ozone-depleting substances (ODSs) were soon
regulated under the Montreal Protocol and their production is now almost com-
pletely phased out. Hence, the recovery of the Antarctic ozone hole should be a
major success for the Montreal Protocol.

The Montreal Protocol was implemented as a result of the careful science that
identified the human-produced ODSs as threats to the ozone layer. The discovery
of the Antarctic ozone hole brought this threat to the immediate attention of both
the science and policy-maker communities. Because of the agreement, the levels of
ODSs are declining in ground measurements (WMO 2007), while satellite obser-
vations of HCl show that stratospheric chlorine levels are also declining (Anderson
et al. 2000; Froidevaux et al. 2006). Hence, the science of the Antarctic ozone hole
has now entered an accountability phase.

The science–accountability phase presents us with two principal questions. First,
what are the milestones of Antarctic ozone hole recovery as the levels of ODSs
decline? Second, what might modify or change this recovery? Bodeker and Waugh
(2007) defined three phases of ozone recovery: (i) a slowing of ozone decline, iden-
tified as the occurrence of a statistically significant reduction in the rate of decline in
ozone because of changing equivalent effective stratospheric chlorine (EESC); (ii)
the onset of ozone increases (turnaround), identified as the occurrence of statisti-
cally significant increases in ozone above previous minimum values due to declining
EESC; and (iii) the full recovery of ozone from ODSs, identified as when ozone is
no longer affected by ODSs. In the absence of changes in the sensitivity of ozone to
ODSs, this is likely to occur when EESC returns to pre-1980 levels. Surface obser-
vations have been combined with ODS emission estimates to develop scenarios of
future ground levels of ODSs. For example, scenario A1 (Daniel & Velders 2007)
assumes adherence to the Montreal Protocol and projects a steady decline of most
ODSs over the coming decades.

EESC is a simple combination of ODSs that was developed to relate halogen evo-
lution to tropospheric source gases in a simple manner (Daniel et al. 1995). EESC is
a sum of ODSs that accounts for: (i) a transit time to the stratosphere, (ii) the greater
potency of stratospheric bromine (Br) compared to chlorine (Cl), and (iii) the vary-
ing fractions with which Cl and Br are released in the stratosphere from different
source gases (i.e., fractional release). Fractional release accounts for ODS disasso-
ciation in the stratosphere relative to the amount that passed through the tropopause.
EESC has been used to relate predictions of human-produced ODS abundances to
future ozone depletion in the WMO/UNEP assessments.
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The current description of the recovery stage (i) requires a reduction of the ozone
decline due to changing Antarctic EESC. However, the ozone losses over Antarctica
tend to saturate (i.e., 100% loss), resulting in no ozone change for either an increase
or decrease of Antarctic EESC. In addition, the Antarctic EESC levels can only be
inferred from a limited set of atmospheric and ground observations.

A number of early studies predicted the recovery of the Antarctic ozone hole
in the middle of the twenty-first century (see Fig. 1). Hofmann et al. (1997) used
an empirical model that was based upon midlatitude EESC and the South Pole
ozonesonde observations to predict a recovery in 2050. Shindell et al. (1998) used a
GCM with parameterized chemistry to show an ozone hole recovery in 2046 (their
Fig. 3). Newman and Rex (2003) used coupled chemistry-climate models (CCMs) to
show a recovery in approximately 2050. They also used an ozone hole area diagnos-
tic to show recovery later than 2050 (their Figure 3–47), but this diagnostic tended
to overestimate the recovery in the models because these models were biased with
respect to observations. Recent observational studies and improved model analysis
suggest that the ozone hole recovery will occur in approximately 2070.

Here we describe the current understanding of the recovery of the Antarctic
ozone hole and show recovery predictions. The next section provides a descrip-
tion of Antarctic EESC and the recovery of this Antarctic EESC to 1980 levels. The
recovery of EESC to 1980 levels is the fundamental measurement of ozone hole
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Fig. 1 Estimates of ozone hole recovery dates based upon the citations on the graph. The red
dots show the quoted recovery dates from the studies (and are unrelated to the amounts on the
vertical axis). The horizontal thick black bar of the Bodeker and Waugh (2007) estimate is a best
guess, while the thin line shows the range of models. The thick line for Newman et al. (2007)
shows their uncertainty estimate. The semitransparent background shows the decline of inorganic
chlorine from Scenario A1 over the 2000–2100 period (Daniel & Velders 2007)
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recovery. The third section provides a description of estimates of recovery derived
from an empirical model of ozone hole area. Other studies of recovery will also be
discussed. The fourth section gives a descriptive assessment of processes that will
affect recovery. The last section provides a summary of the results.

Ozone Depleting Substances Over Antarctica

ODSs are chlorine- and bromine-containing chemicals that have very long lifetimes
in the atmosphere (e.g., chlorofluorocarbons). Observations from surface stations
have been combined with ODS emission estimates to develop future ground levels of
ODSs such as given in scenario A1 (Daniel & Velders 2007). This scenario assumes
that the Montreal Protocol will be adhered to and projects a steady decline of most
ODSs over the coming decades.

As noted earlier, EESC was developed to relate halogen evolution to tropospheric
source gases in a simple manner (Daniel et al. 1995). Future EESC values depend
on current values, estimates of future emissions, and the atmospheric lifetimes of a
number of species. The lifetimes of species play a key role in future ozone levels.
Prather and Watson (1990) examined the impact of halogen lifetimes on midlatitude
stratospheric chlorine levels by adjusting ODS lifetimes. In their study, they adjusted
lifetimes upward (downward) by 25% and found that peak stratospheric chlorine
increased by 230 ppt (decreased by 310 ppt) while the recovery to a 2000 ppt level
shifted from 2073 to 2095 (2053).

Newman et al. (2006) estimated ODS levels by calculating an Antarctic EESC.
Figure 2 shows the Antarctic EESC estimate as adapted from their Figure 5. The
Antarctic EESC level is computed from scenario A1 with a mean age of air of 5.5
years and an age spectrum width of 2.75 years (details of the computation can be
found in Newman et al. 2007). The peak Antarctic EESC value occurs in 2001 at
just over 4,000 ppt. The two natural ODS compounds are methyl bromide (CH3Br)
and methyl chloride (CH3Cl). Both compounds are also human produced, where
CH3Cl was once used as a refrigerant, while CH3Br is still used as a fumigant.
Using 1950 as a “natural level,” we estimate that 21% of the Antarctic EESC in
2001 was natural, while 79% was anthropogenic. In 2007, the Antarctic EESC had
decreased by only 3.1% from the 2001 peak level.

Between 1950 and 1980, Antarctic EESC levels more than doubled. However,
ozone levels showed only modest changes from 1957 to 1980 (Farman et al. 1985).
After 1980, Antarctic ozone levels decreased radically. Because only small losses
were observed prior to 1980, this year is conventionally chosen as a reasonable
level of normal conditions. Based upon the scenario A1 estimate, the Antarctic
EESC returns to a 1980 level in 2067. This return to 1980 levels is dominated
by the decreases of CFC-11, carbon tetrachloride (CCl4), Halon-1211, and methyl
chloroform (CH3CCl3).
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Fig. 2 Antarctic EESC versus time for a 5.5-year mean age of air. The filled color curves represent
the summed contributions of each species to the total. Although all species are included in the total,
only those that contribute more than 0.5% to the total are shown separately. The gray vertical line
indicates the reference year of 1980. The white horizontal line shows the 1980 Antarctic EESC
level, while the white vertical line indicates the recovery date to the 1980 level

Estimates of Ozone Hole Recovery

The area of the ozone hole grew dramatically in the period after 1980 (Newman
et al. 2004). Figure 3 shows the area of the ozone hole averaged over the Sept. 21–30
period as estimated from the total ozone mapping spectrometer (TOMS) series of
satellite instruments and the ozone monitoring instrument (OMI) on the Aura satel-
lite (updated from Figure 1 of Newman et al. 2006). The area of the ozone hole is
primarily related to the levels of chlorine and bromine and the year-to-year vari-
ability of temperature of the Antarctic vortex collar region (Newman et al. 2004).
Year-to-year variability of the area is related to the temperature, such that a 1 K
colder than average temperature results in an ozone hole area that is approximately
1 million square kilometers larger than average (for peak chlorine loadings). For
example, 1988 and 2002 were warmer than average in the polar vortex collar, so the
ozone hole area was much smaller than average.

Newman et al. (2006) fit the ozone hole area to Antarctic EESC and lower strato-
spheric temperatures in the lower stratosphere. Using the Antarctic EESC fit to area
and assuming a fixed temperature, the area can be projected into this century using
the future Antarctic EESC levels from scenario A1. The blue line in Fig. 3 shows
the Antarctic EESC fit to area for the years 1979 to 2007, and the projection of the
area after 2007. The fit clearly shows a plateau in the period from the early 1990s to
about 2015. After 2015, the area begins to decrease more rapidly. While the Antarc-
tic EESC decreased by 3.1% from the 2001 peak to 2007, the area only decreased
by 0.4%. This insensitivity of area to Antarctic EESC changes reflects the effects of
ozone loss saturation.



196 P.A. Newman et al.

1980 2000 2020 2040 2060 2080
0

5

10

15

20

25

30

A
re

a 
(m

ill
io

n
 k

m
2 )

EESC fit

+2σ

−2σ

Fig. 3 Ozone hole area versus year as observed by TOMS and OMI from 1979–2007 (black dots).
The blue line shows the ozone hole area fit to EESC (see Fig. 2). The gray shading shows the
±2σ region, where σ 2 is the residual variance of the area after fitting both Antarctic EESC and
temperature

While the area of the ozone hole is used as a diagnostic here, it is also possible
to use ozone mass deficit or ozone hole minimum as a variable in the regression.
In addition, it is also possible to repeat the ozonesonde profile study performed by
Hofmann et al. (1997). These approaches yield results similar to those shown in
Fig. 3.

Recent modeling studies of the Antarctic ozone hole have also indicated a recov-
ery in the 2060 to 2070 time frame (Fig. 1). Austin and Wilson (2006) used the
GFDL CCM to predict a recovery in 2065. Bodeker and Waugh (2007) looked at an
ensemble of CCMs to estimate a recovery in this 2060 to 2070 time frame. However,
they also found a large scatter in these CCMs extending from a recovery in 2035 to
2095. Eyring et al. (2007) found that these CCMs tended to underestimate Antarctic
EESC, and hence had recovery dates that were too early. Correcting the Antarctic
EESC in the CCMs results in a recovery estimate within this 2060 to 2070 period.

Uncertainties

The recovery of the ozone hole has a number of key uncertainties. The uncertainties
can be roughly partitioned into three groups: (1) future ODS levels, (2) circulation
changes, and (3) climate change impact in the polar lower stratosphere. All three
groups overlap to some extent.

The ODSs used in Figs. 1, 2, and 3 are all based upon scenario A1 of Daniel and
Velders (2007). This scenario was postulated on the expected growth projections and
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phase outs of certain compounds. In the Fall of 2007, the signatories to the Montreal
Protocol accelerated the phase out of HCFCs. Assuming that HCFCs 22, 141b, and
142b have completely disappeared from the atmosphere by 2060, the recovery of
the Antarctic ozone hole shifts earlier by 3.9 years. Using the zero emission sce-
nario (EO) from Daniel and Velders (2007), the recovery shifts from 2067 to 2053
(Newman et al. 2007). Hence, these ODS projections suggest that the policy choices
can have an impact on ozone hole recovery.

In addition to policy choices, the estimation of future ODS levels is based upon
estimates of the future emissions and the lifetimes of the individual species (see
Montzka & Fraser 2003). As an example of uncertainties with respect to life-
times, the current estimate of the lifetime of CFC-11 is 45 years (Clerbaux &
Cunnold 2007). However, Gupta et al. (2001) and Douglass et al. (2008) used mod-
els to estimate a CFC-11 lifetime of 55–56 years. Liang et al. (2008) used the
Goddard earth observing system chemistry-climate model (GEOS CCM) to sim-
ulate an emissions-based scenario rather than a mixing ratio-based scenario. This
simulation led to an examination of tropospheric CFC-11 levels in comparisons
to tropospheric observations. The simulated CFC-11 was found to be higher than
observations, suggesting that current emissions are overestimated and that future
CFC-11 emissions may be higher than current estimates. Since CFC-11 is a major
contributor to Antarctic EESC (see Fig. 2), the future Antarctic EESC recovery has
considerable uncertainty.

The Brewer–Dobson (BD) circulation lofts air from the tropical tropopause into
the middle-to-upper stratosphere, and then carries it southward in the upper strato-
sphere, where this air then descends over Antarctica over the course of the winter.
This circulation takes approximately 5.5 years for a mean air parcel over Antarc-
tica, although this 5.5 year mean age comes from a collection of parcels with ages
ranging from a couple of years out to 8 years or more (an age spectrum).

The estimates of Antarctic EESC are based upon measurements of mean age-of-
air, estimates of the age spectrum width, and observed fractional release values in
the NH lower stratosphere. Newman et al. (2007) explored the uncertainties related
to measurements and assumptions used to calculate Antarctic EESC. In a Monte
Carlo simulation, they found that the uncertainty in the recovery ranged from an
early date of 2056 to a late date of 2077.

Another key assumption in estimating Antarctic EESC is that the transport times
(e.g., mean age of air) remain fixed. However, Butchardt et al. (2006) have shown
that the BD circulation will accelerate as greenhouse gases (GHGs) increase in our
atmosphere. Douglass et al. (2008) have shown that this faster circulation modifies
the fractional release values, leading to a higher release for the same mean age.
These release values as a function of mean age of air are key functions for estimating
Antarctic EESC. Hence, the modification of both the mean age and the release rates
as a function of mean age adds considerable uncertainty to Antarctic recovery.

The third major uncertainty in recovery could be caused by a change in tem-
perature over Antarctica. Figure 4 displays a plot of temperature over Antarctica
from the GEOS CCM (Pawson et al. 2008). The thick gray line shows the tempera-
ture trend of 0.2 K/decade. This trend results from increased wave driving observed
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Fig. 4 Antarctic temperature averaged for September at 50 hPa, 60◦–75◦. The blue line shows
smoothed National Centers for Environmental Prediction/National Center for Atmospheric
Research Reanalysis-1 data, while the magenta line show European Center for Medium-Range
Weather Forecasting ERA-40 data. The thin red line is the GEOS CCM output, while the thick red
line is the smoothed output. The gray line is fit to the GEOS CCM output (thin red line) and has a
trend of 0.19 K/decade

propagating upward from the SH troposphere. The increased frequency of warm
episodes (e.g., 2065 in Fig. 4) is caused by the increased frequency of large wave
pulses emanating from the troposphere.

The area regression against temperature (used in Fig. 3, see Newman et al. 2006)
can be used to estimate the impact of this warming on the ozone hole. As noted
earlier, a warming will cause the ozone hole to shrink. The regression analysis yields
a relationship of approximately 1 million square kilometers/K. Hence, a warming of
1.2 K between 2000 and 2060 would cause the ozone hole to shrink by an additional
1.2 million square kilometers. Hence, this model run suggests that the warming of
the polar lower stratosphere during the mid-winter period will accelerate the ozone
hole disappearance by a modest amount. While this single model run to 2100 is
indicative of the expected change, further analysis is necessary to determine how
robust a polar warming might be.

Summary

The recovery of polar ozone was originally expected to follow midlatitude recovery.
It is now recognized that recovery of the ozone hole will occur approximately
10–20 years later than the midlatitudes because of the timing delay of air getting
to Antarctica.
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The ozone hole will fully recover to 1980 levels by 2067± 10 years. The first
stage of recovery will be seen in about 2023. This calculated uncertainty in recovery
is due to a number of factors: mean age of air, fractional release, the alpha factor
(scaling of bromine efficiency for ozone destruction), and age spectrum width.

The primary factor behind the ozone hole’s recovery is the decrease in inorganic
chlorine (Cly) and bromine (Bry). The decreased use of HCFCs if implemented
will hasten Antarctic recovery by 3–4 years. A complete elimination of emissions
(scenario E0) is not realistic, but the 2053 recovery provides a lower limit on the
effects of emission controls.

The assessment of the climate impact on the Antarctic ozone hole is complicated
by both temperature and circulation changes. The intensification of the BD circula-
tion will alter mean age of air and fractional release values. This in turn will alter
the levels of Antarctic EESC, possibly accelerating recovery. The temperature of
the stratosphere will change in a future GHG climate. In our model, temperatures
increase because of a stronger wave-driving effect from the troposphere. This warm-
ing of the Antarctic stratosphere would further accelerate recovery. However, these
climate effects are modest.
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The European Arctic Ozone Campaigns*

Jean Pierre Pommereau

Abstract With the support of the Commission and their respective national agen-
cies, European scientists have played a key role in the study of mechanisms leading
to stratospheric ozone depletion in the northern hemisphere. Based on the experi-
ence of the first French–German balloon flights in Northern Sweden in 1987–1990,
an extensive research programme was carried out during the following decade com-
bining field observations using balloon, aircraft and ground-based stations in the
Arctic and at mid-latitude, as well as laboratory chemistry and modelling. More
than 300 scientists from Europe, the USA, Russia, Japan and others have partic-
ipated in the effort, the results of which were presented and discussed at a series
of ‘European Arctic Ozone Symposia’ and published in several special issues of
international scientific journals. Altogether, the European Arctic Ozone campaigns
resulted in significant progress in ozone science providing the Commission with the
required information for the definition of Europe policy in the frame of the Protocol
of Montreal.

Keywords Arctic · Europe · ozone · research programmes · stratosphere

Introduction

The discovery of the ozone hole at Halley bay in Antarctica in 1985, followed by
the discovery of the role of chlorine activation by heterogeneous processes after
the NASA-ER2 campaign in Southern Chile in 1987, immediately prompted the
question of the possible existence of a similar hole in the Arctic, especially over
the populated European region of Northern Scandinavia. Facing the fast evolution
of this unpredicted threat already debated in Montreal, European scientists reacted
rapidly by promoting research programmes and developing new ground-based,
airborne and balloon instrumentation for understanding how far similar ozone
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depletion could happen in the Arctic. The objective of this chapter is not to describe
the many scientific results of the several following field campaigns, which the reader
will find elsewhere, but to provide a historical view of the European efforts for
addressing the new issue.

1987–1990 French–German CHEOPS Campaigns

The first effort is the result of an initiative of German–French scientists for a
CHEOPS (chemistry of ozone in the polar stratosphere) campaign in Kiruna in
Northern Sweden in early 1987. The project included the first balloon flights carried
out with the help of the balloon division of the Centre National d’Etudes Spa-
tiales (CNES) in France in collaboration with the Swedish ESRANGE rocket range
(Fig. 1), and the development of the first UV–Visible spectrometers for monitoring
ozone during the winter. The pioneer effort was quite rough. Indeed, the instrumen-
tation available in Europe by that time for adequate ozone loss mechanism studies
was limited, and the difficulty of launching and flying balloons at low tempera-
ture, moreover in the fast moving stratospheric vortex, was yet to be discovered.
Although limited scientific results were achieved during this first attempt, it resulted
in a growing interest of European scientists for developing and flying more pow-
erful instrumentation and CNES and ESRANGE for improving balloon operation
techniques. Building on these lessons, a new CHEOPS II campaign involving more
scientists, including scientists from Japan, was carried out during the following win-
ter and an even more efficient CHEOPS III in 1989–1990, while in the meantime
NASA was carrying out its first AASE (airborne stratospheric ozone expedition) in
the Arctic with its ER-2 and DC8 aircraft based in Stavanger in Norway.

Overall, apart from learning how to carry out safe balloon operations during
the winter, the CHEOPS campaigns resulted in significant first scientific achieve-
ments. The balloon flights have allowed the obtainment of the first measurements of
PSC particles, water vapour, age-of-air using a cryosampler, NOx/NOy and HNO3

in the stratospheric vortex. These campaigns also promoted the deployment of
ground-based UV–Visual (UV–Vis), Fourier transform infrared spectroscopy (FTIR)
and Dial Lidar, as well as ozonesonde programmes at several stations in Kiruna,
Sodankyla in Finland, Bear Island and Ny-Alesund in Svalbard, with which the first
series of measurements of the evolution of ozone, NO2, OClO, HCl, HNO3 and
PSCs during the winter were achieved. Finally, first indications of the existence of
an Arctic ozone hole, though of less amplitude than in the Arctic, was derived from
a series of ozonesonde carried by the University of Wyoming in Kiruna. The results
of the CHEOPS III campaign are summarised in a special issue of the Geophysical
Research Letters (Pommereau et al. 1991).
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Fig. 1 Centre National d’Etudes Spatiales (CNES) stratospheric balloon inflation in the winter at
ESRANGE in Kiruna (Courtesy F. Goutail, CNRS)

1989 Involvement of the European Commission

In the meantime, the European Commission (EC) involved in the negotiations of
the Protocol of Montreal and its further amendments, was willing to develop the
research in Europe for getting independent advices on ozone issues and possible
mitigations. The merit of the action owns to Heinrich Ott, head of the Environment
Division of the General Direction XII, the former name of Direction Research, who
installed in 1989 an ‘Ozone Science Panel’ in Brussels, chaired by Gerard Megie.
The first decision made by the panel was the installation of an ‘Ozone Coordi-
nating Unit’ at the University of Cambridge headed first by Tony Cox, then by
John Pyle and later by Neil Harris, for preparing plans for campaigns. In Octo-
ber 1990, the First European Workshop (Stratospheric Ozone 1990) was held in
Schliersee in Germany gathering all interested European scientists for reviewing the
results of the CHEOPS campaigns, and building on this heritage a sound European
research programme. The result of this brainstorming session was the European
Arctic stratospheric ozone experiment (EASOE).

1991–1992 EASOE

The European Arctic stratospheric ozone experiment has been a large effort. Six-
teen ground-based stations among which the Alomar lidar facility in Norway and
ozonesondes at 22 sites (Fig. 2), were deployed, several of them constituting the
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Fig. 2 Deployment of ground-based instruments, ozonesondes, aircraft and balloons during the
European Arctic stratospheric ozone experiment (EASOE)

European contribution to the international Network for Detection of Stratospheric
Change (NDSC), which also started in 1991. It also involved three research aircraft
(the German DLR Falcon and a Transall of the Air Force, and the French ARAT
Fokker) operated from the new Arena Arctica hangar in Kiruna airport, and 22
balloon flights operated by the CNES at ESRANGE. The project also included lab-
oratory chemical studies, a range of models and a central database at the Norwegian
Institute for Air Research.



The European Arctic Ozone Campaigns 205

The EASOE involving about 250 scientists was successful, succeeding in a num-
ber of unprecedented observations. The results were discussed at a Second European
Workshop in Schliersee in 1993 and published in 1994 in a special issue of the
Geophysical Research Letters gathering together 70 papers (Pyle et al., 1994).

1994–1995 SESAME

Although many successful observations were performed during EASOE, missing
information was on the connection between polar ozone loss and its export to mid-
latitude, as well as on the pre-winter development of the polar vortex, NOx reduction
and chlorine activation. In addition, new or improved instrumentation was devel-
oped which could help in understanding the ozone loss mechanism better. A new
campaign was then decided, extending on 2 years, the Second European Strato-
spheric Arctic and Mid-latitude Experiment (SESAME) carried out from January
1994 to April 1995.

Compared to EASOE, the ground-based network was extended in latitude and
longitude, up to the Lena River in Yakutsk and Zhigansk in Eastern Siberia (Fig. 3),
in collaboration with the Central Aerological Observatory in Moscow. Comple-
menting the Arctic flights, the three aircrafts carried out large latitudinal surveys
from autumn to spring. A Concorde Zebra shape flight off the coast of Norway was
added for studying the evolution of its contrail in the cold vortex. The timing of
the ozonesonde ascents at all stations was organised so that they could probe the
same air mass along an isentropic trajectory, following the ‘Match technique’. And,
in complement to those carried out in Kiruna during the winter, a number of bal-
loon flights were also performed from Andoya in Norway on the west side of the
mountain ridge, as well as from Aire-sur-l’Adour and Gap at mid-latitude in France.
Totally, 43 balloon flights have been performed including the flight of new instru-
ments such as a high resolution Fourier transform infrared spectroscopy (FTIR),
a gas chromatograph, etc.

SESAME was also very successful. In the winter of 1995 one of the largest ozone
loss was observed in the Arctic, reaching 85 DU between 380 and 550 K according
to the 2000 Match ozonesondes at 26 stations, 85 DU also in the same altitude
range as estimated from the relative change between ozone and methane profiles of
the HALOE-UARS NASA satellite, and 140 DU in total column from the SAOZ
ground-based network.

SESAME has been scientifically very productive as shown by the 215 presen-
tations at the Third European Workshop in September 1995 (Stratospheric Ozone
1996), and a further 178 at the Fourth in September 1997 (Stratospheric Ozone
1998), both in Schliersee. Moreover 60 papers have been published in the Journal
of Atmospheric Chemistry in 1998 and 1999, and a summary of the findings was
made available to the Commission in the form of a Scientific Assessment prepared
by the Ozone Panel (European research in the stratosphere, 1997).
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Fig. 3 Zhigansk station on the Lena River in Eastern Siberia (Water colour J.P. Pommereau)

1995 GOME-ERS2

In March 1995 the first European satellite instrument GOME (global ozone mon-
itoring experiment) capable of ozone observations was launched (Burrows et al.
1993). GOME was a reduced and simplified version of SCIAMACHY under study
for ENVISAT, manufactured rapidly for a flight on the ESA ERS-2 satellite already
under construction in 1993. Aside from pictures of the ozone hole complement-
ing those available from the NASA total ozone mapping spectrometer (TOMS), the
merit of GOME for stratospheric ozone was the provision of first maps of NO2 and
thus of denitrification processes in polar areas, and of OClO, indicative of chlo-
rine activation. GOME operations were continued until 2003 whose measurements
contributed to the analysis of the further campaigns.

1997 M55 Geophysica Aircraft

Another new platform used by European scientists was the Russian M55 Geophys-
ica high-altitude aircraft proposed by the Myasishev Design Bureau in Moscow.
With the support of the European Commission, a European consortium (GEIE)
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Fig. 4 The M55 Geophysica high-altitude aircraft in Kiruna (Courtesy of M.J. Mahoney,
Jet Propulsion Laboratory, NASA)

led by the Italian CNR was installed in charge of the preparation of research pro-
grammes. After a first campaign in Rovaniemi in Finland in January 1997 (Fig. 4),
the aircraft with improved instrumentation was used during a APE-THESEO cam-
paign in Seychelles Island in February 1999 for studying water vapour and clouds
in the tropics (Stefanutti et al. 2004), followed by a APE-GAIA campaign from
Ushuaia in Argentina in September–October 1999 for flights over Antarctica (Carli
et al. 2000).

1998–1999 THESEO

The next campaign was THESEO (third European stratospheric experiment on
ozone) in 1998–1999. It was oriented towards the better understanding of the causes
of observed ozone reduction over Europe and mid-latitudes, that is, relative contri-
bution of export from the pole and local depletion. But for the first time, it included
also the tropics, the recognised but little known source of ozone depleting sub-
stances of various lifetimes. The ground-based network was extended toward the
tropics, e.g. in Brazil, which allowed starting GOME validation at all latitudes. The
D-Falcon and F-ARAT Fokker aircraft, joined by a Swiss Learjet equipped with a
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microwave water vapour radiometer, were carrying large latitudinal surveys from
the North Pole to the tropics. As already said, the newly available M-55 Geophysica
high-altitude aircraft was deployed near the equator in the Seychelles in February
1999. And finally, first balloon flights were carried out in the tropics from Bauru in
Brazil, in complement to those performed in Sweden, Norway, France and Spain.

The results of THESEO were discussed (180 presentations) at the Fifth European
Workshop held in September 1999 in St. Jean de Luz in France (Stratospheric Ozone
1999, 2000). A summary of activities and results of all European campaigns was
prepared for the Commission (European research in the stratosphere 1996–2000,
2001).

Fig. 5 The NASA SOLVE and EU THESEO campaigns in Kiruna in winter 2000
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2000 SOLVE-THESEO

This was the first joint US–Europe effort for studying the Arctic Ozone Loss (Fig. 5).
It was an extension to the winter of 2000 of THESEO after the offer of our NASA
colleagues to participate in the validation of the new SAGE II instrument planned for
launch in late 1999 on the Russian METEOR satellite, as well as the measurements
of all satellites in operation by that time: the NASA TOMS-Earth Probe, SAGE II—
Earth Radiation Budget Satellite, HALOE- and MLS-Upper Air Research Satellite,
the ESA GOME and the POAM III instrument of the Naval Research Laboratory
onboard the French SPOT. The SAGE-METEOR was not launched on time for the
campaign, but the decision to carry-on was made since it offered a unique opportu-
nity for joint measurements from a variety of platforms using the best instruments
developed of both sides during the last 15 years.

Involved on the European side were all ground-based and ozonesondes stations,
the German Falcon aircraft, the French Fokker and the newly available Mystere
20 and the Swiss Learjert, and on the NASA side, the ER-2 high-altitude aircraft
(Fig. 6) and the DC-8, all based at Arena Arctica in Kiruna airport. The balloon
programme also included both the US and European instruments on 25 flights
from Kiruna operated by the CNES and NASA-National Scientific Balloon Facility
and sometimes combined on the same payload. It also included the first InfraRed
Montgolfier long-duration flights in the polar Vortex (Fig. 7).

Fig. 6 The NASA ER-2 high-altitude aircraft at Kiruna airport
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Fig. 7 Twenty-one days InfraRed Montgolfier long-duration balloon flight in the polar vortex in
2000. Top: at launch in Kiruna; Bottom: trajectory
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The unprecedented results of SOLVE-THESEO were discussed later at sev-
eral joint scientific meetings, at the SOLVE-THESEO 2000 in September 2000 in
Palermo in Italy, at the Arctic Ozone Loss workshop in March 2002 in Postdam in
Germany, at the Sixth European Workshop in September 2002 in Goteborg in Swe-
den (Stratospheric Ozone 2002, 2003) and in October 2003 at a SOLVE-Vintersol
joint meeting in October 2003 in Orlando in Florida, and finally published in a
common SOLVE-THESEO special issue of the Journal of Geophysical Research
(Newman et al. 2002).

Concluding Remarks

Altogether, the European Arctic Ozone campaigns resulted in significant progress in
the ozone science as demonstrated by the thorough contribution of European scien-
tists to the several UNEP-WMO ozone assessment reports. But equally important,
they resulted also in building a strong European atmospheric scientific community
and the development of powerful experimental and modelling tools of great use for
the ongoing Chemistry-Climate research programmes (Ozone climate interactions,
2003) as illustrated by the success of the follow-on HIBISCUS, TROCCINOX and
SCOUT-O3 projects in the tropics.

Acknowledgements The author thanks the European Commission DG Research and State Mem-
bers agencies, colleagues of the EC ozone science panel, EORCU and all European, US, Russian
and other international scientists with whom it was a pleasure to work during these campaigns.
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Operational Monitoring of the Antarctic Ozone
Hole: Transition from GOME and
SCIAMACHY to GOME-2
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Rob Spurr, Michel Van Roozendael, Pieter Valks, Walter Zimmer, Julian
Meyer-Arnek, and Christophe Lerot

Abstract The European satellite-borne atmospheric sensors global ozone moni-
toring experiment (GOME), scanning imaging absorption spectrometer for atmo-
spheric chartography (SCIAMACHY) and GOME-2 provide an important global
ozone data record covering an expected time span of over 25 years. Accurate mea-
surements of total ozone and other trace gas species have been gathered by GOME
(since July 1995) and SCIAMACHY (since June 2002). This record has recently
been extended with observations from the first GOME-2 sensor (from March 2007).
Two other identical GOME-2 sensors have been built and their future deployment in
the next decade will provide global ozone and trace gas data for the next 14 years.

The main goal of this chapter is to present results from the monitoring of the
Antarctic ozone hole from 1995 to 2007 with these three instruments. Addition-
ally, the algorithms currently used for total ozone retrieval and data assimilation are
outlined, together with validation results and perspectives for future developments.
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Introduction

Accurate global ozone records from passive remote sensing observations play a vital
role in ozone trend analysis and climate change studies, particularly for monitoring
the evolution of the Antarctic ozone hole.

Long-term global monitoring of total ozone from satellite-borne UV spectrom-
eters is currently in a transitional phase. The USA initiated their satellite ozone
measurements programme in the early 1970s, the SBUV (Solar Backscatter Ultra
Violet) and SBUV/2 total ozone record merged by NOAA and NASA dating back
to 1978 (Heath et al. 1975; McPeters & Flynn 2004, private communication); the
last SBUV/2 instrument is still operational on NOAA satellites. The total ozone
record at NASA acquired by four successive total ozone monitoring spectrometer
(TOMS) sensor also dates back to 1978 (Bhartia et al. 1984).

A new generation of hyperspectral atmospheric sensors has been developed in
Europe from the early 1990s. The Global Ozone Monitoring Experiment (GOME)
(Burrows et al. 1999) was launched on board ESA’s Second European Remote
Sensing Satellite (ERS-2) in April 1995. GOME has been operational since July
1995, although spatial coverage has been limited since July 2003 because of prob-
lems with tape storage on ERS-2. SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY) (Bovensmann et al. 1999; Gottwald
et al. 2006) is a joint German–Dutch–Belgium contribution to the ENVISAT plat-
form, launched in March 2002, and is currently operational. A higher spatial
resolution version of GOME, the ozone monitoring instrument (OMI) spectrome-
ter (Levelt et al. 2006) is a joint Dutch–Finish contribution to NASA’s EOS Aura
platform launched in July 2004. EUMETSAT’s new-generation operational ozone
instrument is GOME-2: three identical instruments have been built, with the first
sensor launched in October 2006 on the first of three MetOp satellites. NASA and
NOAA’s new-generation operational ozone instrument is the ozone mapping and
profiler suite (OMPS); the first of these is scheduled for launch in 2009 on the NPP
(NPOESS Preparatory Project) platform.

This chapter is devoted to Antarctic ozone hole monitoring by GOME, SCIA-
MACHY and GOME-2 observations. Ozone trend analysis requires a long-term,
accurate and stable data record: typically, the ability to measure a 1% change in
total ozone concentrations globally over a period of about 10 years. Pre-requisites
for this kind of analysis are (1) the long-term stability of the three currently operat-
ing sensors, and (2) the absence of instrumental drifts in the ozone records over the
mission lifetimes.

This chapter is organised as follows. First, an overview of the instruments is fol-
lowed by an outline of the operational ground segment, including the ozone retrieval
algorithms and the data assimilation scheme. Second, aspects of ozone validation
and long-term monitoring are discussed. Finally, we present a collection of obser-
vations characterising the evolution of the Antarctic ozone hole from 1995 to the
present day.
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The Instruments

GOME/ERS-2

GOME is an across-track nadir-viewing spectrometer; in normal viewing mode, it
has three forward scans followed by a back scan. Each forward scan has a footprint
size of 320× 40km2 for a 1.5-s detector readout integration time. The maximum
swath is 960 km, with a nominal scan angle of ±31◦ at the spacecraft, so that
global coverage is achieved at the equator within 3 days. There is also a static polar
viewing mode for improved sounding of polar latitudes during springtime. GOME
has 3,584 spectral channels distributed over four serial-readout detectors; the wave-
length range is 240–793 nm, with a moderate spectral resolution of 0.2–0.4 nm. A
Pt-Ne-Cr lamp enables in-flight wavelength calibration and a diffuser plate allows
for the daily determination of solar irradiance. Furthermore, GOME possesses three
broadband (>100 nm). Polarisation Measurement Devices (PMDs) measuring light
in a direction parallel to the slit (the PMDs have a footprint size of 20× 40km2).
The PMDs’ main purpose is to generate a polarisation correction for the measured
radiances, but they are also used for cloud detection. More details on the GOME
instrument may be found in (Burrows et al. 1999).

The DLR (German Aerospace Center) is responsible for the generation of the
official GOME products as part of ESA’s ERS-2 ground segment. Operational prod-
ucts have been produced and disseminated since August 1996, following the GOME
commissioning phase (Loyola 2006). Operational algorithms are updated on a reg-
ular basis; the last two updates relevant to ozone retrieval took place in 2000 (GDP
3.0 [Spurr et al. 2005]) and 2004 (GDP 4.0 [Van Roozendael et al. 2006]).

SCIAMACHY/ENVISAT

SCIAMACHY is a multi-purpose spectrometer designed to measure sunlight that
is transmitted, reflected and scattered by the Earth’s atmosphere or surface in the
ultraviolet, visible and near-infrared wavelength regions in eight spectral channels
(240–2,380nm) at a spectral resolution of 0.2–1.5 nm. SCIAMACHY measures in
three viewing geometries: nadir, limb and occultation. Like GOME, the nadir-mode
swath is approximately 960 km, and it is scanned from east to west in 4 s. The shorter
optical integration time of 0.25 s results in a smaller footprint size of 60×30km2. In
a normal operation, the nadir- and limb-viewing modes alternate and consequently
achieve a global coverage only at the equator after about 6 days. SCIAMACHY
has six broadband Polarisation Measurement Devices (PMDs), covering the wave-
length region of 310–2,400 nm. More details on the SCIAMACHY instrument may
be found in (Bovensmann et al. 1999; Khattatov 2000).

DLR hosts the SCIAMACHY Operations Support Team and is responsible for
the generation of the official SCIAMACHY products as part of ESA’s ENVISAT
ground segment. The GOME GDP 4.0 algorithm for ozone column retrieval was
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adapted for operational processing of SCIAMACHY UV–Visible (UV–Vis) nadir
data in 2006.

GOME-2/MetOp

Given the need for routine global-scale monitoring of the abundance, distribu-
tion and variability of ozone and associated species, it was decided to include the
GOME-2 instrument on the MetOp satellites, the operational EUMETSAT polar
orbiting system.

The main improvements for GOME-2 compared with GOME are the enhanced
spatial coverage, the smaller ground pixel size and more extensive polarisation
measurements in two perpendicular planes with better spectral resolution.

The GOME-2 field of view may be varied in size from 5×40km to 80×40km
(default) for a 0.1875 s readout time. The mode with the largest footprint (i.e. 24
forward steps with a total coverage of 1,920×40km) provides almost daily global
coverage at the equator.

With heritage from the successful GOME/ERS-2 data processor, the German
Aerospace Centre (DLR) has a major role in the design, implementation and oper-
ation of the GOME-2 ground segment for total column products. The DLR is
a partner in the O3M-SAF (Satellite Application Facility on Ozone and Atmo-
spheric Chemistry Monitoring), which in turn is part of the EPS (EUMETSAT Polar
System) ground segment. The DLR is responsible not only for the generation of
total column amounts of various trace species but also for the derivation of cloud
properties from GOME-2 level 1b products.

Satellite Ground Segment

Overview

The extraction of geophysical information from GOME, SCIAMACHY and GOME-
2 follows the classical data-centred approach in remote sensing. Processing takes
place at several different levels ranging from Level-0 (raw data at full instrument
resolution) to Level-4 (assimilated maps of atmospheric constituents), see Fig. 1.
The main goal is the retrieval of geophysical parameters by means of specialised
inversion algorithms; this task is the province of the Level 1-to-2 processing step. At
higher processing levels, data are converted into convenient formats for assimilation
and modelling, and at the same time the data volume is reduced considerably.

The next sections summarise the algorithms used in these processing steps.

Radiance Calibration (Level-1)

Raw GOME data (Level-0) are converted into ‘calibrated radiances’ (Level-1)
by applying a series of calibration algorithms (Loyola et al. 1997) based on the
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Fig. 1 Global ozone monitoring experiment (GOME) ground segment overview: raw data (Level-
0) sent by the satellite is first converted to calibrated and geolocated radiances (Level-1); trace gases
total columns and profiles are retrieved (Level-2); finally, value-added products are generated using
a data assimilation system (Level-4)

evaluation of certain calibration parameters. Many of these parameters are deter-
mined (in-flight, during the mission) on a regular basis from GOME observations
on the dark side of the orbit or from Pt-Cr-Ne-line-lamp measurements, internal
LED observations and solar irradiance measurements. Additional parameters were
evaluated during the pre-flight calibration phase. All extracted calibration parame-
ters are compiled in a complete ‘calibration database’, which covers the lifetime of
GOME. The main calibration steps are:

• Signal Corrections: Measured signals are corrected for dark signal using mea-
surements from the dark side of the orbit; crosstalk on the readout bias signal is
filtered out. Pixel-to-pixel variations in detector quantum efficiency are corrected
using measurements of the uniform spectral output from the internal LED light
source. Correction for straylight is carried out using on-ground characterisation.

• Spectral Calibration: Wavelengths corresponding to the detector pixels are deter-
mined by fitting a polynomial through the pixel positions of spectral lines from
the internal Pt-Cr-Ne-line lamp. The spectral calibration varies slightly with
instrument temperature; fitted coefficients are catalogued at intervals of 0.1 K.

• Radiometric Calibration: The 16-bit binary unit (BU) data of the array detector
are transformed into calibrated radiances (units are photons s−1 sr−1 cm−2 nm−1)
by application of the instrument response function, which includes a correc-
tion for scan mirror position. Once a day, GOME observes the sun through an
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on-board diffuser; the resulting calibrated daily solar reference spectrum is used
to calculate the earthshine albedo from the measured radiances.

• Polarisation Correction: Signals from the PMD detectors, which measure one
polarisation component of the incoming light over a broad spectral range, are
combined with the main channel data to retrieve atmospheric polarisation frac-
tion. This is used to obtain polarisation correction factors for the calibrated
radiances.

• Geolocation: At each detector readout the projected field-of-view on the Earth’s
surface is calculated (coordinates at the four corners and centre position) using
an orbit propagator package. This also provides the viewing angles, and the solar
zenith- and azimuth angles at three locations on the ground pixel (both the edges
and the centre).

• Quality Assessment: A number of checks such as identification of dead pix-
els, hot pixels, saturation and sun-glint are performed for the sun irradiance and
earthshine measurements to assess their quality.

Trace Gases Retrieval (Level-2)

The GOME data processor (GDP) is the baseline algorithm for the operational trace
gas column retrievals from GOME, SCIAMACHY and GOME-2 (Spurr et al. 2005).
The GDP 4.0 (Van Roozendael 2006) uses the Differential Optical Absorption
Spectroscopy (DOAS) technique for the generation of total column amounts of
ozone, NO2, BrO, SO2, H2O, HCHO and OClO. The algorithm has two major
steps: a DOAS least-squares fitting for the trace gas slant column, followed by
the computation of a suitable air mass factor (AMF) to convert the slant column
into a vertical column density (VCD). GOME cloud information, namely fractional
cover, cloud-top height and cloud albedo, is derived directly with the optical cloud
recognition algorithm (OCRA) and ROCINN (retrieval of cloud information using
neural networks) algorithms (Loyola et al. 2007; Loyola 2006).

A schematic representation of the trace gas retrieval algorithms is shown in
Fig. 2. A brief summary of the ozone column algorithms is provided in the next
sections.

DOAS Slant Column Fitting

In DOAS fitting, the basic model is the Beer–Lambert extinction law for trace
gas absorbers (Spurr et al. 2005). An external polynomial closure term accounts
for broadband effects: molecular scattering, aerosol scattering and absorption and
reflection from the Earth’s surface. We also include an additive spectrum for Ring
effect interference. The fitting model is then:

Y(λ ) ≡ ln

[
Iλ (Θ)
I0
λ (Θ)

]

= −∑
g

Eg(Θ)σg(λ )−
3

∑
j=0

α j (λ −λ ∗) j −αRR(λ ) (1)
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Fig. 2 Overview of the trace gas total column retrieval algorithm. Information about clouds (cloud
fraction, cloud-top albedo and cloud-top height) is obtained with the optical cloud recognition algo-
rithm (OCRA) and retrieval of cloud information using neural networks (ROCINN) algorithms.
Trace gas slant columns are determined from the DOAS fitting algorithm and converted to vertical
column densities through air mass factor (AMFs) computed online with a suitable radiative transfer
model

Here, Iλ is the earthshine spectrum at wavelength λ , I0
λ the solar spectrum, Eg(Θ)

the effective slant column density of gas ‘g’ along geometrical path Θ, σg(λ ) is
the associated trace gas absorption cross section. The second term in Eq. (1) is the
closure polynomial, with λ ∗ a reference wavelength for this polynomial. The last
term on the right-hand side of Eq. (1) is the additive term for the Ring reference
spectrum R(λ ). The fitting minimises the weighted least squares difference between
measured and simulated optical densities Ymeas(λ ) and Ysim(λ ), respectively.

The DOAS fitting for GOME total columns achieves greater accuracy when
two ozone cross-sections at different temperatures are used as reference spectra
(Richter & Burrows 2002). Shift and squeeze parameters may be applied to cross-
section wavelength grids to improve wavelength registration against the Level 1
input spectrum.

The Ring effect (filling-in of well-modulated solar and absorption features in
earthshine spectra) is due to inelastic rotational Raman scattering. In DOAS fit-
ting, it is treated as an additional absorber, by means of an additive Ring reference
spectrum and associated scaling parameter (Chance & Spurr 1997), but this does
not include a telluric contribution. A new molecular Ring effect correction was
developed for GOME total ozone in GDP 4.0. This correction is an ex post facto
scaling of the DOAS slant column result, and it is performed at each iteration
step in the AMF/VCD calculations. A description of this molecular Ring correction
algorithm is given in (Van Roozendael et al. 2006).
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Air Mass Factor and Vertical Column Computations

The Air Mass Factor definition that is used in the GDP is the traditional one:

A =
log

(
Inog/Ig

)

τvert
(2)

where Ig is the radiance for an atmosphere including the particular trace gas as an
absorber, Inog is the radiance for an atmosphere without this trace gas and τvert is the
vertical optical thickness of this species.

To simulate the backscatter radiances Ig and Inog, the multiple scatter multilayer
discrete ordinate radiative transfer code LIDORT is used [0]. In GDP 4.0, these radi-
ances are calculated ‘on-the-fly’ using LIDORT Version 2.2 + (Spurr 2003). This
model has exact single scatter computations for attenuation along solar and line-of-
sight paths in a curved atmosphere, needed for the wide-viewing angles of GOME-2
(scan angles in the range of 40–50◦).

For GOME scenarios, computation of the vertical column density V proceeds via
the relation:

V =
E + ΦGAcloud

(1−Φ)Aclear + ΦAcloud
(3)

where E is the DOAS-retrieved slant column, Aclear the clear sky AMF, Acloud the
AMF for the atmosphere down to the cloud-top level, the ‘ghost column’ G is the
quantity of ozone below the cloud-top height and Φ is the intensity-weighted cloud
fraction (Van Roozendael et al. 2006). This formula assumes the independent pixel
approximation (IPA) for partially cloudy scenes.

AMFs depend on ozone profiles. In traditional DOAS retrievals, the ozone AMF
depends on a fixed ozone profile taken from climatology; one application of Eq.
(3) yields the VCD. In the iterative approach to AMF calculation, we use column-
classified ozone profile climatology to establish a unique relationship between
the ozone profile and its corresponding total column amount (Van Roozendael
et al. 2000). The AMF values are now considered to be functions of the VCD
through this profile-column relation, and the above formula in Eq. (3) is used to
update the VCD value according to:

V (n+1) =
E

M(n) + ΦG(n)A(n)
cloud

(1−Φ)A(n)
clear + ΦA(n)

cloud

(4)

Here, the (n) superscript indicates the iteration number. The AMFs A(n)
clear and A(n)

cloud
and the ghost column G(n), depend on the value of VCD V (n) at the nth itera-
tion step. The Ring correction M depends on the total AMF, defined to be Atotal =
(1−Φ)Aclear + ΦAcloud. In this iteration, the slant column reflects the true state of
the atmosphere and acts as a constraint on the iteration. Equation (4) is applied
repeatedly until the relative change in V (n) is less than a prescribed small number.
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Cloud Algorithms

Compared to the average size of clouds, GOME footprints are large and therefore,
retrievals are often affected by partially cloudy scenes. In such cases, to avoid trun-
cation of the total column by the tropospheric column of trace species below clouds
level, an option is to estimate this so-called ghost column hidden by clouds from
climatological trace gas databases. Furthermore, clouds are usually opaque in the
GOME spectral range and the cloud-top is then assumed to be the lower Lambertian-
surface boundary of the earth–atmosphere system, relative to the top of atmosphere.
The cloud fraction, the cloud-top height and cloud-top albedo parameters are needed
for the computation of the different terms of Eq. (4).

Two algorithms OCRA (optical cloud recognition algorithm) and ROCINN
(retrieval of cloud information using neural networks) (Loyola et al. 2007; Loyola
2006) are used for generating GOME cloud information: OCRA for cloud fraction
and ROCINN for cloud-top height (pressure) and cloud-top albedo.

Data Assimilation (Level-3–4)

Data assimilation is a valuable technique to derive consistent global chemical anal-
yses from asynoptic and heterogeneously distributed satellite-based observations
(Daley 1991).

Atmospheric chemistry instruments GOME, SCIAMACHY and GOME-2, on
polar orbiting satellites ERS-2, ENVISAT and MetOp, respectively, are well suited
for providing substantial information on the global variability of total column ozone
and the vertical distribution of ozone in the atmosphere. To analyse this variability
and the underlying atmospheric processes (e.g. ozone depletion), an appropriate
combination of satellite observations with chemistry-transport models is essential.
Data assimilation contributes to a better understanding of the chemical composition
and dynamics of the middle atmosphere. With regard to the ozone layer in particular,
data assimilation allows us:

• To carry out synoptic analyses from heterogeneously gathered data
• To provide forecasts based on satellite observations
• To derive improved and consistent chemical analyses
• To gain information on non-observed species and quantities like ClOx, indicating

chlorine activation
• To quantify chemical ozone loss
• To trace possible inconsistencies in trace gas retrievals
• To control the quality of Level 2 products by first-guess of assimilation scheme
• To identify outliers in areas with known problems, such as the Southern Atlantic

Anomaly or at the terminator
• To provide information on accuracy
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The sequential assimilation of chemical-concentration observations from satellite-
based instruments into chemistry-transport models has been successfully demon-
strated by several studies (Khattatov et al. 2000; Chipperfield et al. 2002; El
Amraoui et al. 1997; Baier et al. 2005; Eskes et al. 2002). All these studies use
schemes of the Kalman Filter type. Four-Dimensional Variational Assimilation
(4DVar) for tropospheric chemistry was introduced by (Elbern & Schmidt 1999;
Elbern & Schmidt 2001). The first full stratospheric chemical 4D-var assimilation
system based on a CTM was developed and applied to CRISTA data by Errera and
Fonteyn (2001). A novel 4D-var data assimilation system for operational application
at DLR to stratospheric trace gas observations has been developed recently within
the German AFO 2000 project SACADA (Elbern & Schmidt 2001; Erbertseder
et al. 2006; Schwinger 2004).

Unlike variational assimilation schemes (Erbertseder et al. 2007; Eskes et al.
2002), the sequential method corrects the model first-guess whenever observa-
tions are available. In our case the sequential approach is appropriate, since ozone
influences the chemistry of the stratosphere significantly.

The quality of results from data assimilation modelling depends strongly on
the chemical characteristics of the species observed (e.g. their chemical life time).
On the other hand, the quality also depends on the magnitude of the errors on
the retrieved trace gas observations. Since the supplied error information is often
insufficient (i.e. only the precision is specified), empirical adjustments and param-
eterisations are a pre-requisite (Khattatov et al. 2000; Baier et al. 2005; Menard &
Chang 2000).

At the German Remote Sensing Data Center at DLR, a sequential assimilation
scheme has been used for the assimilation of total ozone column and ozone profile
observations from GOME, SCIAMACHY and GOME-2 on a daily basis since 1998.
The assimilation system comprises a suboptimal Kalman-Filter (Menard et al. 2000)
in conjunction with the stratospheric chemistry-transport model ROSE/DLR. The
model is based on a modified and improved version of (Rose & Brasseur 1989) and
(Marsh et al. 2001) with focus on stratospheric chemistry. All relevant stratospheric
chemical gas-phase processes as well as heterogeneous processes on sulphuric
acid and polar stratospheric clouds (PSCs) are considered (Baier et al. 2005). The
sequential assimilation scheme follows optimum interpolation of first-guess minus
observation residuals with Kalman-Filter-like covariance diagnostics and propaga-
tion of model errors. Only the diagonal elements of the fully-fledged background
covariance matrix are evaluated. The method is fast and generates the derivation of
background error covariances by repeated analysis cycles. Optimised assimilation
parameters are derived using χ2 diagnostics (Menard & Chang 2000). The result-
ing products not only comprise chemical analyses of ozone and related species but
also error statistics such as observation minus first-guess error, observation minus
analysis error and the analysed error itself. The analysed error is treated as a quasi-
tracer and is continuously corrected for chemistry with each forward integration
step (Baier et al. 2005). It is a transparent and quantitative measure of the influence
and weighting between satellite-based observation andmodel. The root-mean-square
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error of the total ozone analysis compared to ground-based measurements is gener-
ally lower than 3%.

Ozone Validation and Long-Term Monitoring

Validation of Satellite Measurements

Quality assessment of the GOME/SCIAMACHY/GOME-2 products is carried
out with a continuous geophysical validation using correlative measurements
from ground-based networks contributing to World Meteorological Organisation
(WMO’s) Global Atmosphere Watch (GAW) programme and from other satellites,
as well as frequent verification against independent retrievals with the prototype
code. The verification concentrates on assessing the consistency of ozone slant
columns, ozone AMFs and ozone VCDs.

Based on correlative data acquired by over 40 Brewer instruments, some 60
Dobson instruments and 25 DOAS spectrometers, an extensive geophysical vali-
dation of the GDP 4 GOME total ozone product (Balis et al. 2007) shows that the
agreement with ground-based data is often at the 1–1.5% level or better for SZA up
to 80◦ and latitudes up to 60◦. In Polar Regions and for scenarios with higher SZA
values, correlative ozone values usually are underestimated by GDP 4 by about 4%
on average.

GOME data processed with the operational GDP 4 algorithm show a seasonal
dependence when compared with ground-based data. This dependence is in phase
with the seasonal variation of the stratospheric temperatures and is more pronounced
in the Dobson comparisons, see Fig. 3. It was found that a large part of the observed
seasonal differences between GDP 4 and the ground-based measurements could be
attributed to characteristics of the ground-based retrieval algorithms rather than to
aspects of the GDP 4 algorithm (Balis et al. 2007).

Initial validation of GOME-2 data processed with GDP 4.2 shows that GOME-2
underestimates ozone by almost 2% over the middle latitudes of both hemispheres

Fig. 3 Latitude dependence (left panel) of the percent differences between global ozone moni-
toring experiment (GOME) and ground-based measurements examined separately for GDP 3 and
GDP 4 versus Dobson and Brewer network measurements. Time-latitude cross section (right panel)
of the percent differences between GDP 4 and Dobson measurements from 1995 to 2004
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when compared with Dobson measurements (Balis et al. 2007). Over high latitudes
and over the tropics, GOME-2 overestimates Dobson readings by 1–2%. Over the
middle latitudes of the NH, where also GOME-1 data are available, the correspond-
ing GOME-1 comparisons show a similar latitudinal dependence, however, with an
offset close to zero.

GOME Long-Term Stability

UV–Vis optical satellite-borne sensors such as GOME show a marked degradation
with time (Coldewey – Egbers et al. 2008). The top panel of Fig. 4 presents the
GOME relative intensity in the ozone fitting window (325–335 nm) from 1997 to
2006. The intensities are normalised to the 1996 values.
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Fig. 4 Global ozone monitoring experiment (GOME) intensity degradation (top panel) from
1997 to 2006. The measurements are normalised to the January 1996 values. The ozone record
is remarkably stable despite the instrument degradation. Seasonal variation (bottom panel) in the
monthly mean percent differences between GOME and the DWD Brewer #10 total ozone values
at Hohenpeissenberg, over a 10-year period starting in July 1995
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The DOAS algorithm uses ratios of solar and earthshine spectra; it is not sen-
sitive to absolute radiometric calibration and therefore insensitive to this kind of
degradation. The upper panel of Fig. 4 shows the relative intensity degradation of
GOME taking as reference data from January 1996. The relative degradation in
the UV is very strong reaching values of 0.4 in 2006 for the ozone-fitting window
(325–335 nm). The bottom panel of Fig. 4 shows a sinusoidal fit to the GOME and
Brewer ozone differences (thick black line) that indicates a seasonal variation with
an amplitude of 0.5% and a mean bias over the 10-year time period of only 0.3%.
Ground-based validation has also confirmed this 10-year stability of GOME data for
other species like nitrogen dioxide and bromine monoxide (Balis et al. 2007).

Overlap Between GOME, SCIAMACHY and GOME-2

The overlap periods between GOME, SCIAMACHY and GOME-2 allow us to
assess the stability of the ozone record as produced by these instruments. The current
daily coverage of the three instruments is quite different; see Fig. 5. After the failure
of the ERS-2 tape recorder in June 2003, GOME measurements have been limited to
the northern hemisphere and the Antarctic. SCIAMACHY achieves global coverage
every 6 days with the alternating nadir- and limb-viewing modes. GOME-2 almost
reaches global coverage on a daily basis.

GOME

SCIAMACHY

GOME-2

9000 spectra

66000 spectra

211000 spectra

100          Ozone [DU]         450

Fig. 5 Daily coverage of the global ozone monitoring experiment (GOME), scanning imaging
absorption spectrometer for atmospheric chartography (SCIAMACHY) and GOME-2 sensors for
April 6, 2007. The number of individual ground pixels is indicated just right and below the sensor
images
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A recent comparison of GOME-2 with GOME, SCIAMACHY and OMI
ozone measurements (Balis et al. 2007) has demonstrated the excellent agreement
between these instruments. The ozone average difference between GOME-2 and
GOME/SCIAMACHY/OMI is −1.04%, −0.81% and −1.53%, respectively.

The total ozone monthly mean in the extra-polar regions, 60◦N to 60◦S, from
July 2005 to October 2007 is shown in the upper panel of Fig. 6. The green line
corresponds to data from the coupled chemistry-climate model E39/C (Dameris
et al. 2006). The red line denotes merged ground-based and satellite data (other than
GOME and SCIAMACHY) as used in the WMO ozone assessment (WMO/UNEP
2006). The overlap between GOME and SCIAMACHY reveals a difference in the
monthly mean total ozone of the order of 4%. The monthly mean ozone values from
SCIAMACHY and GOME-2 agree closely.

The monthly mean total ozone anomaly for the 8-year GOME period is depicted
in the bottom panel of Fig. 6. GOME shows a positive anomaly of 1.71% and this

Fig. 6 Total ozone monthly mean in the extra-polar regions from July 1995 to October 2007 from
different data records (top panel): satellite measurements from global ozone monitoring experiment
(GOME) (blue), scanning imaging absorption spectrometer for atmospheric chartography (SCIA-
MACHY) (cyan) and GOME-2 (violet), the coupled chemistry-climate model E39/C (green) and
the merged ground-based and satellite ozone data set used for the World Meteorological Organ-
isation (WMO) ozone assessment (red). The ovals highlight the overlap regions between GOME
and SCIAMACHY and between SCIAMACHY and GOME-2. The corresponding ozone monthly
mean anomaly is shown in the bottom panel
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Fig. 7 Zonal mean record of total ozone obtained from global ozone monitoring experi-
ment (GOME), scanning imaging absorption spectrometer for atmospheric chartography (SCIA-
MACHY) and GOME-2 data from April 1995 to December 2007

is very similar in value to the E39/C anomaly of 2.01% and WMO data set anomaly
of 2.06%. The apparent increase is partially explained by changes in tropospheric
and stratospheric meteorology in the northern hemisphere and the near constancies
of stratospheric ozone-depleting gases (WMO/UNEP 2006). Despite this apparent
enhancement, the average ozone total column away from the Polar Regions in the
1995–2007 period remains at about 3% below pre-1980 values.

Figure 7 demonstrates the coverage and consistency of the record of zonal mean
total ozone obtained from GOME, SCIAMACHY and GOME-2 observations. In
contrast to the high inter- and intra-annual variability and superimposed trends in
the mid- to polar latitudes, the tropics exhibit a low variability and hardly any trend.
Therefore, the tropics are best suited for investigating the overlap and transition peri-
ods between the different instruments. The significant yearly thinning of the ozone
layer in Antarctic spring (September to November) can clearly be identified. The
zonal mean record allows us to quantify the depth, latitudinal extent and duration
of the Antarctic ozone hole. Furthermore, this record facilitates the identification
and comparison of notable events such as the strong ozone hole in 2006 and the
anomalously weak one in 2002.

Ozone Hole Monitoring

Quality of Satellite Measurements in the Antarctic

GOME total ozone observations are regularly validated against ground-based mea-
surements at about 15 stations located in different regions of the Antarctic continent
and its surroundings. These stations are also used by WMO for its Antarctic regular
ozone bulletins (WMO Antarctic Ozone Bulletin 2006/8; WMO Antarctic Ozone
Bulletin 2007/4), which rely also on the analysis of GOME/SCIAMACHY/GOME-
2 data. Comparisons of observations in this region are more challenging due to
inhomogeneous air masses measured by the different instruments, higher variability
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on a short temporal scale and larger error bars on both satellite and ground-based
measurements. But in counterpart, the Antarctic ozone hole offers a much wider
range of atmospheric conditions valuable to test the sensitivity of the GOME mea-
surement and of the retrieval algorithms to atmospheric parameters such as the
vertical distribution of temperature and ozone, the presence of stratospheric aerosols
of PSC type, the ozone slant column.

Earlier versions of GDP made significant overestimations of low ozone column
values (below 200 DU) observed during Antarctic springtime as well as notable SZA
dependences. Thanks to a better calculation of the AMF in case of depleted ozone
profile, and the use of improved climatologies for the estimation of the ghost column
hidden by clouds, the GDP upgrade to version 3 resulted in a significant reduction
of this overestimation to the 5% level, even for very low column values (below
130 DU) (Lambert 2002). The GDP 4 upgrade reduced the SZA dependences to the
5% level and generated an increase of the ozone column value by about 3% over the
entire ozone column range, thus there was no perceptible change in the already low
ozone column dependence (Balis et al. 2007).

The top panel of Fig. 8, which shows the time series of the monthly mean differ-
ences between GOME and Dobson total ozone data at Faraday/Vernadsky (65◦S),
illustrates the residual ozone column dependence at very low ozone column values.
The lower panel of Fig. 8, which shows the time series of the monthly mean differ-
ences between GOME and GOME-2, and the corresponding Dobson measurements
at Syowa (69◦S), illustrates the mean overestimation.

Ozone Hole Evolution

The size, morphology and depth of the Antarctic ozone hole (defined to be the
region with ozone total column below 220 DU) from 1995 to 2007 has been mon-
itored by means of the continuous assimilation of total ozone observations from
the GOME, SCIAMACHY and GOME-2 instruments. Figure 9 shows the mean
total ozone distribution over Antarctica for September, for the period 1995–2007.
Despite some similarity in the distribution, the year-to-year variability is evident;
this results mainly from different dynamical conditions. Roughly speaking, the
dynamics control the preconditions for efficient ozone depletion through the for-
mation of a polar vortex with associated cold temperatures. The efficiency of the
chemical ozone depletion depends on temperature-driven processes on the surface
of polar stratospheric clouds (PSCs), and the abundance of anthropogenic halogen
compounds.

The year-to-year variability ranges from the largest observed ozone hole in 2000,
(‘cold’ conditions) to the smallest in 2002 (‘warm’ conditions). In 2000, an undis-
turbed polar vortex provided the perfect preconditions for the development of an
ozone hole of ‘record size’ of about 29 million square kilometres (different instru-
ments give slightly different numbers) (WMO Antarctic Ozone Bulletin 2006/8).
In 2002, ozone depletion was suddenly halted because of an unusually early major
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Fig. 8 1995–2005 time series of the global ozone monitoring experiment (GOME) and BAS/UAC
Dobson #31 total ozone values (left panel, upper plot) and corresponding percent relative differ-
ences (left panel, lower plot) at Faraday/Vernadsky (65◦S, 64◦W). Time series (right panel) of the
monthly mean percent differences between GOME and GOME-2 against the JMA’s Dobson #122
total ozone values at Syowa (69◦S, 40◦E)

warming on September 25 with a concomitant break-up or split of the polar vortex.
Ozone-rich air masses were advected towards Antarctica and therefore the monthly
mean distribution shows an exceptional morphology and higher overall total ozone
amounts.

The 2007 ozone hole is somewhat weaker than the ones of 2000, 2005 and 2006,
but stronger than those of 2002 and 2004. Otherwise, it looks very similar, both
in terms of depth and size, to most ozone holes of the previous 12 years (WMO
Antarctic Ozone Bulletine 2007/4). Due to the high inter-annual variability, a clear
trend of ozone-hole recovery cannot clearly be identified at this stage.

Figure 10 depicts the monthly mean ozone distribution; however, the data assim-
ilation scheme allows us to monitor the ozone hole size or area on a daily basis.
Figure 10 also shows the daily ozone hole size for each year from 1995 to 2006
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Fig. 9 Monthly mean total ozone for September based on assimilated observations from the
satellite instruments global ozone monitoring experiment (GOME) (1995–2002), scanning imag-
ing absorption spectrometer for atmospheric chartography (SCIAMACHY) (2003–2006) and
GOME-2 (2007)
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Fig. 10 Size of the Antarctic ozone holes (ozone total column below 220 DU) from 1995 to 2006,
as derived from assimilated global ozone monitoring experiment (GOME) and scanning imaging
absorption spectrometer for atmospheric chartography (SCIAMACHY) data

derived from GOME and SCIAMACHY observations. The contrasting characteris-
tics of the 2000 and 2002 ozone holes can clearly be identified. Although the ozone
hole in 2000 was the largest ever observed, the ones from 2003 and 2006 were
similar in size (WMO Antarctic Ozone Bulletin 2006/8).
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Fig. 11 Size of the 2007 ozone hole (red line) compared with the average size for the previous 12
years (black). [The region in grey denotes the one-sigma standard deviation]. For the first time, the
ozone hole was monitored with GOME-2

In 2007, the ozone hole was observed for the first time by the new GOME-2
instrument. Initial validation of GOME-2 ozone data by ground-based measure-
ments has confirmed the high quality of the satellite data (Balis et al. 2007). As part
of the EUMETSAT project AGORA, the GOME-2 ozone observations are opera-
tionally assimilated through the scheme described above (Erbertseder et al., 2006).
Figure 11 presents the evolution of the size of the 2007 ozone hole versus the aver-
age of the last 12 years (see Fig. 10). In 2007, the Antarctic ozone hole reached its
maximum size in mid-September, with an area twice the size of Europe.

Assimilated GOME-2 data show no evidence of a significant recovery of the
ozone layer (Fig. 11 and Fig. 12). Figure 12 (top panels) shows the ozone dis-
tribution for four separate dates as indicated. In mid-September 2007, the size of
the ozone hole started a strong reversal (red curve in Fig. 11). This was caused
by unusual meteorological conditions in the south polar stratosphere. An unusually
high planetary wave activity resulted in extremely ozone-deficient air masses being
transported from polar to middle latitudes from 10 to 15 September (see Fig. 12).

There, they contributed to the thinning of the ozone layer, especially over the
South Atlantic and South America. At the same time, this meteorological situation
led to a massive increase in the ozone layer over Australia up to 20 September. As a
consequence, a strong wave number-1 with maximum over Australia can be identi-
fied. During this period of dynamical movements, the area for ozone hole conditions
continued to shrink, and the ozone hole reached its minimum size on 20 September.
Analyses for the last days in September indicate a return to the ‘normal’, symmet-
rical shape of the polar vortex. However, the size of the ozone hole in 2007 was
slightly below average, thanks largely to this unusual dynamical circumstance.

Figure 12 also shows the rate of daily ozone change due to chemical processes in
the southern hemisphere at the isobaric level of 56 hPa for the same four dates. One
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Fig. 12 The 2007 ozone hole monitored by assimilated GOME-2 observations on 15 September,
20 September, 10 October, 30 October (left to right). Top row: Total ozone analysis for 12 UTC for
the given dates [Dobson Units]. Middle row: Chemical ozone loss per day for these dates, at the
isobaric level of 56 hPa [ppbv]

can see that the dark blue region, which represents the fastest ozone loss, covers the
largest area on 15 September; and that by 10 October the ozone depletion has almost
come to a halt. In addition, active chlorine (ClO) is displayed for the same days at the
isobaric level of 56 hPa (bottom panel). Values are given for constant local time, that
is, the overpass time of GOME-2. ClO corresponds well with the chemical ozone
change rates: it shows the zonal symmetric distribution on 10 September, a wave
number-2 influenced shape on 20 September and a strong decay of active chlorine
until the end of October.
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Summary and Outlook

The European satellite-borne atmospheric sensors GOME, SCIAMACHY and
GOME-2 perform operational monitoring of the ozone layer in general and the
Antarctic ozone hole in particular. They have provided (and will continue to do
so) an accurate and consistent trace gas record from 1995 to 2020.

In this chapter the results from the monitoring of the Antarctic ozone hole from
1995 to 2007 with these three instruments are discussed. The algorithms currently
used for total ozone retrieval and data assimilation were briefly described, and
validation results were presented.

Data assimilation of these satellite-based observations has proven to be a valuable
tool to monitor the size, morphology and evolution of the Antarctic ozone hole. Due
to the high inter-annual variability, however, a clear trend of ozone-hole recovery
cannot clearly be identified at this point in time.

Latest GOME-2 near-real time maps and animations of total ozone, other trace
gases and cloud information as well as daily chemical analyses and forecasts of
ozone and related parameters such as chemical ozone loss or chlorine activation are
available online at the WDC/RSAT (World Data Center for Remote Sensing of the
Atmosphere) in DLR http://wdc.dlr.de/sensors/gome2

The GDP ozone retrieval algorithm will continue to benefit from upgrades.
The next upgrade to GDP 5.0 will be ready for operational processing in 2008.
This processing system will be based on the GODFIT algorithm (Van Roozendael
et al. 2004). This is a one-step algorithm that does not rely on the DOAS division
into slant column fitting based on Beer’s law, plus an AMF conversion to verti-
cal total amount. Instead, the GOME total ozone is fitted directly by means of a
non-linear iterative least-squares inversion. All Earthshine radiances within the UV
ozone Huggins bands fitting window are simulated in real time with a radiative
transfer model (Spurr 2003), which also delivers analytic weighting functions (par-
tial derivatives with respect to total ozone and other elements in the retrieval state
vector). As part of the retrieval process, effective surface properties are also derived
using an internal albedo closure approach. In comparison to previously used DOAS
approaches, GODFIT allows more accurate fitting of GOME radiances in particular
under low sun conditions. The GODFIT algorithm has been successfully validated,
and shows a noticeable improvement in Polar Regions.

The current cloud model in GDP is based on the assumption of clouds treated
as opaque Lambertian reflectors. This ignores the ‘intra-cloud’ ozone effect, and
studies have shown that use of this model leads to overestimates of total ozone (Liu
et al. 2004). A study is now under way to implement clouds as layers of scattering
particles in the radiative transfer modelling in the trace gas and cloud pre-processing
algorithms, with the aim to further improve the overall accuracy of the GDP product
though better cloud modelling.

Currently, the operational data assimilation processor for monitoring the Antarc-
tic ozone hole is upgraded by the 4D-Var assimilation system SACADA (Erbertseder
et al. 2006; Schwinger 2004). Chemical observations of GOME-2 are routinely
assimilated. The German Weather Service’s global forecast model (GME) with its
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icosahedral discretisation scheme serves as an online meteorological driver for the
GCCM. First comparisons to other assimilation schemes indicate that the 4D-Var
system delivers in general more accurate results especially for reactive chemical
constituents.
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An Overview of Strategic Ozone Sounding
Networks: Insights into Ozone Budgets, UT/LS
Processes and Tropical Climate Signatures

Anne M. Thompson

Abstract Ozone soundings serve to integrate models, aircraft and ground-based
measurements for better interpretation of atmospheric losses (stratosphere) and
pollution (troposphere). A well-designed network of ozonesonde stations answers
questions that cannot be solved by short campaigns or current satellite technology.
The Match campaign (Rex et al. 1998) was designed specifically to follow ozone
depletion within the polar vortex; the standard sites are at middle to high northern
hemisphere latitudes. Short-term strategic networks operated over North America
in July–August 2004 within the ICARTT/INTEX-A/NEAQS (International Consor-
tium on Atmospheric Research on Transport and Transformation/Intercontinental
Chemical Transport Experiment/New England Air Quality Study) and during the
2006 INTEX-B (INTEX Ozonesonde Network Study (http://croc.gsfc.nasa.gov/
intexb/ions06.html) and TEXAQS/GOMACCS (Texas Air Quality Study/Gulf of
Mexico Atmospheric Composition and Climate Study). A global network designed
to address questions about ozone in the equatorial zone, SHADOZ (Southern
Hemisphere Additional Ozonesondes; http://croc.gsfc.nasa.gov/shadoz), has oper-
ated since 1998 in partnership with NOAA, NASA and the Meteorological Services
of host countries (Thompson et al. 2003a, b). Examples of findings from these
networks are described.

Keywords Ozonesondes · ozone trends · sonde networks · stratosphere–
troposphere · tropical climatology

Introduction

Ozone soundings have been taken for 50 years or so and their profiles of ozone loss
in the lower stratosphere over Antarctica are crucial to the definition of the ozone
hole (Hoffman et al., this Symposium). However, what I call strategic ozonesonde
networks were designed to answer specific questions about ozone chemistry and
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dynamics. Three networks are described here, one each for high-latitudes, mid-
latitudes and the tropics. First mentioned is Match, a project to track Arctic strato-
spheric ozone loss starting in the early 1990s (Rex et al. 1998; Harris et al. 2002;
Streibel et al. 2005). The tropical network, SHADOZ (Thompson et al. 2003a), and
mid-latitude IONS, that operated in 2004 and 2006 (Thompson et al. 2007a), were
framed to evaluate processes vital for understanding stratospheric and tropospheric
ozone.

The newer networks have been designed in a deliberate framework of integrated
observations. This is a legacy of the cooperative science fostered by the Montreal
Protocol as well as the coming together of advanced satellites, models and elab-
orately designed aircraft missions. These latter systems are described elsewhere
in this book (by Pyle, Burrows, Hoffman, Kurylo, Solomon). The results of the
sonde networks have extended beyond their original motivations. The newer scien-
tific findings complement the longer-term objective of ozone monitoring throughout
the planet, with the most compelling discoveries occurring at the interface of ozone
chemistry and climate change.

High-Latitude Network (Match)

Ozone loss over Antarctica can be estimated readily from the satellite because the
features and regions covered by the springtime ozone hole are large and persis-
tent. See, for example, Chapter 4 in Scientific Assessment of Ozone Depletion:
2006 (WMO 2006). For ozone loss over the Arctic vortex, the Match network was
assembled during the 1991–1993 European Arctic Stratospheric Ozone Experiment
(EASOE) campaigns (Von der Gathen et al. 1995; Rex et al. 1998) because there
was already substantial coverage of mid- and high-latitude sounding stations in the
northern hemisphere. Several dozen of these stations agreed to launch on schedule
over the period when ozone loss is greatest in the Arctic vortex, which is typically
from December through mid-March. In the Match protocol, layers of depleted ozone
as outlined by an ozonesonde are mapped forward with forecast trajectories based
on the European Centre for Medium Range Weather Forecast (ECMWF) winds.
If the layer of loss passes close to another sounding location, a sonde is launched
close to the time that the air parcel is expected to come by.

Potential vorticity is used to assign coordinates for an effective region of loss
within the polar vortex. Layers of depleted ozone are mapped onto effective latitude
and longitude for computation of ozone loss. An example of a recent Arctic loss
appears in Figs. 2–4 of Streibel et al. (2005). Accumulated loss in the vertical (in
K or altitude space) is computed. Column-integrated loss amounts within the vortex
over the course of the Arctic winter are determined. The fractional loss is typically
10–15% of the total ozone column (the latter 350–475 DU). Factors affecting loss
include temperatures, amount of polar stratospheric cloud formation, and duration
of the Arctic vortex (Harris et al. 2002).
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Table 1 IONS-06 Stations. Those with ∗ also operated during IONS-04

Station Lat, Lon

Barbados 13.2−59.5
Beltsville, MD∗ 39.0−76.5
Boulder, CO∗ 40.3−105.2
Bratt’s Lake, SAS 50.2−104.7
Egbert, ONT∗ 44.2−79.8
Holtville, CA 32.8−115.4
Houston, TX∗ 29.7−95.4
Huntsville, AL∗ 35.3−86.6
Kelowna, BC 49.9−119.4
Narragansett, RI∗ 41.5−71.4
Paradox, NY 43.9−73.6
Richland, WA 46.0−119.0
R/V Ronald H Brown Gulf of Mex.
Sable Is, NS∗ 44.0−60.0
Socorro, NM 36.4−106.9
Stonyplain, ALB 53.6−114.1
Trinidad Head, CA∗ 40.8−124.2
Table Mtn, CA 34.4−117.7
Mexico City∗∗ 19.4−98.6
Valparaiso, IN 41.5−87.0
Wallops Is, VA∗ 37.9−75.5
Walsingham, ON 42.6−80.6
Yarmouth, NS∗ 43.9−66.1

∗∗ Mexico City: Tecamac (Hidalgo State) in March 2006; at UNAM
(Autonomous University of Mexico, Federal District) in August–
September 2006

Mid-Latitude Summer Ozone Campaigns: IONS-04
and IONS-06

Our mid-latitude IONS-04 (INTEX Ozonesonde Network Study 2004) campaign
(Thompson et al. 2007a, b) integrated half a dozen aircraft flying over North Amer-
ica in the region of greatest summertime export of ozone pollution towards Europe.
Table 1 presents IONS-04 stations. During INTEX-A (Singh et al. 2006) satel-
lites supplied carbon monoxide measurements in the free troposphere and views
of aerosol (e.g., smoke) plumes. The logistical questions addressed by IONS-04
were: Could European planes operating in the Azores and on the continent intercept
the North American pollution plume? Similar to the Match concept, could features
of interest be predicted with a combination of sondes and trajectories? Specifically,
could ozone pollution plumes from one station in the export corridor over eastern
North America be followed to another station while aircraft measured ozone and
ozone precursor chemicals? The answer was ‘yes’. For example, a plume from the
Washington, DC, area (Fig. 1) was intercepted along the New England coast 2 days
later, where trajectories predicted.
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The scientific objectives of IONS-04 were threefold. Like those of Match, two
questions were about ozone processes, although it was the formation in the tro-
posphere rather than losses in the stratosphere that motivated the design of IONS
and the accompanying aircraft and ground stations. Could we determine how much
ozone was imported from Asia and the Pacific to North America? Within a given
ozone column what fraction originated in: (1) the stratosphere; (2) local bound-
ary layer pollution; (3) the regional mixture of convectively mixed ozone, ozone
precursors gases and lightning. The latter is an important source of nitric oxide
that reacts to form ozone. These sources appear schematically in Fig. 2. The third
scientific question: As new instruments and models become available, what does
sonde ground-truth say about the quality of satellite measurements of pollution and
model predictions of where pollution will be transported?

In 2006 a three-phase complement to INTEX-B (spring) and the TEXAQS/
GOMACCS (summer) aircraft campaigns, the IONS-06 (INTEX Ozonesonde Net-
work Study), was assembled (Thompson et al. 2008). Because this set of experi-
ments covered transport patterns over southern, western as well as eastern North
America, roughly double the number of stations was included in IONS-06 as in
IONS-04 (Table 1). Figure 3 illustrates a 1-day curtain of ozone profiles from
IONS-06 sondes, spanning central to eastern North America. Zones of stratospheric
pollution and lightning influence are interleaved in distinct ozone layers within each
profile (the yellow and orange layers between 5 and 14 km). The laminar identifi-
cation method of Thompson et al. (2007a, b; adapted from Teitelbaum et al. [1994]
and Pierce & Grant [1998]) is applied to each sounding to obtain an ozone bud-
get. When the sounding budgets over northeastern North America are taken as a
whole, IONS showed stratospheric, convection and lightning origins distributed
throughout 30–40% of the tropospheric ozone column. The stratospheric fraction
(20–25%) over northeastern North America in IONS-04 (Thompson et al. 2007b)
is similar to that reported by Collette and Ancellet (2005) from several decades of
summertime sonde data over Europe. The lightning fraction of free tropospheric
ozone may be higher over the south central region, for example, in Houston and
Huntsville soundings, than northeastern North America (Cooper et al. 2006, 2007).
Nonetheless, in August–September 2006 over Houston and Mexico City, strato-
spheric influence in the troposphere appeared in 60% and 39% of the soundings,
respectively (Thompson et al. 2008).

IONS data have been used extensively in satellite validation, with ACE (Atmo-
spheric Chemistry Experiment) comparing ozone retrievals to the 2004 campaign
and the ozone sensors aboard Aura, launched in July 2004, to IONS-06 data.
Aura sensors with enhanced tropospheric sensitivity include the Microwave Limb
Sounder (MLS) (Jiang et al. 2007; Schoeberl et al. 2007) and Tropospheric Emission
Spectrometer (TES) (Osterman et al. 2008). An advantage of these latter sensors
is that multiple species are retrieved so that ozone and carbon monoxide correla-
tions in pollution events can be followed simultaneously (Zhang et al. 2006; Logan
et al. 2008).
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Fig. 1 Ozone mixing ratio and radio sounding (temperature and relative humidity change with
pressure) data from an IONS-04 launch at Beltsville, Maryland (8 July 2004). The pollution
layer at 5 km was detected in sondes launched over New England 2 days later. See associ-
ated trajectory and full profiles at the IONS-04 (INTEX Ozonesonde Network Study) website:
http://croc.gsfc.nasa.gov/intex/ions

Fig. 2 Cartoon of tropospheric ozone sources differentiated in laminar identification (LID
method) in IONS soundings (Thompson et al. 2007a, b)
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Fig. 3 A single day ozone curtain over eastern North America from IONS-06 soundings
(Thompson et al. 2008) during Phase 3, August–September 2006, when TEXAQS-06/GOMACCS
took place (Parrish et al. 2008). The R/V Ronald H Brown operated in and near the Houston ship
channel at this time

SHADOZ A Global Tropical Network

Origin of SHADOZ. Solving the Wave-One Structure

SHADOZ (Southern Hemisphere Additional Ozonesondes) was conceived in the
mid-1990s when the satellite community was making new tropospheric ozone prod-
ucts and more advanced ozone sensors were launched. Besides 1970s’ and 1980s’
instruments like Nimbus 7/TOMS (Total Ozone Mapping Spectrometer) and SAGE
II (stratospheric aerosol and gas experiment II), ozone instruments on Upper Atmo-
sphere Research Satellite (UARS) and European Space Agency (ESA) platforms
(e.g. Global Ozone Monitoring Experiment [GOME]) began operations during this
period. There was a critical shortage of tropical data for ground-truth. Stations
would stop and start to match campaign schedules (e.g. the Pacific Exploratory
Mission—Tropics; Oltmans et al. 2001) and data distribution was uneven. With
no long-standing project devoted to sondes and with no means of sharing data,
few tropical stations could sustain ozone soundings. SHADOZ remedied these gaps
by leveraging the infrastructure of local programmes to maintain sonde launches
on a regular schedule. In some cases this included the supply of additional sonde
packages to tropical stations (the additional in the acronym).
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Fig. 4 Map of SHADOZ stations in 2006. See Thompson et al. (2003a) for latitude and longitude
of each site. Stations that began operating after the January 1998 start of SHADOZ: Irene (South
Africa); Malindi (Kenya); Paramaribo (Surinam); Cotonou (Benin); Heredia (Costa Rica)

SHADOZ data are quality assured before distribution at a user-friendly, open-
access (no passwords) archive: http://croc.gsfc.nasa.gov/shadoz. Data are posted
as soon as they are received and formats verified. In this way, over 10 years of
operation, SHADOZ has collected nearly 4,000 profiles. The data are transmitted
regularly to the WMO’s World Ozone and Ultraviolet Data Centre (woudc.org) to
further enhance distribution. SHADOZ started with nine stations, all in the south-
ern hemisphere. With the discovery of distinct ozone contrasts between northern
and southern hemisphere (as in the ozone paradox, Thompson et al. 2000; Sauvage
et al. 2006) there was a need to add northern hemisphere stations. The Royal
Dutch Meteorological Institute (KNMI) and the Surinam Meteorological Depart-
ment began launches at Paramaribo in September 1999. Kuala Lumpur, a station
operating in Malaysia since 1993, joined SHADOZ in 2004. At present, 13 stations
participate in SHADOZ (Fig. 4).

An important factor in site selection for SHADOZ was having sufficient lon-
gitudinal coverage to span the standing wave-one pattern in total ozone shown
in Fig. 3 of Kim et al. (1996). This phenomenon, seen by satellite (Fishman and
Larsen 1987) in the 1980s, refers to 10–20 Dobson Units (DU) more ozone col-
umn (1DU = 2.69× 1016 cm−2) over the Atlantic and eastern Africa compared to
the central Pacific where total ozone is a minimum. The question of a stratospheric
or tropospheric origin of the additional ozone was answered with several years of
SHADOZ observations. Column-integrated stratospheric ozone was invariant lon-
gitudinally (Thompson et al. 2003a, b), but an additional 15–20 DU appears, with
magnitude depending on season, in the troposphere. The tropospheric and lower
stratospheric cross-section appears in Fig. 5. Over the Atlantic a lower TTL and a
high concentration of lower-mid tropospheric ozone affected by biomass and biofuel
burning, lightning and possibly biogenic sources, contribute to the thicker column.
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Fig. 5 Cross-section of ozone mixing ratio based on 1998–2002 data averaged at 0.25 km inter-
vals from the stations illustrated. More ozone is found over the region spanned by eastern South
America–Atlantic–Africa–western Indian Ocean than over the Pacific and eastern Indian Ocean.
This gives rise to a standing wave-one pattern. When integrated tropospheric ozone is compared
between Atlantic and Pacific, the difference is equal to the ‘wave-one’ magnitude, 10–20 DU,
depending on season. Variations in the tropopause region and tropospheric ozone are respon-
sible for the wave pattern. Stratospheric column ozone is uniform over the same region within
experimental error (Thompson et al. 2003a; Figures 12 –14)

SHADOZ and the Tropical UT/LS. Tropopause Layer
(TTL)—Convection, ENSO, QBO, Brewer-Dobson Circulation,
Wave Structure

The quality, spatial density and frequency of SHADOZ sondes have led to many
novel applications of the data. For example, Logan et al. (2003) used the early
SHADOZ record to characterise ozone and temperature patterns produced by the
quasi-biennial oscillation (QBO) in the mid-stratosphere. Stations closer to the
equator, e.g. Nairobi and San Cristóbal, manifest stronger signals than those south
of 5S. A more recent view of San Cristóbal temperature anomalies appears in Fig. 6.

SHADOZ data are used to evaluate satellite data and assimilation models
(e.g. Schoeberl et al. 2007; Stajner et al. 2008). Perhaps the most active research
area to which SHADOZ data are being applied is to investigations of ozone and
temperature in the tropical tropopause layer (TTL). The breadth of this activ-
ity has been aided by new satellite capabilities and by unresolved issues in the
nature of troposphere-to-stratosphere transport of water vapour. Of particular inter-
est is the role of convection in troposphere-to-stratosphere transport and the relative
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Fig. 6 The sequence of temperature anomalies from interpolated SHADOZ data over San
Cristóbal. The characteristic quasi-biennial oscillation (QBO) pattern is noticeable at 18 km and
reaches greatest intensity between 24 and 28 km (From Shelow 2007)

contributions of advection, radiative heating and wave activity in determining the
TTL structure (Rex et al. 2007).

Among significant results of investigations based on SHADOZ observations are
the following:

1. A small number of episodes in which very-low O3 layers are found in the upper
troposphere (UT) (100–300 hPa) is observed at all SHADOZ stations except
Nairobi and Irene. When the frequency of the lowest-ozone layers during the
2000–2004 period at Samoa, Ascension and Natal is compared to profiles at these
sites in the 1986–1992 period, an increase in the occurrence of the lowest-ozone
episodes is noted (Solomon et al. 2005). The shape of the low ozone layers fol-
lows convective outflow locations over regions of low surface ozone, raising a
question about possible changes in dynamical changes in the past 20 years.

2. Folkins and coworkers (Folkins et al. 2000, 2002) were among the first to
exploit ozone, temperature and potential profiles from SHADOZ to demonstrate
the importance of convective outflow of ozone in the TTL. Recently, Folkins
et al. (2006) used a simple radiative-detrainment model to connect CO and ozone
from MLS with SHADOZ ozone and temperature, demonstrating interactions
of mean upwelling and convection in establishing the seasonal cycles of these
parameters.
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3. In Randel et al. (2007), SHADOZ data and Aura/MLS delineate the seasonality
of ozone and temperature in the TTL (16–19 km). The maximum and minimum
ozone differ by almost a factor of two. The ozone is nearly in phase with the
annual temperature cycle and is associated with the mean upwelling rate of the
Brewer–Dobson circulation.

4. Takashima and Shiotani (2007) used 6 years of SHADOZ observations to charac-
terise the seasonality of ozone and temperature in the tropical upper troposphere.
Interactions are such that when the higher-ozone longitude (corresponding to the
ozone maximum in the wave-one) is at its greatest level, during austral winter
and spring, the temperature lapse rate is reduced; the opposite happens when the
ozone is in its seasonal minimum.

5. Wave influences in the TTL ozone distribution were evaluated by Loucks (2007).
A seasonal cycle in features identified with gravity or Kelvin wave forcing is
strongest near the equator and more intense over the eastern Indian Ocean and
Pacific than over the Atlantic or African SHADOZ sites.

Summary and Conclusions

Network Design

In designing strategic ozonesonde networks, the location of sites and timing of
launches must match the scientific questions being investigated. For campaign-class
networks (weeks to months duration), launches are normally daily to several times
per week. Match engaged ∼30 stations over periods of 3–4 months, depending
on the timing of polar vortex break up. For IONS-04 and IONS-06, respectively,
roughly one and two dozen sites were required. In the case of SHADOZ, larger-
scale questions, e.g. the zonal wave-one, along with the stability of free tropospheric
ozone over the remote tropics and climatological goals for satellite validation, are
satisfied with a dozen sites and weekly launches.

An important consideration for all networks is consistency in instrumentation and
procedures so that measurements meet accuracy and precision requirements of the
network. As long-term measurements are used for satellite verification, climatolog-
ical studies and trends, the quality assurance criterion for sondes has increased from
∼15% to about 5% (Smit et al. 2007; Thompson et al. 2007c). Easy data access,
convenient formats and availability of data at permanent archives are essential to
the value of the networks.

Scientific Highlights

Three strategic ozonesonde networks have been surveyed, one each in polar, mid-
latitude and tropical regimes. The design and operations of the networks have been
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chosen to optimise scientific goals. Match estimates the magnitude of polar ozone
depletion during most northern hemisphere winters since 1992 (Rex, this Sympo-
sium). The mid-latitude campaigns in IONS give unique data for evaluating models
and the newer satellite sensors, GOME, Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY), ACE and the ozone instruments on
Aura. With concentrated soundings over a single continent, IONS is well-suited to
the development of regional models, including those being developed for air qual-
ity forecasts. Statistics show a high degree of complexity in persistent layers in
the troposphere with convective and stratospheric signatures detected in spring and
summer. Stable ozone laminae with pollution and lightning influences interleaved
with stratospheric remnants describe the normal state of the mid-latitude free tro-
posphere over North America, a perspective not evident until the density of sondes
provided by IONS.

As in mid-latitudes, SHADOZ has revealed the tropopause as a region where
dynamical interactions with highly varying chemical sources lead to persistent lay-
ers of mixed influence. The discussion of convection, radiation and advection as
processes influencing stratosphere–troposphere mixing, dehydration of the lower
stratosphere and feedbacks between changing ozone and temperatures engages
multiple observing techniques. As the Montreal Protocol era progresses, strate-
gic ozonesonde networks will continue to play a vital role in monitoring ozone
and tracking the interaction of ozone chemical and radiative processes throughout
stratosphere and troposphere.
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Global Observations—The Key to Model
Development and Improved Assessments

Anne R. Douglass

Abstract The stratospheric models used to predict changes in the ozone due to
changes in the atmospheric composition and climate have developed from the one-
dimensional models of the 1970s to the three-dimensional models in use today.
Observations have played an obvious key role in model development, as they lead to
the development and refinement of the conceptual model that underlies the computa-
tional model used in prediction. Observations also played another role. For example,
a model failure to produce observed correlations between long-lived constituents in
the lower stratosphere first led to an improvement in the numerical scheme transport
algorithm and then inspired changes in the approach used to solve the equations
of motion in a general circulation model. This led to improvements in several
aspects of the simulation, including realistic propagation of the tape recorder sig-
nature in the tropical water vapor and a realistic distribution for lower stratospheric
age-of-air.

Keywords Constituentcorrelations · numerical transport · stratosphericconstituents ·
stratospheric models

Introduction

The desire to understand and the need to predict are the two forces that inspire
development of the science foundation for understanding the composition of the
Earth atmosphere. These forces are intertwined, as realistic predictions rely on
clear understanding. Atmospheric observations and atmospheric models are both
required to gain understanding, and there have been huge changes in the past few
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decades. There are now multi-decadal sets of observations from balloon, aircraft,
ground-based, and satellite-borne instruments. Analysis of such data sets leads
to insights into atmospheric processes, and the insights lead to refinement of the
conceptual basis of atmospheric models.

The atmospheric model must be developed in such a way that it can be used to
compute constituent distributions and evolution, thus making quantitative compar-
isons with observations possible. The atmospheric model thus has two parts—one
part is the conceptual model, as revealed through observations and theoretical devel-
opment, and the second part is the computational model. The second part can be
thought of as the practical implementation of the conceptual model, and this is where
the need for spatial and temporal resolution, the number of interacting species, the
complexity of their photochemical interactions, and the practical limitations of com-
puters bump into one another. All of these (the conceptual model, its computational
implementation, and computer resources) have developed rapidly during the last few
decades.

Molina & Rowland (1974) suggested that man-made chlorofluorcarbons could
lead to global changes in atmospheric ozone. At that time, there were few observa-
tions, the conceptual model was not complete, and its computational implementation
was primitive. The early assessments relied mainly on one-dimensional (1D) “global
average” models. Transport in such models was parameterized via vertical diffusion,
tuned to reproduce the fall-off of nitrous oxide with increasing altitude as observed
by balloon-borne instruments (Schmeltekopf et al. 1977). The 1D models often con-
tained a detailed set of stratospheric photochemical reactions, but there were many
questions regarding the credibility of their predictions. There were few measure-
ments that could be used to check the realism of the modeled “present” atmosphere,
and little evidence that the simulated response to prediction was correct. The com-
putational models also required measurements of the rates of chemical reactions
and cross-sections for photolysis. This discussion acknowledges the important con-
tributions of the many physical chemists who produced the necessary database
(e.g., Sander et al. 2006, and previous versions).

The development pace was rapid from the 1D models of the 1970s to the
three-dimensional (3D) models of the present. The conceptual model of the
1970s included interrelationships among dynamics, radiation, and photochemistry
through the ozone which is transported by the winds, contributes to the tempera-
ture field through heating via absorption of ultraviolet radiation, and is produced
and destroyed through temperature-dependent photochemical reactions (Cunnold
et al. 1977), but these interrelationships could not be fully represented in 1D models.
Two-dimensional (2D) zonal average latitude/altitude models were the assessment
workhorses of the late 1980s and 1990s as it is clear from their use in the World
Meteorological Assessment reports of those decades. The transport in these mod-
els included the mean circulation (Dunkerton 1978) and horizontal mixing through
diffusion (e.g., Jackman et al. 1988). Two-dimensional models were successful in
reproducing some aspects of observations (WMO 1994 and references therein).
However, the observations show that the assumption of zonal symmetry fails for
some processes, for example, those that require an accurate representation of the
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northern hemisphere winter vortex, and the development of both conceptual and
computational aspects of three-dimensional models continued.

“Coupled” three-dimensional models combine a general circulation model, which
calculates winds and temperatures by numerically solving the equations of motion,
with a representation of the photochemical processes that are important to the
evolution of atmospheric constituents including stratospheric ozone. Chemistry cli-
mate models (CCMs) maintain consistency among the photochemical, radiative,
and dynamical components of the model by transporting constituents using the
simulated meteorology and using the simulated fields for ozone and other gases
to calculate the radiative heating. Both 2D models and CCMs contributed to the
Scientific Assessment of Ozone Depletion: 2006 (WMO 2007).

Computational capability has increased dramatically from the 1970s to the
present, making it possible for the computational model to represent many atmo-
spheric processes directly. The discussion here focuses on the two ways that obser-
vations contribute to model development. First, observations lead directly to an
improved conceptual model, as new processes are identified, the conceptual model
is modified, and modifications are made to represent the new processes in the com-
putational model. For example, computational models in existence at the time of the
discovery of the annual thinning of the ozone layer during austral spring at southern
polar latitudes (the “Antarctic Ozone Hole”) (Farman et al. 1985) did not repro-
duce this phenomenon. This is not surprising, given that the mechanisms that lead
to the massive polar ozone destruction were unknown, missing from the conceptual
model and therefore obviously missing from the computational model. The obser-
vations of Farman et al. were soon augmented by other observations. These led to
the discovery of new mechanisms in photochemistry and requirements for realistic
meteorological representation of the polar vortices (Schoeberl et al. 1992). The new
conceptual model incorporated the photochemical and meteorological discoveries,
followed by its implementation in the computational model.

Another example concerns the stratospheric sulfate aerosol layer. Comparisons
of observations of nitrogen-containing species NO, NO2, and HNO3 in the lower
stratosphere with model values revealed large discrepancies and suggested a missing
component of the conceptual model. The role of the aerosol layer and the reaction
on aerosol surfaces of water with N2O5 (produced from NO2 at night and pho-
tolyzed during the day) was recognized. This reaction leads to higher levels of the
reservoir gas HNO3, lower levels of nitrogen radicals NO and NO2, and less impor-
tance of the nitrogen species in controlling the ozone loss in the lower stratosphere
(Fahey et al. 1993). Once recognized as a necessary element of the conceptual model
and implemented in the numerical model the simulated nitrogen species compared
favorably with observations (Kawa et al. 1993).

There is a second category of improvements to models that are inspired by com-
parisons of simulation and observations. The initial step towards developing an
improvement, as for the “new processes needed” category described above, is find-
ing a deficiency through comparisons of simulated fields with observations. The
example of category two, which is the subject of this paper, is the observation that
long-lived constituents are correlated with each other in the lower stratosphere. The



254 A.R. Douglass

following sections describe some of the major developmental steps that have taken
place during the last few decades, emphasizing their connection to the requirement
to produce the observed constituent correlations.

Model Development and Constituent Correlations

Initial efforts to produce a 3D model suitable for ozone predictions were hampered
by the inadequacy of the conceptual model, lack of computational resources, and
lack of data with which to compare model results. Cunnold et al. (1975) coupled a
limited set of photochemical reactions with a simplified general circulation model in
one of the early attempts to produce a coupled three-dimensional model. The real-
ism of the simulated ozone was demonstrated by comparing a global mean ozone
profile with mid-latitude rocket measurements of ozone (Krueger & Minzer 1973).
The model profile compared reasonably well with the observations, but such simple
comparisons fail to test many aspects of the simulation including, but not limited
to, the latitudinal and seasonal variations in ozone, its interannual variability. The
model represented only hydrogen and nitrogen species, and did not include all of
the loss processes now known to be important to stratospheric ozone due to compu-
tational limitations. There were few observations appropriate for comparison with
the output from global simulations, and the satellites that would provide global
measurements to compare with the modeled fields had not yet been launched.

Some data sets were important for comparison of results with 2D models, and
also for showing that 3D models were required. The limb infrared monitor of the
stratosphere (LIMS) instrument on NIMBUS 7 provided profiles of temperature,
ozone, water, nitric acid, and nitrogen dioxide for October 1978–May 1979 (Gille
& Russell 1984). The total ozone mapping spectrometer (TOMS) instrument on
Nimbus-7 provided high horizontal resolution measurement of column ozone for
1979–1993. Even before the data set was long enough, with stable calibration, for
computation of trends (Stolarski et al. 1991), the latitude and seasonal variations
of the total column ozone were commonly compared with fields simulated with 2D
models.

There were many issues that delayed the development of general circulation
models including photochemistry. Biases in the temperature distribution were large
enough that temperature-dependent photochemical processes were not represented
realistically. Rood et al. (1989) proposed that progress could be made using winds
and temperatures from a data assimilation system. The temperatures from the assimi-
lation system generally matched observed temperatures, and the horizontal winds
were realistic. Such a model, that solves constituent continuity equations using the
input winds for transport and uses the input temperature to calculate constituent
production and loss, is called a chemistry and transport model (CTM). The con-
tinuity equation is solved using process splitting, that is, the photochemical and
transport contributions are solved successively. Rood et al. (1991) showed simula-
tions using simplified production and loss for ozone behavior compared with ozone
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measured by the limb infrared monitor of the stratosphere (LIMS) on Nimbus 7.
The numerical transport part of the continuity equation was solved using a spectral
transport scheme. The simulated fields (see Figure 4 in Rood et al. 1991) resem-
bled LIMS ozone, and the comparison between observation and model is improved
if the modeled ozone field was sampled as if by satellite for comparison with the
observations. The comparison is qualitative at best. There were differences between
model and observation loosely attributed to issues with the assimilation system and
noisy assimilated winds. The comparisons of the data and simulated fields were not
quantitative enough to be able to decide if differences are due to the model pho-
tochemistry, input winds, or the numerical algorithms used for transport. Although
not discussed by Rood et al., long-lived constituents produced with this CTM did
not maintain constituent correlations. Because the model failed to reproduce this
observed behavior, the model was not considered credible.

The model deficiency was traced to the numerics of the transport scheme. The
spectral transport scheme can generate negative mixing ratios, and although these
are eliminated with a filling algorithm, the process affects different long-lived trac-
ers differently, thus corrupting the constituent correlations. Allen et al. (1991)
describe implementation of an upstream-biased monotonic grid point transport
scheme first described by van Leer (1974) in the CTM. In an upwind-biased scheme,
advection takes place only in the direction of the wind, and the downwind boxes
have no influence. As long as the Courant-Friedrichs-Levy (CFL) condition for the
time step is satisfied, there are no undershoots, so the algorithm cannot produce neg-
ative mixing ratios. This contrasts with solution of the transport part of the continuity
equation using centered differences, as such a scheme, like spectral transport, can
produce negative mixing ratios and require filling near sharp gradients. Once the
van Leer algorithm was implemented in the CTM, the calculated fields for long-
lived tracers maintain constituent correlations. Note that this improvement to the
numerical model did not necessitate a change to the conceptual model. A second
simulation reported in Rood et al. (1991) is for winter 1989 and shows the first sur-
prising result of this implementation. The CTM has the same conceptual model as
for 1979 simulation that is compared with LIMS. The meteorological assimilation
system for 1989 is updated, but its quality is not radically different. The quality of
the simulation is much improved, and the column ozone at high latitudes is shown
to track the day-to-day variability of TOMS observations (see Figure 11 in Rood
et al. 1991). The change to the numerical scheme that was implemented to main-
tain correlations between simulated long-lived species also led to a higher level of
fidelity for comparisons of computed total ozone with observations.

The van Leer algorithm was attractive for use in global atmospheric models
because it preserved sharp mixing ratio gradients, such as that found at the polar
vortex boundary, but was monotonic (i.e., does not produce new maxima) and also
maintained constituent correlations. However, it was necessary to take small-time
steps at high latitudes where the size of the grid boxes becomes small, particularly
during periods of cross-polar flow. Lin and Rood (1996) developed a multidi-
mensional upstream-biased, flux form transport scheme that could accommodate
arbitrarily long-time steps, the flux-form semi-Lagrangian (FFSL). This algorithm
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maintained the important features of the van Leer algorithm but allowed transported
material to travel farther than a single gridbox. The FFSL did not require a con-
straint on the time step, making the algorithm more practical for global calculations,
but did have a constraint to ensure monotonic transport and conserves constituent
correlations.

The remarkable result stemming from the success with the new numerical trans-
port algorithm for constituents is that this success inspired changes to the dynamical
core of the GCM. The equations of motion that are solved in the general circu-
lation model include material derivatives, and the approach to numerical solution
of the equations of motion follows the approach used in the constituent trans-
port algorithm. Douglass et al. (2003) report on the features of tropical transport
in a CTM using winds and temperatures from the Finite Volume General Cir-
culation Model, a general circulation model developed at Goddard Space Flight
Center, in collaboration with the National Center for Atmospheric Research, used
the flux-form semi-Lagrangian transport scheme (Lin and Rood 1996, 1997) to
ensure accurate representation of transport by the resolved scale flow. Douglass
et al. (2003) compared simulated fields of ozone, methane, and total reactive nitro-
gen with observations, and found that transport was far more realistic in the CTM
using meteorological fields from FVGCM than any simulation using assimilated
fields.

Success of the Finite-Volume Dynamical Core

Evaluation of atmospheric models is complex, and overall evaluation of one or sev-
eral of the models using the approach of Lin and Rood (1997) is beyond the scope
of this work. However, it is appropriate to comment on a few key comparisons.

NASA-sponsored Models and Measurements workshops in 1992 (Prather &
Remsberg 1993) and 1997 (Park et al. 1999) examined the many aspects of strato-
spheric models, identifying areas of success and failure for individual participating
models and also finding some areas in which none of the model results matched
the observations. Boering et al. (1996) used the known trend and stratospheric mea-
surements of carbon dioxide to derive values for the mean age of stratospheric air,
that is, the mean time since the air had entered the stratosphere. Hall et al. (1999)
used values of mean age derived from measurements to evaluate the models par-
ticipating in the second workshop, showing that nearly all of the models produced
“young” ages. The mean age is considered a key comparison for models, and val-
ues derived for observations are compared with values from 13 chemistry-climate
models (Eyring et al. 2006) and reported for models participating in Scientific
Assessment of Ozone Depletion: 2006 (WMO 2007). The simulated values for many
models, including the NASA Goddard CCM (labeled GEOSCCM), are much more
similar to observed values than for any simulated values included in the study
reported by Hall et al. (1999). The tropical ascent rates are tested by examining
ascent of the “tape recorder” signal, that is the vertical propagation of seasonally



Global Observations—The Key to Model Development and Improved Assessments 257

varying anomalies in water vapor due to the seasonal variation of the tropopause
temperature (Mote et al. 1996). Eyring et al. (2006) connect the mean age to the
modeled ascent rate, and it is clear from Figure 8 in that paper that the ascent rate
in the Goddard CCM closely matches the ascent rate derived from observations of
stratospheric water vapor from the Halogen Occultation Experiment (HALOE) on
the Upper Atmosphere Research Satellite.

Predictions for ozone recovery still vary among models participating in 2006,
and it is a challenge both to understand the causes of the variability and to deter-
mine which predictions are more reliable. One key to the differences is found in
the simulated total inorganic chlorine. Since all the models use the same bound-
ary conditions, the variability that is seen in simulated polar chlorine (Figures 6–8,
WMO 2007) results from differences in simulated transport and mixing. Douglass
et al. (2008) compared an observed relationship between the mean age of air for a
parcel and the amount of inorganic chlorine remaining in the parcel relative to its
initial value with simulated relationships. The Goddard CCM-simulated relation-
ship matches the observed relationship, suggesting that the simulated path through
the height-dependent destruction rates for chlorofluorcarbons are realistic. Further
investigation will determine if the differences among models and lack of fidelity
to observations are due to issues with the conceptual model or due to issues with
implementation in the computational model.

Conclusions

Comparisons of simulated constituent fields with observations are clearly the key to
improved modeling capability, for these comparisons lead to improvements in the
conceptual model, that is, the underlying set of physical and chemical processes,
and the computational model, the numerical expression of the conceptual model
that we must use for predictions. Discoveries such as the Antarctic ozone hole have
led to dramatic changes in the conceptual model. The computational advances of the
past 2 decades have made possible a much more physically realistic computational
model. Detailed comparisons with observations placed physical constraints on the
computational model. A good example of a physical constraint is the requirement
that the numerical scheme maintain correlations between long-lived constituents.
The change in the numerical transport algorithms to meet this constraint inspired a
change in the approach to the solutions of the equations of motion in the general
circulation model, and ultimately to the development of an improved computational
model.

A remaining challenge is for qualitative comparisons of simulated fields with
observations to be replaced by quantitative comparisons that can be used to judge
whether processes are adequately represented in various models, and eventually to
judge whether predictions from one model are more likely valid than those from
another. Douglass et al. (1999) took a step towards this goal, judging the real-
ism of various sets of meteorological fields in a CTM framework. Presently, the
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Chemistry-Climate Model Validation Activity (CCMVal), established by SPARC
(Stratospheric Processes and their Role in Climate, a project of the World Climate
Research Programme) seeks to apply common process-oriented diagnostics to mod-
els participating in assessments. The program and its application are discussed by
Eyring et al. (2005, 2006, 2007).

Instruments on NASA’s Aura, the European Space Agency ENVISAT and the
Canadian Sci-Sat continue to produce high-quality global observations of ozone and
other constituents. Global measurements of tropospheric constituents are informing
the present generation of scientists. The conceptual model will be refined, perhaps
transformed, as directed by comparisons of simulation with observation. The com-
putational model will be improved as computational resources grow, and perhaps
again be modified to accommodate physical constraints derived from observations.
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The Rise and Fall of Dynamical Theories
of the Ozone Hole

Mark R. Schoeberl and Jose M. Rodriguez

To a man with a hammer, everything is a nail

Unknown

Abstract During the late 1980’s the appearance of the rapid spring decrease in
Antarctic stratospheric ozone (the ozone hole) produced a large number of hypothe-
ses. The two main contenders were the chemical hypothesis involving unmeasured
chemical reactions, and the dynamical hypothesis involving a potential systematic
change in Antarctic circulation. The strong observed correlation between col-
umn ozone changes and lower stratospheric temperature trends gave weight to the
dynamical theory. However, after pioneering ground based and aircraft observa-
tions, it became clear that the Antarctic circulation was not changing during the
column ozone decrease period as predicted by the dynamical hypothesis. These
same observations showed significant chemical changes in the Antarctic lower
stratosphere, which, along with focused laboratory chemical measurements showed
that a variation of the original the chemical hypothesis explained the ozone hole
phenomena.

Keywords Antarctic lower stratosphere · observations ozone hole · ozone hole
theory · TOMS

Introduction

The spring, Antarctic ozone depletion or “ozone hole” was discovered by Farman
et al. (1985). They suggested, as it turns out correctly, that the ozone hole was related
to the increase in chlorofluorocarbons in the stratosphere and that chlorine catalytic
chemical reactions were causing the ozone hole. But, almost immediately, atmo-
spheric chemists realized that the ozone hole appeared to be developing in a region
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where well-known catalytic cycles could not explain the loss. So the suggestion by
Farman et al., although prescient, was greeted with skepticism because the mech-
anism they suggested could not possibly be correct. Along a completely different
direction, Tung et al. (1986) suggested that the ozone loss could be produced by a
reversal of the normal downwelling circulation over Antarctica. This was the first
mention of a dynamical explanation of the ozone hole. In the period between the
1985 publication of the Farman paper and the 1987 AAOE aircraft expedition a
number of different and (in retrospect) sometimes strange explanations for the ozone
depletion were put forth. In the interim, the ozone hole phenomenon captured the
public’s interest and imagination. For example, the Weekly World Reader, a grocery
store tabloid, claimed that aliens were causing the ozone hole by landing spaceships
at a secret Antarctic base.

In the 1962 book The Structure of Scientific Revolutions by Thomas Kuhn, the
author points out that scientists are very reluctant to abandon existing theories until
the contrary evidence is overwhelming. Until that “paradigm shift” happens, scien-
tists will tinker with existing theories to see if they can be adapted to the new data
or will try to describe the new data as an experimental problem. In this case, almost
as soon as the “dynamical” hypotheses of the ozone hole were published evidence
began to mount that there were problems, although the proponents were not willing
to abandon it right away for reasons described below. It was not until the Airborne
Antarctic Ozone Experiment September 1987 flights provided enough contrary data
that the proponents of the dynamical theory gave it up.

The purpose of this chapter is to provide some perspective on the ozone hole
problem confronting scientists during 1986 and 1987 and show how the scientific
processes of hypothesis, testing, and refining worked well in this case.

Observations and the Ozone Hole and the Antarctic Lower
Stratosphere

As it is often the case with a new phenomenon for which there is limited data, a
number of hypotheses can be immediately put forward to explain the data. These
hypotheses, if they are any good, make predictions which can then be verified or
refuted by subsequent observations. This was certainly the case with the ozone
hole. The observational evidence originally consisted only of the following: a rapid
decrease in the ozone column in the spring as observed at Halley Bay, which was
becoming more severe with each year. Ozonesonde measurements from Syowa sta-
tion in Antarctica (Chubachi et al. 1984) and later McMurdo (Hofmann et al. 1986)
that showed that the lower stratosphere was the locus.

Stolarski et al. (1986) used the Nimbus 7 Total Ozone Mapping Spectrometer
(TOMS) measurements to show that the phenomenon was widespread, covering
nearly all of Antarctica. TOMS makes measurements of the column ozone amounts
but gives no data about the vertical structure of the ozone layer.

It was well known at the time that column ozone data could be strongly influ-
enced by the dynamics of the lower stratosphere. Indeed, TOMS was originally
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developed as a meteorological instrument for studying upper tropospheric motion.
Southern hemisphere, large-scale waves were clearly visible in the TOMS data
(Schoeberl & Krueger 1983), and these ozone waves were caused by the upward
and downward motion of the tropopause—the boundary between the ozone rich
stratosphere and the ozone poor troposphere. Low ozone was correlated with colder
temperatures and tropopause uplift and higher ozone was correlated with warmer
temperatures and downwelling.

In 1985 there were virtually no observations of the trace gases involved in
Antarctic stratospheric ozone chemistry—although some ground-based, column
measurements of trace gases were being made at Palmer station (Cronn et al. 1986).
It was also known that the lower stratosphere was extremely cold and that polar
stratospheric clouds (PSCs) were a persistent Antarctic winter feature (Douglass
& Stanford 1982; McCormick et al. 1982). Finally, meteorologists knew that the
Antarctic stratosphere was contained within an enormous vortex. This vortex forms
in the fall as the polar stratosphere radiatively cools creating a thermal contrast
with middle latitude air. As the cooler polar air sinks, warmer air moves north-
ward to replace the sinking cool air and a strong wind jet forms when the Coriolis
force deflects the air eastward. This vortex is sometimes called the polar night jet.
Aerosol/ozonesonde measurements by Hofmann et al. (1986) showed that air on the
cyclonic (poleward) side of the jet had very different characteristics from air equa-
torward of the jet. It was also apparent from the TOMS ozone images that the ozone
depletion was roughly confined to the region interior to the jet. Observations also
showed that there appeared to be a springtime cooling trend in the lower stratosphere
that was highly correlated with ozone decrease (Sekiguchi 1986; Chubachi 1986;
Angel 1986; Newman & Schoeberl 1986). These papers summarized the data avail-
able to the community prior to the NOZE I ground-based expedition in the summer
of 1986.

Theories of the Ozone Hole

Under “normal” mid-latitude conditions, the primary catalytic cycle by which
chlorine destroys ozone is

Cl+ O3 → ClO + O2 (1)

ClO+ O → Cl+ O2 (2)

O+ O3 → 2O2 (3)

In the above reactions, (2) is the “rate-limiting step,” i.e., the reaction that determines
the overall rate of ozone removal.

If chlorine released by chlorofluorocarbons (CFCs) is the mechanism to explain
the rapid Antarctic ozone decrease, then there are two problems to resolve. In
the first place, over 98% of the chlorine released from CFCs is converted to the
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nonreactive reservoir species HCl and ClONO2. Thus, a mechanism must be found
to dramatically alter the partitioning of chlorine in the Antarctic stratosphere in favor
of the reactive radical species ClO. In addition, the above catalytic cycle requires
sufficient concentrations of atomic oxygen, but the required concentrations to com-
plete (2) are not present in the low solar zenith angle conditions of the Antarctic
spring. So the second problem to be solved is to find a catalytic cycle that does not
require substantial amounts of atomic oxygen.

Following the publication of Farman et al. (1985), Nature published two papers
that hypothesized that the ozone hole had a chemical cause. To solve the first prob-
lem, Solomon et al. (1986) and McElroy et al. (1986) suggested that more radical
chlorine could be made available for ozone loss by moving it from the reservoir
gases, HCl and ClONO2, through heterogeneous reactions on the surfaces of PSCs.
Normally these two gases react slowly, if at all, but the following heterogeneous
reaction could speed-up the process:

HCl (particle)+ ClONO2 (particle) → Cl2 + HNO3 (4)

Then upon the return of sunlight at the beginning of Antarctic spring, Cl2 pho-
tolyzes to yield reactive chlorine. Of course, a problem with this mechanism is how
to prevent the reformation of the reservoir gas ClONO2. The HNO3 formed in (4)
will also photolyze in weak sunlight forming NO2 which can then react with ClO
reforming ClONO2. The net result is that the reservoir shifts from HCl and ClONO2

to mostly ClONO2 which would reduce the reactive chlorine. The heterogeneous
reaction could partly solve this problem if the HNO3 remains on the ice thus pre-
venting it from competing in the gas phase reactions. In addition, both of the above
papers suggested the heterogeneous reaction

ClONO2 + H2O (particle) → HOCl+ HNO3 (5)

as a way to recycle ClONO2 back to nitric acid and, in addition, producing reactive
chlorine by photolysis of HOCl. Laboratory studies suggested that both (4) and
(5) occurred rapidly on surfaces of reacting vessels (Molina et al. 1985; Rowland
et al. 1986), but no information was available on the rates of these reactions on
typical PSCs, and both of McElroy et al. (1986) and Solomon et al. (1986) assumed
rates sufficiently rapid to effect the necessary chlorine repartioning.

The second problem is: “what is the catalytic cycle?” To solve this second
problem, Solomon et al. (1986) suggested the following cycle:

OH+ O3 → HO2 + O2 (6)

Cl+ O3 → ClO + O2 (7)

HO2 + ClO → HOCl+ O2 (8)

HOCl+ hv → OH+ Cl (9)

2O3 → 3O2 (10)
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with photolysis of HOCl providing the rate-limiting step. Even though there was
some uncertainty in the kinetic data available at the time, the observed ozone loss
rate could not be explained through the above cycle without modification of the reac-
tion rates. Nonetheless, it should be noted that the proposed cycle does not require
atomic oxygen.

McElroy et al. (1986) suggested the cycle

Br + O3 → BrO+ O2 (11)

Cl+ O3 → ClO + O2 (12)

BrO+ ClO → BrCl+ O2 (13)

BrCl+ hv → Br + Cl (14)

2O3 → 3O2

This mechanism would require BrO concentrations of about 25 pptv. Later strato-
spheric measurements showed that concentrations of BrO are closer to 5 pptv (Brune
et al. 1988) so that this mechanism actually ends up accounting for about 20% of
the ozone loss, but not all the loss that is observed. The reaction of BrO + ClO can
also occur through other channels, one of which produces OClO, which, when pho-
tolyzed, would interrupt the cycle. On the other hand, since OClO absorption lines
are detectable in the visible, a sensitive spectrometer should be able to detect anoma-
lous amounts of OClO in the stratosphere. The National Ozone Expedition (NOZE)
in 1986 included instruments to measure the column OClO (Solomon et al. 1987)
and ClO amounts (de Zafra et al. 1987). In the absence of any other mechanisms,
detection of OClO and high levels of ClO would probably support the chemical
theories or some variant.

Tung et al. (1986a) were the first to propose an alternate hypothesis to explain the
rapid column ozone loss by spring upwelling. This upwelling would be caused by
the heating of the very cold Antarctic lower stratosphere upon return of sunlight,
if all the heat went into an upward velocity rather than thermodynamic heating
of the air. In the 1986 Geophysical Research Letters special issue on the ozone
hole, a number of papers continued to push the idea that dynamical uplift was
causing the ozone depletion (Tung et al. 1986b; Fels and Mahlman 1986; Rosen-
field & Schoeberl 1986). In that issue, Fels and Mahlman (1986) and Tung (1986b)
proposed a dynamical mechanism that would explain the decrease in ozone while
also explaining the correlation with the cooling temperature trends. In the Fels and
Mahlman (1986) paper, the decrease in temperatures would lead to an increase in
polar stratospheric clouds. During the spring, when the sun rises on the Antarctic
region, these clouds would be heated and lead to a weak upward then equatorward
circulation which would decrease ozone in the polar region and increase ozone in
middle latitudes. Stolarski and Schoeberl (1986) calculated from the TOMS data
that southern hemisphere ozone was nearly conserved during the ozone hole period
consistent with the idea of redistribution. Note that the dynamical theory does not
explain the cause of the temperature trend—which is assumed to be some kind of
local climate change to which the ozone hole is a response. We note that the appar-
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ent conservation of ozone could also be explained by chemical destruction at high
latitudes balanced by chemical production at low latitudes. Because the Antarctic
continent is actually a small percent of the area of the globe, only a very small
amount of chemical production at low latitudes could mask the loss at the pole.
Nonetheless, the dynamical hypothesis appeared to explain the limited observa-
tional data known prior to the summer of 1986 such as the close correlation between
Antarctic stratospheric temperatures and ozone trends.

Just about the time that the 1986 GRL Special Issue came out, the NOZE expe-
dition returned from Antarctica and reported preliminary findings that indeed ozone
was disappearing in the lower stratosphere and there were high column amounts
of OClO in the Antarctic stratosphere. In addition, measurements of column N2O
did not seem to support the idea of upwelling in the Antarctic stratosphere although
there was some uncertainty in the N2O measurements. In a press conference NOZE
scientists announced that the ozone hole was caused by chemical processes. The
community was not quick to embrace this conclusion because high levels of OClO
are suggestive but not definitive proof of the chemical theory. OClO cannot com-
plete the chemical catalytic cycle so the loss mechanism was still a mystery. NOZE
microwave measurements also reported high levels of column ClO, but as with
OClO, the location of the enhancement could not be clearly defined as the region of
ozone depletion. But NOZE results did suggest the there was a significant amount
of chlorine in reactive form in the Antarctic stratosphere consistent with the het-
erogeneous reaction hypothesis. For the chemical theory proponents, the NOZE
expedition was sufficient proof, but NOZE observations did not silence all the
skeptics partly because of the lack of a catalytic cycle. NOZE data also could not
explain the Antarctic temperature trend, and it was possible that high chlorine levels
were simply a by product of altered photochemistry and had little to do with the
widespread depletion. Clearly more data were needed.

At the end of 1986 the two hypotheses predicted the following:

Chemical hypothesis—high sustained levels of ClO correlated with ozone loss
during spring. (Also need a mechanism to complete the catalytic cycle.)
Dynamical hypothesis—evidence of uplift in ozone or other trace gases during
spring.

In 1987 specially equipped ER-2 and DC-8 NASA aircraft were staged at Punta
Arenas, Chile as part of the Airborne Antarctic Ozone Experiment (AAOE). The
ER-2 was equipped with an in situ chlorine monoxide detection instrument (devel-
oped in a crash program by James Anderson at Harvard), as well as ozone and
long-lived trace gas detectors. However, two important developments occurred
before the AAOE expedition was mounted. In early 1987, Molina and Molina (1987)
showed that ClO reacts with itself and yields the following catalytic cycle.

2(Cl+ O3 → ClO + O2) (15)

ClO + ClO+ M → Cl2O2 + M (16)
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Cl2O2 + hv → Cl+ ClOO (17)

ClOO + M → Cl+ O2 (18)

2O3→ 3O2

This was the missing piece of the chemical puzzle. The ClO–ClO or dimer reac-
tion does two things: first, it completes the catalytic cycle, but in addition, the
squared dependence on chlorine explains why the ozone hole appeared so suddenly
even though atmospheric chlorine amounts were rising nearly linearly in the 1980s.
Additional laboratory measurements of the thermal stability of the dimer at low tem-
peratures and its photolysis rates confirmed that the above cycle played an important
role.

The second development was the suggestion that nitric acid trihydrate (NAT,
HNO3 + 3H2O) could form particles in the lower stratosphere (Toon et al. 1986;
Crutzen & Arnold 1986). The condensation of NAT occurs at stratospheric temper-
atures up to 10◦C warmer than ice formation temperatures (Hanson & Mauersberger
1988) and these particles would settle out of the stratosphere removing HNO3 (Toon
et al. 1986). In short, NAT formation allows for heterogeneous surface reactions and
sequestration of HNO3 without ice cloud formation. Stratospheric ice cloud forma-
tion is common in the very cold Antarctic winter stratosphere, but the Arctic winter
stratosphere is rarely cold enough to form ice clouds over large regions. This result
suggested that NAT formation could trigger heterogeneous conversion of chlorine
reservoirs to active forms, which could take place in the Arctic winter stratosphere
and thus open up the possibility of an Arctic ozone hole.

The Airborne Antarctic Ozone Experiment (AAOE) ER-2 data showed that (1)
ozone loss was highly correlated with high ClO amounts and that during the ozone
loss period, the long-lived trace gases did not ascend in altitude as must occur with
dynamical uplift. The dynamical theory was disproved. In addition, Shine (1986)
was able to explain the cooling trend in the lower stratosphere as a response to
lack of ozone heating rather than an initiator of the dynamical uplift. The AAOE
measurements also verified the final component to the chemical hypothesis, mainly,
that PSCs could also fall out of the stratosphere and take with them substantial
amounts of nitric acid. This “denitrification” was an important element in preventing
the reformation of ClONO2 mentioned above.

In 1988, a workshop was held to discuss the results of NOZE and AAOE exper-
iments. It was generally agreed that the dynamical theory was dead. Furthermore
it was felt that the scientific community needed to pull together in the face of this
new environmental threat and show solidarity against the semipermanent cloud of
skeptics that surround any environmental issue.

Dynamical Contributions to Ozone Hole Theory

The instrumented aircraft used for AAOE provided a wealth of new dynamical data
on the Antarctic (and later the Arctic) stratosphere. One important contribution was
the demonstration that the Antarctic polar vortex is highly isolated from the rest
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of the stratosphere (Schoeberl & Hartmann 1991). This is important because it is
the isolation of the polar region that allows the specialized ozone hole chemistry to
function. If the vortex were not isolated, it would be difficult to maintain the cold
temperatures required for PSC formation over a wide region.

The dynamical theory also raised the general problem of “when you see a change
in a trace gas how do you know if it is chemistry of dynamics?” It was answer-
ing that question that the role of long-lived trace gases began to emerge as a key
measurement giving insight into understanding the circulation of the stratosphere
and differentiating chemical from dynamical changes. Using long-lived trace gases
allowed scientists to more accurately estimate the chemical loss rates for ozone in
the Arctic and Antarctic.

Concluding Remarks

The quote at the beginning of this chapter was the starting point for both the chem-
istry and dynamics communities when confronting the ozone hole problem. The
dynamicists thought the ozone hole was dynamical and the chemists thought it was
chemical; both hypotheses fit the limited data available in 1985. By posing clear
testable hypothesis, it was fairly easy for scientists to make measurements that clar-
ified the situation. In that sense the scientific history of the ozone hole is also a
successful scientific story. It would be difficult to assign any one person entire credit
for the explanation of the ozone hole although Susan Solomon by lead authoring the
first paper on the chemical theory, leading the NOZE expedition, and providing the
community leadership on the ozone loss issue is justifiably given the lion’s share.
Despite the early results from NOZE, it is generally agreed that the AAOE aircraft
measurements provided the definitive proof of a variant of the chemical theory. The
paper by Molina and Molina (1987) identifying the dimer reaction was a crucial and
sometimes neglected key in solving the mystery of the catalytic chemistry. Even
though the dynamical uplift theory could not explain the observations, the atmo-
spheric scientists quickly realized that an important component of understanding
the ozone hole was the dynamical isolation of the polar lower stratosphere from the
middle latitudes. More detailed information on the ozone hole and polar chemistry
can be found in the comprehensive review by Solomon (1999).
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Investigations of Climate–Ozone Connections
with Coupled Climate–Chemistry Models
(CCMs): Another Step Forward

Martin Dameris

Abstract Besides the analyses of data derived from field and laboratory measure-
ments, results from numerical models are useful to better understand the thermal
and dynamical structure as well as the chemical composition of the Earth’s atmo-
sphere. In the recent past, climate–chemistry models (CCMs) have been developed
to investigate the mutual effects of radiative, dynamical, and chemical processes, in
particular, to examine the connections of atmospheric chemistry and climate change
in detail. These models also provide a basis for the prognostic studies of the future
evolution of atmospheric dynamics and chemical composition, for example to assess
the timing of recovery of the stratospheric ozone layer.

Keywords Brewer–Dobson circulation · climate change · numerical models · ozone
recovery · stratosphere

Introduction

Climate change affects the evolution of the stratospheric ozone layer through
changes in transport, chemical composition, and temperature. In turn, changes to the
ozone layer affect climate through radiative processes, and consequential changes in
temperature gradients influence atmospheric dynamics. Understanding all the pro-
cesses involved and their interactions is a complex task because of the fact that
many of the feedback mechanisms are nonlinear. Investigations of the relationships
and feedbacks betweenozone depletion and climate change processes have demon-
strated that a complete understanding of ozone changes requires the consideration
of climate change. The increase of well-mixed greenhouse gas concentrations in the
atmosphere leads to higher tropospheric temperatures and lower stratospheric tem-
peratures. The chemical composition of the atmosphere is directly affected as many
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chemical reactions are temperature dependent. Moreover, changes of the thermal
structure modify stratospheric and tropospheric circulation and therefore the trans-
port of trace gases and substances. Hence, the goal is to develop improved and
validated numerical models of the atmosphere which consider the feedback of phys-
ical, dynamical, and chemical processes, to investigate in detail the composition of
the stratosphere and its connections to climate change.

Climate–Chemistry Models (CCMs)

Numerical models are appropriate for investigations of the chemical composition
and the thermal and dynamical structure of the Earth’s atmosphere. Such “atmo-
spheric models” allow evaluation of different processes and mechanisms, as well
as feedbacks. Scientific progress can be achieved by understanding the discrepan-
cies between observations and results derived from different model simulations.
Assessments of the future development of atmospheric dynamics and chemistry
are typically based on scenario simulations (e.g., assuming different boundary con-
ditions for the future) and sensitivity studies (e.g., to test the impact of specific
parameters). In recent years the so-called climate–chemistry models (CCMs) have
been developed to investigate specific processes of the atmosphere, with a focus
on the stratosphere. This type of model, in particular, allows studying climate–
chemistry connections in detail. CCMs are global three-dimensional models of
large-scale (spatial resolution of a few 100 km) radiative, chemical, and dynami-
cal processes in the atmosphere over decades, which are interactively coupled to
a detailed chemistry module (Fig. 1). Very recently, results derived from different
CCMs have been used for the first time in a joint effort to describe the past evolution
of the ozone layer and its possible future development. The results of these CCM
simulations have been described and discussed in detail in Eyring et al. (2006, 2007)
and WMO (2007; Chapters 5 and 6 therein).

Investigations of Climate–Ozone Connections

CCMs include good representations of the stratosphere and interactive ozone chem-
istry and are therefore capable of simulating changes to the ozone layer and their
coupling to climate change. These models suggest that ozone recovery will not
be a simple reversal of ozone depletion (e.g., Dameris et al. 2006). Rather, the
stratospheric cooling from increasing greenhouse gases will, overall, accelerate the
recovery of the ozone layer by 10–15 years so that pre-1980 ozone abundances are
expected to be reached in the middle of this century, at least in some regions of the
stratosphere (see Chapter 5 in WMO 2007). The main reason for this acceleration
is that most ozone-destroying homogeneous gas-phase reactions will be slowed as
the stratosphere cools. The picture is more complicated in the polar lower strato-
sphere during winter–spring season, because there lower temperatures will lead to
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Fig. 1 Schematic of a Climate Chemistry Model (CCM) (From WMO 2007, Fig. 5-1)

an increase in the amount of polar stratospheric clouds (PSCs). PSCs are a key-drive
for heterogeneous chemical reactions causing ozone depletion, in particular over
Antarctica (“ozone hole”). Therefore, the future evolution of polar ozone may dif-
fer from that in tropical and middle latitudes. Nevertheless, considering the global
amount of total ozone, beyond 2050 a super-recovery of ozone is indicated, that is,
the ozone layer may be thicker than ever observed in the last century as the strato-
sphere continues to cool (Chapter 6 in WMO 2007). So far the consequences of an
ozone super-recovery for the stratospheric system and surface climate are unclear.
The net effect of radiative, chemical, and dynamical interactions and feedbacks is
only poorly understood and quantified at present.

There are some other interesting findings which also need more attention. Results
derived from different general circulation and climate models (with an interactively
coupled ocean model), as well as climate-chemistry models consistently indicate
an intensification of the Brewer–Dobson circulation (B–Dc) under conditions of
enhanced greenhouse gas concentrations. Not only would such an enhancement
in B–Dc reduce the residence time of ozone depleting substances (ODSs) in the
atmosphere (e.g., Butchart & Scaife 2001), it would also lead to weaker west-
erly winds and higher temperatures in the extratropical stratosphere during winter
and spring. Such circulation changes would be expected to couple downward to
affect surface weather, especially over the Arctic and Europe, where the North
Atlantic Oscillation would tend toward its negative phase. So far, the cause(s)
and mechanism(s) which drive these changes are unclear (e.g., changes in move-
ment of storm tracks, number of blocking events, near surface wind speed, etc.).
Results derived from multi-decadal model simulations with the above-mentioned
global models together with long-term observations must be used to identify and
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investigate relevant processes for variations of the B–Dc. It is necessary to deter-
mine how these processes will change in a future climate and how they will modify
stratospheric dynamics (Baldwin et al. 2007).

Climate change on the one hand is expected to modify the motion and mass
exchange rates of air and, therefore, the residence time and distribution of chemical
substances in the stratosphere. On the other hand, temperature changes have a direct
impact on chemical processes since many chemical reaction rates are temperature
dependent. Results derived from different numerical simulations with state-of-the-
art GCMs, climate models, and in particular CCMs, should be further used to
analyze individual processes and their feedback mechanisms, and its importance
for tropospheric and stratospheric dynamics. Although these models are nonlinear
model systems they mostly show a deterministic reaction on prescribed natural and
anthropogenic forcings (e.g., Dameris et al. 2005). This provides a solid basis for a
systematic investigation of the importance of specific forcings on tropospheric and
stratospheric dynamics, and how they may change in a future climate.

Summary

What do we know so far? Climate change and ozone depletion already has obviously
cooled the stratosphere. CCMs are able to reproduce recent trends in temperature
and ozone. Future increases of greenhouse gas concentrations will contribute to
the average cooling in the stratosphere. CCMs consistently indicate that the recov-
ery of total ozone will be accelerated in some regions if stratospheric temperatures
decreases further. The picture is somewhat unclear in Polar Regions, where a cooler
stratosphere will lead to an increase in the amount of polar stratospheric clouds
(PSCs), but enhanced dynamic variability could also lead to a net warming and less
PSCs. Therefore, the timing of ozone recovery is most likely regionally different.
It is obvious that the recovery of the ozone layer will not be a simple reversal of
ozone depletion as it was observed in recent years. Moreover, the exchange of air
between the troposphere and the stratosphere is predicted to increase due to cli-
mate change. The strengthening of the stratospheric circulation (Brewer–Dobson
circulation) seems robust as a result of the increased generation of large-scale plan-
etary waves in the troposphere. So far, causes and mechanisms which drive these
dynamical changes are unclear and need more investigations.
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Stratospheric Ozone Depletion
and Tropospheric Chemistry

Ivar S.A. Isaksen, Bjørg Rognerud, Stig Dalsøren, and Amund Søvde

Abstract Tropospheric chemistry is affected by stratospheric ozone reduction
through the impact of enhanced solar UV-B radiation leading to enhanced levels
of the key oxidizer in the troposphere, OH. Model results from the Oslo CTM2
have been analyzed to deduce the impact of changes in stratospheric ozone on tro-
pospheric chemistry, in particular, changes in surface ozone. Three situations are
analyzed: (a) A general study of the sensitivity of surface ozone to changes in
column ozone changes under different atmospheric conditions (changes in compo-
sition), (b) a specific study of the impact during episodes of high ozone levels, and
(c) a study of the impact during a period (1980–2000) of significant ozone deple-
tion. In all cases it is found that tropospheric chemistry (OH,O3) is perturbated, but
processes are nonlinear and the ozone perturbation is determined by the distribution
of the ozone precursor NOx. Column ozone reduction could be both positive and
negative. We find agreement with observations in the few cases where comparisons
can be made.

Keywords Depletion · ozone · stratospheric ozone · tropospheric chemistry · UV-B

Introduction

The stratospheric ozone layer is important for tropospheric chemistry for filtering
shortwave solar flux, for initiating the photochemical hydroxyl radical produc-
tion and thus initiating the processes leading to the formation and destruction of
ozone (Isaksen et al. 2005). The decline in the ozone column densities in particular
observed during the 1980s and 1990s is found to affect UV-B radiation reaching
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the troposphere, thereby affecting the oxidation processes (Fuglestvedt et al. 1994;
Zerefos 2002). Reduced ozone levels during this period have led to enhanced flux
of short wave solar radiation both at the northern and southern latitudes with signifi-
cant impact on ozone (WMO 1995, 1999; Zerefos et al. 1997; Zerefos 2002; Ziemke
et al. 2000; Isaksen et al. 2005). Changes in column ozone and concurrent change
in surface irradiance at two wavelengths for the last 2 decades are shown in Fig. 1.

In a study by Granier et al. (1996), it is suggested that stratospheric ozone
depletion with enhanced UV-B penetration into the troposphere, has a different
impact on ozone, depending on season, location, and composition of chemical com-
pounds affecting the nonlinear ozone chemistry (Solomon et al. 2003). The result of
enhanced penetration of solar UV-B radiation, and therefore enhanced photochem-
ical activity is to enhance ozone levels in polluted regions, while ozone levels are
reduced in pristine parts of the atmosphere.

Tropospheric ozone is determined by (a) influx from the stratosphere and (b) in
situ ozone production and loss in the troposphere. Ozone is controlled by dynamical
and chemical processes acting on different time scales, and hence, the influence on
surface UV-B and related tropospheric ozone chemistry act on different time scales.

A study by Schnell et al. (1991) showed a negative trend in surface ozone at
the South Pole Station possibly induced by enhanced stratospheric ozone depletion.
Furthermore, Taalas et al. (1997), analysed ozonesonde data and concluded that

Fig. 1 Ozone reduction and increased surface UV radiation (Update from Zerefos et al. 2001
through November 2006; Zerefos, private communications)
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springtime stratospheric ozone loss has a pronounced impact on upper tropospheric
ozone (6–8 km) in both hemispheres (-12.8% in the Antarctica and -10% in the
Arctic from 1988 to 1994). At surface levels, the study by Isaksen et al. (2005),
comparing model results with observations, showed significant in situ ozone loss at
pristine background stations like Samoa and Manu Loa when stratospheric ozone
column was reduced. Observational evidence of changes in tropical tropospheric
ozone associated with the stratospheric ozone changes on a time scale of the 11-
year solar cycle has been identified using the TCO (tropospheric column ozone)
data derived from the TOMS satellite data (Chandra et al. 1999).

In this chapter we will apply a global scale CTM (chemical transport model) to
demonstrate the sensitivity of surface ozone production to changes in stratospheric
ozone, the importance of column ozone variations in connection with strong ozone
episodes like that in 2003 over Europe, and finally the impact of long-term ozone
depletion on the tropospheric chemistry.

Tropospheric Ozone Photochemistry and UV-B Changes

The key reactions in the troposphere initiating the ozone chemistry is ozone pho-
todissociation leading to the formation of the hydroxyl radical, followed by reaction
with water vapor:

O3 + hν → O(1D)+ O2(λ < 320nm) (R1)

O(1D)+ H2O → OH+ OH (R2)

Stratospheric ozone changes affect tropospheric chemistry through its impact on
UV-B radiation penetrating into the troposphere. Although all chemical compounds
dissociated in the troposphere by radiation in the UV-B region are affected by
stratospheric ozone changes (e.g., CH2O,H2O2,NO2, aldehydes) the key reaction
affected by stratospheric ozone changes is the photodissociation of ozone (R1)
(Fuglestvedt et al. 1994). Changes in OH formation are followed by changes in a
large number of chemical reactions that can lead to either ozone loss or production,
depending on the local chemical composition in the troposphere. The distribution
of NOx in the troposphere is the key to ozone formation. In regions of high NOx,
ozone formation occurs through the following sequence of reactions (see Fig. 2):

NO+ HO2 → NO2 + OH (R3)

NO2 + hν → NO+ O(λ < 400nm) (R4)

O+ O2 + M → O3 + M (R5)

A key point here is that NO and NO2 are reformed and can go through a num-
ber of ozone-forming cycle, without being lost. The final loss of NOx molecules is
determined by reaction:
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NO2 + OH+ M → HNO3 + M (R6)

Important reactions in the recycle process for ozone formation are the main loss
reactions for OH, carbon monoxide (CO), and methane (CH4)

CO+ OH → CO2 + H (R7)

H+ O2 + M → HO2 + M (R8)

CH4 + OH → CH3 + H2O (R9)

CH3 + . . .. . .. → HO2 + H2O (R10)

This sequence of reactions is important for tropospheric ozone in regions with high
NOx levels.

In regions of the troposphere with low NOx, reactions R1 and R2 are followed
by the reactions below to give ozone loss:

O3 + OH → HO2 + O2 (R11)

O3 + HO2 → 2OH+ O2 (R12)

There are a large number of additional components and chemical reactions included
in the chemistry calculations done in the box model and three-dimensional (3-D)
model simulations presented here. These reactions will modify distributions of key
compounds for the ozone chemistry and for the atmospheric oxidation potential. For
instance, several other nitrogen oxide compounds are formed (e.g., PANs, N2O5,
HO2NO2), which affect NO and NO2 distributions, and therefore the formation and
destruction of ozone and species like H2O2 and OH. In the perturbation calculations
with reduced ozone column densities, changes in UV-B radiation are taken into
account in photodissociation rates for all compounds affected by UV-B radiation.

Ozone Loss and Production in the Troposphere

Since we are dealing with tropospheric regions with net ozone destruction and
regions with net ozone production, it is important to address the main indicator,
determining the transition region. Crutzen (1979) showed that the transition between
photochemical regimes of ozone formation and destruction in the troposphere is
determined by the amount of NOx(NO + NO2) present. In remote background
regions, with low NOx, net ozone loss occurs, while in tropospheric regions with
high NOx, ozone production dominates.

Several studies have demonstrated that ozone loss takes place in the remote
unpolluted troposphere (e.g., Liu et al. 1983). The anti-correlation found in diurnal
and seasonal variations of O3 and H2O2 (Ayers et al. 1992) points to net ozone loss
during photochemically active time periods. Based on observations of key chemical
compounds, Ridley et al. (1992) estimated a net ozone loss 0.5 ppb/day (∼1%/day)
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Fig. 2 Modelled sensitivity (ΔO3/O3)/(ΔTO/TO) for varying NOx concentrations for mid-
summer and mid-winter conditions and for different CO levels. The H2O concentration was set
to 10 g/kg

in the free troposphere near 3.4 km altitude at Mauna Loa. In the study by Isaksen
et al. (2005), applying the global scale 3-D CTM and a chemical box model in com-
bination with the analysis of ozone data, it was shown that the short-term (days to
weeks) variation in stratospheric ozone enforces significant changes in tropospheric
photochemistry and in the ozone distribution.

To demonstrate the importance of the NOx levels for ozone production Fig. 2
gives the relative value of ozone change to column change for varying NOx levels
for mid-latitude summer and winter conditions, and different pollution levels. It is
shown that the crossover point from net ozone production to net ozone loss is in
the range 30–100 ppt, and is season-dependant. A positive number in the figure (to
the left) means that enhanced flux due to reduced ozone column gives net ozone
loss (through reactions R1, R2, R11, and R12). While reactions R3–R6 gives net
ozone production (right-hand side of the figure), it can be seen that at very high
NOx levels (10 ppb or above) the impact of changed ozone column on tropospheric
ozone levels becomes small, a result of efficient ozone loss through reaction R6
(removal of NO2). We should notice that both low and high threshold levels might
change significantly due to atmospheric conditions and pollution levels.

Model Studies Using Oslo CTM2

The Oslo CTM2 has been used to study the impact of stratospheric changes on tro-
pospheric distributions that is reported in this chapter. The three-dimensional Oslo
CTM2 is an off-line Chemical Transport Model (CTM) that uses pre-calculated
transport and physical fields to simulate chemical turnover and distribution in the
atmosphere. The model has an extensive chemistry and covers the troposphere
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and the stratosphere. Horizontal and vertical resolutions are determined by the
input data provided. The model can be run in horizontal resolutions ranging from
1.0◦ × 1.0◦ to 5.7◦ × 5.7◦. Meteorological input data are available for 1997 and
for the period 2000–2008. A description of the model and its performance can be
found in Berntsen & Isaksen (1999), Grini et al. (2002), Isaksen et al. (2005), Gauss
et al. (2006), and Sovde et al. (2008). In the studies reported here the focus is on the
troposphere.

To obtain representative concentration fields a 15-month simulation was done
with the OsloCTM2 model using meteorological data for 1997. The run was ini-
tialized with chemical distributions from a previous run with a simulation time of
1 year. Calculated surface distribution of ozone for January and July is shown in
Fig. 3. The figure clearly demonstrates the impact of the ozone precursors NOx, CO,
and VOC (Volatile organic compounds) on the distribution over polluted regions,
and the low values over remote oceanic regions. It also demonstrates the large sea-
sonality in the efficiency of ozone formation, particularly over industrial regions
at northern latitudes. Over Europe and partly over continental North America sur-
face ozone levels are very low (less than 10 ppb) in January. In July southern
Europe/Mediterranean and east coast US surface values exceed 50 ppb. Similar high
values are found in eastern China.

Perturbation experiments were performed where the stratospheric ozone column
densities were reduced globally by 10%. The runs were for two selected time peri-
ods of 4 months, representing summer and winter seasons in the two hemispheres.
The column ozone reductions lead to enhanced UV-B fluxes, and thereby enhanced
photodissociation of chemical compounds and in particular ozone, through reaction
R1. A change of 10% is chosen, to represent moderate variations in ozone col-
umn changes. The perturbation takes into account only the effect of changes in the
photodissociation rates, and not the effect of stratospheric ozone changes through
changes in the influx of ozone, which could be significant. The differences between
the tropospheric ozone distributions calculated with the reduced ozone column and

Fig. 3 Monthly averaged (estimated with the Oslo CTM2) surface layer ozone for January and
July
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with standard ozone column are shown in Fig. 4 for January and July. Negative
surface ozone shows reduced values with enhanced solar UV-B flux, while positive
values mean net production of ozone with enhanced flux. A common feature in both
model runs is the pronounced surface ozone reduction for enhanced UV-B fluxes in
the pristine oceanic regions, particularly at low latitudes. One important feature is
the role of atmospheric mixing between the low NOx free troposphere and the plan-
etary boundary layer (PBL) which seems to extend the regions of ozone reductions,
particularly in the July calculations. Surface ozone is reduced over large areas from
the enhanced ozone loss in the free troposphere.

To study how well the model represent the relation between changes in ozone
column and surface ozone comparisons were made with analysis of observations
from surface stations (Isaksen et al. 2005). Observations from three selected sur-
face stations were made and compared with modelled distribution and changes:
Hohenpeissenberg at mid-northern latitudes (48◦N), representing moderately pol-
luted European regions, Mauna Loa at low northern latitudes (19◦N), and Samoa at
low southern latitudes, representing more pristine background regions.

Table 1 depicts the ozone sensitivity at the three selected sites based on the Oslo
CTM2 model runs and on the analysis of ozone observations at the three sites.
The largest positive sensitivity is found for the background site, Samoa, both in
the model results and in the measurements, as expected from theory, with higher
values in the summer season (Dec–Feb) than in the winter season (Jun–Aug). Here
the agreement is good even if the amplitude is larger in the measurements. At Mauna
Loa the modelled sensitivity is positive for both winter (January) and summer (July),
0.44 and 0.53, respectively. The analysis of the measurements shows a change from
nearly zero sensitivity in the winter/spring to a positive sensitivity of 1.0 in the
summer/autumn. The change in sensitivity from winter to summer, which is partic-
ularly pronounced in the measurements, is probably linked to seasonal differences
in transport of pollutants from Asia. The tropospheric ozone sensitivity is similar
in the observations and the model simulations for Hohenpeissenberg during the
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Table 1 Correlation between observations and model studies
Station Sensitivity %Oslo CTM2 Sensitivity % (Observed)

1) (a) −0.28 −0.3
(b) 0.09 −0.7

2) (a) 0.44 0.0
(b) 0.53 1.0

3) (a) 0.79 3.7
(b) 1.66 2.2

Sensitivity ΔO3/O3/(ΔTO/TO) in ozone perturbation to column
change for atmospheric conditions at Hohenpeissenberg (1), Mauna
Loa (2), and Samoa (3) during July (a) and January (b)

winter months (January), with a negative value. However, there are significant dif-
ferences between the model calculations and the measurements during the summer
season (July). It has been shown (Isaksen et al. 2005) that the summertime surface
ozone values over Europe is dominated by ozone production during high pressure
situations which correlates differently with ozone column changes.

Impact During Surface Ozone Episodes

High level surface ozone episodes during high pressure situations are affected by
several factors like reduced ozone deposition, higher temperatures affecting chem-
ical reactions, changes in absolute amounts of water vapour, changes in biogenic
emissions affecting the ozone chemistry, and reduced total ozone column leading
to enhanced photochemical activity. In a recent paper Solberg et al. (2008) demon-
strated through a number of sensitivity analysis how different factors influenced the
surface ozone over Europe during the summer 2003 heat wave. We have made an
extensive analysis of the impact of reduced ozone column density during the 2003
August ozone episode over Europe. A sensitivity model run is made where ozone
columns are reduced with 10% (confined to ozone in the stratosphere) and com-
pared with the standard run without ozone column reduction. Ozone and surface
NOx are depicted in Fig. 5 along with the changes in surface ozone due to the 10%
ozone column reduction. NOx, the main ozone precursors is seen to vary strongly
with peak values along the coast of the Netherlands and over western part of Great
Britain. Max ozone is however found over central part of England and France due
to titration effect which reduces ozone levels.

The impact of reduced ozone column on surface ozone levels during the high
ozone episode show large variation, which to a large extent follow the NOx variation
as was demonstrated in Fig. 2. In the region of the highest NOx levels, enhanced pho-
tochemical activity leads to reduced ozone due to the efficiency of the loss reaction
R6. More moderate NOx levels favour excess ozone formation through reactions
R3 to R5. High impact is found over southern Spain, southern France, and the
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dO3(surface) [ppbv] due to -10% O3-col
at 12UTC August 8. 2003

NOx (Surface) [ppbv]
at  12UTC August 8. 2003

O3(surface) [ppbv] at 12UTC August 8. 2003

–2.2

21.5 49.7 78.0 106.2

–0.8 0.6 2.0 0.0 4.3 8.7 13.0

Fig. 5 Model-calculated surface NOx levels (ppb, upper left), surface ozone levels (ppb, upper
right), and changes in surface ozone (ppb, lower) from a 10% reduction in column ozone

Mediterranean. Considering the high values of surface ozone that was observed and
modelled during the August high pressure situation (in excess of 100 ppb under the
most extreme conditions) changes are moderate.

Impact of Tropospheric Chemistry from Ozone Depletion
1980 to 2000

The Oslo CTM2 has been used to investigate chemical changes from emission
of ozone depleting substances (stratospheric effect) and ozone precursors (mainly
tropospheric and lower stratospheric effects) over different time periods. Here we
discuss the atmospheric change during the main period of stratospheric ozone deple-
tion (1980 to 2000). Time slice calculations for the two selected years are performed.
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Fig. 6 Calculated OH (upper panel) and ozone (lower panel) changes in March and October (in%)
between 1980 and 2000 with the Oslo CTM2

The same dynamics are applied, but emissions are different and representative for
the 2 years.

The zonal average impact on OH and ozone is shown in Fig. 6 for March and
October for OH (upper panel) and for ozone (lower panel). Stratospheric changes
are significant both for OH and ozone. It is also seen that the pattern is highly dif-
ferent for the two seasons depicted. The impact of ozone-depleting substances is
particularly pronounced in the October Figure. Ozone is strongly reduced during
October in the Polar Region, leading to enhanced OH values. Since tropospheric
pollution is rather small at southern latitudes, we can clearly detect the impact of
stratospheric reduction on the tropospheric chemistry. OH is strongly enhanced and
ozone is reduced during October. The enhanced OH is a result of enhanced photodis-
sociation. Ozone is reduced, partly due to reduced fluxes from the stratosphere, and
partly due to enhanced ozone loss in the pristine southern hemisphere. Ozone reduc-
tion takes place in most of the southern hemispheric troposphere. In the northern
hemisphere the impact of stratospheric loss is less significant, and furthermore, the
signal is masked by the effect from pollution in the troposphere. There are however
some indication of impact in the distribution of ozone.

We have made some comparisons with observed ozone changes in the south-
ern hemisphere during the time period considered and find a less clear trend in the
observations than in the model output.
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The enhanced OH in the troposphere from increased solar UV-B fluxes is esti-
mated to have affected (reduced) the methane lifetime during the 1980–2000 time
period. This reduced lifetime could have contributed to the reduced methane growth
observed during this period.

Conclusions

Reduced total ozone column densities are estimated to have reduced surface ozone
in unpolluted regions and enhanced ozone levels in polluted regions. Analysis of
observational data is in agreement with the model estimates in low NOx regions.
Comparison with observations for moderate polluted regions is less clear. During
periods of extreme ozone episodes, like that in August 2003 in Europe, analysis of
the impact on tropospheric ozone chemistry of changes in total ozone column is
found to be highly nonlinear and NOx-dependant. In particular, very high NOx lev-
els are found to give negative response in ozone levels to enhanced photochemical
activity.

Model studies give significant tropospheric impacts from reduced stratospheric
ozone between 1980 and 2000, with enhanced OH and reduced O3 levels, fol-
lowing the months of large ozone depletion in polar (Antarctic) regions. Although
observations indicate some decreases in surface ozone in the southern hemisphere,
the observed trends are less clear. It is found that part of the decline observed in
methane growth rate during the 1980s and 1990s can be a result of the observed
ozone depletion during this time period.
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Tropospheric Ozone Climate–Chemistry
Interaction: Aspects of Climate Changes

Wei-Chyung Wang and Hirohisa Tanaka

Abstract The State University of New York at Albany (SUNYA) global tropo-
spheric climate-chemistry model (GCCM) was used to study the effect of climate
changes (clouds, moisture, and temperature) caused by the increase of greenhouse
gases on tropospheric ozone (O3). Preliminary results of simulated O3 changes over
East Asia, North America, and Europe are presented and discussed within the con-
text of simulated O3 changes due to changes in surface emissions of O3 precursor
gases. The results indicate that the surface emissions dominate the tropospheric O3

changes over the three regions, while the regional climate changes play a relatively
minor role.

Keywords Climate–chemistry interaction · global warming · regional climate
change · tropospheric ozone · upper troposphere and lower stratosphere

Introduction

Atmospheric O3 absorbs solar radiation and traps the thermal radiation (see Fig. 1),
thus playing an important role in determining the thermal structure of the strato-
sphere and influencing the radiative budget of the troposphere–surface climate
system. It is also known, from model sensitivity studies (Wang & Sze 1980; Wang
et al. 1980; Lacis et al. 1990), that the surface temperature is more sensitive to O3

changes in the upper troposphere and lower stratosphere.
In addition, O3 is a chemical species and its spatial distribution is intimately

coupled with many components and processes of the climate system (temperature,
wind, moisture, clouds, solar radiation; see Fig. 2); therefore climate changes, such
as the global warming caused by the enhanced greenhouse effect due to increases
of CO2, CH4, N2O, and chlorofluorocarbons (CFCs), may affect O3. Consequently,
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into SUNYA CCM3 (See Wong et al. 2004)

climate–chemistry interaction, which concerns feedbacks between changes in cli-
mate and O3, is an important aspect of studying atmospheric O3 changes related
to both the natural and anthropogenic activity. It is expected that the feedbacks
may have a strong regional dependence, since both the climate states and surface
emissions of O3 precursors exhibit distinctively different characteristics; for exam-
ple, East Asia, which showed significant increases in surface emissions in recent
decades, is influenced by the monsoon with heavy precipitation in summer and cold
surges in winter.
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Although many coupling mechanisms between climate and O3 are understood,
the net effect of the impacts of climate change on O3 change and vice versa has
significant uncertainties,particularly, in the troposphere. Atmospheric O3 climate–
chemistry interaction has been studied using 1-D (in height) model considering
temperature change (Wang & Sze 1980; Wang et al. 1980), but in recent years,
3-D models were employed, including the chemical transport model (Stevenson
et al. 2000) with prescribed meteorology and climate-chemistry model (CCM; Wong
et al. 2004; Liao et al. 2006; Unger et al. 2006) with simulated meteorology.

Here, we present some preliminary results of a 3-D model study of the relative
role of “climate changes due to increasing greenhouse gases” and “increases of sur-
face emissions of O3 precursor gases” in affecting tropospheric O3 over East Asia,
North-America, and Europe because of large differences in surface emissions and
climate changes.

SUNYA GCCM Simulation

The SUNYA global tropospheric CCM (Wong et al. 2004) was employed to con-
duct three model simulations (MS) in which the O3-climate forcing agents are the
atmospheric greenhouse gases’ concentrations and the surface emissions specified
as follows:

• MS1 (The present-day climate): 1990 greenhouse gases and surface emissions
• MS2 (Future climate): 2100 greenhouse gases and surface emissions (Spe-

cial Report on Emissions Scenarios-A2 scenario) (Intergovernmental Panel on
Climate Change (IPCC) 2001)

• MS3 (Future climate): 2100 greenhouse gases and 1990 surface emissions

Note that the simulations were conducted for all three runs using the same pre-
scribed sea surface temperature (Gates et al. 1999), so only the land surface tem-
peratures can respond to these forcing changes. Difference between MS1 and MS2
reveals the tropospheric O3 changes due to both increased surface emissions and
climate warming, while between MS1 and MS3 it reveals only the changes due to
climate warming. Comparisons of the differences between these two sets will pro-
vide indications of the relative role of climate warming versus increased surface
emissions in affecting the tropospheric O3.

By the time this book is written, MS1 was run for 10 years while MS2 and MS3
were run for 5 years each. One important aspect in the study of tropospheric O3

changes is the model inter-annual variability—the model inherent “noise” which
is critical when comparing the “signal” of climate changes. For example, the
means and standard deviations of several key tropospheric climate parameters of
the simulated present-day climate (MS1) are shown in Table 1. Note that while the
interannual variability is small on the global mean basis (e.g., 0.02◦C for surface
air temperature), is much larger on the regional scales (e.g., 0.49◦C over East Asia).
Moreover, much larger variability is identified for column moisture and cloud cover,
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Table 1 Last 5-years mean and standard deviation (in parenthesis) of surface-air temperature (Ts,
◦C), tropospheric mean temperature (Ttropo, ◦C), tropospheric column water vapor (WV, mm),
total cloud cover (CLD, %), and tropospheric column ozone (O3, DU) of the present-day climate
simulation for globe, East Asia (105–122◦E; 23–43◦N), North America (255–295◦E; 25–50◦N),
and Europe (0–30◦E; 35–65◦N)

Globe East Asia North America Europe

Ts 15.3 (0.02) 12.6 (0.49) 13.9 (0.17) 11.7 (0.14)
Ttropo −19.5 (0.02) −18.2 (0.23) −19.4 (0.10) −22.7 (0.11)
WV 23.6 (0.04) 25.0 (0.90) 18.0 (0.37) 15.6 (0.14)
CLD 60.5 (0.08) 58.7 (3.50) 47.1 (0.79) 54.4 (1.30)
O3 29.4 (0.06) 42.5 (0.21) 38.1 (0.31) 35.3 (0.32)

Table 2 Model simulated changes in climate parameters and tropospheric O3 due to (a) cli-
mate warming and increased surface emissions, and (b) climate warming only (in parenthesis).
See Table 1 for units and the domain of regions

Globe East Asia North America Europe

Ts 2.27 (2.28) 3.01 (2.73) 2.50 (2.07) 2.43 (2.62)
Ttropo 2.81 (2.84) 3.22 (2.94) 2.82 (2.67) 2.71 (2.75)
WV 4.57 (4.55) 5.53 (3.31) 2.83 (3.02) 2.48 (2.60)
CLD −0.26 (−0.30) 2.61 (−4.37) −0.52 (−0.61) −4.24 (−2.35)
O3 5.76 (−1.03) 14.64 (−0.62) 11.21 (−0.99) 10.44 (−0.68)

particularly, over East Asia. The implication here is that the model needs to run
longer to reach quasi-equilibrium so that the “noise” (e.g., variation in total cloud
cover) is much smaller than the “signal” (e.g., changes in total cloud cover due to
climate changes).

To study the future tropospheric O3 changes, we compare the last (fifth) year sim-
ulations of MS2 and MS3 with the means averaged over the last 5-years of MS1,
and the results are shown in Table 2. In (MS2–MS1), change in global mean tro-
pospheric column O3 caused by combined climate warming and increased surface
emissions is calculated to be an increase of 5.8 DU, with larger increases of 14.6,
11.2, and 10.4 DU over East Asia, North America, and Europe, respectively. How-
ever, in (MS3–MS1) in which only climate warming is considered, the regional O3

changes are negative with magnitude more than a factor of ten smaller. Thus these
results imply that the surface emissions dominate the tropospheric O3 changes over
the three regions, while the climate warming plays a relatively minor role. Nev-
ertheless, further diagnostic analysis is ongoing to understand whether the small
effect is a result of large but compensating effects; for example, temperature rise
leads to more O3 production, but an increase of water vapor in the troposphere
causes more O3 destruction through increased OH. In addition, the issue of inter-
annual variability mentioned above will also be addressed through longer model
simulations.
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Metrics for Ozone and Climate:
Three-Dimensional Modeling Studies of Ozone
Depletion Potentials and Indirect Global
Warming Potentials

Donald J. Wuebbles, Daeok Youn, Ken Patten, Dong Wang,
and Mónica Martı́nez-Avilés

Abstract The concepts of ozone depletion potentials (ODPs) and global warming
potentials (GWPs) have been extensively used in policy consideration and scientific
studies of ozone and climate issues. Most recent candidate-replacement compounds
have atmospheric lifetimes shorter than 1 year in order to limit their environmen-
tal effects. Especially for chemicals with extremely short lifetimes, on the order of
several to tens of days, the stratospheric halogen loading and ozone loss from such
gases strongly depend on the location of emissions. Using a state-of-the-art three-
dimensional global chemistry-transport model (CTM) of the troposphere and the
stratosphere, we have calculated the potential effects of very short-lived substances
(VSLS) such as n-propyl bromide (nPB), iodotrifluoromethane (CF3I), and methyl
iodine (CH3I) on atmospheric ozone. The model-derived lifetimes and ODPs of
these halogenated compounds for mid-latitude emissions and of CF3I for tropical
emissions are presented in this chapter. On the other hand, ozone depletion due to
emission of bromochlorofluorocarbons, or Halons, leads to cooling of the climate
system in the opposite direction to direct warming contribution of the Halons as
greenhouse gases. This cooling is a key indirect effect of Halons on radiative forc-
ing or climate. Using atmospheric models, CTMs and a radiative transfer model, we
have explicitly calculated the indirect GWPs of Halon-1211 and -1301 for a 100-
year time horizon. The calculated indirect effects of Halon-1211 are much smaller
than those published in earlier studies. Nevertheless, our new model-based assess-
ment of the indirect GWPs of the two major Halons confirms the importance of
indirect effects on climate.
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Keywords Halons · indirect global warming potentials (GWPs) · ozone depletion
potentials (ODPs) · three-dimensional global chemistry-transport model (CTM) ·
very short-lived substances (VSLS)

Introduction

Human-related emissions of chlorine-containing and bromine-containing halocar-
bons such as chlorofluorocarbons (CFCs), carbon tetrachloride (CCl4), methyl chlo-
roform (CH3CCl3), and bromochlorofluorocarbons (Halons) are well recognized
to have caused stratospheric ozone depletion through atmospheric measurements
and model studies over recent decades. Ozone-depleting substances (ODSs) are
primarily comprised of the halocarbons that have very long lifetimes in the atmo-
sphere. These human-produced ODSs are also known to have a significant impact
on future levels of stratospheric ozone. The development of our understanding of
atmospheric science thus led to internationally regulate the ODSs under the land-
mark Montreal Protocol, agreed in 1987, and the amendments and adjustment to the
Protocol (Stamnes et al. 1988).

The concepts of ozone depletion potentials (ODPs) (Wuebbles 1981, 1983;
Solomon et al. 1992; WMO 1995, 2007) arose as a means of determining the rel-
ative ability of a chemical to destroy ozone. ODPs are an integral part of national
and international considerations on ozone-protection policy, including the Montreal
Protocol and its Amendments and the US Clean Air Act. ODPs provide an important
and relatively straightforward way of analyzing the potential for a new chemical to
affect ozone relative to CFCs, Halons, and other replacement compounds. ODPs are
currently determined by two different means: calculations from chemistry-transport
models (CTMs), primarily from models of the global atmosphere, and the semiem-
pirical approach (Solomon et al. 1992; WMO 2003). Traditionally, zonally averaged
two-dimensional (2-D) CTMs have been the accepted tools for calculating the ozone
response in the stratosphere. The past evaluations of ODP were conducted for chem-
icals with atmospheric lifetime sufficiently long (more than approximately 1 year).
These long-lived gases are well mixed throughout the troposphere after surface
release and a large portion of surface emissions can reach the stratosphere.

However, many of the compounds being considered either for new applications
or as replacements for substances controlled under the Montreal Protocol are now
designed to be very short-lived, on the order of days to a few months, so as to reduce
the impacts on ozone and climate. Many of these very short-lived (VSL) compounds
still contain chlorine, bromine, and iodine. The VSL replacement gases still can be
vertically transported into the lower stratosphere by intense convection in the trop-
ical troposphere, which is relevant to the possible involvement of such brominated
and iodinated compounds in the stratospheric ozone regulations. Due to the difficul-
ties in calculating the integrated amount of the halogenated VSL source and product
gases that enter the stratosphere, three-dimensional (3-D) CTMs fully representing
the troposphere and stratosphere need to be used to predict the halogen loading and
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ozone depletion in the stratosphere. Thus the definition of ODPs has been revised
for VSL compounds (Wuebbles et al. 2001; WMO 2003). The new ODP for the
VSL compounds account for the variation that can occur in the ODP as a function
of where and when the compound is used and emitted. The most important factor
in evaluating the ODP of VLS compounds is shown to be geographical distribu-
tion, or latitude, of the surface emissions because gases emitted at higher latitudes
take longer to reach the stratosphere than gases emitted in the tropics (Bridgeman
et al. 2000; Olsen et al. 2000; Wuebbles et al. 2001).

The only VSL compound currently evaluated using the 3-D modeling tool is n-
propyl bromide (nPB, 1-C3H7Br) and only a range of estimated ODPs are available
for it (Wuebbles et al. 2001). The past studies of the ODPs for nPB have been par-
tially based on 3-D model results (see WMO Report No. 47 [WMO 2003] for a
more complete summary). Wuebbles et al. (2001) scaled the ODPs derived from the
University of Illinois at Urbana-Champaign (UIUC) 2-D CTM by factors based on
3-D model studies. Bridgeman et al. (2000) used a 3-D global chemical-transport
model to evaluate the atmospheric lifetime and amount of nPB reaching the strato-
sphere as a function of location and season of emission. They then used an empirical
approach to calculate the ODPs based on the derived lifetime and the fraction of nPB
emissions reaching the stratosphere. Olsen et al. (2000) applied a 3-D tropospheric
chemical-transport model to determine the amount of VSL substances (VSLS) for
a range of atmospheric lifetimes, and for various seasons and latitudes of emis-
sion, reaching the tropical tropopause. They used these results to scale the ODP
determined for nPB from an older two-dimensional modeling study.

One of the challenges of modeling the atmospheric impact of VSL compounds
is determining its ability to affect the stratospheric ozone. The evaluation of the
ODPs for such VSL gases needs to be based on 3-D models of the troposphere
and stratosphere, representing the full chemistry and physics processes affecting the
gases and their reaction products in the troposphere and stratosphere. 3-D CTMs,
which include a much more comprehensive treatment of transport than 2-D models
do, are now much more preferable for calculations of ODPs both for longer-lived
gases and for the very short-lived candidate-replacement compounds. These mod-
els can not only determine the amount of the substance reaching the stratosphere
directly, but can also follow the processes affecting the reaction products. Stud-
ies suggest that the vast majority of chlorine or bromine reaching the stratosphere
from VSL substances is transported there in reaction products (WMO 2003, 2007;
Wuebbles et al. 2001). In this study, we calculate ODPs of some of VSL replace-
ment compounds with lifetime less than 180 days such as nPB, iodotrifluoromethane
(CF3I), and methyl iodine (CH3I), using the state-of-the-art National Center for
Atmospheric Research (NCAR) Model for OZone And Related Traces version 3
(MOZART-3) 3-D chemistry-transport model as well as the current UIUC 2-D
model.

Anthropogenic halocarbons are effective greenhouse gases in that they trap
infrared radiation in the troposphere while playing a significant role in stratospheric
ozone depletion. Greenhouse gases in the atmosphere absorb infrared radiation
emitted by the Earth that would otherwise escape to space. This trapped radiation
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warms the atmosphere, creating a positive forcing on climate, called radiative forc-
ing, which in turn warms the Earth’s surface. The concept of radiative forcing
provides an estimate of the potential effect on climate from greenhouse gases. For
the given concentration of a gas, the radiative forcing depends primarily on the
infrared absorption capabilities of the gas. Global warming potentials (GWPs) pro-
vide a means for comparing the relative effects on climate expected from various
greenhouse gases (IPCC 1990, 2001; WMO 2003). GWPs are a better measure of
the relative climatic impacts than radiative forcing alone as they also account for the
atmospheric lifetime, and thus the change in concentration for a given emission, of
the gases. Numerical models are used to determine the atmospheric lifetimes and
radiative forcing for the various compounds. GWPs have been evaluated for a num-
ber of replacement compounds and have been reported in the international IPCC and
WMO assessments. The GWP concept is also being used in policy-making consid-
erations associated with concerns about global warming from greenhouse gases,
generally with a 100-year integration time.

Of all the greenhouse gases, halocarbons have one of the highest warming poten-
cies, as much as 10,000 times the warming effect of carbon dioxide. However, unlike
carbon dioxide, these gases play a significant role in the destruction of stratospheric
ozone. The distribution of ozone also has important implications for the Earth’s cli-
mate system, not only because ozone absorbs solar radiation but also because it is a
greenhouse gas that helps warm the Earth by absorbing some of the infrared radia-
tion emitted from the Earth’s surface. Changes in both ozone distribution and overall
amounts can also affect climate. The stratospheric ozone losses decrease the tem-
perature of the lower stratosphere, which results in a decreased infrared flux to the
troposphere, canceling the radiative forcing effects caused by the increased infrared
trapping of the halocarbons. This leads to cooling of the climate system in the oppo-
site direction to direct warming contribution of halocarbons as the greenhouse gases
(Lacis et al. 1990; Ramaswamy et al. 1992). This cooling through ozone depletion
is a key indirect effect of halocarbons on radiative forcing and is particularly sig-
nificant for bromine-containing gases. This indirect effect decreases GWPs of these
halocarbons. The indirect GWPs for various halocarbons have been included in all
international ozone assessments since 1995 (e.g., see WMO 2003, 2007).

Indirect GWP values published until now (Daniel et al. 1995; IPCC/TEAP 2005;
WMO 1999, 2003, 2007) have been estimated from a traditional approach intro-
duced by Daniel et al. (1995). However, the approach is based on the assumption
of approximate linear relationship between the change in effective equivalent strato-
spheric chlorine (EESC) and radiative cooling due to lower stratospheric ozone loss.
The concept of EESC has limitations because of uncertainties in the transport time,
the bromine efficiency for ozone destruction versus chlorine (α), the efficiency of
stratospheric halogen release of the source gas, the starting date for ODS losses,
the emissions scenarios assumed, possible temporal changes of transport times, and
fractional bromine/chlorine release values (Newman et al. 2006, 2007). The indirect
GWPs have primarily changed over time as a response to updates in the EESC and
updates to the carbon dioxide mixing ratio and response function. Recently, a refor-
mulation of the technique for estimating EESC was provided that accounts for the
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age-of-air spectrum and the age-of-air dependent fractional release values (Newman
et al. 2006). Despite the new formulation, the use of EESC is still limited by basic
assumptions that underlie its use and by its simplification of the complex processes
occurring in the atmosphere. Of special concern is the fact that EESC only provides
a rough estimate of the time scale of global ozone change in an unchanging atmo-
sphere without consideration of actual chemistry, mixing and transport processes in
the troposphere and stratosphere. Along with the uncertainties in the EESC concept,
this assumption of a linear relationship could itself lead to potentially significant
errors in estimating the indirect GWPs.

As a step toward obtaining indirect GWPs through a more robust approach,
the indirect warming effects have been explicitly evaluated using state-of-the-
art atmospheric models. The anthropogenic bromochlorofluorocarbons (Halons)
among halocarbons have the highest values of indirect GWP. In this study, the
NCAR MOZART-3 3-D and the UIUC 2-D CTMs of the troposphere and strato-
sphere are used as the computational tool to derive more realistic ozone changes
caused by pulse perturbation of Halons at the surface. 2-D and 3-D model-based
indirect GWPs of two major Halons, Halon-1211 and Halon-1301, for a 100-year
time horizon are explicitly calculated based on the global CTMs and the UIUC
radiative transport model (RTM).

In this chapter, it is emphasized that the use of state-of-the-art numerical models
of the chemistry and physics of the troposphere and stratosphere is indispensible to
improve and expand upon the understanding of the effects of human-related emis-
sions of atmospheric gases on the atmospheric ozone layer and its relationship to
concerns about climate change. This chapter is organized as follows. In the first
section the methodologies to obtain ODPs for three very short-lived substances and
indirect global warming potentials (GWPs) for Halons as well as their concepts are
described and discussed. After brief descriptions of models used for our calcula-
tions in the third section, our results of ODPs and indirect GWPs are presented in
the fourth and fifth sections, respectively. Our conclusions are found in last section.

Methodology

In this section, we describe how model calculations of ODPs for halogenated VSL
compounds and indirect GWPs for Halons have been conducted beginning with the
concepts of ODP and GWP.

Ozone Depletion Potential (ODP) of VSL Compounds

The concept of ODPs provides a relative cumulative measure of the expected effects
on ozone of the emissions of a gas relative to one of the gases of most concern to
ozone change, namely CFC-11 (CFCl3) (Solomon et al. 1992; WMO 1995, 1999;
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Wuebbles 1981, 1983, Wuebbles et al. 2001). The ODP of a gas is defined as the
integrated change in total ozone per unit mass emission of the gas, relative to the
change in total ozone per unit mass emission of CFC-11. As a relative measure,
ODPs are subject to fewer uncertainties than estimates of the absolute percentage of
ozone depletion caused by different gases. ODPs provide an important and relatively
straightforward way of analyzing the potential for a new chemical to affect ozone
relative to CFCs, Halons, and other replacement compounds. However, a chemical
compound with extremely short lifetime, on the order of several to tens of days, is
not expected to be well mixed in the atmosphere and thus has ODPs that should
be dependent on location (WMO 2003; Wuebbles et al. 2001). Therefore, our ODP
calculations of VSL species need to be carried out as a function of latitude using a
3-D model as suggested by (WMO 2003).

The ODP of an ozone-destroying species χ is defined by:

ODPχ =
ΔO3(χ)

φ(χ)

/
ΔO3(CFC−11)

φ(CFC−11)
(1)

where the percent change in O3 burden in the χ perturbation run versus the ref-
erence run is represented by ΔO3(χ), that in the CFC-11 run versus the reference
run is represented by ΔO3(CFC − 11), the χ flux introduced into the atmospheric
boundary layer is represented by φ(χ), and the CFC-11 flux in the perturbation run
minus that in the reference run is represented by φ(CFC−11).

Therefore, the model calculation for the ODP of an ozone-destroying species
requires two perturbation model runs and the reference atmosphere of the CTM.
Since the reference atmosphere without the ODS, a CFC-11 perturbed atmosphere,
and a ODS perturbed atmosphere are required, three steady-state model outputs are
generated from the CTM. A CFC-11 perturbed atmosphere is obtained from the
CFC-11 perturbation run by increasing the surface mixing ratio of CFC-11 from its
value in the reference atmosphere run. In a separate χ perturbation run, χ is intro-
duced as a surface flux emission for specific latitude ranges to provide the ODP
numerator as given in Eq. (1). If reference and CFC-11 perturbed steady-state atmo-
spheres are produced, the atmospheric burdens of O3 and CFC-11 as well as the
total chemical removal rate of CFC-11 from the atmosphere are calculated to pro-
vide a denominator for the ODP. The ODPs calculated using CTMs are steady-state
ODPs.

Most recent candidate-replacement compounds have atmospheric lifetimes
shorter than 1 year in order to limit their environmental effects. These compounds
generally do not mix evenly in the troposphere, and most of the surface fluxes are
oxidized within the troposphere rather than reaching the stratosphere as the original
compound. It is important to note that through the degradation process bromine-
or iodine-containing product gases can be transported and produced to result in
bromine or iodine atoms in the stratosphere which is about 60 or 100 times more
effective than chlorine atom as catalysts in stratospheric ozone destruction. Thus in
analyzing such short-lived gases, chemical degradation in the troposphere, removal
of degradation products by incorporation into clouds and rainout, and transport of
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the gases and their degradation products to the stratosphere must be treated accu-
rately. Tropospheric transport, including convection processes, as well as rainout
processes is treated with limited accuracy in a zonally averaged two-dimensional
model. Therefore, a three-dimensional model is required for a more thorough study
to investigate the impact of halogenated replacement compounds on ozone depletion
as a function of location as suggested by Wuebbles et al. (WMO 2003).

In this study, the ODPs of recently considered replacement compounds, espe-
cially for halogenated very short-lived (VSL) compounds with lifetime less than 180
days such as n-propyl bromide (nPB, 1-C3H7Br), iodotrifluoromethane (CF3I), and
methyl iodine (CH3I), has been assessed using the MOZART-3 3-D CTM as well as
the UIUC 2-D CTM. The MOZART-3 CTM of the global atmosphere is one of the
leading tools for the study and prediction of current and future atmospheric com-
position and of possible effects from anthropogenic emissions into the atmosphere.
The MOZART version 3.1, fully representing all relevant tropospheric and strato-
spheric processes (Kinnison et al. 2007), is applied to evaluate the ODP of VSL
compounds after adding the relevant chemistry of the VSL compound considered.
The 3-D model ODP studies will greatly help to complete a through understanding
of the potential effects on stratospheric ozone beyond the two-dimensional studies.

Since most of such VSL compounds are likely to be used mainly at northern mid-
latitudes, the emissions at the surface are assumed to occur for latitudes from 30◦N
to 60◦N (see Fig. 1a). The surface emissions in the MOZART-3 perturbation run are
considered over land grid cells while those in the 2-D model are assumed equally
distributed over the latitude range. The emissions are assumed to be the same over
model land grids and assigned with fractional land surface emissions at boundary
grids between land and ocean/lake considering actual land fraction. Total annual
masses emitted into the atmosphere in the 3-D model were adjusted to match those
in the 2-D model.

Model ODPs for the three halogenated VSL compounds have been derived
assuming the mid-latitude emissions but the analysis of tropics emissions has also
been carried out for CF3I. Global atmospheric lifetimes are also calculated based on
model atmospheric loading and chemical loss rate of the compounds as a mean of
evaluating the validity of the model run.

Indirect Global Warming Potential (GWP) of Halons

The indirect cooling effect of bromine-containing halocarbons on climate through
ozone depletion can significantly cancel the direct global warming effect of the
greenhouse gases. EPA and the international 3 policy community have a special
interest in indirect GWPs because of their potential use in future policy decisions
related to ozone and climate. However, the current approach to estimate the indi-
rect GWPs, used in the ozone assessments, has potentially serious limitations due
to the parameterized approach and underlying assumptions, as explained in the
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Fig. 1 Land-based surface emission fluxes of CF3I over (a) 30◦N–60◦N and (b) 20◦S–20◦N in
the unit of molecules per centimeter per second. These postulated emissions are inputs to model
perturbation runs. The surface flux is adjusted at boundary grids considering actual land fractions

introduction. Therefore, in this study the indirect GWP is evaluated through the
explicit calculation using state-of-the-art atmospheric models.

Model-based estimations of indirect GWP values are based on the concept of
GWPs. Halocarbons are greenhouse gases absorbing outgoing terrestrial longwave
radiation and contribute to global warming. Since the first scientific assessment of
the Intergovernmental Panel on Climate Change (IPCC) in 1990, the global warm-
ing potential (GWP) has been used as a relative index for comparing the potential
climate impact of one greenhouse gas to another, based on globally averaged radia-
tive forcing of the climate system over a specified time scale. GWPs are expressed
as a ratio of the time-integrated radiative forcing from the instantaneous release of
a kilogram of a gas relative to that of a kilogram of the reference gas, generally
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carbon dioxide, over a fixed time horizon (IPCC/TEAP 2005; WMO 2007). Thus,
the direct global warming potential of a gas χ (IPCC 1990, 2001) can be defined as:

GWPχ (TH) =
∫ TH

0 Fχ · [χ(t)]dt
∫ TH

0 FCO2 · [CO2(t)]dt
(2)

where TH is the integration time (the time horizon) over which the calculation is
performed, Fχ is the radiative forcing efficiency due to a unit mass change in the
atmospheric abundance of the substance χ , and [χ(t)] describes the time-dependent
decay of the abundance from an instantaneous release of gas χ . Fχ and FCO2 are
generally given in the unit of W m−2 kg−1.

Time-dependent changes in radiative forcing, resulting from ozone depletion
caused by an emission of bromine-containing species χ , are a key indirect effect
of the gas on radiative forcing. If the numerator in the Eq. (2) is substituted with
time-integration of the time-dependent changes in radiative forcing due to ozone
depletion following an instantaneous release of a kilogram of halocarbon χ , then
the resulting GWP becomes the indirect GWP of χ through ozone depletion. In
this study, the indirect GWPs for Halon-1211 and Halon-1301 over the 100-year
time horizon have been reevaluated. The MOZART-3 3-D and the UIUC 2-D CTMs
are used as the computational tool to derive more realistic ozone changes caused
by an instantaneous release (pulse perturbation emission) of Halons at the surface.
Radiative forcing changes induced by the time-dependent ozone depletion during
the model simulations over the time horizon are calculated by the UIUC RTM.

For long-lived source gases including Halons, the current CTMs use the lower
boundary condition of specifying their mixing ratios at the lower boundary instead
of using the surface flux boundary condition. The fixed concentrations at the model
bottom boundary override the interactive exchange of the gas between the atmo-
sphere and Earth’s surface, which expedite the model gas to be vertically well
mixed in the troposphere. However, the original model boundary condition can-
not be used to calculate the time-dependent change in stratospheric ozone due to an
instantaneous pulse perturbation of Halons. To realistically simulate time-dependent
atmospheric response to a single year pulse perturbation, the models thus have
been modified to use surface flux emissions as means of atmospheric loading of
the Halon.

The change in model boundary setup also requires additional model runs to reach
a converged or steady-state atmosphere. The model experiments need to start from
the steady-state atmosphere since the boundary condition of Halons was changed
to a flux surface emission. Otherwise, the preexisting non-steady-state Halon other
than a pulse perturbation injected at the first year of model simulations additionally
affects ozone, which makes the analysis difficult because the ozone loss only from
the perturbation is our concern.

Due to its computational efficiency, the 2-D model with the revised Halon
boundary condition reaches a new converged or steady-state model atmosphere for
the Halon surface emission in a relatively shorter computation time than the 3-D
model does. Standard run of the 2-D model for a surface emission of Halon-1211
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(Halon-1301) required 40 (60) years run before reaching a steady-state atmosphere.
However, the 3-D model is computationally so expensive that 30–60 years of 3-D
runs, even before the actual perturbation simulations, cannot be easily performed to
achieve a steady-state atmosphere for each Halon surface emission. As a effective
way to detour the difficulty in getting a steady-state atmosphere in the 3-D model,
a new simulation method, two parallel simulations of standard and perturbed atmo-
sphere, was adopted to properly handle the issue and has been proved to do so, as
shown in the following section.

The high-computational demand and limited computer resources also limit the
number of full 100-years simulations using the 3-D model. However, it is expected
that stratospheric ozone, after showing the peak depletion since a pulse pertur-
bation of Halon-1211 or Halon-1301, will recover exponentially over time in
accordance with the exponential decay of perturbed Halons. Thus, the remaining
time-dependent change in ozone recovery can be projected with much smaller years
of Halon perturbation runs by applying an exponential function to best fit the change
although the 3-D model runs required to establish steady exponential recovery in
ozone are still computationally very expensive.

Once a full 100-years of total radiative forcing change per released mass of
Halons is estimated by applying an exponential curve fitting to the recovering
tail part of radiative forcing changes resulting from the ozone recovery, the 3-D
model-based indirect GWP values for Halons over the 100-year time horizon (the
integration time usually used for GWPs) can be estimated based on first several tens
of years model simulations.

Brief Descriptions of Modeling Tools

Advanced modeling capabilities have been achieved by further development of
the 2-D and 3-D chemistry-transport and the radiative transfer models, to apply
the models to a series of studies to address basic understanding of upper tropo-
spheric and stratospheric chemical and transport processes (Guillas et al. 2006;
Miller et al. 2006; Pan et al. 2007; Reinsel et al. 2005; Wuebbles et al. 1983;
Youn et al. 2006), evaluation of chemical impacts on atmospheric ozone and cli-
mate including ODPs for various compounds (Li et al. 2006; Naik 2005; Wallington
et al. 2006) and GWPs (Foster et al. 2004), and for extensive participation in the
international ozone assessment (WMO 2007). The models applied in this study are
described in this section.

Two-Dimensional CTM

The UIUC 2-D CTM is a zonally averaged model of the chemistry and physics of
the global atmosphere which has been extensively used in studies of human related
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and natural forcings on the troposphere and stratosphere, stratospheric ozone effects
of long-lived and short-lived compounds, and other studies of atmospheric compo-
sition (Li et al. 2006; Wuebbles et al. 2001). The model domain extends from pole
to pole and from the ground to 84 km in altitude. A grid box is 5◦ of latitude and
1.5 km in log-pressure altitude. The zonally averaged temperature and wind fields
are specified based on 10-year climatology of UKMO reanalysis.

The most updated version of the model used in this study determines the atmo-
spheric distribution of 78 chemically active atmospheric trace constituents with 56
photolytic reactions, 161 thermal reactions, and heterogeneous reactions involving
a seasonal time-dependent parameterization of polar stratospheric clouds (PSCs)
(Wuebbles et al. 2001). The model includes the important species and relevant
chemistry to evaluate the spatially and temporally varying concentrations in the
distributions of the ClOx, BrOx, NOx, Ox, HOx, CH4, CHxOy, and CO chemistry
(Wuebbles et al. 2001). Reaction-rate constants and photochemical data in the model
are primarily based on the recommendations compiled by the NASA Panel for Data
Evaluation (Sander et al. 2003). The model includes the improved treatment of
the infrared radiation, planetary waves, and residual circulation (Li et al. 2006).
The model applied to the analysis of satellite tracer observations captures the most
important physical and chemical processes of the global atmosphere well (Youn
et al. 2006). Therefore, the UIUC 2-D CTM has been an adequate and efficient tool
for the evaluation of ODPs although 2-D models have limitations in adequately rep-
resenting the zonally asymmetric features such as tropospheric transport processes
and the edge and evolution of the ozone hole.

The 2-D model applied to traditional ODP studies, especially for long-lived com-
pounds, has been performed in a daily-average mode with a time step of 1 day
outside the operators. However, the model runs to evaluate the impact of VSL com-
pounds on atmospheric ozone need to be conducted in more detailed integration
with a time step of 20 min due to very short lifetimes of the source and product
gases although the above-mentioned limitations exist. The 2-D model still has the
advantage of being much more computationally efficient compared to 3-D models.
Its computational efficiency makes it possible to perform various 100-years model
simulations that allowed us to do initial analyses and to understand time-dependent
effects of perturbed Halons on ozone depletion and its subsequent impact on radia-
tive forcing. On the other hand, the study of estimating indirect GWPs for Halons
will not be affected much by the limitations of the zonally averaged 2-D model since
the Halons are long-lived species.

Three-Dimensional CTM

The 3-D model better represents some of the physical processes affecting ozone
as well as transport processes, especially in the troposphere and the polar strato-
sphere. Therefore, 3-D CTMs are now the tool of choice and much more preferable
for calculations of ODPs both for longer-lived gases and for the very short-lived
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candidate-replacement compounds. These models can not only determine the
amount of the substance reaching the stratosphere directly, but can also follow the
processes affecting the reaction products. Studies suggest that the majority of chlo-
rine or bromine reaching the stratosphere from VSL substances is transported there
in reaction products (WMO 2003, 2007; Wuebbles et al. 2001). The drawback in
using the 3-D models is that they are very computationally expensive and require
much additional human resources for analysis.

In this study, the state-of-the-art National Center for Atmospheric Research
(NCAR) Model for OZone And Related Traces version 3 (MOZART-3) has been
used to explicitly calculate the impact of halocarbon emissions added at the Earth’s
surface into the atmosphere on ozone depletion. The MOZART-3 includes a com-
plete representation of stratospheric processes and extends to altitudes greater than
80 km as described and evaluated by Kinnison et al. (2007). It incorporates a full
stratosphere, including the chemistry of chlorine species (Cly) and bromine species
(Bry) important in stratospheric ozone calculation as well as updated hydrogen,
nitrogen, and hydrocarbon oxidation chemistry relevant to stratospheric and tropo-
spheric chemistry included in its predecessor model MOZART version 2 (Horowitz
et al. 2003). State-of-the-art representations of relevant heterogeneous and physical
processes for winter/spring polar vortex related to ozone destruction are also fully
included in the model. This model has been evaluated extensively via comparisons
with measurements of atmospheric trace gases from satellite data and a large num-
ber of aircraft field campaigns (e.g., Horowitz et al. 2003; Kinnison et al. 2007;
Pan et al. 2007; Wei et al. 2003).

Chemical reaction rate constants and photochemical data follow the recommen-
dations of Sander et al. (2003), which is consistent with the 2-D model study. The
MOZART-3 CTM used in this study is driven by a meteorology field derived from
the Whole Atmosphere Community Climate Model (WACCM) version 1b. The
MOZART-3 thus has a 2.8◦ resolution in latitude and longitude and a hybrid sigma-
pressure vertical coordinate including 66 layers from the surface to 5.1×10−6 mbar
(approximately 140 km).

Radiative Transfer Model

The University of Illinois at Urbana-Champaign radiative transfer model (UIUC
RTM) calculates radiative fluxes through an input atmosphere. Earlier versions of
the UIUC RTM have been used in several studies on climate effects (Jain et al. 2000;
Naik 2005). The current version incorporates several improvements over those ver-
sions, notably that solar radiation can now be optionally handled with the DISORT
multi-stream radiative transfer kernel (Stamnes et al. 1988). The UIUC RTM has
been developed to handle radiative properties of the outputs from global atmospheric
chemical-transport models such as UIUC 2-D, CSIRO 2-D, NCAR MOZART 3-
D, and NASA GMI 3-D, which contain temperatures and mixing ratios of the
radiatively active constituents carbon dioxide (CO2), water vapor (H2O), ozone
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(O3), methane (CH4), nitrous oxide (N2O), and Freons 11 (CCl3F, or F11) and 12
(CCl2F2, or F12) for a full model year.

For shortwave radiation, similar to the solar radiative transfer model from which
this model was originally developed (Briegleb, 1992a, b), solar spectrum is divided
into 18 intervals from 0.2 to 5.0 μm, with solar flux fractions specified for each inter-
val. Included in the calculation are molecular, cloud, and surface scattering, along
with H2O, O3, CO2, O2, clouds, and surface absorption. The longwave radiation
heating rates and boundary fluxes calculation utilizes a narrow band model (NBM),
which computes narrow band absorptivity and emissivity over 10cm−1 intervals
from 0 to 3,000cm−1 for water vapor and 5cm−1 from 0 to 3,000cm−1 for other
gases such as CO2, N2O, CH4, and O3 and then sums them up to obtain the broad
band radiative forcings. Orography and surface albedo are based on observations,
while clouds are based on the ISCCP climatology and tropopause height on the
NCEP reanalysis. The Hitran 2004 data base provides spectral data for the radia-
tively active species, which are averaged to the spectral intervals within the UIUC
RTM. The version 2.3.6 of UIUC RTM is used to calculate radiative forcings at the
tropopause based on the ozone changes resulting from the Halon perturbations.

ODPs for Halogenated VSL Compounds

The ODPs for halogenated VSL compounds such as nPB, CF3I, and CH3I have been
evaluated using the state-of-the-art MOZART-3 3-D CTM after updated chemical
processes related to the compounds and oxidation products are incorporated into
the models. In this section, the updates of nPB and iodine chemistry are briefly
explained and then the analyzed ODP are provided. We also use the current UIUC
2-D CTM, for direct comparison to the 3-D model results.

n-Propyl Bromide

n-Propyl bromide (nPB), which has the chemical formula CH3CH2CH2Br and is
also called 1-bromopropane, is one candidate-replacement compound as a key ingre-
dient in solvents. This compound was expected to react readily with hydroxyl radical
(OH), leading to an atmospheric lifetime of less than 19 days (Nelson et al. 1997),
which suggested that it should have the minimal ODP in laboratory tests and simula-
tions because it would be mostly degraded in the troposphere. However, the bromine
substituent indicated that any of this compound or its atmospheric degradation prod-
ucts that reach the stratosphere could be expected to produce inorganic bromine and
catalyze stratospheric ozone destruction strongly. Thus, the fraction of surface nPB
emissions that enters the stratosphere, whether as nPB or as a degradation prod-
uct, and the resulting effects on atmospheric ozone have been subject to study over
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the last decade (Bridgeman et al. 2000; Olsen et al. 2000; WMO 2007; Wuebbles
et al. 2001).

According to the past studies using early versions of 3-D CTMs of the tropo-
sphere applied to the nPB ODP question, surface emissions of VSL compounds
would affect the stratospheric ozone depending on location of original emissions at
the Earth surface because of their short atmospheric lifetime. Wuebbles et al. (2001)
showed the latitude dependence of nPB effects on ozone in both 2-D and 3-D work,
and considered a wide range of potential nPB degradation chemistry in the UIUC
2-D CTM. The study concluded that much of the nPB effect on the stratospheric
ozone was due to inorganic bromine species (Bry) produced in the troposphere and
transported to the stratosphere. Bromoacetone (BrAc) was the only organic nPB
degradation product among those considered that reached the stratosphere in signif-
icant quantity. Much of the nPB degradation chemistry (Wuebbles et al. 2001), for
which no experimental information was known, was based on analogous reactions
by nonhalogenated compounds and on OH reaction-rate constant estimation tech-
niques (Atkinson 1994; Kwok & Atkinson 1995), including the fraction of nPB that
would react to form BrAc.

Since the previous model studies, two laboratory studies and one computational
study have improved the understanding of nPB and BrAc atmospheric chemistry.
Gilles et al. (2002) provided measurements of the reaction rate constants for nPB
reaction with OH specific to each reaction site to improve on the estimation tech-
niques applied in obtaining the nPB fraction that would result in BrAc or other
organobromine products. Recently, Martı́nez-Avilés (2008) provided a through and
complete atmospheric degradation study for nPB and identified the most likely
outcomes of OH reaction with nPB at each of the three carbon sites through quan-
tum chemistry calculations of thermodynamics and transition state energies of nPB
and both radical and molecular products including BrAc. Burkholder et al. (2002)
showed that BrAc has a larger absorption cross section at longer wavelengths than
does acetone, its analog for the photolysis reaction in Wuebbles et al. (2001), so
that its expected lifetime in the atmosphere would be a few hours instead of being
similar to that of nPB.

The expected chemical effects of nPB in the atmosphere have been updated with
the revised understanding of nPB and BrAc chemistry. The nPB+ OH reaction rate
constant expressions of Gilles et al. (2002) and the BrAc absorption cross sections
and photolysis quantum yields of Burkholder et al. (2002) are incorporated into
the MOZART-3 3-D and the current UIUC 2-D CTMs in addition to their standard
chemistry. The effect of nPB on the atmospheric ozone, therefore the ODP of nPB,
has been reevaluated with the two models fully representing the troposphere and
stratosphere. In this study, a model scenario for land-based emissions of nPB in the
latitude range of 30◦N to 60◦N has been conducted. The nPB flux used in this study
is a rate of 8.64×108 molecules cm−2 s−1, from all land over 30◦N–60◦N like the
geographic distribution of Fig. 1a, corresponding to a total nPB emission rate of
2.474 Tg year−1.
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CF3I and CH3I

Iodotrifluoromethane (CF3I) is a gaseous fire suppression flooding agent for in-flight
aircraft and electronic equipment fires and a candidate replacement for trifluo-
roiodomethane (Halon-1301, CF3Br). Methyl iodine (CH3I), a potential replace-
ment fumigant for methyl bromide (CH3Br), have been of interest for their role in
transporting iodine from ocean to the atmosphere and the subsequent role of iodine
in atmospheric photochemistry (Bell et al. 2002; Cohan et al. 2003; Vogt et al. 1999).
CF3I is rapidly photodissociated even under visible light conditions and CH3I is
also photolyzed along with the reaction with OH, which results in forming reac-
tive iodine atoms. Therefore, those iodinated species could be treated as a potential
significant source of atmospheric iodine despite being very short-lived, and are of
interest in the upper troposphere and lower stratosphere as a source of iodine radi-
cals for ozone destruction (WMO 2007). Ozone destruction in the lower stratosphere
due to catalytic cycles involving iodine was not well understood, but recent labora-
tory studies have improved the understanding of atmospheric chemical processes of
iodine species including their photochemistry (Bösch et al. 2003; Lacis et al. 1990;
WMO 2007).

Several earlier studies have evaluated potential effects of CF3I on ozone in
terms of ODPs. Assuming CF3I emissions from the Earth surface only, early stud-
ies obtained extremely small ODPs of CF3I, which were <0.008 by Solomon
et al. (1992) and 0.006 by Connell et al. (1996). Since the earlier studies, the lab-
oratory results on iodine reactions keep being updated and the understanding of
chemical processes of iodine chemistry improves. Using the 2004 version UIUC
2-D model, Li et al. (2006) have reevaluated the ODPs for surface emissions of CF3I
that were 0.013 for emissions evenly distributed over the northern hemisphere, 0.011
for emissions distributed over 30◦N to 60◦N, and 0.018 for emissions distributed
over 5◦S–30◦N. The model used an updated representation of iodine chemistry (see
Tables 1 and 2 and Fig. 1 in Li et al. 2006) relative to an earlier study of the ODP
of CF3I (Solomon et al. 1994). Major chemistry updates that could impact effects
of CF3I and CH3I on atmospheric ozone concentrations include: CF3I and CH3I
absorption cross sections for photochemical reactions (Sander et al. 2003), thermal
reaction rate coefficients of CH3I + OH → I + H2O + CH2O, and catalytic cycles
involving reactions of IO with ClO or BrO and I with O3, HO2, or O.

As the next stage of the previous two-dimensional study (Li et al. 2006) for
further analysis of CF3I and CH3I impacts on ozone depletion, the updated repre-
sentation of iodine chemistry has been incorporated into the MOZART-3 3-D model
as well as the current UIUC 2-D model. In this study, model simulations have been
performed for land-based emissions of CF3I and CH3I over the latitude range of
30◦N–60◦N (Fig. 1a) corresponding to a total emission rate of 0.74 and 0.536 Tg
year−1 respectively. An additional simulation for CF3I land emission of 0.73 Tg
year−1 over 20◦S–20◦N has also been conducted (Fig. 1b).
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Table 1 ODPs of halogenated VSL compounds obtained using the UIUC 2-D and the MOZART-3
3-D models for mid-latitude and tropical emission scenarios

Species and Derived lifetimea Global ozone change Derived ODP
scenario for per unit mass emission

model runs %
(
Tg year−1

)−1

2-D 3-D 2-D 3-D 2-D 3-D

CFC-11
perturbation

57.3 year 53.7 year −12.949 −14.911 1.000 1.000

CF3I
mid-latitude
perturbation

3.78 days 5.06 days −0.077 −0.126 0.006 0.008

CF3I tropics
perturbation

0.97 day 1.13 day −0.173 −0.245 0.013 0.016

CH3I
mid-latitude
perturbation

13.32 days 13.59 days −0.177 −0.255 0.014 0.017

nPB mid-latitude
perturbation

23.5 days 24.70 days −0.263 −0.083 0.019 0.005

a Derived lifetimes are global chemical lifetimes calculated using atmospheric total burden
[loading] and chemical loss rates in the models

Calculated Ozone Depletion Potentials

Three-dimensional model case studies for mid-latitude emissions of nPB, CF3I, and
CH3I and for tropical emissions of CF3I have been conducted to evaluate the poten-
tial effects of these postulated anthropogenic surface flux emissions of halogenated
VSL compounds on atmospheric ozone based on the geographic distributions of
emissions in Fig. 1. To show an example of the current model simulations and for
better comparison between the two models, we present both the 2-D and 3-D model
results for CF3I. Latitude-height distributions of CF3I determined by the UIUC 2-D
and the MOZART-3 3-D model are shown in Fig. 2. The contour lines are isolines
of the base-10 logarithms of CF3I volume mixing ratios where the mixing ratios
are scaled as per teragram of 1 year CF3I loading. 3-D model-determined distribu-
tions of annually averaged CF3I including topography and the tropopause variations
along longitudes show more detailed features than two-dimensional ones because a
two-dimensional model has a limitation in analyses of the asymmetric atmosphere
processes especially in the troposphere. However, CF3I distributions from the dif-
ferent model simulations compare relatively well and even the annual variation from
January to December also agrees well.

Annually averaged ozone percent changes for mid-latitude and tropical emis-
sion scenarios relative to background atmospheric conditions are shown in Fig. 3
in the unit of % Tg year−1. In some stratospheric regions, the figures show negli-
gibly small increases in ozone. 3-D model simulations show spatial distributions
of higher ozone depletion, caused by atmospheric CF3I loading and subsequent
inorganic iodine products, than 2-D model simulations. However, there are general
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Table 2 An overview of historical and current direct and indirect global warming potentials (mass basis) of Halons relative to carbon dioxide

Previous and
present studies

Lifetimes (years) Global warming potentials for 100-years time horizon

Direct GWP Indirect GWP Net GWP

Halon- Halon- Halon- Halon- Halon- Halon- Halon- Halon-
1211 1301 1211 1301 1211 1301 1211 1301

Daniel et al.
(1995)

20 65 N/A 4,460 N/A – −42,020 ∼−7,100 −88,060 ∼−11,360

92,520 ∼−15,820
WMO (1999) 11 65 1,300 6,900 N/A −103,930 ∼−16,410 N/A −197,030 ∼−9,510
WMO (2003) 16 65 1,860 7,030 −35,220 ∼−6,910 −66,310 ∼−13,000 −33,360 ∼−5,050 −59,280 ∼−5,970
IPCC (2005) 16 65 1,860 ± 650 7,030 ± 2,460 −28,200±19,600 −32,900±27,100 −26,340±20,250 −25,870±29,560
WMO (2007) 16 65 1,890 ± 660 7,140 ± 2,500 −40,280±27,120 −49,090±34,280 −38,390±27,780 −41,950±36,780
2-D Model 14.4a 72.4a 1,796 7,122 −16,294 −36,247 −14,498 −29,125

(14.85)b (75.2)b

3-D Model 10.9a 70.1a 1,699 6,903 −17,050 −37,211 −15,351 −30,308
(11.16)b (70.04)b

aThe lifetimes are e-folding times of the exponential curve fitted to the model-simulated time series of the Halons
bDerived lifetimes in parenthesis are global chemical lifetimes which are calculated using atmospheric total burden [loading] and chemical loss rates in the
models.
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Fig. 2 Annually averaged CF3I mixing ratios introduced into the atmosphere by one teragram of
total CF3I surface emissions in ranges of (a) mid-latitudes and (b) tropics. The base 10 logarithm
was taken of the CF3I mixing ratios determined by the two scenarios using two different models
after being scaled as per teragram CF3I loading. The MOZART-3 3D (UIUC 2D) model results
are on the left-hand-side (right-hand-side). The tropopause levels are denoted by thick line and the
3-D model results only includes detailed topography and tropopause variations

agreements between 2-D and 3-D model-simulated patterns and amounts in ozone
depletion per teragram of 1 year CF3I loading.

ODPs are a vital part of the current US Clean Air Act, in which 0.2 is the
upper bound of ODP values of any chemical that is not controlled. Additionally,
chemicals with ODPs of 0.05 or larger should be considered carefully, according
to the US EPA. Global atmospheric chemical lifetimes and ODPs of halogenated
VSL compounds for the surface emissions in Fig. 1 are summarized in Table 1.
The 3-D model-based ODPs for mid-latitude emission cases of nPB, CF3I, and
CH3I are 0.005, 0.008, and 0.017 respectively and that for tropical emission case
of CF3I is 0.016. For comparison, the 2-D model-based ODPs are obtained to be
0.019, 0.006, and 0.014 for nPB, CF3I, and CH3I emissions evenly distributed
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Fig. 3 Annually averaged ozone percent changes for (a) mid-latitude and (b) tropical emission
scenarios relative to background atmospheric conditions without CF3I emissions in the unit of %
Tg year−1

over the mid-latitudes of 30◦N–60◦N and that for CF3I emissions distributed over
20◦S–20◦N is 0.018.

The 2-D and 3-D model-derived lifetimes of nPB, CF3I, and CH3I are compa-
rable to the values reported in (Chapter 2 of WMO 2003, 2007). Consistently, with
ozone depletion distributions in Fig. 3, three-dimensional ODP values for CF3I and
CH3I are higher but are in good agreement with 2-D ODPs. Both models show
dependence of the ODP values of CF3I on the location of emissions as the CF3I
ODP for tropical emissions is twice larger than that for mid-latitude emissions. The
consistent results obtained with different models for the two iodinated compounds
are attributed to the consistent set of chemistry incorporated into the models. On the
other hand, the computationally efficient 2-D model by representing only zonally
averaged processes in the atmosphere still performs relatively very well in the ODP
studies of this iodinated VSL species.
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However, there is a big discrepancy in 3-D and 2-D analyses of nPB ODPs.
Notably the nPB ODP obtained by the current 3-D model study shows a marked
decrease from the values reported in earlier studies (WMO 2003; Wuebbles et al.
2001). The 3-D (2-D) model-derived lifetimes of nPB and BrAc are 24.7 (23.5)
days and 5.4 (4.3) hours. The lifetime of BrAc has been dramatically reduced by the
present study due to a better understanding of its photochemistry. The lifetimes sim-
ulated by the two different models agree reasonably well, comparable to the value
in WMO (2003) and consistent with the estimate of Burkholder et al. (2002). Thus,
the reasons for this discrepancy require further analyses.

The global lifetimes of CF3I are smaller than that of CH3I. This accounts for
the smaller ODP values of CF3I than that of CH3I. The shorter lifetimes of the iod-
inated VSL compounds, when compared with most brominated VSL compounds,
were expected to suggest less efficient transport of total inorganic iodine to the
stratosphere and thus smaller ODPs. But our current 3-D nPB study gives a dif-
ferent result of smaller ODP value than the current iodine species study. The current
nPB study needs to be more explored. However, it is concluded that none of nPB,
CF3I, CH3I, and relevant product gases account for significant Bry or Iy transport to
the stratosphere if the gases are emitted at the Earth’s surface.

Indirect GWPs of Halons

Time-dependent changes in atmospheric Halons and ozone since an instantaneous
pulse injection of each 0.144 Tg of Halon-1211 and 0.054 Tg of Halon-1301 at
the Earth surface are simulated using the MOZART-3 3-D CTM as well as the
UIUC 2-D CTM. Radiative forcing changes resultant from the simulated changes
in Halons and ozone are calculated by the UIUC RTM version 2.3.6. The results are
presented in this section.

Halon Perturbation and Direct GWP

A steady-state model atmosphere is needed as the starting point before a pulse per-
turbation of each Halon is added to the surface emission at the start of the first
year of each simulation, as discussed in section “Methodology”. It will enable us
to look only at the effects of a pulse perturbation injection on ozone before reach-
ing the peak ozone loss. In case of the 2-D model, standard run for Halon-1211
(Halon-1301) reached a converged or steady-state atmosphere in a 40 (60)-years
run in a shorter computation time. In 3-D model runs, two parallel simulations of
standard and perturbed atmosphere have been conducted instead of starting from a
steady-state atmosphere.
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Fig. 4 Change over time in global total mass of Halon-1211 and Halon-1301 in the order of 108 kg
after a single year pulse injection. Red line and cross marks denote output from the UIUC 2-D CTM
and blue from MOZART-3.1 3-D CTM. Exponential fitting functions are estimated for the years
of Halon mass decreases after the one-time pulse perturbation

Changes over a 100-years period in global total masses of simulated Halons
since a pulse Halon perturbation injection are shown in Fig. 4. The time-dependent
simulations of Halon-1211 and -1301 show exponential decrease of those gases
after the maximum atmospheric loading at the second year. Exponential curves
are applied to fit the temporal variations of the Halons and show an excellent fit-
ting, especially for the 100-years 2-D simulations (red). The exponential curves
fitted to those of 3-D perturbation runs (blue) show the appropriate exponential
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decreases, reasonably following temporal variations in 23 years of Halon-1211
and 32 years Halon-1301 simulations. The curve fitting applied to the 3-D model
results reasonably extrapolate the remaining years. Lifetimes, e-folding times esti-
mated from the exponential curves for the 2-D (3-D) simulation, are approximately
14.4 (10.9) years for Halon-1211 and 72.4 (70.1) years for Halon-1301. Those life-
times are consistent with model-derived lifetimes that are estimated based on total
atmospheric loading and chemical loss rates in the model (see Table 5.1). Shorter
lifetimes of Halons for 3-D simulations, relative to those for 2-D simulations, can
be explained by the faster transport and mixing into the stratosphere in that the
MOZART-3 3-D model has about half or 1 year shorter age of air in the stratosphere
(Kinnison et al. 2007) than the UIUC 2-D model does (Guillas et al. 2006).

Following the GWP concept described in section “Methodology,” we have cal-
culated direct GWPs for the Halons based on model simulations. Absolute GWPs
(AGWP) of the Halons for a 100-years time horizon have been calculated using the
changes in simulated mixing ratios at the near surface and radiative efficiencies in
W m−1ppbv−1 (19, 27, 47). With radiative efficiency of 0.30 (0.32) W m−1ppbv−1

for Halon-1211 (-1301) and CO2 AGWP of 0.676 W m−2 ppmv−1 year in the latest
ozone assessment (WMO 2007), model-based direct GWP become 1,796 (7,122)
for 2-D model runs and 1,699 (6,903) for 3-D runs (see Table 2.). The direct
GWP values estimated with model-determined surface mixing ratios compare rea-
sonably well with the direct GWP values reported in previous international ozone
assessments (WMO 2003, 2007).

Ozone Response to the Halon Perturbation

The increased bromine and chlorine in the stratosphere due to the pulse perturbation
injection of Halon-1211 lead to the stratospheric ozone depletion. Since the strato-
spheric ozone response to the surface perturbation does occur gradually rather than
immediately, it takes much longer for the accompanying ozone depletion to reach
the maximum depletion before recovery.

Temporal changes in the ozone loss and recovery induced by Halons pulse per-
turbations are shown with global total ozone mass in Fig. 5. The 2-D and 3-D
model results show similar temporal variations of total ozone masses. Both 2-D
and 3-D model-determined ozone losses decrease (recover) exponentially after the
peak loss. Maximum ozone depletion by the Halon-1211 (Halon-1301) perturbation
appears at the eighth (thirteenth) year, which lags maximum Halon-1211 (Halon-
1301) increase at the second year by 6 (11) years. Curve fits of exponential ozone
recovery are obtained for the increasing ozone. Time series of global total ozone
masses from the 2-D model show a good fit of exponential ozone recovery after peak
destruction. The 2-D model-simulated ozone masses at the starting year approx-
imately match with masses at the tail end of exponential curves. The agreement
between ozone masses at starting and ending years means that the 2-D runs started
from appropriate steady-state atmospheres. Owing to the curve fit, 3-D Halon-1211
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Fig. 5 Same as Fig. 4, but for ozone in 1012 kg. Exponential fitting functions are estimated for the
years of ozone recovery

(Halon-1301) runs up to 23 (33) model years can reasonably well represent the 100-
years temporal variation including the remaining 77 (67) years of ozone recovery
after the peak loss. 3-D model ozone recovers faster than 2-D model ozone. The
difference between 2-D and 3-D ozone recoveries would be attributed to differences
in model characteristics such as model chemistry and transport time (the age of air).

Time-dependent impact of the pulse injected Halon on atmospheric ozone at
different height levels was determined to yield delayed ozone loss depending on ver-
tical levels (not shown here). Maximum ozone loss near the tropopause, occurring
in 7–8 (13–14) years after the pulse perturbation injection of 0.144 Tg Halon-1211
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(0.054 Tg Halon-1301), is about 1.2 (0.34) and 1.4 (0.44) % ozone depletion for 2-D
and 3-D simulations, respectively. Ozone changes at the near surface lags changes
at the other levels due to the transport time from the place of major ozone depletion,
the stratosphere.

Temporal changes of the radiative forcing calculated using the model pertur-
bation outputs will vary similar to those of the simulated ozone. The 100 years
radiative forcing changes for 3-D simulations can be estimated based on the simi-
lar exponential curves. Full 100 years of cooling effects caused by ozone depletion
due to the Halon perturbation, therefore, can be reasonably estimated for both 2-D
and 3-D model runs. The calculated results of radiative forcing are presented in the
following section.

Radiative Forcing and Indirect GWPs due to the Ozone Loss

The UIUC RTM was used to calculate time-dependent changes in radiative forcing,
downwelling minus upwelling, due to the ozone depletion induced by the Halon per-
turbation. The outputs from the UIUC 2-D and MOZART-3 3-D CTMs are directly
used as inputs for the UIUC RTM. The timeseries of changes in calculated radia-
tive forcings for a 100-years period are presented in the unit of W m−2 kg−1 in
Fig. 6. The radiative cooling per mass at the tropopause due to the ozone loss clearly
shows an exponential decrease of the cooling during ozone recovery for the simu-
lated period. For radiative forcing changes for 3-D model simulations, the curve
fitting has been successfully applied to give the best fit exponential change so that
the remaining cooling for a 100-years time horizon can be estimated as in Fig. 6.

For 3-D model outputs, radiative cooling before the peak cooling were obtained
by subtracting radiative forcings for perturbation runs with those for standard runs,
as discussed in section “Methodology”. The cooling effect at the ending years of
exponential decrease should come near to zero since the atmosphere at the end
year is close to a steady-state atmosphere. Therefore, the magnitude of all the 3-D
radiative cooling from the peak cooling was adjusted based on the obtained fit-
ting function which was tuned to approach zero at the infinite time. The resultant
radiative forcing shows almost zero radiative forcing change at the first model year
and very good fitting curves of decreasing radiative forcing changes, which high-
light the robustness of our approach, two parallel runs with and without the first
year perturbation to handle an issue of the starting point atmosphere which is not
steady-state.

The largest 2-D and 3-D radiative cooling for our Halon-1211 (Halon-1301) per-
turbation simulation appears at the eighth (thirteenth) year as the peaks of ozone
depletion do (see Figs. 5 and 6). The peak value in radiative cooling obtained from
3-D model outputs is larger than that from 2-D outputs because of larger ozone
changes at the tropopause for the same amount of perturbation (Fig. 5).

As defined in Daniel et al. (1995), the ratio of the cumulative radiative forcing
to a 100-year CO2 AGWP is the indirect GWP. Radiative forcing changes caused
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Fig. 6 Timeseries of radiative cooling change by (a) Halon-1211 and (b) Halon-1301 perturbation
runs using the UIUC 2-D and the MOZART-3 3-D CTM. The best fits are estimated for the years
of ozone recovery

by ozone change following the surface perturbation of the Halons, a one-time pulse
emission (instantaneous release), have been time-integrated on per mass base over
a 100-year time horizon. The explicitly calculated indirect GWPs for Halon-1211
(Halon-1301) are -16,294 (-36,247) from 2-D analysis and -17,050 (-37,000) from
three-dimensional analyses. A reported value of CO2 AGWP (WMO 2007) is used.
The indirect GWP values are smaller than the previously published results (see
Table 2).

One hundred years of 2-D model perturbation simulations and radiative forcing
calculations for the two major Halons have yielded the indirect GWP values in a
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straightforward way. However, the 3-D model simulations are computationally very
expensive and the 2-D model shows that it takes at least 30 years of model run to
reach the steady-state atmosphere. To reasonably detour this difficulty of obtaining
a starting point of perturbation injection, two 3-D runs for each Halon, standard and
perturbation runs, have been simultaneously conducted and this method has been
shown to work reasonably. We could not conduct a complete 100 years of 3-D runs
for each of Halons due to the expensive runs but we are able to present the reasonable
estimation of indirect GWP by applying an exponential curve fit to 23 years run for
Halon-1211 and 33 years run for Halon-1301. Model direct GWPs and lifetimes are
obtained using simulated temporal variation of the Halons. Our calculated results of
direct and indirect GWPs as well as lifetime are summarized in Table 2. Published
values in major assessments are also included for the comparison purpose.

Conclusions and Discussions

The state-of-the-art MOZART-3 3-D CTM, fully representing the troposphere and
stratosphere, as well as the current version of the UIUC 2-D model has been used to
evaluate the potential effects of halogenated VSL compounds on atmospheric ozone
and the time-dependent evolution of ozone depletion resulting from a one-time pulse
emission of the two major Halons. Through the model analyses, we have calculated
ODPs for VSL ODS, such as nPB, CF3I, and CH3I and both direct and indirect
GWPs for Halons, to evaluate the relative effects on global atmospheric ozone and
climate from surface emissions of such important and questionable gases.

The fraction of VSL compounds involved in ozone depletion depends strongly on
the location of the surface source because their distribution is determined by com-
petitive atmospheric processes such as vertical transport and chemical destruction or
removal via washout. 3-D model-derived ODPs of CF3I and CH3I for mid-latitude
emissions case are 0.008 and 0.016, respectively. Those 3-D ODP values are in rea-
sonable agreement with two-dimensional ODPs, 0.006 for CF3I and 0.014 for CH3I,
despite limited representations of atmospheric processes. The 3-D model-derived
CF3I ODP for tropical emissions, 0.016, also agrees reasonably well with the 2-D
ODP 0.013. The chemical lifetime of CF3I from tropical emissions is shorter than
that for mid-latitude emissions due to fast photolysis but the model-derived ODP
values for CF3I tropical emissions are larger (see Table 1.). The larger CF3I ODPs
for tropical emissions can be explained by the rapid vertical transport in equato-
rial regions which is more effective in the vertical transport of total halogens since
the transport timescale in convection events (hours) is shorter than chemical loss or
washout removal timescale. The 3-D model analysis of nPB ODP for mid-latitude
emissions gives the ODP of 0.005, a markedly smaller value than the earlier studies
including Wuebbles et al. (2001) and Chapter 2 of WMO (2003). Since the cur-
rent 3-D model-derived nPB ODP is also different from our current 2-D analysis,
it requires further investigation as discussed in the section “Brief Descriptions of
Modeling Tools.”
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The indirect GWPs of the two major Halons have been estimated through the
explicit calculation of time-dependent change in ozone loss using CTMs and change
in resultant radiative forcing using the UIUC RTM. Our approach to obtaining indi-
rect GWP using atmospheric models has an advantage over the previous traditional
approach because it directly calculates atmospheric changes without using the EESC
concept and the assumed relationship between the EESC and radiative cooling due
to stratospheric ozone loss. The global atmospheric lifetimes, e-folding time, for
3-D (2-D) Halon-1211 and -1301 model simulations are 10.9 (14.4) and 70.1 (72.4)
years respectively, which are estimated using a curve function fit applied to time-
dependent change in global masses over time. The other lifetimes derived from
atmospheric loading and loss-rate in the model (see the values in parenthesis of
Table 5.1) are in good agreement with the e-folding lifetimes. The temporal vari-
ations of the two Halons (Fig. 4) are acceptable since the model-derived lifetimes
and direct GWP values of the Halons are generally comparable with the previously
reported values (see Table 2.). The reliability of CTM-based simulations for our
indirect GWP values can be partially guaranteed by the agreement between the e-
folding lifetimes estimated from modeled exponential decrease of global total mass
and the chemical lifetimes derived from atmospheric loading and model loss-rate.

3-D (2-D) model-based indirect Halon GWPs are −17,050 (−16,294) for Halon-
1211 and −37,211 (−36,247) for Halon-1301. The indirect GWPs for the Halons
from the current study are smaller than the previously reported values (IPCC/TEAP
2005; WMO 2007). In particular, the indirect GWPs for Halon-1211 are much
smaller than previous results. However, our new assessment of the indirect GWPs
for the Halons confirms the significant importance of indirect effects on the global
climate, relative to the direct GWPs. The credibility of our current simulations is
also achieved because direct GWP values of the Halons as well as their lifetimes are
generally consistent with the previous assessments. It is noted that our calculations
are still dependent on reported CO2 AGWP values.
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Stratosphere–Troposphere Interactions
in a Chemistry-Climate Model

Jos Lelieveld

Abstract Lower-middle atmosphere interactions include upward transport of water
and trace gases into the tropical stratosphere and the downward transport of ozone
into the extratropical troposphere. This chapter presents results from a recent
chemistry-climate model (CCM) that comprehensively describes chemistry and
transport processes from the surface to the mesosphere. The role of dynamical
stratosphere–troposphere interactions is illustrated by simulations of the unusual
stratospheric vortex split in September 2002. The model is used to study dehydra-
tion of air during transport through the tropical tropopause layer (TTL) and explain
the seasonal variability of stratospheric dryness as observed in the “tape recorder”
signal. Dehydration is caused by the sedimentation of ice crystals from TTL cirrus
forming in the cold regions above cumulonimbus anvils. Further, the stratosphere–
troposphere exchange (STE) of ozone is considered important in the ozone budget
of the troposphere. In fact, STE of ozone played a stabilizing role in the oxidation
capacity of the pre-industrial troposphere. However, its significance decreased due
to the global prevalence of photochemical ozone formation caused by anthropogenic
emissions.

Keywords Dehydration · ozone · stratosphere-troposphere exchange · stratospheric
water · tropopause

Introduction

The stratosphere and troposphere are coupled dynamically, chemically, and radia-
tively. A particularly important coupling process is the exchange of trace consti-
tuents, following the Brewer–Dobson circulation (Fig. 1). Stratospheric overturning
by the Brewer–Dobson circulation is forced by the breaking of planetary and grav-
ity waves which are excited in the extratropical troposphere (Holton et al. 1995).
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Fig. 1 Schematic representation of the Brewer–Dobson circulation (from Schmidt et al. 2001).
White arrows indicate net large-scale mass fluxes, wiggled double-headed arrows relatively rapid
isentropic exchange and green bars transport barriers. Water enters the stratosphere through
transport from the tropical troposphere and by chemical formation from CH4 oxidation

Wave dissipation decelerates the stratospheric westerly winds, notably in the win-
ter hemisphere, and induces decent in high latitudes and ascent in the tropics. The
downward motion is associated with adiabatic warming, being balanced by infrared
radiative cooling and vice versa for the upward motion. The upward transport in the
tropics carries water, trace gases like CH4, CO2 and ozone-destroying halocarbons
into the stratosphere, and the downward transport removes reaction products and
infuses stratospheric ozone into the extratropical troposphere.

Model calculations indicate that stratosphere–troposphere exchange (STE) will
increase by several percent per decade as a consequence of climate change (Butchart
et al. 2007; WMO 2007). It is crucial to understand the processes that influence the
stratospheric water cycle, ozone chemistry and feedback mechanisms. Even though
these issues have been studied for many years, they remain controversial because
many chemistry-climate models (CCMs) have difficulties representing the under-
lying processes (Eyring et al. 2006). For the present work we used results obtained
with a recent CCM that encompasses the troposphere, stratosphere, and mesosphere.
The model has a relatively high vertical resolution in the stratosphere and tropopause
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region, which is important to represent the propagation of waves with a vertical
extent of a few kilometres (Giorgetta et al. 2006). In the next section the model
is described and then a simulation of the 2002 Antarctic vortex split is presented
as an example of lower-middle atmosphere wave interactions. Subsequent sections
discuss the stratospheric water cycle, ozone chemistry and STE.

Model Description

The CCM is based on the fifth generation European Centre—Hamburg atmospheric
general circulation model ECHAM5 (Roeckner et al. 2003), coupled to the first
Modular Earth Submodel System MESSy1 (Jöckel et al. 2006), abbreviated E5M1.
It computes atmospheric dynamics using a triangular truncation T42, and physical
and chemical parameterizations at an associated horizontal grid of 2.8◦ latitude and
longitude. The vertical grid resolves the lower and middle atmosphere with 90 layers
up to about 80 km altitude (top layer centred at 0.01 hPa). Orographic and non-
orographic gravity waves are parameterised (Manzini et al. 2006). The mean layer
thickness in the stratosphere is about 0.7 km, about 0.5–0.6 km in the tropopause
region, and the model realistically simulates the quasi-biennial oscillation (QBO)
(Giorgetta et al. 2006; Jöckel et al. 2006). Figure 2 shows the vertical levels and
gives examples of model calculated latitude-height sections of CH4 and CO2 on
selected days at 16◦E across Europe and Africa, illustrating both the large-scale
overturning and synoptic variability.

The prognostic variables temperature, divergence, vorticity and surface pres-
sure are nudged towards analysis data of the European Centre for Medium-range
Weather Forecasts (ECMWF) to represent actual meteorological conditions. A sim-
ple data assimilation technique is used by adding a newtonian relaxation term to
the equations that compute these variables, applying low nudging strengths up to
200 hPa (Jöckel et al. 2006; Lelieveld et al. 2007, and references therein). As a
result, the model is forced to simulate realistic synoptic meteorology in the tropo-
sphere, which governs the generation of waves that propagate into the stratosphere.
Thus dynamical processes in the stratosphere are calculated freely without fixed
boundary conditions.

The chemical calculations with E5M1 account for a set of more than 300 gas
phase and heterogeneous reactions (see electronic supplements of Sander et al. 2005;
Jöckel et al. 2006). Tracer advection is calculated with a mass conserving flux-
form semi-Lagrangian scheme (Lin & Rood 1996). Polar stratospheric cloud (PSC)
formation and particle sedimentation are described by Kerkweg et al. (2006) and
references therein. For additional model details and comparisons of the results with
measurement data see the special issue of the Journal of Atmospheric Chemistry
and Physics (http://www.atmos-chem-phys.net/special issue22.html).
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Fig. 2 E5M1 model calculated latitude-height cross sections of CH4 (top) and CO2 (bottom) at
16◦E longitude on 1 January (left) and 1 July 2005 (right), 12 UTC. The undulations in the isosur-
faces are related to synoptic weather events in the troposphere and wave-driven dynamics in the
stratosphere

Antarctic Vortex Split

As an example of model calculated wave interactions between the lower and middle
atmosphere, Fig. 3 depicts a wave anomaly in the mesosphere and upper stratosphere
that led to the remarkable stratospheric vortex split over Antarctica in September
2002 (Newman & Nash 2005). It shows both observations by the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS) on ENVISAT and E5M1
model results, indicating good agreement. The wave anomaly—most clearly seen
in the model results—amplified and propagated downward into the lower strato-
sphere within several days where it perturbed the polar vortex and caused a major
stratospheric warming event. The model results indicate that even though this wave
anomaly started around 20 September, the vortex was relatively dynamic all winter
and unusually elongated since 31 August.
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Fig. 3 Meridional cross section of stratospheric temperatures above Antarctica as simulated by
E5M1 (right) and observed by the Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) satellite instrument (left) on 22 September 2002. The region with temperatures below
about 230 K in the lower stratosphere bounds the polar vortex. The white areas in the left panel
indicate the perimeters of MIPAS measurements. The amplifying wave marks the onset of the
vortex split

Van Aalst (2005) performed sensitivity analyses with an early version of our
model – with simplified chemistry – to investigate at which scales the vortex split
was triggered by nudging only a limited set of spectral wave numbers. When nudg-
ing the model up to wave number 5, some distortion of the vortex occurred though
not a complete split, while the full split was achieved by also including wave num-
ber 6. In fact, in this case the split occurred slightly too late, and the most realistic
results were obtained by including wave numbers 7 and 8. This confirms that the
stratospheric warming event in 2002 was initiated by unusual strong wave forcing
from the troposphere (Newman & Nash 2005). Even though the split resulted from a
wave 1 anomaly, the importance of the higher wave numbers gives evidence that the
key tropospheric events occurred on a synoptic scale. Van Aalst (2005) furthermore
demonstrated that the vortex split was predictable from 19 September 2002 onward.

Figure 4 presents the chemical tracer fields during the vortex split on 26 Septem-
ber 2002 at 50 hPa (∼20km altitude). Although the two vortex lobes were equivalent
in size, many asymmetries appear in the chemistry, partly resulting from the differ-
ence in solar illumination at the particular time of day (0 UTC). The low mixing
ratios of the long-lived tracers N2O and CH4 within both lobes show that the polar
vortex is predominantly fed by transport from the mesosphere and upper strato-
sphere, with little mixing with lower latitude air across the polar night jet, that is,
the transport barrier indicated in Fig. 1. The higher mixing ratios in the western
lobe result from weakening of this barrier at the onset of its dissolution into middle
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Fig. 4 continued

latitudes. The enhanced CO southwest of the eastern lobe is indicative of a transport
pathway from lower latitudes, whereby the wave anomaly drove this air mass far
south. Both water vapour and HNO3 are depleted due to the sedimentation of PSC
particles in the preceding months. The low O3 within the vortex lobes illustrates the
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Fig. 4 E5M1 calculated latitude–longitude view of the southern hemisphere stratosphere, showing
the vortex split in chemical tracers at 50 hPa on 26 September 2002, 0 UTC

strong chemical depletion although the ozone hole was less deep in 2002 than in
other years due to the early evaporation of PSCs by the warming event.

Chlorine activation within the vortex takes place at the expense of reservoir
species, in particular HCl. ClO from the reaction of atomic chlorine with O3 is
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highest near 60◦S in the western dayside vortex lobe (Fig. 4). The ClO mixing ratios
at the dayside of about 0.35± 0.1 ppbv and about 50% less at the nightside are in
good agreement with satellite measurements (Ricaud et al. 2005). In addition, the
characteristic collar structure of ClONO2 around the vortex, with mixing ratios up
to 2 ppbv, agrees well with satellite observations (Höpfner et al. 2004). The collar
is associated with the recovery of ClONO2 after the return of sunlight starting at the
vortex edge subsequent to its destruction on PSCs during the polar night. Substantial
BrO formation in the daytime extratropical stratosphere enhances O3 loss within the
vortex through its reaction with ClO. OClO provides a unique signal of the coupling
between bromine and chorine chemistry, only seen within the eastern vortex lobe as
it photo-dissociates at the dayside.

Tropical Tropopause Dehydration

Stratospheric water is important because it contributes to radiative cooling and is a
precursor of hydroxyl (OH) radicals. OH oxidises reduced and partly oxidised gases
and catalytically destroys ozone. Polar stratospheric clouds (PSCs) cause vortex
dehydration and give rise to the ozone hole. All of these factors in the stratospheric
water cycle are sensitive to climate change (WMO 2007). Furthermore, thin cirrus
clouds in the tropical tropopause layer (TTL) play a central role in dehydrating
the air upon ascent into the stratosphere. The TTL is a transition region between
the temperature lapse rate minimum (∼12km) in the upper troposphere and the
stratosphere at ∼18 km (Highwood & Hoskins 1998; Folkins et al. 1999). It has
been known for decades that this part of the atmosphere acts as a cold-trap where
the air is freeze-dried (Brewer 1949); however, the process details have been debated
since. Lelieveld et al. (2007) used E5M1 results to corroborate a comprehensive
hypothesis of the mechanisms and locations of TTL dehydration, the basis for the
present discussion.

Based on satellite measurements Mote et al. (1996) demonstrated that the season-
ally varying TTL dehydration can be discerned from the tropopause upward in the
Brewer-Dobson circulation, called the stratospheric tape recorder. Figure 5 presents
model calculations of this phenomenon, showing that the driest air enters the strato-
sphere in NH winter, and that the signal vanishes near 10 hPa (∼30km altitude) after
about 18 months of transport. In the middle stratosphere the inter-annual variabil-
ity is largely determined by the QBO which modulates upward transport. The tape
recorder vanishes due to mixing and because CH4 oxidation gains importance as a
source of water vapour higher up in the stratosphere. The latter causes H2O mixing
ratios to increase with altitude up to the mesosphere. Higher up it decreases again
due to photo-dissociation of H2O by solar Lyman-α radiation.

The E5M1 model includes a Lagrangian transport scheme that can be applied
diagnostically to calculate the trajectories of trace constituents and air mass fluxes
(Reithmeier & Sausen 2002). Figure 6 shows the model calculated vertical water
mass fluxes across the 420 K potential temperature surface, approximately at the
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Fig. 5 E5M1 calculated seasonal tape recorder signal of dry air ascending into the stratosphere
(ACP, 7, p. 1318, 2007)

Fig. 6 E5M1 model calculated mean vertical air mass fluxes for NH winter (top: December–
January–February) and summer (bottom: June–July–August) for the years 2002/2003 at the 420 K
potential temperature level (ACP, 7, p. 1327, 2007)

top of the TTL at ∼75hPa (∼18km). These results illustrate the role of the Brewer–
Dobson circulation with strongest down-fluxes in the winter hemisphere poleward of
35◦ latitude. They show that in the lower stratosphere the turnaround zone between
upward and downward transport is at ∼35◦ latitude in winter and ∼45◦ in sum-
mer. Higher up in the stratosphere large-scale rising motion is limited to the tropics
(Fig. 2), horizontally constrained by the subtropical transport barriers. The model
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calculates that the annual mean air mass flux into the stratosphere at 100 hPa is
nearly 9× 109 kg/s, of which about a third recirculates back into the troposphere
through the lowermost stratosphere at higher latitudes while two thirds rises to
higher altitudes. The associated up-flux of water into the stratosphere beyond 75 hPa
is about 11 ×103 kg/s, while CH4 oxidation contributes nearly 3×103 kg/s, which
shows that overall transport of H2O dominates over chemical production.

The upward water flux across 75 hPa of 11× 103 kg/s is only small compared
to the water transport of ∼8× 106 kg/s into the TTL at 200 hPa. This compares to
upward air mass fluxes of 5.8× 109 kg/s and 35.2× 109 kg/s at 75 and 200 hPa,
respectively. It follows that dehydration in the TTL reduces the upward moisture
flux by orders of magnitude relative to the air mass flux. Thunderstorm convection in
the Inter-Tropical Convergence Zone (ITCZ) is of key importance in the TTL dehy-
dration. In the troposphere underneath the TTL vertical motions are controlled by
deep convection and in the stratosphere aloft the circulation is wave driven. Within
the TTL dynamical processes are slow and modulated by net radiative heating or
cooling, as schematically depicted in Fig. 7. The initial effect of the cumulonimbus
outflow is moistening of the air. If the anvil clouds would disappear directly ozone,
which increases with altitude toward the stratosphere, would contribute to infrared
radiative heating, and offset the radiative cooling by water vapour and CO2. How-
ever, as long as the anvils are present below the TTL the radiative heating within the

Fig. 7 Schematic of the processes involved in tropical tropopause layer (TTL) transport and dehy-
dration of air that ascends from the troposphere into the stratosphere. The red arrows represent
radiative heating, the blue arrows radiative cooling, the black and grey ones vertical transport
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TTL is blocked and the net tendency is cooling. In these very cold regions of the
TTL above the anvil clouds, where vertical velocities are very low, thin cirrus can
form and the ice crystals sediment and desiccate the air.

This mechanism is further illustrated by Fig. 8a. It shows that over the western
Pacific Ocean thin cirrus preferentially forms at ∼14km altitude in regions of the
TTL where, underneath, convective precipitation is strongest. This figure pertains
to the Pacific warm pool region where deep thunderstorm convection is common
throughout the year, though more intense in NH winter than in summer. In fact, the
western Pacific troposphere is the major gateway of air into the TTL (Fueglistaler
et al. 2004). In NH winter ITCZ convection is also strong over Indonesia, the tropical
southern Indian Ocean, southern Africa and South America. Above the convective

Fig. 8 E5M1 calculated time series in 2005 of convective precipitation (black dashed lines) over
the western Pacific Ocean at the equator on the date line (a) and over Tibet (b). The red lines show
the coincident ice water content of thin cirrus in the tropical tropopause layer (TTL) at 140 hPa
(∼14 km altitude)
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anvils in the TTL vertical motion is slow or absent due to net radiative cooling.
Upward transport of the residual water and additional trace compounds takes place
mostly outside of these convective regions or after the anvils have dissipated. In
cloud free conditions water vapour, cirrus remnants and ozone in the TTL cause
infrared radiative heating and accelerate the air into the stratosphere.

In NH summer the ITCZ shifts northward and is strongly influenced by the
monsoon, in particular over South and East Asia, but also over northern Africa
and America. Since the ITCZ moves relatively far north in the NH summer mon-
soon, where tropopause temperatures are higher, the dehydration mechanism is less
effective. Figure 8b shows that in summer deep convection over Tibet (∼30◦N) is
generally not associated with thin cirrus aloft because temperatures are too high,
whereas in late winter temperatures are lower and thin cirrus can form through oro-
graphic forcing (February–April). During the summer monsoon upper tropospheric
anticyclones are established over the convectively induced surface troughs. Espe-
cially the anticyclone over South and East Asia is extensive, centred over the Tibetan
Plateau. The convection over Tibet reaches particularly deep in summer and detrains
more water than elsewhere (Fu et al. 2006). Since the Asian monsoon anticyclone
extends deeply into the stratosphere, it contributes to the moist phase of the tape
recorder.

Cross-Tropopause Transport and Mixing

The lowermost stratosphere is traditionally defined as the transition region between
the extratropical tropopause and the stratosphere at a potential temperature of
θ ≈ 380K (∼100hPa), approximately at the same level as the tropical tropopause
(Holton et al. 1995). Alternatively, the lower bound of the extratropical stratosphere
may be defined at θ ≈ 420K (∼75hPa), coincident with the top of the TTL in the
tropics. Below the 420 K level air can move relatively freely in the meridional direc-
tion along isentropic surfaces (i.e. levels of constant θ ). At higher altitudes transport
barriers, as indicated in Fig. 1, inhibit isentropic transport and mixing. Within the
lowermost stratosphere both recirculated tropical and polar vortex air are carried
down into the troposphere.

The meridional exchange and STE are hemispherically asymmetric. For exam-
ple, vortex air spreads equatorward more rapidly in the northern hemisphere com-
pared to the southern hemisphere (Rosenlof et al. 1997). The Brewer–Dobson
circulation is stronger in the northern hemisphere due to more vigorous planetary
wave activity generated by the flow over pronounced surface topography, particu-
larly during winter and early spring. The blue colour intensities in Fig. 6 illustrate
that the downward flux from the stratosphere in winter is larger in the northern hemi-
sphere than in the southern hemisphere. Then again, in summer the cross-tropopause
exchange across the subtropical jet stream can take place more easily than in win-
ter, associated with a relatively weak potential vorticity (PV) gradient, so that the
monsoon circulations can penetrate the lowermost stratosphere (Dethof et al. 2000).
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In Fig. 9 we present aircraft measurements and model calculations of ozone and
water vapour in the upper troposphere and lower stratosphere in northern middle
latitudes (35◦–75◦N longitude flight tracks). Considering the relatively coarse hor-
izontal grid resolution of the model, the agreement is rather good, albeit that the
model misses some smaller-scale moistening events in August, possibly related to
deep penetrating convection (Fischer et al. 2003). The transient regimes between
low-O3/high-H2O in the troposphere and high-O3/low-H2O in the stratosphere des-
ignate the vertical extent of a mixing layer, typically 1–2 km thick, also observed in
pollutant trace gases (Lelieveld et al. 1997; Hoor et al. 2002). Figure 9 shows that
in August the lowermost stratosphere is substantially more humid than during other
seasons, another consequence of the moistening influence by the monsoon.

Based on aircraft measurements over western Europe, Hoor et al. (2005) esti-
mated the degree of recirculation of air containing the pollutant carbon monoxide
between the troposphere and lowermost stratosphere. It appears that in the mixing
layer above the tropopause (Δθ ≈ 25K) the contribution of extratropical tropo-
spheric air drops off rapidly with altitude to about 25% during all seasons. The
mixing layer thickness is relatively constant throughout the year, which confirms
the theoretical study of Wernli & Bourqui (2002), who showed that two-way cross-
tropopause exchange is caused by synoptic and mesoscale weather systems. With
increasing distance from the tropopause into the lowermost stratosphere tropo-
spheric signatures are predominately from the tropics rather than from two-way

Fig. 9 Aircraft measurements (black dots) of ozone and water vapour near the tropopause over
western Europe (Hoor et al. 2002; Krebsbach et al. 2006) compared with E5M1 calculations (red
crosses) during four seasons in 2002
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exchange in the extra-tropics. In summer the transport by the monsoon is important,
while recirculation from the TTL takes place throughout the year.

Extra-tropical STE of Ozone

The downward transport of air in the Brewer–Dobson circulation carries ozone-
rich air from the stratosphere into the lowermost stratosphere, mostly in winter and
early spring (Appenzeller et al. 1996), from where it is further transported through
the action of synoptic and mesoscale weather systems (see Stohl et al. 2003, for a
review). Although two-way cross-tropopause exchange has a weak seasonal cycle,
deep exchange events are strongest in winter and largely confined to the middle
latitudes (Wernli & Bourqui 2002). This is exemplified by Fig. 10, showing that tro-
popause undulations and streamers of O3-rich air towards low latitudes occur in
both hemispheres, while in January the deep exchange events into the troposphere
are rather more pronounced in the northern hemisphere. Note that the tropopause is
defined by the temperature lapse rate in the tropics and the PV = 2 surface (in units
10−6 Kkg−1 m2 s−1) in the extra-tropics.

The E5M1 model carries a stratospheric tracer, defined as O3(s), which is ini-
tialised by O3 in the stratosphere and is chemically destroyed (and not recycled)
by chemistry in the troposphere. The difference between O3 and O3(s) in Fig. 10
represents the amount of O3 photochemically formed within the troposphere. On 1
January 2005 six synoptic mixing events occurred in the northern hemisphere, asso-
ciated with extratropical cyclones, which carried O3(s) downward and equatorward,
reaching into the subtropics (Fig. 10).

Deep exchange events toward subtropical latitudes are relatively common espe-
cially near Japan and the Mediterranean region, related to frontogenesis near the
Pacific and Atlantic rims of the Eurasian continent, respectively. Figure 11 depicts
the model calculated time series of the O3(s) tracer within the troposphere in these
two regions (Hovmöller diagrams for 35◦N). The purple area represents O3 mix-
ing ratios between 20 and 40 ppbv, indicating significant contributions of STE to
free tropospheric ozone in these locations. In one case, starting on 19 January,
the deep exchange even reached the Mediterranean Sea surface, a rare event for
non-mountainous surface topography.

Note however that STE typically contributes most to tropospheric O3 in regions
and periods of low photochemical activity, when the O3 lifetime is relatively long.
Conversely, during summer and in the tropics tropospheric O3 is dominated by in
situ photochemical production (Lelieveld & Dentener 2000). The “droplets” of high
O3 (and O3s) detaching from stratospheric streamers are typical for mid-latitude
winter when tropopause folding events are most frequent.

Initial estimates of the contribution of STE to tropospheric ozone using a global
3D chemistry-transport model were undertaken by Holton and Lelieveld (1996).
Their model applied observed winds to drive tracer transport, and O3 boundary con-
ditions were prescribed at 100 hPa based on ozone soundings. The calculated net



Stratosphere–Troposphere Interactions in a Chemistry-Climate Model 341

Fig. 10 E5M1 model calculated tropopause pressure (top), ozone at 250 hPa (∼10km) and the
contribution of ozone transported from the stratosphere (O3s, bottom) on 1 January 2005
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Fig. 11 E5M1 model calculated contribution of ozone transported from the stratosphere (O3s)
into the troposphere over the Mediterranean Region (left) and Japan (right) in January 2005

downward transport of ozone from the stratosphere was ∼525Tg/year. Although
this number was much lower than earlier estimates, it has shown to be rather
robust. The first CCM used for this purpose, which also prescribed O3 in the low-
ermost stratosphere, computed ∼460Tg/year (Roelofs & Lelieveld 1997) and the
chemistry-transport model of Lelieveld & Dentener (2000) predicted 565 Tg/year.

Our E5M1 results indicate an STE flux of ozone of ∼400Tg/year, which could
be a lower limit because previous model simulations showed that at higher horizon-
tal resolution up to T106 the net flux increased by 10–15% (Kentarchos et al. 2000).
Importantly, these estimates of STE fluxes of ozone are an order of magnitude
smaller than the photochemical production of O3 within the troposphere of about
4,850 Tg/year (Jöckel et al. 2006). The role of photochemical O3 production within
the troposphere is underscored by Fig. 12, showing that O3(s) is only a minor
fraction of surface ozone, especially in summer when photochemical activity is
strongest.

The E5M1 calculated mean tropospheric O3 column is ∼320Tg, being about
10% of the entire atmospheric (mostly stratospheric) O3 column, in agreement with
earlier model and measurement-based estimates. In spite of this small fraction, tro-
pospheric O3 is a key precursor of atmospheric hydroxyl (OH) radicals. OH initiates
oxidation reactions and consequently brings about the removal of most reactive
gases emitted by natural and anthropogenic sources. Hence OH is called the “deter-
gent” of the atmosphere. In a large part of the troposphere the production of both
O3 and OH is catalytically enhanced by anthropogenic NO emissions from biomass
burning and fossil fuel use by traffic and power generation, leading to photochemical
smog.
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Fig. 12 E5M1 model calculated ozone at the surface and the contribution of ozone transported
from the stratosphere (O3s) on 1 January (top two panels) and 1 July 2005
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The transport of O3, either natural or anthropogenic, is a key process that helps
maintain (i.e. buffer) the oxidation capacity of low-NO environments where chem-
ical loss of O3 prevails. The O3 transport from production regions replenishes the
oxidation capacity in low-NO regions, for example, in the remote marine tropo-
sphere (Lelieveld et al. 2002). Model calculations suggest that O3 transport from
the stratosphere played an important OH-stabilizing role in the pre-industrial atmo-
sphere. In our present atmosphere strong anthropogenic NO emissions increase
tropospheric O3 and OH formation on a large scale, whereas the transport of
pollution O3 helps maintain the oxidation capacity of the remaining low-NO envi-
ronments. Our model calculations suggest that STE has lost its importance as a
buffering process in tropospheric O3 and OH formation as its contribution reduced
to less than 10% compared to in situ photochemistry within the troposphere.

Conclusions

Our E5M1 model, with a relatively high vertical resolution to accurately simulate
vertical wave propagation, includes a comprehensive and interactive representation
of chemical and meteorological processes in the lower and middle atmosphere. It
realistically represents stratospheric dynamics without fixed boundary conditions,
and the results compare favourably with in situ and remote sensing observations.
E5M1 successfully predicts the unusual stratospheric vortex split in September
2002, mainly caused by a planetary wave anomaly that propagated down from the
mesosphere, triggered by synoptic events in the troposphere.

Model results have been used to help explain dehydration of air entering the
stratosphere through the TTL and underscore the central role of thunderstorm con-
vection. Even though the deep convective clouds initially moisten the TTL, the thick
convective anvils help create the cold conditions aloft that bring about cirrus and the
sedimentation of ice crystals. The anvil clouds block infrared radiative heating, and
only after their dissipation or by transport into cloud free regions radiative heating
intensifies and accelerates the dry air into the stratosphere.

During NH winter and early spring TTL temperatures are lowest over the ITCZ
south of the equator and dehydration is most efficient. In NH summer, the mon-
soon displaces the ITCZ far from the equator where TTL temperatures are higher
and cirrus formation less frequent. During the Asian monsoon the efficiency of
dehydration is reduced and moisture transports into the lower stratosphere through
the upper level anticyclone over Tibet contribute to the wet phase of the tape
recorder. Our model results corroborate that large-scale processes and large-scale
effects of small-scale processes can be modelled relatively accurately (Gettelman &
Birner 2007).

Within the TTL and extratropical lowermost stratosphere transport barriers are
weak and tropical air can be recirculated back into the troposphere. After breakup of
the polar stratospheric vortex, air moves equatorward also into the lowermost strato-
sphere, and conveys O3-rich (though partly O3-depleted) air into the troposphere.
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Since both the Brewer–Dobson circulation and deep exchange events into the tropo-
sphere are most intense in winter and early spring, when the photochemical lifetime
of O3 is longest, STE of ozone is most important in this season.

These processes are not symmetrical between the hemispheres, and STE is
stronger in the northern hemisphere. However, since ozone smog is less abundant
in the southern hemisphere, ozone from STE contributes relatively more to the
formation of OH radicals. Nevertheless, the contribution of STE to tropospheric
photochemistry and OH formation is small, and on a global scale it has reduced to
a minor fraction as it is overwhelmed by photochemical smog, a consequence of
strong anthropogenic emissions in particular of nitrogen oxides.
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Note: An implementation of dry removal processes DRY DEPosition and SEDImentation in
the Modular Earth Submodel System (MESSy). Atmospheric Chemistry and Physics, 6, 4617–
4632.

Krebsbach, M., Schiller, C., Brunner, D., Günther, G., Hegglin, M. I., Mottaghy, D., et al. (2006).
Seasonal cycles and variability of O3 and H2O in the UT/LMS during SPURT. Atmospheric
Chemistry and Physics, 6, 109–125.

Lelieveld, J., Arnold, F., Bregman, A., Bürger, V., Crutzen, P., Fischer, H., et al. (1997). Chemical
perturbation of the lowermost stratosphere through exchange with the troposphere. Geophysical
Research Letters, 24, 603–606.

Lelieveld, J., & Dentener, F. J. (2000). What controls tropospheric ozone? Journal of Geophysical
Research, 105, 3531–3551.

Lelieveld, J., Peters, W., Dentener, F. J., & Krol, M. C. (2002). Stability of tropospheric hydroxyl
chemistry. Journal of Geophysical Research, 107, D23, 4715. doi: 10.1029/2002JD002272.
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Winter Ozone Transport Variations
and the Montreal Protocol Impact as Revealed
by the Total Ozone Ground-Based
Measurements over the Russian Territory
in 1973–2005

Igor L. Karol, Arkady M. Shalamyansky, Anna A. Solomatnikova,
and Eugenia A. Titova

Abstract Mean monthly total ozone (TO) data measured at the 32 stations are aver-
aged over the five climatic regions of Russia. Statistical analysis of the 15 time
series of annually averaged (December–March and June–August) TO in each region
reveals the significant differences between the time series statistical characteristics
in the regions of Asian and European Russia. Spectral analysis of the detrended time
series indicate the significant effects of the eleven—year solar cycle and of the qua-
sibiannual oscillation (QBO) in all the above TO time series with predominance of
the solar cycle in European regions and of the QBO in Asian areas.

Keywords Long term total ozone time series · ozone trends · regional ground based
data · spectral analysis

Introduction

Total ozone (TO) variations in the extratropical northern latitudes as measured at
ground-based stations and from satellites is the subject of numerous studies (Bojkov
et al. 1995; Bojkov & Fioletov 1995; Fioletov et al. 1999, 2002; Stahelin et al.
2001; Hudson et al. 2003; Reinsel et al. 2004; Andersen et al. 2006; Weatherhead
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et al. 2000; WMO 1999, 2003). In these studies, the statistical analysis of TO con-
tent and trends in various latitudinal bands were based on the data from various
sources and rather short records. In contrast to the many papers on latitudinal vari-
ations of the zonally averaged TO, those on longitudinal ozone distributions over
the west–east Russian territory are few. The TO fields are influenced by strato-
spheric radiation temperatures and air transport factors, especially in winter. Among
these, the eleven—year solar cycle, the winter lower stratosphere mean tempera-
ture, the QBO, and the El Nino–South Oscillation (ENSO) are known as having
rather longterm impacts on the TO content. To investigate the stratospheric transport
impacts on the TO interannual variations over the area, the statistical analysis of the
TO data from the Russian and the former USSR territory is presented for 1973–
2005. The ground-based network (32 stations) on the Russian territory is spread
between 50◦N and 70◦N and extends from 30◦E to 160◦E.

The USSR–Russian stations measuring TO began functioning in the 1960s. Fil-
ter ozonometers M-83 were used at these stations, which are distributed almost
uniformly over the territory of the former USSR. After the installation of the new
filters in 1973, the TO measurement results have fitted well with the averaged TO
data of other ground-based stations in the northern hemisphere, which used the
Brewer and Dobson spectrophotometers (Shalamyansky 1993; Bojkov et al. 1994;
Fioletov et al. 1999, 2002; Ionov et al. 2002). The M-83 filter ozonometer was
replaced by the M 124 ozonometer in the late 1980s. At all stations the M-124
instruments are calibrated biannually in the Voeikov Main Geophysical Observa-
tory (St.-Petersburg) against the standard Dobson spectrophotometer. Methods of
measurement have been improved, allowing them to study the zenith of the cloudy
sky in the high latitudes. TO single measurement precision by M-124 is estimated
to be in the range of 3–5% (Shalamyansky et al. 2002, 2004). Several comparisons
of the M-124 measurements from 14 stations of this network in 2004–2005 with the
satellite TO from the GOME, SCIAMACHY and OMI Level 2 data reveal the aver-
age difference of −3.3± 6.2%, −2.0± 9.4% and 0.0± 6.0% respectively (Ionov
et al. 2006).

The Russian territory is usually divided into five climatic regions. They are:
North (1) and South (2) of its European part; Western (3) and Eastern (4) Siberia;
and Far East and Chukotka (5). Each region contains 5–8 stations that provide
together the 33–34 year continuous TO record. Fig. 1 presents the seasonal vari-
ations of the mean monthly TO averaged over the station data for each of these
regions, for 1973–2002. The TO data for the Transcaucasus and Central Asia region
(6, former Soviet Union republics) are also shown in Fig. 1 but are not analyzed
here as measurements were terminated in the early 1990s. Figure 1 reveals a signifi-
cant regional TO difference in the winter–spring seasons: the highest mean monthly
TO level, which is maximum in March, occurs in the Far East (FE, 5) region
and the lowest one belongs to the South of European Russia (SWR,2). Seasonal
TO maxima of all other regions are in March–April and minima are spread from
August to November. There is no apparent TO difference between regions in June
to August.
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Fig. 1 Mean seasonal variations of monthly TO averaged over the regions: NWR(1); SWR(2);
WS(3); ES(4); FE(5); Transcaucasus and Central Asia (6) and over the 1973–2002 period

Total Ozone Data Analysis

Fig. 2 presents examples of the time series of annually and monthly averaged TO
deviations from the 1973–2002 means for the SWR(2) and FE(5) regions. Signifi-
cant interannual variations of the mean annual TO are evident, being usually close
to winter–spring monthly TO levels and similar for all the regions considered. Three
time series of mean TO are constructed for each region: A1. . . A5 of annually aver-
aged TO are for 1–5 regions; B1. . . B5 are for the mean winter (December-March)
and the S1. . . S5 are the series for mean summer (June–August) TO. Table 1 presents
the statistical characteristics calculated from these time series: αi are the autocor-
relation coefficients for a time lag of i years; p is the number of αi significant at
the 95% level; and N’ is the equivalent independent sample size. The α2/α1 ratios
in this Table are less than one for the European (1–2) and over one for the Asian
(3–5) regions respectively. This indicates the aperiodic character of autocorrela-
tion function αi behavior with lag i increase in the European regions; α2 maximum
at i = 2 years shows the 2 year periodicity autocorrelation in the Asian regions
(von Storch & Zwiers 2001, Ch. 6).

A statistical significance assessment of the mean TO differences in the various
regions for the A, B, S TO series, using the two-sided t-test, shows that the dif-
ferences are negligible in all the regions for summer TO. The mean regional TO
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Fig. 2 Monthly and annually averaged TO deviations from their means for 1973–2002 in the South
West Russia region (top) and in the Far East region (bottom). The symbols “ + ” and “−” in the top
part of the figure indicate the years with the “warm” and “cold” Arctic lower winter stratosphere.
First bottom line at the figure shows the QBO phases in the 30–50 hPa layer for January–March.
Second bottom line contains ratios ε (percent) of the 50 hPa level surface area with temperatures T
under 195 K in the Northern Hemisphere area

differences are nonsignificant between the European regions 1 and 2 in A and B
series, but the mean regional TO differences are highly (98.0–99.9%) significant
between the three Asian regions, and all of them are substantially different from
the mean TO of the European regions. Only the TO of the West Siberia region (3)
has low significant (65–82%) differences from the European ones. The autocorre-
lation in these time series is accounted in all estimations and leads to considerable
reduction of these significance levels.

The local maxima and minima of annual TO in all the regions (shown in Fig. 2
for regions 2 and 5 only) relate to the years with “warm” and “cold” winter Arctic
lower stratosphere, indicated by “+” and “−” in Fig. 2 respectively. These years
were characterized by the parameter ε ,—the ratio of the 50 hPa surface area with
temperatures T≤ 195K in December–March to the total area of the Northern Hemi-
sphere. These ratios are taken from (Manney et al. 2005) and included in Fig. 2. The
group W has 14 years with ε < 0.7% and the warm Arctic winter lower strato-
sphere. The opposite group C has 19 years with ε ≥ 0.7% and the cold Arctic
stratosphere (ε = 0.7% is the average ε for 1958–2004 from four reanalysis data
(Manney et al. 2005). The one-sided t-test reveals that among the positive differ-
ences of the mean TO of the W and C groups, only the B1 and B5 series have
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Table 1 Parameters of the TO time series for 1973–2005 period: A – annual mean;
B – December–March mean; S – June–August mean for the 1–5 regions; α1, α2 – autocorrela-
tion functions for 1 and 2 year lags; p – number of αi significant at and above the 95% level; N –
equivalent independent sample size (* Parameters have low significance)

Time Series Parameter Regions

1. NW 2. SW 3. West 4. East 5. Far East
Russia Russia Siberia Siberia

A XA(D.U) 338.0 338.7 344.8 362.5 379.9
σXA(D.U) 14.3 10.5 10.8 14.6 10.3
α1 0.58 0.65 0.32 0.42 0.34
α2/α1 0.85 0.78 1.8 1.2 1.3
p 4 3 5 4 3
N 6.6 8.3 8.0 7.5 10.6

B XB(D.U) 354.8 355.2 365.5 395.5 430.7
σXB(D.U) 26.3 14.0 15.5 24.4 15.0
α1 0.48 0.52 0.24 0.38 0.25**
α2/α1 0.98 0.89 2.2 1.1 1.2**
p 4 3 5 4 3**
N 10.3 8.5 7.9 8.5 13.2**

S XC(D.U) 332.4 335.1 335.3 332.7 334.4
σXc(D.U) 11.2 10.5 10.2 11.6 11.1
α1 0.03* 0.51 0.21* 0.35 0.15
α2/α1 5.2* 0.62 1.0* 1.1 1.5
p 5* 3 5* 4 3
N 20.6* 10.6 18.9* 9.4 11.8

** Parameters have slightly under 95% significance

99% and 95% significance with 38 and 13 DU values respectively. The A4 and A5
series have 90% and 93% difference significance and other series have even lower
significance due to autocorrelations.

Spectral analysis of the temporal ozone variations is carried out for the residual
A’, B’ and S’ detrended TO series after subtracting their linear trends from the initial
A, B, and S, for 1973–1992 for the TO decrease and 1993–2005 for ozone partial
recovery in all the regions. Table 2 presents these trends and the significance of their
deviations from zero (in denominators). Maximal trends for both signs are for the
winter B series, but with minimal confidence levels. The weakest trends are for the
S-summer TO series.

The TO decrease rate in 1973–1992 is slightly higher in European Russia. The
TO recovery in 1993–2005 is a little faster in the Asian part of the country, but this
distinction and all trends have very low significance due to large TO interannual
variations. The 1992/93 trend sign change in the above analysis reflects the joint
influence of the 1991 eruption of the Pinatubo volcano and the effects of the well-
known Montreal Protocol coming into action.

These trend estimations are close to those in (Bojkov et al. 1995) for the same
TO data and for January 1979–March 1994. The −1.6 and −2.1 DU/year for
the annually averaged TO trends in the 1 + 2 and 4 + 5 regions respectively and
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Table 2 Total ozone linear trends (DU/year, in numerators) and their deviation from zero signifi-
cance (%, in denominators) for periods I. 1973–1992; II. 1993–2005 in the A (annual); B (XII–III);
S (VI–VIII) TO time series (* Significance is less than 65%)

Period Time series Regions

1. NWR 2. SWR 3. WS 4. ES 5. FE

I. 1973–1992 A −1.65/82 −1.21/78 −1.01/70 −1.62/76 −1.41/80
B −2.53/77 −1.55/74 −1.33/65 −1.36/65 −1.50/73
S −0.76/65 −0.99/70 −1.20/75 −1.10/73 −0.90/70

II. 1993–2005 A 1.06/* 1.71/79 1.1/66 0.08/76 1.60/72
B 1.57/* 1.88/71 2.05/73 3.43/77 2.34/70
S 0.19/* 1.41/79 0.0/* 0.32/* 0.27/*

Fig. 3 Power spectra (diamonds) of the detrended A’ TO series for SWR (2, left) and FE (5, right)
regions. Squares denote the autocorrelation AR (1) spectra with lag of one year and their two
standard deviations (thin lines). Frequencies at horizontal axes are in 1/year

the −2.5 and −2.8 DU/year for the December–March averaged trends for the same
areas were obtained (the percent/decade units for trends in (Bojkov et al. 1995)
are recalculated to DU/year). Recent SBUV/2 annual TO trend estimations in
(Andersen et al. 2006) for the 50–60◦N belt are about −1.8 and +2.1 DU/year
for the 1979–January 1996 and January 1996–2003 periods respectively.

Power spectra of the detrended A’, B’ and S’ TO series have been estimated
for the Tukey window with M = 11 years (Box & Jenkins 1970; von Storch &
Zwiers 2001). Fig. 3 presents as examples the A’ spectra for the SWR (2) and FE
(5) regions with the spectra of the α1 = AR (1) auto regression function with one
year lag of the A’ series and their two standard deviation border curves. Table 3
shows the over 95% significant power density maxima (in denominators) and their
frequencies (period in years in numerators) for all A’, B’ and S’ TO series in three
frequency bands. Figure 3 shows the different spectral distributions for the European
(low frequency maximum and the “red noise” background) and Asian regions (high
frequency maximum and the “blue noise” background). The low frequency periods
of 9.5–13 years evidently reflects the 11-year solar activity cycle, while the high
frequency ones of 2.4–2.6 years (29–31 months) relate to the QBO effect.
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Table 3 The 95% significant maxima levels of the total ozone power spectrum density (in denom-
inators) and their frequencies (periods in years, numerators) for residual TO time series after the
TO linear trends removal for the A (annual); B (XII–III) and S (VI–VIII) time series

Frequency band Time series Regions

1. NWR 2. SWR 3. WS 4. ES 5. FE

High A′ 2.4/2.0 – 2.4/4.9 2.5/2.8 2.4/3.9
B′ 2.4/2.3 – 2.4/4.1 2.5/2.6 2.6/3.4
S′ 2.4/3.3 – 2.4/3.8 >2/>3.4 2.5/3.9

Medium A′ 3.7/3.0 3.0/2.9 – 3.5/2.7 –
B′ – 3.0/3.3 – 3.3/3.0 –
S′ 3.7/2.3 3.7/2.3 – 3.3/2.4 4.2/2.1

Low A′ 9.5/3.6 9.5/5.1 13/3.1 13/2.8 9.5/2.4
B′ 7.4/2.7 11/3.3 17/2.8 13/2.3 9.5/2.9
S′ 8.3/2.6 10–11/4.4 9.5/3.5 11/2.6 8.3/2.4

Discussion and Conclusions

Our results demonstrate significant longitudinal differences in the structure of TO
fields and their evolution in time over the Russian territory from West to East. These
differences are statistically significant and almost permanent during the long period
of ozone depletion in the 1980s to the first years of the1990s and also in the current
period of ozone partial recovery. The two phases of QBO west (W) and east (E)
at the 30–50 hPa levels for January–March of each year are indicated in Fig. 2. The
years of high winter and annual ozone and the warm Arctic lower stratosphere begin
with the E QBO phase, when the meridional stratospheric air transport in winter was
more intense compared to the years with the W QBO phase (see e.g. (Labitzke & van
Loon 1997; WMO 2003)). During the years of low winter–annual ozone in the cold
Arctic stratosphere QBO had a W phase, and in some years the E phase changed to
the W phase at the upper levels.

These results allow us to propose a working hypothesis of ozone dynamics over
the subarctic zonal belt and northern Eurasia: Stratospheric ozone is transported
by planetary waves from its maximal content in the tropical lower stratosphere to
the high northern latitudes and to the Arctic stratosphere predominantly during the
QBO E phase and in the longitudes of the Far East (5) region and Western Pacific
ocean along the western periphery of the known North Pacific winter stratospheric
anticyclone. Then zonal flow distributes this ozone over the relevant zonal belt to
the east and to the west and ozone comes to the stratosphere of European Russia,
having a short “memory” of QBO and being influenced by the 11-year solar cycle.
Further investigations may examine this hypothesis and find the influence of other
factors (e.g. of Arctic and North Atlantic Oscillations) on such ozone transport over
Russian territory.
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Solar UV: Measurements and Trends
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Abstract This chapter investigates the extent to which trends of ultraviolet (UV)
radiation can be derived by measurements. UV radiation is a rapidly changing
quantity that depends on latitude, longitude, height, incident angle, azimuth angle,
wavelength and polarization parameters. The irradiance is an integrated quantity
only, but it has been measured reliably at several stations since the beginning of the
1990s. Most of the existing UV irradiance data sets in the northern hemisphere show
an upward trend but we show that the time series are still too short to derive mean-
ingful trends in most cases. The reasons are the high natural variability and the high
autocorrelation of UV data. At Thessaloniki there has been an upward trend caused
by a decrease in aerosol content at this site. If the current predictions about further
ozone changes are correct, climate-related changes in clouds, aerosols and ground
albedo will dominate the expected UV changes. Future research in UV should focus
on the effects of clouds and aerosols and on the characterization of the spatial distri-
bution of UV radiation (i.e., spectral radiance) which is needed to assess UV effects
in medicine, biology or air quality.
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Introduction

The possible increase of solar ultraviolet (UV) irradiance due to ozone depletion
is the major reason why people usually care about the development of the ozone
layer. Therefore, one of the interesting questions is whether there are changes in UV
related to ozone changes during the last decades and whether we can reliably assess
them. This chapter summarizes some recent findings, but it is not intended to give
a complete overview. Such an overview can be found in the World Meteorological
Organization/United Nations Environmental Program (WMO/UNEP) assessment,
for example (Bais et al. 2007).

Fundamental Differences Between Ozone and Solar UV

There are several fundamental differences in the assessment of ozone versus UV
changes that are worth clarifying. Ozone varies slowly with time (hours, days),
whereas UV varies rapidly with time (seconds). As a result, there is a three to
four order of magnitude higher variability of solar UV compared to the variabil-
ity in ozone. Ozone depends on latitude, longitude and height: ozone (la, lo, h, t),
whereas UV depends on latitude, longitude, height, incident angle, azimuth angle,
wavelength and polarization parameters: UV (la, lo, h, t, θ , ϕ , λ , u, v, w). But can
we treat a 10-D quantity, which is rapidly varying, like a 4-D quantity? Of course
the answer is no, but practical solutions have to be found. One way is to integrate
over θ , ϕ , λ , and to ignore polarization (Cordero et al. 2008). However, at least
the integration over t and λ are problematic in atmospheric sciences, the integration
over θ , ϕ and λ are problematic with respect to effects of UV radiation (chemistry,
biology, medicine). Sample results of measurements of spectral radiance are shown
in Chapter 5.

Another major difference between ozone and UV radiation are the difficulties
to reliably measure the absolute quantity UV irradiance (or radiance). Figure 1
shows the measurement uncertainty in the UV region on the secondary ordinate as a
function of wavelength (Seckmeyer et al. 2001; Cordero et al. 2007). The measure-
ment uncertainty is strongly wavelength-dependent and increases with decreasing
wavelength (Cordero & Seckmeyer 2007). The measurement uncertainty drastically
increases for wavelengths shorter than 293 nm. The major challenge for the UV-
measuring scientists now is to measure the shortwave radiation reliably since the
best available instruments do not achieve a better uncertainty in the UV range than
of about 10%.

The primary ordinate in Fig. 1 shows the expected calculated change in spectral
UV irradiance related to changes in ozone. The results are shown for changes in
ozone of 1% and 3%. As can be seen, it is relatively easy to measure a change of
ozone of 3% at 300 nm since the uncertainty of the measurement is half of value
of the predicted change in the irradiance due to ozone change. But the detection of
the ozone change of 1% is nearly impossible with the current high-level instruments.
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Fig. 1 Percentage change in global spectral irradiance caused by a 1% and 3% change of total
ozone compared with the uncertainty in spectral measurements arising from a 5% calibration uncer-
tainty, a wavelength uncertainty of 0.05 nm, and a detection threshold of 10−6 Wm−2 nm−1. The
change in irradiance was calculated for a solar zenith angle of 30◦ and a total ozone column of
300 DU

Only between 293 and 295 nm the change of irradiance due to the change in ozone is
above the uncertainty limit of current measurement systems. At shorter wavelengths
the change in irradiance increases but the uncertainty is increasing more rapidly.

A good way of assessing the performance of the own measurement system is
to intercompare with other instruments. The IMUK (Institute of Meteorology and
Climatology) spectroradiometer as well as the NDACC (Network for Detection of
Atmospheric Composition and Change) spectroradiometer operated by the National
Institute for Water and Atmospheric Research of New Zealand (NIWA) took part in
the Fifth North American UV Intercomparison for spectroradiometers, which was
held from 13 to 21 June 2003 at Table Mountain, located 8 km north of Boulder,
Colorado, USA (Fig. 3). The campaign was organised by the Central UV Calibra-
tion Facility (CUCF) of the National Oceanic and Atmospheric Administration’s
(NOAA) Air Resources Laboratory (Wuttke et al. 2006a) (Fig. 2).

Figure 3 illustrates the results of the comparison campaign. For wavelengths
between 295 and 315 nm all instruments agree to within ±8%. In the UVB the
deviation between BSI (Biospherical Instruments Inc.) and IMUK is less than 5%.
For wavelengths larger than 320 nm, the spectral irradiance measured by IMUK
is about 4% lower compared to the BSI instrument. A step change of about 5%
occurs at 500 nm, but the deviation between IMUK and BSI stays below 4% for
wavelengths longer than 500 nm. At 500 nm an IMUK instrument changes detectors
(from PMT to silica diode) and gratings (from 2,400 to 1,200 grooves/mm). Com-
pared to the NIWA spectroradiometer a slight spectral dependence can be observed.
At 298 nm the NIWA instrument measures 8% lower than the IMUK instrument.
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Fig. 2 Intercomparison of spectroradiometers at Table Mountain, Boulder, on 22 June 2003. The
picture shows the instruments of NIWA (right) and IMUK (middle). The BSI is not to be seen in
picture

Fig. 3 Spectral ratios NIWA/IMUK and BSI/IMUK for after midday measurement on 22 June
2003. In the NIWA/IMUK ratios a slight spectral dependency is seen. The longer the wavelengths
the larger the deviations

The ratio increases steadily with increasing wavelength. At 450 nm the irradiance of
the NIWA instrument is about 2% higher than the one measured by IMUK (Wuttke
et al. 2006a).

UV Trends

Even if we could assume perfect instruments, the natural variability of UV radi-
ation sets limits to the detection of unambiguous long-term trends. By analysing
the longest time series of measured spectral UV irradiance in Europe, which have
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been started in the early 1990s in Thessaloniki, Greece and Sodankylä, Finland,
long-term UV trends can be assessed. At Sodankylä, a reduction of the total ozone
column of −5.7% per decade has been observed from 1979 to 1998. For Thessa-
loniki, a decrease in total ozone of −4.5% per decade has been observed (Glandorf
et al. 2005). However, the regression lines show no uniform behavior, but vary irreg-
ularly in strength and from one solar zenith angle to the next if all sky conditions
are analysed.

It can be concluded that both time series do not yet show an unambiguous yearly
trend in UV irradiance. Even if there was a constant ozone trend over that period it
has been shown that even the longest European time series of UV irradiance are still
too short to show distinct trends. However, this does not imply that no changes
have occurred; it only shows that the large natural variability of UV irradiance
(Seckmeyer et al. 2008) has so far hindered the identification of unambiguous
trends. In statistical literature it has been described that statistics tests fail in case
of data with high autocorrelation. In this case statistics tests may find statistically
significant trends, although the data have no trend, but are taken from random num-
ber generator (von Storch & Zwiers 2002). In the case of UV irradiance we often
found statistically significant trends, but UV data are highly auto-correlated as well.
Therefore, the finding “statistically significant trend” must be treated with great cau-
tion. The only way to find significant and consistent UV trends is the continuation
of high-quality long-term measurements of spectral UV irradiance.

Since 1990 there has been a considerable variability of total ozone, but no
steady decrease could be observed. Consequently, no general UV increase could
be expected due to ozone changes. For Thessaloniki there is a slight increase in
ozone from 1990 of 1.2% per decade as seen in Fig. 4 (Zerefos et al. 1997, 1998).
But also the irradiance at 324 nm is increasing for clear sky cases between 1990 and
2006 (i.e., at 305 nm the irradiance increases 5.4% per decade, at 324 nm there is an
increase of 9.2% per decade, and the increase of erythemal irradiance is about 7.7%
per decade). The cause for the increase of solar UV irradiance can be attributed to
the reduction of the content of aerosols in the atmosphere. In other context this effect
has been named “global brightening” (Wild et al. 2005).

UV Scenarios

Model calculations of erythemally weighted irradiance have been based on the
ozone predictions calculated by several chemistry–climate models (CCM) taking
part in CCMval (SPARC Chemistry-Climate Model Validation) activity. For these
calculations it has been assumed that other UV influencing factors like clouds,
aerosols and albedo remain constant over the next decades. Although this is a very
unlikely scenario, the calculations indicate that ozone-induced changes of UV irra-
diance are currently close to maximum and under this scenario they will revert to
pre-1980 levels at mid-latitudes between about 2040 and 2070, but later at southern
high latitudes (Tourpali et al. 2007). If the projections for future Ozone from
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Fig. 4 Change of solar irradiance and total ozone for 305 and 324 nm in Thessaloniki between
November 1990 and November 2006 (Updated from Zerefos et al. 1998)

Fig. 5 Model calculations of erythemal UV irradiance in the northern mid-latitudes based on the
ozone predictions calculated by several CCM models from SPARC CCMval activity. For these
calculations it has been assumed that other UV-influencing factors like clouds, aerosols and albedo
remain constant. These calculations indicate that ozone-induced changes are close to its maximum

CCMval are correct, the factors such as clouds, albedo and aerosols are likely to
dominate future changes in UV radiation over these time scales (Bais et al. 2007)
(Fig. 5).
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Radiance Distributions

As pointed out in Chapter 2, UV irradiance is only a simplified UV quantity. In
reality the spectral UV radiance should be investigated. However, to date there are
only a few ground measurements of absolute spectral sky radiance, although spectral
sky radiance is a fundamental measurement quantity for the characterisation of the
atmospheric radiation field.

It can be seen from the results of spectral sky radiance measurements in Hannover
(52.23◦N, 9.42◦E), Germany, that the spectral sky radiance is a function of incident
and azimuth angle, and is not uniformly distributed over the sky. A distinct minimum
can be found for all wavelengths opposite of the Sun whereas a maximum is to be
found around the Sun. For wavelengths shorter than 500 nm the distribution of sky
radiance is much more homogeneous and concentrates only around the Sun. For
longer wavelengths the distribution of sky radiance becomes more inhomogeneous
and concentrates additionally around the Sun also close to the horizon. The reason
for the homogenous distribution of sky radiance for short wavelengths (Fig. 6) is

Fig. 6 Spectral sky radiance measured at 305 nm in Hannover, Germany (52.23◦N, 9.42◦E) at
60 m above sea level on 2 May 2007 for a SZA of 39◦. The sky radiance is high around the
solar disk
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Fig. 7 Spectral sky radiance measured at 500 nm in Hannover, Germany on 2 May 2007 for a
SZA of 38◦. The sky radiance is high towards the horizon and a slight enhancement of radiance at
the horizon can be seen opposite of the solar disk

Fig. 8 Spectral sky radiance measured between 290–1,100 nm in Hannover, Germany on 2 May
2007. Each spectrum starts with an increase of sky radiance up to 330 nm followed by a constant
part up to 450 nm. Then the spectra decrease to the maximum measured wavelength of 1,100 nm



Solar UV: Measurements and Trends 367

Fig. 9 Radiation processes in an Antarctic enviroment, German Neumayer Station (70◦39′ S,
8◦15′ W). The picture has been taken during midnight sun in the southern direction

Rayleigh scattering since it is most effective for short wavelengths (Lenoble 1993).
The 500 nm radiance map (Fig. 7) is inhomogeneous and shows horizon brightening
in the direction of the Sun (Pissulla et al. 2007).

Measurements of spectral sky radiance from different directions are presented
in Fig. 8. Since sky radiance is scattered radiation, the actual values depend on
the atmospheric constituents. The combination of extraterrestrial solar spectrum
and Rayleigh scattering result in almost wavelength independent spectral sky radi-
ance between 330 and 450 nm. Above 450 nm the spectral sky radiance decreases
with increasing wavelength (Pissulla et al. 2007). Example of the complexity of
the radiation processes in an Antarctic environment is shown in Fig. 9 (Wuttke &
Seckmeyer 2006; Wuttke et al. 2006b). Despite the progress made in recent 2
decades, the full complexity of such conditions still hinders an accurate calcula-
tion of the UV field by radiative transfer models, mainly due to the lack of input
parameters.
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Ozone and Ultraviolet Radiation: Informing
the Public

C. Thomas McElroy

Good morning friends and colleagues.
It was a very interesting prospect for me to be presenting some history and sci-

ence concerning the ozone layer both here in Athens and in Montreal. You can look
back on your whole career and evaluate what you have contributed and learned from
the experience. I must say, I very much responded to the feelings that some of the
earlier speakers such as Mike Kurylo and Susan Solomon described, and started to
think about how my life became entangled with this whole issue starting back even
before the days of CFC concerns.

And of course it led me to prepare a 3-h talk—and obviously there is no audience
for that! But nevertheless, I am going to try and cover a few highlights of that longer
tale.

So, what are the issues that come forward immediately in my mind? It is the
number of interesting anniversaries that are going on right now. Not just the 20th
anniversary of Montreal protocol but the 25th anniversary of the introduction of the
Brewer Ozone Spectrophotometer. It is also the 18th year we have had our Brewer
User’s Workshops to encourage and help people to use their Brewer instruments
more effectively.

So these many thoughts crowded together in my mind and I tried to make sense
out of them and produce something of a synthesis that would help to understand
some of the broad aspects of the ozone issue and that would relate to some of the
unique things that we were doing in Canada.

It is particularly fitting that this meeting is being held here in Greece, hosted by
Christos Zerefos, because the first commercially made Brewer Spectrophotometer
ever produced was delivered to Thessaloniki, Greece. I had the pleasure of meeting
Christos and his family and the members of his research group at that time and
helped to get the ozone observing program started at the Laboratory of Atmospheric
Physics of the Aristotelan University of Northern Greece.

C.T. McElroy
Senior Research Scientist, Environment Canada 4905, Dufferin Street,
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There were a few other things that passed through my mind, as well, when I was
getting this talk together. I started doing aircraft measurements from a Lockheed
Jetstar executive jet in 1972, measuring nitrogen dioxide in the stratosphere. In fact,
that was the first jet plane that I was ever on, and the second time I had ever been
in an airplane. About the fourth or fifth time I was on an airplane I was flying
on a Concorde (#002) for about 3 or 4 h making NO2 measurements in the lower
stratosphere over the Bay of Biscay. In the end I made three flights along with a
number of colleagues from other laboratories, including John Harries from the UK
and Barney Farmer from the jet propulsion Laboratory (JPL) in California. Figure 1
shows a view of Concorde #002 similar to what it looked like when I flew on it in
November, 1973. Figure 2 shows the NO2 spectrometer used on the Concorde flights
along with the pulse counter and power unit. At that time it was a major advance to
have the counters display the last measurement for the operator to record manually
while the instrument was integrating up the next measurement.

Fig. 1 This is a view of the interior of Concorde #002 on display at the Fleet Air Arm Museum
in Yeovilton, UK. It is very much like the state the aircraft was in during the environmental flights
the author participated in. The equipment down the left side was used in the flight test programme,
during the development of Concorde. During the environmental flights the right hand side was
taken up with scientific instruments.
Downloaded from http://www.concordesst.com/002/002detail.html#



Ozone and Ultraviolet Radiation 371

Fig. 2 This photograph shows how the NO2 spectrophotometer was installed on Concorde. The
white cylinder in the lower right is the spectrometer shown with its quartz-halogen reference lamp
attached. During flight, the spectrometer was manually pointed out the window at the sun and the
operator recorded the accumulated photon counts displayed on the counter box on the table at the
upper left of the photo. Photo by author

But most of these things, I felt, would likely parallel the experiences of others; I
wanted to find something unusual that we had done in Toronto and talk about that.
And so that is what this talk is about.

I began my career in atmospheric science working with Alan Brewer, whom
we named the spectrometer after because he was a sort of catalyst to get the spec-
trometer development started back around 1965, at the University of Toronto. The
photograph in Fig. 3 was taken at the 50th anniversary of the publication of the land-
mark paper by Alan Brewer and Gordon Dobson on the large-scale circulation of the
stratosphere, afterwards called the Brewer–Dobson circulation. The measurements
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Fig. 3 This photograph of Alan Brewer was taken at the 50th anniversary celebration of the
Brewer-Dobson circulation paper held at Oxford University in 1999. From left to right: Michael
McIntyre, Kirill Semeniuk and Alan Brewer. The photograph was reprinted from an article by
Warwick Norton (Clarenden Laboratory, Oxford, UK; wan@atm.ox.ac.uk), published in SPARC
Newsletter 15 on the Brewer–Dobson Workshop, 13–15 December 1999, Oxford, UK (Norton &
Shuckburgh 2000)

of ozone that were available at the time provided part of the evidence that Brewer
used to put forward this theory of the global-scale, indirect circulation.

The two photographs in Fig. 4a, b were contributed by Alkis Bias of the Univer-
sity of Thessaloniki. They depict the first commercial Brewer (#005) as it appeared
in Greece in 1985. Its arrival there is connected with a funny story for me. I found
that I was supposed to go to Thessaloniki—I didn’t even know where it was at the
time—and deliver an instrument to this fellow that I knew only remotely through
the exchange of letters. I talked about it with colleagues referring to him [Christos]
as ‘Zerefos the Greek’. I thought it was a little bit rude and didn’t share it with any
of my Greek friends at the time, but it turned out in the long run that the association
with Zorbas the Greek is actually a positive one from the Greek point of view.

The photographs in Fig. 4a, b show the old 1982, manually operated version
of the Brewer, first run by a Commodore 8-k PET—the 8-k refers to 8k bytes, the
amount of memory the computer had.

In the mid-1980s, if you can cast your mind back, there was a lot of science
going on. We had a notable debate going on about the ozone issue, with serious
scientific findings being ‘challenged’ in the public realm by politically and economi-
cally motivated ‘experts’ who were making outrageous pseudo-scientific statements.
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Fig. 4 These two photographs show the first commercially produced Brewer, #005, as it appeared
in 1982. (a) The upper photograph shows the Commodore PET control computer and the (b) lower
photo shows the Brewer outdoors in place to make manually pointed measurements. All Brewers
are fully automated now. Photo taken by Professor A. Bais

The public were confused, as were the politicians and policy makers. There was a
lot of public concern but they really didn’t know what was going on.

And so we cast around for ideas about how to handle this problem. Propaganda
didn’t seem the right way to approach the issue since the promulgation of sensible
science by the US government was being challenged. But, possibly, the dissemina-
tion of public information might be the right idea and did turn out to be the best
approach.
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We tried to come up with a way that we could easily inform the public on a
week-by-week basis what was going on in the ozone layer. The idea was to develop
in the average person an appreciation for what was normal and what was abnormal
and inculcate in them a feeling for how frequently abnormal events were taking
place. In other words, to let them see what the ‘experts’ were seeing in the data. This
concept evolved into the UV-Index and Ozone Watch programs. These programs are
supported by an ozone-and-UV forecast model which has been in operation since
1992, the time when the UV-Index was launched in Canada.

The way it came about was that EC Scientist, Jim Kerr, was analysing a lot of
data collected by the Brewer, which by that time had been modified to measure
UV radiation as well as ozone, and he found that a statistical model could be used
to accurately predict tomorrow’s ozone based on the forecast meteorological fields
such as the 100-hectopascal temperature.

He also developed a statistical model from the Brewer data that coupled the
surface UV radiation level to the total column ozone amount. So with these two
elements it was possible to use the weather forecast model to automatically turn out
a forecast of the UV-Index for dissemination to the general public. The operational
implementation of these ideas was carried out and published by Burrows et al. in
1994 (Fig. 5).

It was fun for me here in Athens to finally meet Brian Diffey, because it was
the Diffey action spectrum that we used in 1992 in order to produce the damaging
ultraviolet radiation (DUV) numbers that form the basis of the UV index. The Index
is actually a physically based number but was arbitrarily scaled to lead to a value of
ten in Toronto at the time of the year when the sunburning potential of the solar UV
radiation is at its highest (in July). The scale is open-ended and can hit values close
to 20 up in high mountains under low-ozone and high-surface-albedo conditions.
Figure 6 shows a page from the Burrows paper (Ibid.) with a comparison between
observations and predicted values for a day with a relatively clear sky.

Ozone information was actually presented to the public in the following way. We
compared a climatology based on past ozone measurements dating back as far as the
IGY to 2-week averaged values of ozone and every Friday put out a new forecast
that showed what the change in ozone was at measuring stations across Canada.

This worked very well for the media, as well for the public, to understand that
ozone is quite variable. But that a persistent pattern of negative numbers, small neg-
ative numbers, could be clearly seen. The message began to get across that things, in
fact, had changed in the ozone world through the 1980s and 1990s. A sample ozone
plot of the type made available to the media and on-line is shown in Fig. 7.

The other important thing that we started to report is the UV Index. It was forecast
on a daily basis and became part of the weather forecast and remains today a part
of the daily weather forecast in Canada throughout the hot months of the year when
the numbers are significant. It has also been adopted now by the United Nations
Environment Programme (UNEP) and is in use in more than 30 countries.

Each year a long-term forecast is prepared by Environment Canada in the spring
which makes a prediction of what the ozone levels and UV levels will be through-
out the summer. This forecast is intended to alert people to watch our UV forecast
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Fig. 5 This figure shows the cover of the September, 1994 edition of Meteorological Applica-
tions where the paper on the operational UV Index forecast model was described by Burrows
et al. (1994)

throughout the summer months when they will be potentially exposed to high UV
doses and warn them about the possibility of days with particularly low ozone in
the early spring. In the late 1980s and 1990s a process went on where outspo-
ken ‘experts’ were denying the possibility that a tiny amount of a relatively heavy
gas (CFCs) could cause havoc in the stratosphere. Several arguments were made
denying the possibility that ozone depletion was real.

The ‘nay-sayers’ argued that ozone was not changing, which was a difficult case
to prove in the beginning, which of course was the reason for generating the ozone
trends-panel and starting to produce the WMO Ozone Assessment reports. They
also argued that even if ozone were changing, the change would be so small that it
would be lost in the variability in the ozone amount from day to day. And that, of
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Fig. 6 This figure from the Burrows et al. paper shows a comparison between predicted and mea-
sured UV Index values. The 18-h forecast is compared to climatological values based on average
TOMS satellite ozone and the Dobson ozone climatology and to actual Brewer observations (Plot
based on Fig. 6 in Burrows et al. (1994))

course, is not entirely correct because we integrate the UV-B dosage over days and
weeks, and so changes in the average level are important as well as changes in the
individual daily values.

Finally it was argued that changes in cloudiness or aerosol or whatever would
make it impossible detect any change anyway. So, it will never be possible to mea-
sure and prove that UV is actually changing. Jim Kerr did a lot of data analysis and
came up with an interesting look at the problem. He did a simple linear regression of
ozone amount and UV radiation with respect to time over 5 years, and looked to see
if they were changing together. He asked the question, ‘Does the analysis provide
any evidence that there is a process that is changing the amount of ozone and is it,
in fact, making a measurable change in UV radiation at the surface?’

The rate of change of ozone and the change in UV radiation over the period
were in agreement. But a more interesting result also presented itself. It turned out
(not surprisingly in retrospect) that the trends at individual wavelengths matched the
absorption spectrum of ozone. A plot from the Kerr and McElroy (1993) paper is
reproduced as Fig. 8.

This was an important result because it showed, using real measurements, that a
small average change in ozone could cause a change in UV radiation that could actu-
ally be detected in a moderately long-term observation time series. When this was
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Fig. 7 The Ozone Watch programme reports ozone changes from historical levels in the form
presented here. The climatology based on pre-1980 measurements is used as a basis of comparison
to 2-week averaged ozone data from the Canadian column ozone network. The deviations are
reported as a percentage of the reference values. Environment Canada

published in the Journal Science of course there was considerable media attention.
The nay-sayers wanted to see this result discredited because it was one of the legs
of the three-legged ‘stool’ of denial that needed to be taken off. We made the data
available and Fred Singer and his colleagues at the University of Virginia analyzed
it and tried to show that the analysis didn’t prove anything. They claimed that the
trends at each individual wavelength were not statistically significant and therefore
the result was not useful. However, the test they were using was clearly not appro-
priate because it is virtually impossible for the spectrum of ozone to come through
in the wavelength-dependent trends if the trend at each individual wavelength is not
significant!

One of the interesting points they made was that it was a really unusual year in
1993 because we had the ‘storm of the century’ and that caused an unusually low
ozone value in one of the last years in the analysis. But, of course, ozone scientists
know that bad weather associated with low pressure areas is correlated with high
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Fig. 8 The winter and summer linear trends in UV-B radiation as a function of wavelength. There
is a striking similarity between the shapes and detailed features of these curves with those of the
ozone absorption spectrum. This establishes the link between the positive trend in UV-B and the
negative trend in ozone, both observed over the same period (From Kerr & McElroy 1993)

levels of ozone. But nevertheless that got past the referees and into their rebuttal
paper in Science anyway.

This is a short talk covering a lot of material, but focused mostly on the impact
the Brewer Ozone Spectrophotometer has had on the ozone and UV issues. There
are now nearly 200 Brewers being operated in 41 countries. Thirty-nine of these
countries are submitting data from their measurements to the World Ozone and UV
radiation Data Centre in Toronto. The Centre was set up in 1962, just after the IGY,
and is enjoying its 45th anniversary now.

More than 30 countries are now regularly reporting a UV Index, which is essen-
tially the same as the one we developed, but under a program propagated by UNEP.
It has already been touched on a number of times by different speakers, but it is an
important question: ‘Can we sustain the scientific effort needed in order to see the
ozone come back to normal levels?’ If we want to detect a change of 1%, let’s say
over a decade, we have to have instruments that have absolute accuracy of better
than 1% in order to achieve that goal.

Can we get the global network to that level and maintain the effort it takes to
keep it there? And equally important, can we maintain the satellite capability that
allows us to propagate that level of accuracy over the entire globe?

I had a lot of help along the way in the course of my career. Table 1 is a list
of names of some of those people. And some of the names on this list are people
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Table 1 A list of the names of some of the people that helped the author to succeed in his research
career. Unfortunately several of these people have passed away in the last year or so and are sadly
missed. They include Alan Brewer, Art Schmeltekopf and Ralph Nichols

Alan W. Brewer Michael Prather
David I. Wardle Ralph Nichols
James B. Kerr Alex Chisholm
Gordon Shepherd Wayne Evans
Bill Gee David Barton
Aaron Ullberg Bob Hall
Clive Midwinter Stella Melo
James Drummond Heather Mackey
Mike Kurylo Chris McLinden
Bob Hum Jack McConnell
Ueli Rentsch David Francis
Art Schmeltekopf And many others. . .

sitting in this room. It has been a pleasure to have worked with all of them. And I
hope to go on doing so for some time even though I am close to the magic 35 years
in Canadian government service that will allow me to retire with a full pension.

Thank you very much.

COORDINATOR:
I think we have for a couple of questions, if there are any. Yes.

Question: Can Brewer and Dobson data be used together to do long-term trend
analysis?

MCELROY:
Dobson and Brewer measurements can be combined in time series analysis. The
Dobson measures roughly ozone plus the amount of SO2. If you actually have the
ozone and the SO2 as separate measurements from the Brewer you can do a fairly
accurate recreation of the ozone time series as it would be seen by the Dobson.

There is another issue, though. We are doing a lot of work right now investigating
the stray light behaviour of our instruments. The double-spectrometer version of
the Brewer has essentially no stray light. The single-monochromator version has
significant stray light. The ozone as measured by a single Mark II Brewer will be
underestimated by something like 8% when you have a column of 1,000 DU in the
path. And the Dobson AD measurement is affected more strongly by stray light than
even the single Brewer measurements.

So, we have some work to do there because there is some possibility that satellite
data that has been validated against ground-based network data, is probably wrong
because whatever corrections have been made are probably causing the satellite data
to conform to ozone values that are too low in the polar regions at the times of the
year when stray light is significant.
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A Contemporary Strategy for Sun Exposure

Brian Diffey

Abstract Human behaviour is a much greater determinant of the risk of skin cancer
than ozone depletion and it is likely to prove impossible to look back at the end of
this century and be certain what effect ozone depletion had on skin cancer incidence
world-wide. Evidence is emerging implicating a low vitamin D status in a range
of adverse health conditions, including some internal cancers, and this is leading
to a re-appraisal of just what is the balance we need to achieve in terms of our
solar UV exposure in order to identify how much exposure is “enough” against
a confounding background of environmental, climatic, behavioural and genotype
influences. A strategy is proposed for the outdoor exposure of indoor workers living
at temperate latitudes that attempts to approach the “optimum” exposure.

Keywords Skin cancer · ozone depletion · vitamin D · behaviour · global warming

Introduction

For 30 years there has been a concern that anthropogenic damage to the Earth’s
stratospheric ozone layer will lead to an increase of solar ultraviolet (UV) radiation
reaching the Earth’s surface, with a consequent adverse impact on human health,
especially to the skin.

The most serious effect of changing UV exposure of human skin is the poten-
tial rise in incidence of skin cancer and the most sophisticated attempt to estimate
the impact of ozone depletion on this disease was made by Slaper et al. (1996) and
subsequently reported in the 1998 UNEP assessment (United Nations Environment
Programme, Environmental effects of ozone depletion, 1998). These estimates sug-
gest that the increased risk of skin cancer due to ozone depletion would not have
been adequately controlled by the implementation of the Montreal Protocol alone,
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but can be achieved through implementation of its later amendments. They indi-
cate that under the Montreal Amendments, incidences of skin cancer in north-west
Europe will peak around the mid-part of this century at an additional incidence of
about 90 cases per million people.

For the UK population of approximately 60 million this would imply about 5,000
additional cases of skin cancer per year, which represents a relative increase in
risk of about 7% compared with current incidence of around 70,000. Thereafter,
the increase in disease rates attributable to ozone depletion is expected to return
almost to zero by the end of this century; as skin cancer typically results from sev-
eral decades of UV exposure the response of the disease follows later than changes
in exposure.

These quantitative risk estimates for skin cancer are only valid if all other factors
that determine risk, notably human behaviour, remain unchanged. This is extremely
unlikely given that skin cancer rates in most predominantly white-skinned popula-
tions have been rising rapidly for several decades. In the UK, for example, rates have
been increasing steadily for more than 30 years with a doubling time of 16 years,
presumably as a consequence of changes in outdoor exposure and fashion over the
preceding 50 years or so.

If the same trend should continue then by around 2050, when the peak of the
effect of ozone depletion on skin cancer incidence is predicted to occur (Slaper
et al. 1996), the additional cases due to this effect will only be 1% of the naturally
occurring incidence at that time. Given the uncertainties that exist with regard not
only to atmospheric change but equally to human behaviour, it is likely to prove
impossible to look back at the end of this century and be certain what effect ozone
depletion had on skin cancer incidence world-wide.

Future social trends remain uncertain but the sun exposure of northern Europeans
is likely to continue to increase due to sun-seeking holidays associated with low-cost
air travel and the opportunity for more leisure time outdoors at home as a conse-
quence of global warming. As a result, skin cancer incidence is likely to continue
to rise, but as a result of behavioural factors consequent to, rather than directly
attributable to, environmental changes (Diffey 2004).

Whilst the UV component of sunlight is largely responsible for the deleterious
effects on the skin that are associated with sun exposure, there is an established
beneficial effect of solar UV on the skin, which is the synthesis of vitamin D and its
role in maintaining bone health. But now we see evidence emerging implicating a
low vitamin D status in a range of adverse health conditions, including some internal
cancers (Holick 2008), and this is leading to a re-appraisal (Lucas et al. 2008) of just
what is the balance we need to achieve in terms of our solar UV exposure in order
to approach the minimum of the conceptualised disease burden: UV exposure curve
is shown below (Fig. 1).

The UV dose-axis is deliberately qualitative since the balance between the level
and pattern of UV exposure that results in adequate vitamin D synthesis but does
not increase the harmful consequences of exposure remains to be defined.

There is currently disharmony between many health professionals whose role
is to prevent, diagnose and/or treat sun-induced skin disease – especially skin
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cancer – on the one hand and proponents of the perceived under-rated health
benefits of vitamin D, and by association sun exposure, on the other (Gillie 2006;
Diffey 2006).

If the literature continues to grow with carefully conducted case-control and other
studies on the benefits of sun exposure, coupled with wide acknowledgement of the
deleterious effects of excessive sun exposure, we can expect to see a coming together
of these polarised views.

The challenge over the coming years will be to identify how much UV radiation
exposure is “enough” against a confounding background of environmental, climatic,
behavioural and genotype influences (Diffey 2007). However, from a considera-
tion of the variation in exposure throughout the year (Diffey 2008), the following
strategy is proposed for the outdoor exposure of indoor workers living at temperate
latitudes that attempts to approach the “optimum” exposure.

Type of exposure Strategy

Winter Low dose-rate solar UV presents no risk and is
too weak to synthesise vitamin D

Casual spring, summer &
autumn exposure

Generally no need for sun protection:
sub-erythemal exposure is beneficial in
producing vitamin D, which may be protective
in some internal cancers

Elective summer exposure
(weekend & vacation)

High dose-rate solar UV presents a risk – sun
protection measures should be adopted
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Findings from the 2006 Ozone Scientific
Assessment for the Montreal Protocol

Akkihebbal Ravishankara

Abstract The 1987 Montreal Protocol on Substances that Deplete the Ozone Layer
called for global action to reduce the use of chlorofluorocarbons (CFCs) and halons.
In addition, it requested periodic expert assessments of, among other things, the
available scientific information related to the Earth’s stratospheric ozone layer. Since
1987, the Parties have used the scientific assessment information as part of the basis
for their decisions to amend or adjust the Montreal Protocol to strengthen its pro-
tection of the ozone layer. Observations now show that ozone-depleting substances
in the lower atmosphere as well as in the stratosphere are decreasing, and the ozone
layer is showing some early signs of recovery. A member of the 2006 Assessment
Scientific Steering Committee, Dr. Ravishankara will discuss the findings of the cur-
rent Science assessment, whose preparation involved more than 300 scientists from
34 countries as lead authors, co-authors, contributors, and reviewers.

Keywords Montreal Protocol · ozone-depleting substances · ozone trends · ozone
assessment · stratospheric ozone layer

Good afternoon. I would like to thank you for this opportunity to be here and talk
about the WMO/UNEP ozone assessments for the Montreal Protocol. I should first
point out that a lot of people contributed to these assessments and it is good to see
that many of you are here. And I want to thank the Scientific Assessment Panel
Co-chairs who have been involved since the very first assessment, namely, Dan
Albritton and Bob Watson, who have contributed enormous amounts of time and
effort over many years on these assessments. Also, I want to offer my personal
thanks to Co-chair Dr. Ayité-Lô Ajavon as well as the members of the Scientific
Steering Committee who have been so heavily involved with this latest (2006)
assessment.
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The 2006 assessment involved more than 300 scientists as lead authors, co-
authors, contributors, and reviewers. The assessment was delivered to the Parties
to the Montreal Protocol and the information it contains has also been described at
meetings in Nairobi and Montreal. It has been fully reviewed three times within the
international scientific community, which is a very important way to make sure that
the science is good and is expressed well in the document.

The 2006 assessment is the sixth in a series that the Science Assessment Panel
has done for the parties. As you know, the reports have had various colors; if anyone
wants to take a guess at what the next color is going to be, I will be happy to let them.

The 2006 assessment answers the question of how well the Montreal Protocol is
working in this accountability phase. Are things working as we expected? And what
does the future portend?

Figure 1 shows the cover of the executive summary of the ozone assessment.
It shows the abundance of ozone-depleting substances in the atmosphere. That has
not been touched upon very much here and I will say a few words.

As I said, the bottom line message is that the Montreal Protocol is working,
as reflected by the observed trends in the ozone-depleting substances. There are
some questions that one could ask about ozone trends and what the UV trends are
going to be and how other factors, especially things such as climate and atmospheric
composition, affect stratospheric ozone.

Fig. 1 Cover of the execu-
tive summary of the ozone
assessment
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Fig. 2 ODS production

First a few words about ozone-depleting substances. Figure 2 is a picture of
the ozone-depleting substances, chlorofluorocarbons (CFCs) in dark and hydrochlo-
rofluorocarbons (HCFCs) in this gray area. HCFCs as you know are replacements,
transitions from CFCs to non-CFCs. Although they do destroy ozone, they are not
as efficient at it as CFCs.

A simple point about CFCs is that they will continue to contribute to ozone deple-
tion into the middle of the twenty-first century. But the key thing is that there is a
significant impact from the decision in Montreal to face the CFC problem early on.

Looking ahead, the HCFCs are going to be a main contributor to the ozone-
depleting substances in the atmosphere. The release of “banked” CFCs (i.e., the
CFCs produced but not yet released) and halons will also contribute. One of the
issues that we must consider is how can we translate the production information
into an estimate of emissions to the atmosphere. There is production, consumption,
and emissions. We know that the way emissions and production have been reported
in the past, and will be in the future, can lead to various uncertainties in attributing
ozone-depleting substances to the specific areas, sources, regions and possibly even
sectors.

Observations have given us very early indications that ozone-depleting sub-
stances in the lower atmosphere as well as in the stratosphere are decreasing. The
observations come from several sources to give us this collective picture. Very
clearly there is a decrease in ozone-depleting substances expressed as equivalent
effective chlorine (EECl) in this particular case. EECl has reached the maximum
and it is decreasing as time progresses.

The question of course is how to predict what is going to be happening with
regard to this important issue in the future. And there is also the question of how
short-lived species have contributed to the trends of ozone-depleting substances and
how they might affect the future abundances.

The shorter-lived substances such as methyl chloroform and methyl bromide
are the ones that have contributed most to the decrease in equivalent effective
stratospheric chlorine in the atmosphere. But the CFCs are still there and methyl
chloroform is almost gone. Methyl chloroform is not going to help very much for
the long term. On the other hand if the emissions of short-lived substances are
reduced, we have a very significant impact in the short term. And when considering
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emissions and future predictions, species like methyl bromide are important. Methyl
bromide is emitted by both natural and anthropogenic sources. The effectiveness
of bromine in ozone depletion is dependent upon the chlorine abundance. The
latter will continue to change in the future. Because of the coupling of chlorine
and bromine, it is challenging to project the future levels of equivalent effective
stratospheric chlorine (EESC). This is one of the things to think about for the future.

The question of recovery of the ozone layer is a very important issue. People
ask this question, and rightfully so, and we have to think about what it is. What is
recovery? Recovery of what, from what effect, and why do people care?

The return of the ozone layer to the pre-1980 values is what is operationally
defined in this figure as the recovery, but the question of course is what is the natural
variability. The closer you get to this recovery time, the harder it will be to see when
it is actually “recovered,” because of natural variability (Fig. 3).

Can there be a better definition, do we need this concept, do we talk about super
recovery, etc.? There is also the baseline issue: why do we use 1980? There are many
other factors. This figure showing ozone recovery stages is in the Twenty Questions
document. The bottom line of this is that at least for the next couple of decades and
later in the century, it will be difficult to detect the recovery as the Montreal Protocol
actually does what it is supposed to do.

The dates of predicted ozone recovery is a complex issue with latitude depen-
dences, and people care about these dates. Actually it is misunderstood more than
you think, so one has to be very careful.

Fig. 3 Recovery stages of global zone
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But one thing that is clear from the modeling calculations is that failure to
continue compliance with the Protocol would delay or even prevent ozone layer
recovery.

There were beautiful talks earlier in the session talking about the UV changes.
Because of time constraints, I cannot describe the UV findings here.

I will just add one personal note. I would suggest that the laboratory studies have
contributed tremendously to understanding and dealing with the stratospheric ozone
issue. And as a few people here have mentioned, there is still quite a bit to be done.
With that, I thank you for your attention.



SPARC Science Supporting the Montreal
Protocol

Marvin A. Geller and Marie-Lise Chanin

Abstract The World Climate Research Programme (WCRP) project SPARC
(Stratospheric Processes and Their Role in Climate) was established in 1992. Its
initial organization was developed, in part, to help science to contribute to the
WMO/UNEP Ozone assessments that provide the scientific bases for changes in the
Montreal Protocol. Some examples of these contributions are given in this chapter,
and SPARC’s future role relating to the Montreal Protocol is also discussed.

Keywords Climate–chemistry interactions · ozone trends · prediction of strato-
spheric change · stratospheric temperature trends · stratosphere–troposphere dynam-
ical coupling

Introduction

In 1992, the World Climate Research Programme (WCRP) adopted SPARC (Strato-
spheric Processes and Their Role in Climate) as one of its projects. Then, there was
a great deal of ongoing scientific work on stratospheric ozone depletion, and the
Montreal Protocol had been in effect for 5 years. However, there was much less
appreciation of the role that the stratosphere played in the climate system. SPARC
was very fortunate that the WCRP Joint Scientific Committee then included in its
membership several well-respected climate scientists who not only appreciated the
importance of the stratosphere, but also had themselves carried out seminal research
on the stratosphere. The committee was also very fortunate to recruit many of the
world’s leading stratosphere researchers to serve on that initial SPARC Scientific
Steering Group (SSG). Moreover, as the terms of the SSG members expired, or as
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they left the SSG for other reasons, the committee was able to obtain the services
of outstanding scientists to fill their positions on the SPARC SSG. In the mean-
time, several working groups had been established to carry out SPARC activities,
and SPARC was able to enlist the services of an outstanding group of scientists to
serve on these groups, especially to lead these efforts. Whatever success SPARC has
enjoyed is surely because of the excellence of the scientists who have participated
in SPARC activities. We were privileged to lead the initial SPARC SSG, but those
who succeeded us have provided excellent ongoing scientific leadership.

The first WMO/UNEP Ozone Assessment was done in 1989, although there had
been several previous such assessments carried out before this by national agencies.
The Planning Document for SPARC was written by a group of scientists, many
of whom had participated in the early ozone assessments, and we noted that there
were several scientific issues where the natural process of scientists performing
their research and publishing in the refereed literature was not adequate to address
problems in a satisfactory fashion. Many times, different groups of scientists were
analyzing different sets of data that had different spatial distributions and were
for differing time periods, making definitive conclusions difficult. This being the
case, the SPARC SSG decided that one of the initial functions of SPARC should
be to convene leading scientists to address such issues over a multi-year period so
that increasingly definitive statements could be made on such issues in successive
WMO/UNEP Ozone Assessment reports. This was to be an important element in
SPARC, but in addition SPARC efforts were also focused on the broader climate
problem, as it involved the stratosphere. SPARC originally organized its efforts into
the following three themes:

• Stratospheric indicators of climate change

This involved quantifying ozone changes, temperature changes, and examining
stratospheric water vapor.

• Stratospheric processes and their relation to climate

Here, it was recognized that certain processes were not understood sufficiently
to properly incorporate into models of the stratosphere, so research was needed
to improve their treatment. Some of these were gravity wave effects, upper
troposphere/lower stratosphere chemistry, and mixing processes in the upper
troposphere/lower stratosphere.

• Modeling of stratospheric effects on climate

Here, it was realized that there would be an inevitable evolution from the one- and
two-dimensional models that were being used to model the evolution of strato-
spheric ozone to fully three-dimensional chemistry–climate models in which all
aspects of the chemistry–climate system would interact with each other as they
do in the actual climate system.

In the following section, a few examples of how SPARC efforts contributed to the
WMO/UNEP Ozone Assessments are given.
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Fig. 1 Profile of ozone trends for northern mid-latitude during the 1980s as determined from
satellite, Umkehr, and ozonesonde data (From WMO 1994)

Profiles of Ozone Trends

Figure 1 shows a figure from the WMO/UNEP 1994 Ozone Assessment. Note that
there are two altitude regions where ozone losses appear to be greatest. One is cen-
tered at about 40 km, and shows a depletion of about −8%/decade, and there is
reasonable agreement among the various measurement techniques. The other is in
the lower stratosphere, but there is disagreement between the sondes, which give a
trend of about −7%/decade, and the SAGE trends in that region, which show a trend
as large as −20%/decade. Furthermore, the error bars of the ozonesonde trends in
this region do not overlap the SAGE (SAGE stands for Stratospheric Aerosol and
Gas Experiment. SAGE I, II, and III were NASA instruments) curve.

To address this situation, SPARC, together with the International Ozone Com-
mission (IOC), and the Global Atmospheric Watch (GAW) established an Ozone
Trends Panel. This panel evaluated the various methods for measuring ozone pro-
files. Their efforts motivated a reprocessing of the SAGE (Stratospheric Aerosol
and Gas Experiment SAGE I, II, and III were NASA instruments). data, and the
results were published in the SPARC/IOC/GAW Report #1 in 1998. These results
are summarized in Fig. 2, from WMO (1998). Note that, as before, the same two
altitude regions of maximum ozone loss are seen with ozone depletions of about
−7.5%/decade centered at about 40 km, but the ozone losses in the lower region
are about on the same order (about −7.5%/decade), albeit the trends in this lower
region are uncertain due to the small amount of ozonesonde data in the analysis.
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Fig. 2 Profile of ozone trends for northern mid-latitudes (1980–1996) determined by combin-
ing SAGE I/II, ozonesonde, SBUV, and Umkehr measurements (from the SPARC/IOC/GAW
assessment of ozone trends). The 1 and 2 σ lines are also shown

This earlier work on ozone trends and their interpretation benefited in the following
years from the modeling efforts of the GRIPS task within SPARC, as shown below.

Figure 3 shows the ozone profile trends from WMO (2006) for the period 1980–
2004 for both northern and southern mid-latitudes compared with models. Note that,
in both northern and southern mid-latitudes, the measured ozone trend in the upper
stratosphere (centered between 40 and 45 km) is about −7.5%/decade, but obser-
vations indicate ozone losses of about −3–6%/decade in northern mid-latitudes
centered between 20 and 25 km. The ozone losses in the southern, mid-latitude
lower stratosphere appear to be larger, but the observational curve cuts off at about
20 km due to lack of sufficient ozonesonde data.

Note that the modeled profile of the ozone trends agrees well in overall shape
with the observations, but many of the models give less ozone loss than observed
in the upper stratosphere. In the lower stratosphere, there is less agreement in both
shape and the magnitude of the ozone losses.

Stratospheric Temperature Trends

In WMO (1994), there was a similar uncertainty about the stratospheric temperature
trends. This was due to separate analyses being done using different instruments,
different periods of analysis, and different geographical and altitude regions. For
instance, Figs. 4, 5, and 6 show three different stratospheric temperature trend
determinations that appeared in WMO (1994).
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Fig. 3 Vertical profiles of ozone trends for the period 1980–2004 from observations compared
with two- and three-dimensional chemical transport models (From WMO 2006)

Fig. 4 Latitudinal profiles of the estimated annual mean temperature trends in ◦C/decade from the
radiosonde analysis of Oort and Liu (1993) for the 100–50 hPa layer during the period December
1963–November 1989. Ninety-five percent confidence limits are shown, as are the hemispheric and
global trends on the right (From WMO 1994)

Note that all three analyses shown in Figs. 4, 5, and 6 show a cooling trend, but
Fig. 4 shows statistically significant cooling of about −0.4◦C/decade in the north-
ern hemisphere, with larger cooling at southern hemisphere high latitudes. Figure
5 shows cooling at northern hemisphere mid-latitudes as much as −0.5◦C/decade
at 30◦N at about 50 hPa, with larger cooling at northern high latitudes from
1963 to 1993, and with larger cooling at northern mid-latitudes during 1979–1993.
Figure 6 shows largest cooling in MSU Channel 4 (a rather broad channel peaking
at about 75 hPa) in early spring in the high latitudes of both hemispheres, but with
statistically significant cooling over most of the globe.
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Fig. 5 (a) Northern hemisphere temperature trend derived from radiosonde analyses (in
◦C/decade) in May for the period 1965–1993 based on data at 100, 50, and 30 hPa levels (accord-
ing to personal communication from K. Labitzke, 1994). Lower Panel – lines of 90, 95, and 99%
significance. (b) As (a), but for the period 1979–1993 (From WMO 1994)
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Fig. 6 Latitude-time section of zonal-mean lower stratosphere temperature trend in ◦C/year from
MSU Channel 4 data for the period 1979–1991. Stippling denotes regions of 95% significance
(From WMO 1994, analysis from Randel & Cobb 1994)

As was the case for the ozone trend profiles, the stratospheric temperature trends
showed some consistency, but the differences in time period, geographical and alti-
tude regions, and instruments gave somewhat different pictures. To address this,
SPARC formed a Temperature Trends Panel that tried to bring order to the analyses
by putting the various data in a common space–time frame, where possible. The
result is shown in Fig. 7. Note that over the period 1979–1994, a consistent strato-
spheric cooling is seen at 45◦N that ranges from about −0.5◦C/decade in the lower
stratosphere to more that −2◦C/decade in the upper stratosphere.

A more complete picture of stratospheric temperature trends over the period
1979–1998 is shown in Fig. 8.

Evolution of SPARC

SPARC began during a period of ozone decline. Now, with the success of the Mon-
treal Protocol and its subsequent amendments, we anticipate that the stratospheric
ozone layer will heal. Thus, SPARC’s early emphasis on determining ozone and
temperature trends required change. Also, its early emphasis on modeling ozone
needs to be altered, given that the changing climate of the stratosphere will influence
ozone changes and, in turn, the stratospheric ozone changes will influence the cli-
mate of the troposphere–stratosphere–surface system. This being the case, SPARC
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Fig. 7 Mean vertical profile of the stratosphere temperature trend over the 1979–1994 period at
45◦N using radiosonde, satellite, and analyzed data sets. The solid curve is the weighted trend
estimate, while the dashed curves show 2σ uncertainties (From Ramaswamy et al. 2001)
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has evolved to now be addressing the themes:

1. Climate–Chemistry Interactions

– How will stratospheric ozone and other constituents evolve?
– How will changes in stratospheric composition affect climate?
– What are the links between changes in stratospheric ozone, UV radiation, and

tropospheric chemistry?

2. Detection, Attribution, and Prediction of Stratospheric Change

– What are the past changes and variations in the stratosphere?
– How well can we explain past changes in terms of natural and anthropogenic

effects?
– How do we expect the stratosphere to evolve in the future, and what confi-

dence do we have in those predictions?

3. Stratosphere–Troposphere Dynamical Coupling

– What is the role of dynamical and radiative coupling with the stratosphere in
extended-range tropospheric weather forecasting and determining long-term
trends in tropospheric climate?

– By what mechanisms do the stratosphere and troposphere act as a coupled
system?

Figure 9 gives an example of a SPARC effort in this new structure and how it sup-
ports the Montreal Protocol process. This figure shows model results for several
three-dimensional chemistry-climate models where ozone depleting gases as well
as greenhouse gases are varied according to a reasonable scenario that assumes
compliance with the Montreal Protocol and its amendments. Note that, while there
is considerable spread in the model simulations, the mean results show reason-
able agreement with the observations. Note also that the model predictions show
that stratospheric ozone is predicted to return to 1980–1989 values in the mid-
twenty-first century and then rise to greater levels. This so-called super-recovery
is a consequence of cooling stratospheric temperatures resulting from the expected
larger greenhouse gas concentrations during that time, and the fact that the reaction
rates for ozone loss are temperature-dependent.

SPARC has an ongoing project that is aimed at providing validation tests for
CCMs, aiming to narrow the spread in these model projections. Some of the model
results shown in Fig. 9 do more poorly than others, but no effort has been made to
reject model results at this point, given that these validation efforts are at their early
stages.
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Fig. 9 Left: Annual mean zonal mean total column ozone from CCMs (colored lines) and from
observations (thick black region) at tropical and mid-latitude regions. The model time series
are formed using scenarios described in WMO (2006) and are also smoothed as described in
WMO (2006). Light gray shading between 2040 and 2050 shows the period when equivalent effec-
tive stratospheric chlorine (EESC) levels are expected to return to 1980 values in those regions. The
anomalies are with respect to 1980–1989 mean values. Right: Same, but for north polar region in
March and south polar region in October. Note that EESC levels are predicted to return to their 1980
values 20 years later in the polar regions. More details on these figures are given in WMO (2006)

Some Closing Comments

It has only been possible to mention a few SPARC efforts in this brief presenta-
tion, so we have chosen to focus on some of SPARC’s efforts that contributed to
the WMO/UNEP Ozone Assessments that are an essential part of the Montreal
Protocol process. We have not mentioned other SPARC efforts such as its Water
Vapor Assessment, its Stratospheric Aerosol Assessment, and its documentation
on stratospheric climatology. Besides contributing directly to the Ozone Assess-
ments, SPARC has also enriched the intellectual fabric with which the relationship
between the stratosphere and the climate is being investigated. Particularly notewor-
thy was the first SPARC effort that motivated the organization of a NATO Workshop
on Stratosphere–Troposphere Exchange. This resulted in the Holton et al. (1995)
review paper on this topic, which continues to influence contemporary stratospheric
research.
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How Science Guides Industry Choice
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Abstract This chapter documents how scientific discovery and international coop-
eration protect the stratospheric ozone layer and the climate. It describes how
citizens, nongovernmental organizations, policy makers, and company executives
historically responded to new discoveries in stratospheric ozone science and how
new scientific discoveries have motivated the strengthening of the Montreal Pro-
tocol by accelerating the phaseout of hydrochlorofluorocarbons (HCFCs). At each
stage of a historic scientific breakthrough, a different set of actors were the drivers
of social change. Using case studies, we identify similarities and differences in how
science is important to the evolving policy to protect the Earth for future generations.
This chapter contrasts the historic response to science regarding chlorofluorocar-
bons (CFCs) with the current policy response to new scientific evidence that was the
foundation of the recent global agreement accelerating the HCFC phaseout under
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the Montreal Protocol. The new science quantifies how the HCFC phaseout can
significantly protect the climate in the immediate future, particularly if low-Global
Warming Potential (GWP) refrigerants, not-in-kind alternatives, and high-efficiency
technologies are encouraged by regulatory, market, and other incentives. Finally,
the spatial relationship between significant scientific announcements and several
of the path-breaking corporate leadership pledges that transformed markets toward
ozone-safe technology are introduced.

Keywords Climate · leadership · Montreal Protocol · ozone · science

Introduction: 35 Years of Ozone-Depletion Science and Policy
Response

Prior to the 1970s, scientists developed basic ozone science, theoretical models, and
atmospheric monitoring systems without encouragement from citizen activists and
environmental policy makers. In the early 1970s, public interest nongovernmental
organizations (NGOs)—concerned primarily with noise—formed against the pro-
posed super-sonic transport (SST) but soon refocused the campaign when Harold
Johnston warned that nitrogen oxides produced by high-temperature SST exhaust
could contribute to stratospheric ozone loss (Johnston 1971). At the same time Paul
Crutzen showed that nitric oxide (NO) and nitrogen dioxide (NO2) can reduce ozone
levels. The 1974 publication of the Mario Molina and Sherwood Rowland CFC
ozone-depletion hypothesis led to a consumer boycott of CFC aerosol products that
transformed North American and some European aerosol product markets to not-in-
kind and CFC-free aerosol alternatives. The public was concerned that depletion of
the ozone layer would lead to increases in ultraviolet (UV) radiation with negative
impacts for humans, such as increases in skin cancer and cataracts and disturbances
in Natural and agricultural ecosystems.

In the early 1980s—when scientists were exploring, testing, and confirming
ozone depletion—the public was largely silent, but the United Nations Environ-
ment Programme (UNEP) was consolidating the science and taking the message
directly to policy makers. By 1985 when the Vienna Convention for the Protec-
tion of the Ozone Layer was signed, scientists and policy makers had articulated
the Precautionary Principle and developed a strategy of starting slowly with con-
trols on ozone-depleting substances (ODSs) even as scientists resolved uncertainty.
In 1985 and 1986, when Japanese and British scientists “discovered” the Antarctic
Ozone Hole, campaigns were quickly organized to determine its cause, and policy
makers rushed to sign the Montreal Protocol on Substances that Deplete the Ozone
Layer—even before an empirical evidence of the link with CFCs. Now, 20 years
after signing of the Montreal Protocol, new science has been a significant factor in
proposals to strengthen ozone protection while also achieving extraordinary benefits
to the climate.
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These extraordinary developments in the science–policy interface happened in
part because both scientists and government representatives learned to work with
the media to provide the public with information about scientific knowledge and
its implications. UNEP—created about the time that the CFC connection to ozone
layer depletion was a scientific hypothesis—played a key role in bridging the
science–public information divide in its work to protect the ozone layer.1 Personal
relationships built over the learning years of ozone layer protection laid the foun-
dation for an even swifter response in 2007 to new ozone layer scientific evidence
relevant to climate protection. The good news is that HCFCs, the chemical sub-
stitutes previously appreciated only as interim solutions to ozone layer depletion,
can now be phased out quickly with potentially significant co-benefits for climate
protection.

Case Studies of Media Reporting on Ozone Science2

On 28 May 1970 the New York Times was the first to publish an ozone-layer story
and between 1970 and 2000 a total of about 45,000 English language News articles
can be tracked on commercial news databases (Smith and Canan 2002).3 The first
UNEP ozone press release was on 22 October 1981, reporting findings from the
conference in Copenhagen organized by the Coordinating Committee for the Ozone
Layer (CCOL).

Media coverage of the threat of stratospheric ozone depletion grew steadily in
the 1980s, was at its highest levels in 1989 and 1992, ebbed toward the end of the
1990s, but remains at a steady, although infrequent, level today—often stimulated
by the annual scientific reports on the Antarctic ozone hole. About a fourth of the
News articles in the last 3 decades focused on the reporting of atmospheric science,
with relatively higher coverage of legal/regulatory and business/industry issues in
the 1990s.

“[T]he evidence suggests that the ozone hole coverage has achieved a break-
through in the public understanding of the basic science and policy issues”
(Ungar 2000).

1 One year after the Rowland and Molina publication, Tom Stoel of the NRDC met with UNEP
official Ramses Mikhail to request that UNEP take the lead on ozone-layer issues. With UNEP’s
Governing Council permission, Dr. Mostafa Tolba created the “Co-ordinating Committee on the
Ozone Layer,” the first official expert panel on the ozone layer was created in 1977. See Canan and
Reichman (2002:42) citing Andersen and Sarma (2002).
2 This discussion of media is grounded on Chapter 8, “Media Coverage of the Ozone-Layer Issue,”
by Don Smith and Penelope Canan, published in Andersen and Sarma (2002) Protecting the Ozone
Layer: The United Nations History, Earthscan, London, pp. 291–322.
3 Smith and Canan (2002). Three hundred and twenty-four other News stories were published in the
1970s; 7,399 in the 1980s; 33,164 in the 1990s; and 2,662 News stories published in 2000 alone.
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The following three case studies of seminal events in ozone science demonstrate
that successful integration of science into policy usually requires a proactive stance
by the scientists themselves, non-governmental organizations (NGOs), and/or policy
makers anxious to regulate.4 It begins with the involvement of Molina and Rowland
who expressly strayed from the traditional expectation that scientists keep out of
public policy. As Dr. Molina says: “. . . if you believe that you have found something
that can affect the environment, isn’t it your responsibility to actually do something
about it, enough so that action actually takes place? There was nobody else at that
time that would actually fulfil that role. So that’s why Sherry (Sherwood Rowland)
and I, pretty consciously then, decided to take that additional step to make sure the
government would actually pay attention” (Rowland & Molina 2000).

Case Study 1: The Molina–Rowland Hypothesis, 1974–1975,
Spells Danger

The June 1974 publication of the Mario Molina/F. Sherwood Rowland CFC ozone-
depletion hypothesis in Nature received little public attention, but there was exten-
sive media coverage a few months later beginning with the September 1974 press
conference organized at the American Chemical Society Annual Meeting by an
environmental nongovernmental organization (ENGO) called the Natural Resources
Defense Council (NRDC) (Brodeur 1986). The story became more exciting than the
raw science alone because scientists Molina and Rowland and the NRDC linked the
environmental threat to the most conspicuously unnecessary CFC products: aerosol
cosmetic and convenience deodorants and hair sprays.5 The science was the foun-
dation of the story, but the tagline was that chemical companies and their customers
were to blame for environmental destruction on a global scale and something had to
be done (Rowland & Molina 2000).

CFC producers and industry customers quickly organized to defend CFCs,
refocused industry research on key elements of the CFC/ozone-depletion theory,
and established coordination with government research programmes. Business and
industrial news media stayed attentive as the following examples suggest.

• Business Week (17 February 1975) reported, “[S]ome scientists claim, the ozone,
so vital to the earth’s ecosystem is threatened by one of the most mundane
artifacts of western civilization: the aerosol spray can.”

• Chemical Week (11 June 1975), reported Molina and Rowland had “conjured up
[their] now-famous theory that the ozone layer in the upper atmosphere may be

4 Case Study 1 and Case Study 2 are extracted from Smith and Canan, P. (2002). Case Study 3 was
written for this chapter using the same methodology.
5 As Mario Molina shared, “. . . it was in connection with spray cans, spray cans in American homes.
There were on the average, I think, 30 or 40 spray cans per household at that time. And so it is
the connection—just the idea that a lot of people pressing these little buttons inadvertently were
actually polluting the planet—that eventually caught the attention of the press.”



How Science Guides Industry Choice of Alternatives to Ozone-Depleting Substances 411

shrinking under the action of free chlorine atoms originating from chlorofluoro-
carbon propellants” and (16 July 1975) quoted British meteorologist Richard S.
Scorer as referring to the ozone-depletion theory as “a science-fiction tale. . . a
load of rubbish. . . utter nonsense,” and characterizing the Molina–Rowland com-
puter model as a simplistic representation of “exceedingly complex chemical and
meteorological processes.”

• Science Digest reported (January 1975), “The combined effect of billions of
aerosol cans releasing their chemical propellant into the atmosphere is gradually
eroding the ozone layer.”

The media also presented industry’s perspective. For example, Aerosol Age (June
1975), quoted Allied Chemical executive S. Robert Orfeo, “The validity of the
Rowland–Molina hypothesis has not been established. . . .As a matter of fact, detailed
analysis of the available ozone data indicates that the ozone level in the strato-
sphere actually increased in the 1960s, a period of high production of chlorine
and chlorine-containing products.” Chemical Week (16 April 1975) reporting on at
the 1975 meeting of the American Chemical Society said: “The continuing debate
over the possibility of danger that chlorinated fluorocarbons pose to the protective
ozone in the stratosphere was punctuated by sharp disagreement between. . . F. S.
Rowland and the technical director of DuPont’s Freon Products Division, Raymond
L. McCarthy. . . .Rowland asserted the danger is so great that use of fluorocarbons
should be banned in aerosol spray cans immediately. But McCarthy claimed the
hazard is being overstated.”

Another journalistic approach was to report the story in the context of a “complex
fight. . . between environmentalists, who want the fluorocarbons banned immedi-
ately, and the aerosol industry, which believes the ozone depletion theory is mostly
speculation that lacks experimental verification” (Why aerosols are under attack
1975).

• Newsweek (23 June 1975) reported that, “Continued use of [CFCs] at the present
rate. . . environmentalists argue, could cause a 13 per cent depletion in the ozone
layer and lead to perhaps 80,000 extra cases of skin cancer each year, and
possibly other effects as well.”

• Business Week (17 February 1975) reported on a Harvard study that suggested
that fluorocarbons could result in a 16% depletion of the ozone layer within 25
years, thus resulting in more than 100,000 additional cases of skin cancer per
year.

• Chemical Week (11 June 1975) reported that, “[A]nxiety about the ozone ques-
tion is believed to be one factor in the recent decline in the US aerosol sales” and
(15 October 1975) quoted Montfort Johnson, vice-president of Peterson/Puritan,
one of the largest aerosol fillers in the USA, as saying that the main cause of the
market slump in aerosols was “the adverse public relations” which aerosols were
receiving.

• US News & World Report (29 September 1975) reported the industry leadership:
“Johnson Wax Company announced [in June 1975] that it had replaced the few
aerosol products in its line that used fluorocarbons. Its spray cans now carry the
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label: ‘Use with confidence, contains no Freon R© or other fluorocarbons claimed
to harm the ozone layer’.”

• Chemical Week (16 July 1975) also reported that Sherwin–Williams had discon-
tinued its use of fluorocarbon propellants in its aerosol products.

Media interest in the Molina–Rowland hypothesis was most pronounced in North
America, but there was also strong international concern for the ozone layer. Chem-
ical Week (11 June 1975) reported that a study had been initiated in West Germany
to evaluate the impact of fluorocarbon gases on the upper atmosphere. Chemical
Week (15 October 1975) quoted Sadaji Takada of the Aerosol Industry Association
of Japan as saying the controversy “caused a panic in the industry” and reported
that, “Nervous European aerosol manufacturers. . . are starting to feel the heat from
the fluorocarbon controversy in the US.”

Case Study 2: The Discovery of the Antarctic Ozone Hole, 1985,
Spells Urgency

There was almost no media reaction to the 1984 findings of significant ozone deple-
tion over Antarctica published by Shigeru Chubachi from data of the Japanese
Scientific Stations in Antarctica. One year later, there was initially little media
reaction to the publication of research that confirmed the depletion by the British
Antarctic Survey in Nature (Brodeur 1986). However, the story became more news-
worthy when lead author Joe Farman promoted the story to the news media and
policy makers and implied that he had scientifically linked ozone depletion to CFCs.
The science was the foundation of the story, but the tagline was that chemical
companies caused the ozone hole and something had to be done.

On 30 May 1985, a story in the Guardian began: “The vital and protective layer
of ozone – a reactive form of oxygen – in the Earth’s atmosphere has diminished
by a third in the decade 1972/1982. Or at least that is what has happened to the
ozone over the Antarctic, in the Antarctic springtime, according to measurements
made by a group of three scientists from the British Antarctic Survey. . . The decline
in ozone. . . matches a detectable increase in the amounts of chlorofluorocarbons, or
CFCs (aerosol propellants) in the polar atmosphere in the same period, the British
group claims.”

The story went on to suggest that while most environmentalists had long been
warning that CFCs would prove a danger to the ozone layer, “until these Antarctic
results most scientists had thought measurable effects were unlikely for decades.”
The story quoted one of the scientists, Jonathan Shanklin, as saying, “There’s
no obvious source for the increased CFCs we’ve detected other than manmade
sources.” Two months later, The Economist (13 July 1985) characterized the sur-
vey’s results as “disturbing” and went on to report, “Those who worry that pollutants
could damage the ozone layer now have more cause to worry than before.”
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The findings of the British Antarctic Survey were also cited in a story in the
New York Times (7 November 1985) which reported, “Satellite observations have
confirmed a progressive deterioration in the earth’s protective ozone layer above
Antarctica, according to scientists who analyzed data recently sent back from
space.” The consequence of the findings, as interpreted by that story, was that the
results, taken together, “have persuaded some researchers that the ozone loss is
proceeding much faster than expected.” Moreover, there was speculation that the
findings would increase pressure from environmental groups to reduce the use of or
ban CFCs. In this regard, the Guardian (30 May 1985) reported that pressure from
environmentalists would result even though “the world-wide impact of the ozone
decline over the Antarctic is not yet clear – and may be only small.” However, the
article noted that increased ultraviolet penetration had already been detected in the
Antarctic, “and there may be legitimate fears for its effect, say, on phytoplankton
in southern oceans, the primary food source for the abundant fish, krill, birds, seals
and whales of the area.”

Case Study 3: Strengthening Ozone Layer Protection, 2007,
Spells Significant Co-Benefits for Climate

This case study explains how scientists in government and industry used their evolv-
ing knowledge to focus on the most policy-relevant science and present that science
at the time and place it would be the most useful. It tells how in 2007 science
continues to have a part in re-energizing the Montreal Protocol, most notably by
the accelerated phaseout of HCFCs, and at the same time jump-starting climate
protection through control measures outside Kyoto.

Under the Montreal Protocol, there are three Assessment Panels: The Scientific
Assessment Panel (SAP), the Environmental Effects Assessment Panel (EEAP), and
the Technology and Economic Assessment Panel (TEAP). The three panels conduct
a full assessment every 4 years and integrate the findings in a Synthesis Report.
The SAP explains how the atmosphere is changing; the EEAP explains why that
is important to human health, prosperity, and natural ecosystems; and the TEAP
explains what is technically and economically feasible and what can be done to
avoid and mitigate undesirable effects.

Prior to 2007, technical assessments had informed the Montreal Protocol com-
munity that accelerating the phaseout of HCFCs and collecting and destroying other
ODSs would further protect the ozone later, but these assessment reports had failed
to emphasize the climate benefits. The Kyoto Protocol community did not appreci-
ate that the Montreal Protocol was acting far slower than was technically feasible
in its efforts to protect stratospheric ozone. More importantly, the climate commu-
nity had not realized that faster action under Montreal in phasing out HCFCs that
are also potent greenhouse gases (GHGs) could give Kyoto precious time to become
effective. For example, the 1999 Report of the TEAP HFC and PFC Task Force high-
lighted the climate benefits of avoiding hydrofluorocarbons (HFCs) when phasing
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out ODSs, but failed to highlight the climate benefits of accelerating the CFC and
HCFC phaseouts (Technology and Economic Assessment Panel 2007). Many CFCs
and HCFCs equal or exceed the global warming potential of HFCs, some of which
are more than a thousand times powerful at contributing to climate change than
carbon dioxide. In that same year, the “Synthesis of the Reports of the Scientific,
Environmental Effects, and Technology and Economic Assessment Panels of the
Montreal Protocol,” highlighted the opportunity to avoid a 5% future cumulative
ozone loss if global emissions of HCFCs were eliminated in 2004, but failed to high-
light the benefits to climate from avoiding the greenhouse gas emissions of both the
HCFC emissions and the unwanted HFC-23 produced and emitted from HCFC-22
production.6

The 2005 Intergovernmental Panel on Climate Change (IPCC)/TEAP report on
“Safeguarding the Ozone Layer and the Global Climate System” addressed the
greenhouse effects of ozone-depleting substances, but did not result in actions by
the Montreal Protocol and Kyoto Protocol parties.

Co-chairs and lead authors of the Montreal Protocol Scientific Assessment Panel
met in June 2006 at Les Diablerets Switzerland to complete work on the report
published in December. The purpose of this meeting was to integrate the information
developed by separate teams of scientists serving on topical chapters and to decide
the key findings taken forward to the Executive Summary to be forwarded to the
Assessment Synthesis Panel for integration with the findings of EEAP and TEAP.
Logically, climate change has been secondary to Ozone Science Assessment and
procedurally information not published in time for chapter review is ignored in the
conclusions until the next full Assessment, 4 years later. A further complication is
that the Panel cannot provide policy-relevant science on diplomatic proposals not
yet surfaced or on proposals made too late in the assessment process.

Stephen O. Andersen, co-chair of the TEAP, reported to the SAP meeting that
some Montreal Protocol diplomats and NGOs had informally organized themselves
as the “Stockholm Group” to promote strengthening the Montreal Protocol to accel-
erate the phaseout of ozone-depleting HCFCs which were also potent greenhouse

6 The joint 2005 TEAP IPCC Special Report: “Safeguarding the Ozone Layer and Global Climate
System: Issues Related to Hydrofluorocarbons and Perfluorocarbons” failed to directly highlight
the co-benefits to climate and ozone benefits of an accelerated HFCC phaseout, concentrating
instead on improved containment, reduced charge of substances in equipment, end-of-life recovery,
low GWP substances, and not-in-kind technologies. The Summary for Policymakers neglected any
accounting of the past and future carbon equivalent ODS emissions. Scientifically inclined policy
makers might have extracted the message Figures TS-8 and TS-9 of the Technical Summary (p. 29)
if the text had presented the magnitude of the climate benefits of HCFC abatement rather than the
HFC and PFC benefits relative to CFCs and HCFCs. IPCC said: “These HFC and PFC radiative
forcings correspond to about 6–10% and 2%, respectively of the total estimated radiative forcing
due to CFCs and HCFCs in 2015 (estimated to be o.297 Wm-2 for the baseline scenario).” IPCC
might have said: “Without further action under the Montreal Protocol, in 2015 the HCFC radiative
forcing will be in twenty times the radiative forcing of HFC and fifty times the radiative forcing of
PFCs.”
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gases.7 The Scientific Assessment Panel considered whether they could reorganize
their findings on ozone and climate co-benefits to inform the discussions of the Mon-
treal Protocol Parties, mindful that the TEAP was likely to find that the combined
benefits to climate and ozone protection would easily justify the cost of accelerating
the HCFC phaseout.

When the SAP decided that their terms of reference did not allow consideration
of late topics such as this, five members of the SAP—Guus Velders (Netherlands
Environmental Assessment Agency), Stephen O. Andersen (US Environmental Pro-
tection Agency), John S. Daniel and David W. Fahey (Earth System Research
Laboratory, National Oceanic and Atmospheric Administration), and Mack MacFar-
land (DuPont Fluoroproducts)—formed their own team to publish policy-relevant
findings that would qualify for inclusion in the next assessment.8

As the Velders team proceeded with its work it became increasingly evident that
scientists, citizens, and policy makers not deeply involved in the ozone science
assessment had overlooked or not fully appreciated the importance of the Mon-
treal Protocol in protecting climate. Because the ODS phaseout was presumed to
be occurring as rapidly as technically possible in 1997 when the Kyoto Protocol
was signed, action on ODSs was not considered part of any climate protection strat-
egy. Because ODSs were explicitly excluded from the Kyoto Protocol, reductions
in even uncontrolled ODS emissions did not count toward greenhouse gas targets
under Kyoto and did not qualify for emissions trading.9

HCFC chemicals—particularly HCFC-22—had fallen between the cracks of the
two Protocols. The Kyoto Protocol explicitly exempted substances controlled by the
Montreal Protocol, partly under the assumption that nearly all of them had already
been phased out. In fact, the production and consumption of HCFCs would not be
phased out until 2030 in developed countries and 2040 in developing countries.
More importantly, HCFC use was increasing rapidly, particularly in developing
countries, and by 2015 could reach levels that would delay recovery of the ozone
layer and undermine efforts to mitigate climate change.

7 Although there is emerging evidence of the first signs that the ozone layer is recovering, there are
significant benefits of avoiding the health, agricultural, and ecosystem effects of ozone depletion
and increased ultraviolet radiation. The 2006 Antarctic ozone hole rivaled the largest ever recorded
and new data indicates that recovery of the ozone layer will be delayed for a decade or more
than previously estimated (World Meteorological Organization & United Nations Environmental
Programme, Scientific Assessment Panel of the Montreal Protocol, Scientific Assessment of Ozone
Depletion: 2006 Executive Summary: 2006, p. 21).
8 Each member of the team had specific and complementary skills necessary to the task. In affect,
the Scientific Assessment Panel chapter chairs are among the best-of-the-best in each science topic
and the occasion of the meeting allowed the team to select itself from among that elite group. They
called themselves the “Dream Team” because each considered it an honor to work with the others
and because it would be a dream come true if the science they assembled helped policy makers
choose to act wisely.
9 Under the Montreal Protocol, uncontrolled and unlimited quantities of ODS can be used and emit-
ted in feedstock, process agent, quarantine and preshipment, and laboratory and analytical uses.
In addition, limited quantities are allowed for use in applications decided as critical or essential.
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The rapid growth in HCFC use was driven in part by economic growth in devel-
oping countries, where more and more consumers were able to buy refrigerators and
air conditioning equipment that used HCFCs, particularly HCFC-22, as a refriger-
ant. HCFC growth also was being driven by a “perverse incentive” under the Kyoto
Protocol’s Clean Development Mechanism (CDM). The production of HCFC-22
results in by-product emissions of HFC-23, a powerful greenhouse gas with GWP
of 11,700. Developing country producers of HCFC-22 that captured and destroyed
the HFC-23 by-product emissions can be eligible for carbon credits under the CDM,
which in turn can be sold to subsidize and expand HCFC-22 production. The TEAP
estimated in August 2007 that profits from the sale of HFC-23 credits could be as
much as ten times the cost of destruction and could eventually exceed profits from
the sale of HCFC-22 itself.10

Throughout both atmospheric environmental regimes, there was only limited
recognition that the problems of ozone depletion and climate change were inter-
connected. The IPCC-TEAP Special Report in 2005 helped clarify this relationship,
stating that “[o]ptions chosen to protect the ozone layer could influence climate
change. Climate change may also indirectly influence the ozone layer. Halocarbons,
and in particular ODSs, have contributed to positive direct radiative forcing and
associated increases in global average surface temperature” (IPCC/TEAP 2005).

This helped draw attention to the negative impacts the HFC-23 destruction
projects were having on both the ozone and the climate. But more importantly,
it provided the basis for arguing that measures to strengthen the Montreal Proto-
col could produce significant benefits to the climate, as well as the ozone layer.
The Montreal Protocol did not fully appreciate that production of HCFC resulted
in the inadvertent emission of HFC-23 and that both HCFC-22 and HFC-23 are
potent greenhouse gases. Later it was realized that payments to developing coun-
tries under the Clean Development Mechanism of the Kyoto Protocol to destroy
HFC-23 had created a “perverse incentive” to manufacture HCFC-22 in order to be
paid to destroy HFC-23 by-products. The CDM revenue can payback the cost of
manufacturing and return an excessive profit even if the HCFCs are given away or
discarded (into the atmosphere) (Wara, 2007).

The Velders team published its chapter in the Proceedings of the US National
Academy of Sciences (PNAS) in March 2007 showing that ODS emission reduction
since 1990 under the Montreal Protocol is equivalent to about a decade of growth in
radiative forcing of CO2 from human activities and that by 2010 it will have reduced

10 UNEP/TEAP, Response to Decision XVIII/12: Report of the Task Force on HCFC Issues and
Emissions Reduction Benefits Arising from Earlier HCFC Phase-out and other Practical Measures
(August 2007), at 6 (“Monies flowing from the sale of Certified Emission Reductions (CERs) could
be up to 10 times higher than the costs of mitigation and, under expected future carbon prices, will
exceed the sales revenue for the HCFC-22 itself.”). See also Michael Wara, “Is the Global Carbon
Market Working?” Nature, Vol. 445, 8 February 2007, 595–596 estimates that: “HFC-23 emitters
can earn twice as much from CDM credits as they can from selling the refrigerant—by any measure
a major distortion of the market.”
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net GWP-weighted emissions by about 11 Gt CO2-eq/year. This is five to six times
the reduction target of the first Kyoto Protocol commitment period (2008–2012).11

Equally significant, the Velders team calculated that efforts to reduce ODS since
the 1974 early warning have delayed radiative forcing between 35 and 41 years
by avoiding GHG emissions that otherwise would almost have equalled today’s
CO2 contribution to climate change. The context for the contribution to climate
mitigation from successful efforts to address ODS is provided by James Hansen’s
warning that we may have as little as 10 years before reaching the tipping point for
abrupt, nonlinear, and irreversible climate change, including catastrophic sea-level
rise (Fig. 1).12

Unlike the publications of the Molina–Rowland hypothesis and the discovery of
the Antarctic ozone hole, the Velders findings were immediately integrated by the
media and policy makers. The reason for an immediate media and policy response
is that the scientists had involved public and private policy makers in the peer
review and had been responsive in crafting the presentation to provide policy makers
with the information justifying a decision to strengthen the Montreal Protocol. The
Internet has become a powerful tool in authoring, communicating, and clarifying
complex scientific information. The ability of scientist-activists to reach out swiftly
and effectively to journalists and decision makers highlights the circuits of commu-
nication and trust that had been developed in the ozone layer’s nested communities
of practice (Canan and Reichman 2002).

Marco Gonzalez and K. Madhava Sarma, respectively current and founding exec-
utives of the Montreal Protocol Ozone Secretariat, saw the significance of the find-
ings and began briefing senior United Nations executives and NGOs. The New York
Times began setting the stage and seeking an exclusive scoop. UNEP’s Executive
Director Achim Steiner decided to issue a press release lauding the results—giving
the journalists confidence that their science findings had “policy punch.” Swedish
and Finnish chairs of the “Stockholm Group” insisted that Velders present the results
prior to publication.13 A team of environmental NGOs and a UNEP executive held
up publication of a policy journal until after the Velders publication in order to be the
first to cite the findings (Kaniaru et al. 2007). Soon the growing confidence, pride,

11 Assuming the Business as Usual non-ODS greenhouse gas emissions growth of 6% beyond 1990
levels; without such growth in emissions, the Montreal Protocol’s reductions would be 10–11 times
more than Kyoto.
12 Dr. James Hansen, of the NASA Goddard Institute for Space Studies, argues that “[p]ositive cli-
mate feedbacks and global warming already ‘in the pipeline’ due to climate system inertia together
yield the possibility of climate ‘tipping points’... such that large additional climate change and cli-
mate impacts are possible with little additional human-made forcing. Such a system demands early
warnings and forces the concerned scientist to abandon the comfort of waiting for incontrovertible
confirmations.” Scientific Reticence and Sea Level Rise, Environment Research Letters 2 (24 May
2007). See also Hansen (15 July 2007).
13 The Stockholm Group was chaired by Husamuddin Ahmadzai (Sweden) and Jukka Uosukainen
(Finland). Velders presented the findings at Stockholm Group meeting in the Hague Netherlands
February 8, 2007. The Stockholm Group was organized in Montreal 8 July 2006 and in addition
to The Hague meeting, met in New Delhi 2 November 2006, in Nairobi 2 and 3 June, 2007, and in
Montreal 27 July 2007.
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Fig. 1 How the Montreal Protocol protects climate
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and momentum persuaded the Netherlands Environmental Assessment Agency
(where Velders is employed), the National Oceanographic and Atmospheric Admin-
istration (where Fahey and Daniel are employed), and DuPont (where MacFarland
is employed) to issue their own press releases (DuPont 2007; Netherland Envi-
ronmental Assessment Agency 2007; United States National Oceanographic and
Atmospheric Administration 2007). A DuPont media expert guided the outreach
process to the media with skills not often found in the public sector.

Science was the foundation of the story, but the tagline was that citizen and gov-
ernment actions to save the ozone layer had already done five to six times more
to protect the climate than would be accomplished in the first commitment period
(2008–2012) of the Kyoto Protocol. Suddenly, Montreal Protocol diplomats real-
ized that technical and economic actions to accelerate phaseout of HCFCs could do
a world of good in protecting climate. Costs that seemed too high under the Mon-
treal Protocol’s financial mechanism were seen by many diplomats as bargains with
the prospect of joint ozone and climate funding. Island nations, feeling the imme-
diate threat of sea level rise, saw actions under the Montreal Protocol as matters of
survival and pressured for every cost-effective action.

ScienceNOW reported: “. . . a 20-year-old ban on ozone depleting chemicals has
been extremely effective at curbing greenhouse gases as well. In fact, it has already
had more impact than a fully implemented Kyoto Protocol would have accom-
plished. The findings, say the authors, emphasize the importance of ridding the
planet of these powerful greenhouse substances.” The Toronto Globe and Mail
(picked up by 200 local papers) said: “It kind of sucks to be the Montreal Proto-
col. Not only do you lack the name recognition of your compatriot from Kyoto,
you also go widely unrecognized for the work you’ve done to fight global warm-
ing” (Mittelstaedt 2007). A story in The Wall Street Journal that was picked up by
hundreds of newspapers worldwide including USA Today and Cosmos Magazine
quoted Velders as saying that the reduction ODS emissions was equivalent to about
10 years growth in carbon dioxide concentrations.

UNEP Executive Director Achim Steiner’s press release said the Velders study
“. . . underscores the simple fact that well-devised action to address one area of
environmental concern can have multiple environmental benefits across numerous
others. . . Guus Velders of the Netherlands Environmental Assessment Agency and
colleagues believe the ozone layer protection treaty can contribute even more to
combating climate change” (Steiner 2007). In August, Executive Director Steiner
recommended that heads of state add an accelerated phase out of HCFCs to a “quick
win” climate and noted that UN Secretary General Ban Ki-moon would be hosting
a high-level international meeting on climate change in New York on September 24,
just after the Meeting of the Parties to the Montreal Protocol (September 17–21)
(Doyle 2007).

The National Oceanographic and Atmospheric Administration (NOAA) featured
it as the cover story on their web site, proclaiming: “This is an example of how
NOAA’s science informs those who make decision that affect our daily lives. This
new study also illustrates the multiplier effect of NOAA’s targeted research and its
benefits on multiple sectors of science.”
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The Environmental Investigation Agency (EIA) cited the paper in their March 6
press release “. . . calling on governments to accelerate the phaseout of key gases to
buy time against global warming.” “The study is a call to action. By agreeing to stop
producing HCFCs, we have the potential to reduce the effects of global warming in
an unprecedented way” (Environmental Investigation Agency 2007).

Coincident with publication of the Velders science paper, a policy paper premised
on that science was published by a team formed from the Stockholm Group lead
by a former senior UNEP executive (Donald Kaniaru—Kenya), a current UNEP
ozone executive (Rajendra Shende—UNEP Paris), and Durwood Zaelke and Scott
Stone, attorneys from the NGO International Network for Environmental Compli-
ance & Enforcement (INECE), an environmental NGO based in Washington DC
and Geneva. In August, Donald Kaniaru edited a collection of papers featuring and
updating the Velders science that was distributed by UNEP at the Montreal Protocol
Meeting of the Parties (Kaniaru 2007). The Velders team prepared a supplemental
article for the Kaniaru volume calculating the climate benefits of the accelerated
HCFC phaseout. Kaniaru and his coauthors also included a detailed set of “fre-
quently asked questions” on the ozone and climate benefits of the accelerated HCFC
phaseout.

Another team formed from the Stockholm Group prepared; peer reviewed; trans-
lated into Chinese, French, Spanish, and Arabic; and published on the Institute for
Governance & Sustainable Development (IGSD) web site supplementary materi-
als that focused on the climate science supporting the wisdom of accelerating the
HCFC phaseout, including “Frequently Asked Questions” anticipating and answer-
ing policy questions of practicality, costs, and administrative simplicity (Institute for
Governance and Sustainable Development 2007).

Getting the story to policy makers is more than publication. In addition to the pre-
sentation to the Stockholm Group, Dr. Velders and coauthor Dr. Mack McFarland
testified before the United States Congress on 23 May 2007, and Dr. Velders trav-
elled to Egypt to explain the opportunity to regional stratospheric ozone protection
authorities and the press (Velders 2007). Coauthor Dr. David Fahey presented the
team’s results at an international conference of atmospheric science writers in Sin-
gapore. Members of the Velders writing team and the Stockholm Group were also
invited to informally brief key policy makers, in the United States, Europe, Mexico,
Central America, Latin America, Africa, and the South Pacific, and make presenta-
tions before such audiences as the American Bar Association and a key California
conference on non-CO2 climate gases.

Romina Picolotti, Secretary of Environment and Sustainable Development for
Argentina made a speech on World Environment Day (5 June 2007) in Tromsø,
Norway, further carrying the science and policy message that such action would
protect both ozone and climate.14 This speech was, in turn, discussed by UNEP’s
Executive Director on 7 June in his closing remarks for the Open-Ended Working
Group of the Parties to the Montreal Protocol (OEWG) in Nairobi. The Center for

14 Minister Romina Picolotti’s speech is included in Kaniaru (2007), Chapter 11: Rethinking
Climate Strategies, pp. 155:164.
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Mexican Environmental Law—with close ties to Dr. Mario Molina and the Molina
Center for Energy and the Environment—also helped deliver the science and pol-
icy message to policy makers in that country, and the Center for Human Rights &
Environment in Cordoba, Argentina, helped deliver the message throughout Latin
America.

United Nations Secretary General Ban Ki-moon, with the advice of the Montreal
Protocol Secretariat, carried the science message forward in the UN declaration for
the 2007 International Day for the Preservation of the Ozone Layer, 16 September:
“Our measures against ozone depleting substances. . . has helped bolster measures to
counter climate change” (Ki-moon 2007).

The science was also the underpinning for a decision of the G8 Summit, a US–
Japan joint statement, a US–EU joint statement, and a US–Australia joint statement:

G8 Declaration: “We will also endeavour under the Montreal Protocol to ensure
the recovery of the ozone layer by accelerating the phase-out of HCFCs in a
way that supports energy efficiency and climate change objectives. In working
together toward our shared goal of speeding ozone recovery, we recognize that the
Clean Development Mechanism impacts emissions of ozone-depleting substances”
(Growth and Responsibility in the World Economy 2007).
US–Japan Joint Statement: “We will also endeavor under the Montreal Protocol
to ensure the recovery of the ozone layer to pre-1980 levels by accelerating the
phase-out of HCFCs in a way that supports energy efficiency and climate change
objectives” (United States and Japan 2007).
US–EU Joint Statement: “We also commit under the Montreal Protocol to seek to
speed up the recovery of the ozone layer by accelerating the phase-out of HCFCs.
We will weigh the impact of our proposals on climate change and energy efficiency.
In working together toward our shared goal of speeding ozone recovery, we recog-
nize that the Clean Development Mechanism impacts emissions of ozone-depleting
substances” (United States and European Union 2007).
US–Australia Joint Statement: “We will also endeavor under the Montreal Protocol
to ensure the recovery of the ozone layer to pre-1980 levels by accelerating the
phase-out of HCFCs in a way that supports energy efficiency and climate change
objectives” (Howard & Bush 2007).15

These efforts culminated in an historic agreement to accelerate the phaseout of
HCFCs at the 20th Anniversary Meeting of the Parties to the Montreal Protocol,
held in Montreal, Canada, on 17–21 September 2007. The text of the adjustment
decision explicitly recognizes the dual benefits to the ozone and the climate from
a faster phase down of HCFC production and consumption and calls on the Par-
ties to focus on replacing HCFCs with climate-friendly substitutes, taking into
account global warming potential and energy efficiency. The agreement marked the

15 Joint Statement on Climate Change and Energy by the Prime Minister of Australia, the Hon
John Howard MP, and the President of the United States of America, the Hon George W. Bush,
5 September 2007.
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first time that both developed and developing countries agreed to take on commit-
ments specifically for the benefit of the climate, which if implemented properly
could reduce greenhouse gas emissions by several times than the Kyoto Protocol’s
required reductions.

The decision by the Parties to the Montreal Protocol to accelerate the HCFC
phaseout was praised by the press and policy makers. It was a topic of discussion at
the 24–25 September United Nations General Assembly meetings on climate change
and at the 27–28 September Large Emitters Conference in Washington DC. At the
General Assembly, Ban Ki-Moon reiterated the importance of the Montreal Protocol
in protecting the climate.

Industry Response to Ozone Science

A dozen or more times, ozone science has drastically changed corporate policy and
transformed markets. The most significant are outlined below:

1. The Molina–Rowland warning of ozone depletion from CFC emissions in 1974
prompted US companies to abandon CFC aerosol propellants and to advertise
against competitors, transforming North American cosmetic markets and stim-
ulating regulation that ultimately banned cosmetic and convenience products in
Canada, Norway, Sweden, the United States, and other jurisdictions (Table 1).

2. The Japanese and British Antarctic Survey discovery of Antarctic ozone hole
prompts DuPont to support global limits on CFC emissions. . . other companies
quickly follow (Table 2).

3. The US EPA scientific assessment publicly discloses the names the companies
with the largest emissions of CFCs, causing a paradigm shift where corporate
CFC customers embrace the science, abandon support for chemical company
campaigns to slow regulation, and announce phaseout plans (Table 3).

4. UNEP/WMO Assessment 1988 (Ozone Trends Panel Report) is cited as the rea-
son that DuPont followed by Pennwalt to announce support for a rapid CFC
phaseout (Table 4).

5. Velders, Andersen, Daniel, Fahey, and McFarland show that the Montreal has
already, and can again, protect the climate even as it further protects the ozone
layer (Table 5).

Corporate Openness to Science Findings

Creativity in finding and implementing alternatives to ODSs is stifled when the
leadership of an organization expresses doubt or skepticism about ozone science
or makes the case that action is unnecessary. Prior to the signing of the Mon-
treal Protocol, most companies and their industry associations contended that CFCs
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Table 1 Response to the Molina–Rowland Hypothesis

Date Science Response (Business, NGOs, Policy
makers)

September 1974 Molina–Rowland
Hypothesis

June/July 1975 S.C. Johnson, Sherwin-Williams,
Bristol Meyers and Mennen
abandon CFC aerosol
propellants

December 1977 HFC-134a substitute for CFC-12
developed by European,
Japanese, and US chemical
companies

Table 2 Response to the discovery of Antarctic ozone hole

Date Science Response (Business, NGOs, Policy
makers)

July 1994 Japanese scientists
quietly announce
Antarctic ozone
depletion

No response

May 1985 British scientists
announce Antarctic
ozone depletion of
30–40% and loudly
promote the story to
news media

NGOs demand action Policy
makers move forward on a
Protocol

August 1986 NASA confirms
Antarctic ozone hole

Seiko Epson quietly decides to halt
CFC use as ethically
irresponsible

September 1986 DuPont cites NASA confirmation
of Antarctic ozone hole in their
decision to support limits on
global CFC emissions

were safe, that ozone depletion was unproven speculation, and that alternatives
would be unavailable, hazardous, or expensive. They predicted buildings without
air conditioning, food and drug spoilage without refrigeration, and all manners of
unacceptable economic and health consequences if CFCs were to be significantly
controlled. However, when leadership companies and government organizations
announced their support for ODS phaseout, there was a paradigm shift and sea
change in attitudes that quickly made everything possible. After the Montreal Pro-
tocol was signed, Nortel and Seiko Epson announced phaseout goals; a voluntary
agreement removed CFCs from food packaging; AT&T and Digital Equipment
announced alternatives to CFC solvents; the United States Military halted testing
and training with halons; DuPont and other companies accepted and encouraged the
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Table 3 Response to emissions disclosure requirements

Date Science Response (Business, NGOs, Policy
makers)

September 1987 EPA reports that AT&T,
General Electric,
General Motors,
IBM, US Air Force
and United
Technology are
USA’s largest
emitters of CFCs.

January 1988 AT&T announces a semiaqueous
solvent that cleans electronics
as well as CFC-113.

US Air force advocates a halt to
halon testing and training and
enlists EPA to change military
specifications that require
CFC-113 solvents.

General Motors, the Mobile AC
Society and EPA form
partnership to commercialize
CFC recycling.

Table 4 Response to the 1988 UNEP/WMO assessment

Date Science Response (Business, NGOs, Policy
makers)

March 1988 Third Scientific
Assessment of the
State of the Ozone

March 1988 Ten days after publication, DuPont
cites the Ozone Scientific
Assessment in their decision to
commit to an orderly phaseout
of fully halogenated CFCs.
Pennwalt promptly urges CFC
production be “discontinued as
soon as practical.”

October 1988 ICI urges strengthening the
Protocol, saying it aims to be
the first company to make
alternatives to CFCs.
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Table 5 Response to Velders et al. findings

Date Science Response (Business, NGOs, Policy makers)

March 2007 Velders et al present findings that
controls under the Montreal
Protocol have done more to protect
the climate than Kyoto will do in its
first control period and that
accelerating the HCFC phaseout
and collection and destruction of
ODSs can delay climate change by
several years.

Nine Parties to the Montreal Protocol (mostly
represented on the Stockholm Group)
submit six proposals to accelerate the
HCFC phaseout; most proposals justify
action for both climate and ozone benefits
and several explicitly exempt HCFC
applications demonstrating near-zero
emissions and environmentally superior
climate performance.

April 2007 Trane company intensifies its support for an
accelerated HCFC phaseout and proposes
an “ozone neutral” trading market that
would collect and destroy two times the
ODP-weighted ODS for every quantity of
ODS used in environmentally superior
applications such as feedstocks, process
agents, essential, critical, and building
chiller uses.

March–September US Department of Defense, Alliance for
Responsible Atmospheric Policy, and many
companies worldwide support accelerated
HCFC phaseout in national stakeholder and
other meetings.

US–Japan climate summit endorses accelerated
phaseout for climate benefits; US–EC
climate summit endorses; G8 leaders
endorse.a

Bill introduced by US Congressman Henry
Waxman to restrict import of products
made with or containing HCFCs and to
create incentives for environmentally
superior alternatives; Alliance for
Responsible Atmospheric Policy (producers
and users of ODSs and HFCs), State of
Utah, and the Natural Resources Defense
Council (NRDC) provide letters of support.

aSee US–Japan Joint Statement on Energy Security, Clean Development, and Climate Change,
27 April 2007. (“We will also endeavor under the Montreal Protocol to ensure the recovery of
the ozone layer to pre-1980 levels by accelerating the phase-out of HCFCs in a way that sup-
ports energy efficiency and climate change objectives.”); and US–EU Summit Statement on Energy
Security, Efficiency, and Climate Change, 30 April 2007 (“We also commit under the Montreal Pro-
tocol to seek to speed up the recovery of the ozone layer by accelerating the phase-out of HCFCs.
We will weigh the impact of our proposals on climate change and energy efficiency. In working
together toward our shared goal of speeding ozone recovery, we recognize that the Clean Devel-
opment Mechanism impacts emissions of ozone-depleting substances.”). See also G8 Summit in
Heiligendamm, Germany, Growth, and Responsibility in the World Economy, Summit Declaration
(7 June 2007), at paragraph 59 (“We will also endeavour under the Montreal Protocol to ensure the
recovery of the ozone layer by accelerating the phase-out of HCFCs in a way that supports energy
efficiency and climate change objectives. In working together toward our shared goal of speed-
ing ozone recovery, we recognize that the Clean Development Mechanism impacts emissions of
ozone-depleting substances.”).
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phaseout; and so and on (Andersen 1997; Andersen 1998; Andersen & Sarma 2002;
Andersen et al. 1997, 2007; Canan & Reichman 2002; Cook 1996; DeCanio 1991,
1994; Re Presetre et al. 1998; Miller & Mintzer 1986; Parson 2003).

The accelerated phaseout of HCFCs approved the Meeting of the Parties to
the Montreal Protocol in September 2007 will stimulate industry and government
leadership to rapidly develop and implement alternatives and transfer technology.
Chemical companies can successfully market natural refrigerants and low-GWP
HFC refrigerant blends to manufacturing companies seeking to demonstrate envi-
ronmental responsibility and capture market share with “green products.” The rapid
phaseout creates economies of scale that reduce the cost of technical alternatives,
servicing, and other infrastructure. The approved HCFC phaseout will attract ven-
ture capital and create corporate strategy to be first with a phaseout solution,
first with superior energy efficiency, or first with global citizenship. The race for
phaseout may encourage national governments to apply highly effective market
incentives, such as taxes and product labeling, which proved so effective in the CFC
and halon phaseouts.

Conclusions and Way Forward

This chapter demonstrates that protection of the ozone layer is grounded in science
and continuously influenced by science findings. It shows that successful integration
of science into policy usually requires aggressive action by the scientists them-
selves, nongovernmental organizations (NGOs), and/or policy makers. Three case
studies show similarities and differences in how science influenced stratospheric
ozone protection policy historically and recently to strengthen the Montreal Pro-
tocol with an accelerated HCFC phaseout. It is clear that the networks of experts
created and maintained by the Assessment Panels remain central to the discovery,
integration, synthesis, and communication of new science. The take home message
might be that we should redouble our efforts to support the best possible scientists,
working with necessary resources, in cooperation worldwide and unencumbered,
in communicating warnings and direction to citizens and policy makers.
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The Importance of Chemical Substitutes
to Chlorofluorocarbons (CFCs)

Masaaki Yamabe

Abstract The first cholroflurocarbon (CFC), CFC-12 (dichlorodifluoromethane,
CCl2F2), was invented by Thomas Midgley, Jr. and Alfred Henne in 1928 by the
fluorination reaction of carbon tetrachloride with antimony trifluoride, and imme-
diately after it was identified as a best refrigerant in performance, CFC-12 was
commercialized in 1930 in Du Pont Company as a nonflammable and nontoxic
refrigerant to replace toxic refrigerants such as ammonia and sulfur dioxide in
electric refrigerators (Giunta 2006). After the invention of CFC-12, other indus-
trially important CFCs, CFC-11 (trichlorofluoromethane, CCl3F), and CFC-113
(trichlorotrifluoroethane, CCl2CClF2) were successively introduced into the market
during 1930s–1940s.

Keywords Alternative CFCs · CFC · global productions of CFCs · manufacturing
process of CFCs · ozone

Historical Background of CFCs

Manufacturing Process of CFCs

The manufacturing process of CFCs is shown in the following scheme.
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The major CFCs, CFC-11 and CFC-12, are manufactured by a catalytic fluorina-
tion of carbon tetrachloride. Further fluorination reaction leads to more fluorinated
methanes like CFC-13 and PFC-14 (PFC: perfluorinated carbon) which can also be
used in industries. Thus this manufacturing process provides a very effective and
economical method for the production of CFCs.

CCl2=CCl2
HF/Cl2−−−−→
Catalyst

CCl2FCClF2 (CFC-113)

Similarly CFC-113, another important CFC, is manufactured by the chlorination
reaction followed by fluorination of perchloroethylene with the same catalytic sys-
tem. The fluorination reaction is conducted by either a liquid phase or a vapor phase.
Originally a liquid phase procedure has been applied in the presence of antimony
chlorofluoride under a temperature range of 80–150◦C but later a vapor phase proce-
dure has been conveniently introduced in the presence of chromium oxide or ferric
chloride under a temperature range of 250–400◦C.

Global Productions of CFCs

Figure 1 shows the worldwide productions of CFCs in the pre-Montreal Protocol
period (Tressaud, 2006).

Since CFC-11, 12, and 113 were introduced in the market during 1930s–1940s,
the global productions of CFCs was rapidly increased and reached over 1 million
metric tonnes in the late 1980s before the Montreal protocol. Table 1 summarizes
the major industrial applications of CFC compounds.

CFC-11

CFC-113

500

1970 1975 1980 1985 1990 YEAR

400

300

200

100

0

X103 Tonnes

CFC-12

Fig. 1 Worldwide production of chloroflurocarbons (CFCs)
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Table 1 Major industrial applications of chloroflurocarbon (CFC) compounds

CFCs Applications Characteristics

CFC-11 Blowing agent • Nonflammable
• Nontoxic
• Noncorrosive
• Thermally and chemically stable
• Lower thermal conductivity

Foams (cushions and thermal
insulations, etc.)

CFC-12 Refrigerant • Nonflammable
• Nontoxic
• Noncorrosive
• Thermally and chemically stable
• Appropriate boiling point
• Higher critical temperature

Air-conditioning (Home and
mobile) Refrigeration (Home
and commercial)

CFC-113 Cleaning solvent • Nonflammable
• Nontoxic
• Noncorrosive
• Thermally and chemically stable
• Appropriate Kauri Butanol Value
• Very low surface tension

Precision, metal and electronics,
etc.

CFC-11 is used as a blowing agent for plastics characterized by the lower thermal
conductivity of the resultant foams, which have been mainly applied to furniture
like cushions, and thermal insulation board for refrigerators and for building walls.
CFC-12 is used as a refrigerant for air-conditioning and refrigeration characterized
by an appropriate boiling point and a higher critical temperature. CFC-113 is an
excellent solvent for precision, metal and electronics cleaning with an appropriate
Kauri Butanol value (a measure of solubility) and a very low surface tension. As
a result, CFCs have been pervasive in modern life first in developed countries and
then in developing countries. Figure 2 shows how the global production of ozone-
depleting substances (ODSs) including CFCs have been drastically decreased down
to 5% of the level year 1986 in the post-Montreal Protocol period (United Nations
Ozone Secretariat 1987–2007).

The phaseout of more than 95% of the ODSs in developed countries was
triggered by the great contribution on the ozone depletion research of the three out-
standing Nobel laureates in chemistry in 1995 followed by the tremendous efforts of
the relating industries. The Montreal Protocol is really working, while some 100,000
metric tonnes of ODSs have remained to be phased out according to the Montreal
Protocol in developing countries.

Challenges in Developing Alternative CFCs

As seen in Fig. 3 (McFarland 2003), 80% of CFCs had been replaced by the so-
called not-in-kind technologies based upon conservations or non-fluorocarbon tech-
nologies like hydrocarbons and aqueous systems in developed countries. And the
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Fig. 3 Replacement of chloroflurocarbons (CFCs) by alternative technologies

rest 20% of CFCs had been replaced by in-kind chemicals with 12% of hydrochlo-
roflurocarbons (HCFCs) and 8% of hydroflurocarbons (HFCs).

Basic Design for Alternative CFCs

The basic principle for developing alternative CFCs is to introduce hydrogen atoms
in any fluorinated molecule in order to make its atmospheric lifetime short enough to
be decomposed rapidly in the troposphere by reacting with hydroxyl radicals. Thus,
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Table 2 Key processes to manufacture alternative chloroflurocarbons (CFCs)

CFCs CFC alternatives

Catalysts for Fluorination
Fluorination (liquid/vapor phase) Reaction

Fluorination
(liquid/vapor phase)
Chlorination
Isomerization
Hydrogenation
Olefin addition

Purification
Isomer separation
Olefin removal

HCFCs, HFCs, and even HFEs (hydrofluoroethers) are listed as target molecules.
However, careful consideration will be necessary on control of a boiling point,
degradability, flammability, and toxicity when hydrogen atoms are introduced into
a molecule. For example, the lowering of a boiling point should be compensated by
increasing a number of carbon atoms, in case of methane to ethane and in case of
ethane to propane, butane or pentane, etc. Furthermore, the introduction of hydro-
gen atoms into a molecule will enhance its degradability and also its flammability.
As for the toxicity of a molecule, it is difficult to predict the relationship between
toxicity and the introduction of hydrogen atoms in a molecule. Therefore, a prudent
check of toxicity is required for the resultant HCFCs, HFCs, and HFEs.

Another important factor to be considered is to select any proper key processes
to manufacture alternative CFCs. The key processes are shown in Table 2.

In addition to fluorination which is essential to the synthesis of CFCs, chlori-
nation, isomerization, hydrogenation, or olefin addition will be of necessary unit
process, and as the number of carbon atoms in a molecule increases, purification
process like isomer separation or olefin removal must be taken into consideration.

Line-Up of Alternative CFCs

Under those circumstances, a wide variety of in-kind alternative CFCs has been
developed. Table 3 summarizes alternative CFCs already developed.

The line-up of alternative CFCs flows mainly in the order from HCFCs and HFCs
to HFCs with lower GWP (global warming potential) and HFEs in order to meet
requirements for not only ozone-friendly performance, but also reduction of global
warming. In the first generation, CFCs have been replaced mostly by HCFCs and
some HFCs and in the second generation, major alternatives have been occupied by
various kinds of HFCs including blends and some HFEs. In the near future called
as the third generation, more HFEs, as well as HFCs with lower global warming
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Table 3 Alternative CFCs already developed

Generation First (past/present) Second (present) Third (future)

Applications HCFCs, HFCs, and HFEs, etc.

Refrigerant HCFC-22 HFC-152a HFE-245mc
CFC-12 HCFC-123 R-407A HFE-143 m

HFC-134a (HFC-32/125/134a Lower GWP
Blend) HFC

R-410A (Blends)
(HFC-32/125 Blend)

Blowing agent HCFC-141b HFC-245fa HFE-245mf
CFC-11 HCFC-142b HFC-365mfc HFE-254pc

HFC-134a
Cleaning solvent HCFC-141b HFE-449sc HFE-347pcf
CFC-113 HCFC-225 HFE-569sfc

HFC-43–10mee HFC-c-447ef

(HFC-c-447ef: c-C5F7H3,HFE-143m: CF3OCH3, HFE-245mc: CF3CF2OCH3,HFE-245mf:
CF3CH2OCHF2,HFE-254pc: CHF2CF2OCH3)

potential (GWP) will be introduced in the market as appropriate alternatives of
the existing HFCs. A hydrofluoroolefin with a chemical structure of CH2=CF-CF3
(HFC-1234yf) has been developed as an example of HFC with lower GWP down to
4 (Nielsen et al. 2007).

On developing in-kind alternative CFCs, two ways of approaches have been
conducted in industry. One is to develop HCFCs, HFCs, and HFEs by using a com-
bination of available resources and reactions specific to each manufacturer. In this
approach, the resultant alternatives do not necessarily exhibit the same performance
of corresponding CFCs and are often required for modifying the performance by
blending with other appropriate chemicals or introducing some new ingredients to
meet the industrial requirement. The examples in this category are listed below.

HCFC-22: CHCl3 + 2HF −→ CHClF2 + 2HCl
HCFC-123: CCl2=CCl2 + 3HF −→ CF3CHCl2 + 2HCl
HCFC-141b: CH3CCl3 + HF −→ CH3CCl2F+ HCl
HCFC-142b: CH3CCl3 + HF −→ CH3CClF2 + 2HCl
HFC-32: CH2Cl2 + 2HF −→ CH2F2 + 2HCl
HFC-125: CCl2=CCl2 + 4HF −→ CF3CHClF+ 3HCl

CF3CHClF + HF −→ CF3CHF2 + HCl
HFC-134a: CCl2=CHCl+ 3HF −→ CF3CH2Cl+ 2HCl

CF3CH2Cl+ HF −→ CF3CH2F+ HCl
HFC-152a: CH2=CHCl + 2HF −→ CH3CHF2 + HCl
HFC-245fa: CH2=CHCl + CCl4 −→ CCl3CH2CHCl2

CCl3CH2CHCl2 + 5HFCF3 −→ CH2CHF2 + 5HCl
HFC-365mfc: CH2=CClCH3 + CCl4 −→ CCl3CH2CCl2CH3

CCl3CH2CCl2CH3 + 5HF −→ CF3CH2CF2CH3 + 5HCl
HFC-43-10mee: CF2=CF2 + CF3CF=CF2 −→ CF3CF=CFCF2CF3

CF3CF=CFCF2CF3 + H2 −→ CF3HFCHFCF2CF3
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HFE-449sc: C3H7COOH
Electrochemical−−−−−−−−→

Fluorination
C3F7COF

C3F7COF
KF, (CH3)2SO4−−−−−−−−−→

diglyme
C4F9OCH3

HFE-569sfc: C3F7COF
KF, (C2H5)2SO4−−−−−−−−−→

diglyme
C4F9OCH2CH3

HFE-347pcf: CF2=CF2 + CF3CH2OH
NaOH−−−−→

CH3CN
CF3CH2OCF2CHF2

The other is to develop alternative CFCs by a molecular design with the aid of
computational chemistry before their synthetic process is considered. The typical
example of this approach is the development of HCFC-225s as shown below.

HCFC-225s Designed as Alternative CFC-113

In 1987 when the Montreal Protocol was signed, HCFC-141b and HCFC-142b as
the alternative of CFC-11 and HFC-134a as the alternative of CFC-12 were already
nominated in industry and extensive efforts had been done in confirming their
performance, developing their application technology, and completing their indus-
trial manufacturing processes. However, no alternative candidate was announced
for CFC-113, an excellent solvent in electronics, precision, and metal cleaning. In
1989, the development of HCFC-225s was first announced by Asahi Glass Co., Ltd.,
as new candidate chemicals for drop-in replacement of CFC-113.

The development of HCFC-225s was based upon a molecular design by using
computational chemistry and structure–property relationship analysis. The perfor-
mance of CFC-113 as a cleaning solvent is characterized by the following six
properties: appropriate boiling point, appropriate dissolving ability, low surface ten-
sion, nonflammability, non or acceptable toxicity, and azeotropic composition with
alcohol (see Table 4). The dissolving ability and the low surface tension are strongly
dependent on the presence of chlorine atom(s) and fluorine atoms, respectively. Fur-
thermore, an increase of two carbon atoms in CFC-113 to three carbon atoms in a
target molecule is inevitable to keep the desired range of its boiling point. Another
important requirement is to control such environmental impact as ozone-depleting
potential (ODP) and GWP in an acceptable range like very low or zero ODP and
very low GWP by introducing hydrogen atom(s) in a molecule. These considerations
leads to a desirable molecular structure of C3HxClyFz.

The matrix in Table 3 shows that there are 365 chemical structures for C3HxClyFz

(including isomers and diastereomers). Further computational simulation and
preliminary evaluations indicated that HCFC-225, 235, 243, 244, and 262 could
meet required performances, but HCFC-225 were finally selected based on technical
and economical feasibilities.

The industrial process for the production of HCFC-225 is a simple one-step
addition reaction of dichlorofluoromethane (HCFC-21) to terafluoroethylene in the
presence of a specific catalyst (Ohnishi et al. 1992).
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Table 4 How to select the target compound Total isomers of C3HxClyFz: 365 (including
diastereomers) A number in the box shows the number of isomers of the compound in the box

F 0 1 2 3 4 5 6 7 8

0 C3Cl8 C3Cl7F C3Cl6F2 C3Cl5F3 C3Cl4F4 C3Cl3F5 C3Cl2F6 C3ClF7 C3F8
1 2 4 5 6 5 4 2 1

1 C3HCl7 C3HCl6F C3HCl5F2 C3HCl4F3 C3HCl3F4 C3HCl2F5 C3HClF6 C3HF7
2 5 10 13 13 10 5 2

2 C3H2Cl6 C3H2Cl5F C3H2Cl4F2 C3H2Cl3F3 C3H2Cl2F4 C3H2ClF5 C3H2F6
4 10 20 22 20 10 4

3 C3H3Cl5 C3H3Cl4F C3H3Cl3F2 C3H3Cl2F3 C3H3ClF4 C3H3F5
5 13 22 22 13 5

4 C3H4Cl4 C3H4Cl3F C3H4Cl2F C3H4ClF3 C3H4F4
6 13 20 13 6

5 C3H5Cl3 C3H5Cl2F C3H5ClF2 C3H5F3
5 10 10 5

6 C3H6Cl2 C3H6ClF C3H6F2
4 5 4

7 C3H7Cl C3H7F
2 2

H

Selected candidates: HCFC-225 (C3HCl2F5), HCFC-235 (C3H2ClF5), HCFC-243 (C3H3Cl2F3),
HCFC-244 (C3H3ClF4) and HCFC-262 (C3H5ClF2)

Table 5 Profiles of HCFC-225s as alternative CFC-113 (AEL: Adverse effect level)

Properties HCFC-225ca HCFC-225cb CFC-113

Boiling point (◦C) 51.1 56.1 47.6
Density (g/cc at 25◦C) 1.55 1.56 1.57
Surface tension (dyne/cm) 15.5 16.6 17.2
Heat of vaporization (kJ/kg) 147 145 153
Kauri-Butanol value (–) 31 (as a mixture) 31
Azeotrope with ethanol (wt ratio) 95.5/4.5 (as a mixture) 96.2/3.8
Flash point (◦C) None None None
ODP (CFC-11=1) 0.025 0.033 0.8
GWP (ITH 100 years, CO2=1) 170 690 4,200
Atmospheric lifetime (years) 2.7 7.9 79
AEL (recommended ppm) 50 400 –

CF2=CF2 + CHCl2F −→ CF3CF2CHCl2 + CF2ClCF2CHClF

HCFC-225ca HCFC-225cb

Almost equal amounts of two isomers, HCFC-225ca and HCFC-225cb are produced
in the addition reaction.

As seen in Table 5, these two isomers exhibit very similar properties (The United
Nations Ozone Secretariat 2007) and therefore the mixture as produced is con-
veniently used for general cleaning applications and HCFC-225s duplicates the
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excellent properties of CFC-113 so that HCFC-225 can be conveniently applied as
a drop-in replacement of CFC-113 without any modification of cleaning facilities.

Future Perspectives on Alternative CFCs

The accelerated phaseout of HCFCs was decided in the 19th Meeting of the Parties
to the Montreal Protocol in Montreal in September, 2007. As shown in Table 3,
HCFCs have been replaced by HFCs and then will be possibly replaced further
by lower GWP HFCs or HFEs in case of in-kind substitution. A variety of HFEs
have been already developed but their economically feasible pathways are not yet
realized for their industrial production with available starting materials and new
effective catalysts.

In parallel with the development of alternative CFCs, intensive studies are
expected for new comprehensive assessment systems on the global environment
not only in the short term but also in the medium and long terms in order to select
most desirable alternatives. A new concept on the evaluation of time variation global
warming effects has been reported by A. Sekiya (Sekiya 2007).
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Perspectives on the Roles of Science, Scientific
Assessments, the Science/Policy Interface
and Industry

Mack McFarland

The Montreal Protocol is widely recognized as a model for multilateral environ-
mental agreements because of the rapid progress made under that agreement to
protect stratospheric ozone. This success is largely due to sound scientific informa-
tion effectively communicated to decision makers in the government and industry.
Following the publication of the ozone depletion theory in 1974 by Drs. Molina and
Rowland, hundreds of scientists dedicated themselves to improve the understanding
of the processes that control stratospheric ozone. The work of these scientists led to
continuous advances in our understanding of the potential impact that chlorofluoro-
carbons (CFCs) and other ozone-depleting substances (ODSs) could have on ozone.
The primary vehicle for communication of information on stratospheric ozone was
a series of scientific assessments.

In 1985 the first truly international scientific assessment on a global environmen-
tal issue was published: Atmospheric Ozone 1985: Assessment of our Understanding
of the Process Controlling its Present Distribution and Change. The information in
that assessment combined with increasing global consumption of CFCs led DuPont
and US industry in 1986 to call for a global agreement to limit production and
consumption of CFCs and in 1987 it led to Montreal Protocol, initially requiring
only a 50% reduction in the consumption of CFCs. Based on the information in the
1988 International Ozone Trends Panel Report, DuPont in March 1988 voluntar-
ily and unilaterally committed to a phaseout of CFCs. Following a 1989 scientific
assessment the Parties to the Montreal Protocol agreed in 1990 to a total phaseout
of CFCs. Subsequent assessments from 1991 through 2006 have led to amend-
ments and adjustments to the Protocol that added ODSs and accelerated phaseout
schedules.

A less recognized achievement of the Montreal Protocol was its significant reduc-
tion in contributions to global climate change. CFCs and other ODSs are also
greenhouse gases with significant global warming potentials. Thus, the phaseout of
ODSs has reduced emissions of greenhouse gases. Compared to scenarios of contin-
ued growth in ODS consumption, assuming the Montreal Protocol never happened,
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the reduction in consumption of ODSs caused by the Protocol will have reduced
contributions to climate change in 2010 by five to six times as much as the Kyoto
Protocol if it were fully implemented (Velders et al. 2007).
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The Role of Financial Assistance
by the Multilateral Fund in Technology Change
to Protect the Ozone Layer

K. Madhava Sarma and Kristen N. Taddonio

Abstract Development, commercialization, and transfer of cleaner technologies
are critical to the success of multilateral environmental agreements. The Montreal
Protocol aims to phase out 96 ozone-depleting substances (ODSs), used in thou-
sands of products in 240 sectors, through transition to ozone-safe technologies
throughout the world in a specified time frame.

Governments’ recognition that countries had “common but differential respon-
sibility” for the problem of ozone depletion as well as for its solution resulted in
three important features of the Protocol: a grace period for developing countries
(Article 5); transfer of technology to other countries to help phase out ODSs (Article
10A); and a financial mechanism—the Multilateral Fund—to help developing coun-
tries’ transition from ozone-depleting to ozone-friendly technology (Article 10). The
Global Environment Facility (GEF) helped Countries with Economies in Transition
(CEIT), which did not qualify for aid from the Multilateral Fund.

The financial mechanism has done more than simply provide funds: It has
removed barriers to technology change, enabled action on phase out much earlier
than required under the Protocol, spurred industry to develop alternatives and make
the switch, raised awareness about ozone depletion, pushed countries to develop
national goals and phaseout plans, and helped countries establish regulations and
policies to promote technology change. As a result, technology change occurred
faster and cheaper than predicted, with even the poorest countries confidently and
cost-effectively phasing out ODSs. The success of the Montreal Protocol and the
financial mechanism in time-bound technology transfer and change offers lessons
to the global challenge of climate change.
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Introduction

Today there are nearly 270 environmental treaties, covering issues such as marine
and air pollution, hazardous waste, biodiversity, desertification, and climate change.
Development, commercialization, and transfer of environmentally sound technolo-
gies are the crux of these treaties, and this includes the ozone treaties. The Montreal
Protocol aims to phase out 96 ozone-depleting substances (ODSs), used in thou-
sands of products in 240 sectors, through transition to ozone-safe technologies
throughout the world in a specified time frame. It is one of the most successful
treaties for three clear reasons: (1) it is based on science—constantly updated and
taken on board, (2) it applies the “precautionary principle” in setting technically and
administratively challenging but feasible phaseout goals before the adverse impacts
of ozone become unmanageable, and (3) it is successful at motivating the devel-
opment, commercialization, and transfer of technology. It is significant that the
Protocol started in 1987 with only a freeze on halon production and a 50% reduc-
tion in CFCs was repeatedly amended to add new chemical substances and adjusted
to accelerate the complete phaseout. In the Meeting of the Parties in Montréal
in September 2007, Parties approved an adjustment to accelerate the phaseout of
hydrochloroflurocarbons (HCFCs) in order to further protect the ozone layer.

Montreal Protocol Results

Compliance with the Protocol control measures has been excellent so far. The
reported figures for 2007 show that the non-Article 5 Parties1 have phased out all
consumption of ozone-depleting CFCs, Halons, carbon tetrachloride, methyl chlo-
roform, and methyl bromide (a total of 1.1 million ozone-depletion potential (ODP)
tons2), with the exception of the 63 ODP tons for essential uses and 3574 ODP tons
for critical methyl bromide use, exempted till then from phase out by the Meetings of
the Parties. Article 5 Parties (developing countries) reduced their consumption from
a baseline of 274,400 tons to 19.1345 tons and are well on their way to phasing out
according to the time schedule of the Protocol.

1 The term non-Article 5 Party generally refers to developed countries. “Article 5” countries are
those developing countries with annual per capita consumption of ODS less than the limits spec-
ified in Article 5 of the Protocol and qualify for assistance meeting ozone-depleting substance
phaseout goals.
2 ODP tonnes are defined as the number of tonnes of a substance multiplied by the substance’s
ozone-depletion potential.
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Hydrochlorofluorocarbons (HCFCs) are not due for phaseout by non-Article 5
Parties until 2030, with Article 5 Parties permitted an additional 10 years beyond
that. The implementation of the control measures for HCFCs is on schedule and the
Parties have recently approved an adjustment to accelerate the phaseout.

More than 240 sectors with products dependent on ODSs halted most uses within
10 years and often the companies that replaced ODSs ended up with higher perfor-
mance of their products than when they used ODSs. What is more, the companies
overwhelmingly demonstrated that technology transfer for environmental protection
can be cost-effective. Costs associated with ozone layer protection turned out to be
far less than the exaggerated forecasts, and the savings are incalculable. One extraor-
dinary measure of success is that enterprises and their customers are generally more
satisfied with the replacements than with the ODS-based products and technologies.
This was a no-compromise market transformation: in addition to being ozone-safe,
alternatives and substitutes are equally safe or safer for the earth’s climate, more
energy-efficient, lower in toxicity, superior in safety, and more reliable and durable.
Often, alternatives have reduced costs to businesses and increased employment.
Corporate, military, environmental, and citizen stakeholders are proud of what they
have accomplished through consensus, cooperation, and regulation.

Secrets to Success

At first glance, it is easy to regard the Montreal Protocol as a chemical treaty—given
that it regulates 96 different ODSs. But it is more accurate and perceptive to regard
the Montreal Protocol as an environmental technology treaty. The ODSs addressed
in the treaty were used in thousands of products. A process of continuous techno-
logical innovation was required to develop chemical substitutes for ODSs, as well as
non-chemical and not-in-kind substitutes. It is significant that in all but exceptional
cases, elimination of ODSs was accomplished with no compromise in environ-
mental health and safety, and in a majority of cases all aspects of environmental
performance were improved.3

What are the secrets to its success? The answer starts with leadership from an
astonishing variety of organizations and people from governments, international
organizations, non-governmental organizations, industry associations, scientists,
engineers, and many others who took early action to tackle the problem of ozone
depletion and inspired others to follow their example. Institutional arrangements
also were important, including the Ozone Units—the focal points for action on the
Montreal Protocol in each of its now 191 Parties. The Ozone Unit focal points are
a dedicated group of professionals who understood their mission and have formed
both formal and informal networks with the broader ozone community to carry it

3 For example, no-clean soldering eliminated CFC-113 solvent, used only water to remove solder
residue, reduced the amount of lead used and the quantity of lead dross, and increased the reliability
and life expectancy of electronic products, which increases life-cycle sustainability.
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out. Financial assistance to developing countries was another critical part of the
institutional arrangements, as was the Montreal Protocol’s visionary technology
assessment process, including the Technology and Economic Assessment Panel
(TEAP). Another factor in the Protocol’s success was the ability of the regime to
identify and remove barriers to technology transfer, including through changes in
national laws and voluntary codes.

“Common But Differentiated Responsibility” of Countries
for the Problem and the Solution

The Montreal Protocol recognized explicitly the principle of “common but dif-
ferential responsibility” of countries for the ozone depletion as well as for its
solution. The developed countries, through their large consumption of ODS for
many years, created the problem of ozone depletion, while the developing countries
started consuming the ODS relatively late and consumed smaller quantities. Also,
the developed countries can contribute more to the solution of the problem than
the developing countries because of their technological capabilities and financial
strength. This recognition resulted in three important features of the Protocol:

• The Protocol gave a grace period of 10 years or more for developing countries
to reduce use of and phase out the ODSs. Developed countries had to phase out
ODSs first and show the way to the most environmentally safe and cost-effective
technology.

• The Protocol provided for technology transfer to developing countries. Accord-
ing to Article 10A of the Montreal Protocol, “each Party shall take every
practicable step, consistent with the programs supported by the financial mech-
anism, to ensure that the best available, environmentally safe substitutes and
related technologies are expeditiously transferred to Parties operating under para-
graph 1 of Article 5 [developing countries],” and that “transfers [. . .] occur under
fair and most favourable conditions.”

• The Protocol created a financial mechanism to meet the incremental costs of
developing countries in implementing the control measures. The second and
fourth meetings of the Parties approved a detailed indicative list of incremental
costs that will be met.

Technology Change in Developed Countries

Technology change generally came about first in developed countries and only then
in other countries, as the Protocol mandated earlier phaseout by developed countries.
The challenge of change was quite daunting, even in the developed countries. The
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industries that used ozone-depleting substances are very diverse. ODSs were not just
used by large industries; they were used in thousands of small industries as well.

By the late 1980s, more than 240 separate product sectors depended on ozone-
depleting substances. Some products were unnecessarily used for cosmetic, con-
venience, and entertainment products where alternatives were readily available
(examples include deodorant, wineglass chillers, tire inflators, dust blowers, toys,
noise-making horns, and tobacco puffing). However, many other ODS products had
become vital to society. The more critical uses included:

• Medical applications, such as metered-dose medicine inhalers, sterilization, clean-
ing of heart pace-makers and artificial limbs, and blood substitutes

• Refrigeration for meat and fish processing; vegetable storage; and frozen food,
blood, and medicines

• Air conditioning in buildings and vehicles
• Foam insulation for refrigerated appliances, building insulation, and industrial

applications
• Cleaning of critical electronic and mechanical components, including for weapons

detection and guidance, safety systems for nuclear and hazardous chemical
facilities, and aircraft flight control

• Fumigation for quarantine and pest control
• Fire protection and explosion suppression in telecommunications, naval and

commercial shipping, aircraft, oil and gas processing, and transport
• Safety foams used in vehicles as padding and structure
• Industrial processes, including nuclear fuel processing and aluminium manufac-

turing
• Laboratory and analytical uses, including leak testing and as a dielectric medium

in scientific and medical equipment

Steps Taken by Developed Countries

The governments of developed countries took many steps to promote ozone-safe
technologies. These steps were very diverse, and included policies, regulations,
awareness and education campaigns, and financial incentives and disincentives, and
more. The policies were regulatory as well as economic. These included:

• Bans on production or import of ODS products
• Taxes on ODS and tax concessions for alternatives
• Industry leadership pledges for developing countries
• Organized technology transfer to CEIT and developing countries
• Labeling programs

These policies stimulated action to develop and commercialize new technology.
This process is complex, but it is possible to identify a consistent pattern of research,
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testing, validation, commercialization, and communication that occurred in order to
eliminate ODSs. For each ODS use, the steps taken were:

• Motivate action, including research and development
• Identify and invent plausible alternatives and substitutes
• Test technical performance and economic feasibility, picking winners among

technology choices
• Validate environmental acceptability and secure government approval
• Commercialize support infrastructure for the replacement technology
• Remove barriers to the new technology
• Communicate and compete against the ODSs allowed by the Montreal Protocol

One unanticipated country-level barrier to technology transfer in developed coun-
tries was the existence of numerous laws and policies that mandated the use of
ozone-depleting substances. Fire safety laws for weapons systems, aircraft, ships,
and racing cars, for example, often mandated the use of halon fire suppression sys-
tems. Quarantine standards often encouraged or required methyl bromide for certain
pests and products. CFC refrigerants were required by law in some areas, and both
industry and military cleaning standards required cleaning with CFC-113. In these
cases, enterprises and governments seeking change organized strategic projects to
remove specific barriers.

The Financial Mechanisms for Developing Countries
and Countries with Economies in Transition (CEIT)

The Multilateral Fund

The Multilateral Fund (MLF) for the Implementation of the Montreal Protocol on
Substances that Deplete the Ozone Layer was established under Article 10 of the
Montreal Protocol in 1990 to help developing countries phaseout the production
and consumption of ODSs. Countries designated by the Meeting of the Parties to the
Montreal Protocol as developing and that consume less than quantities prescribed
in Article 5 of the Protocol (Article 5 Parties) are eligible for assistance. The fund
covers the incremental costs associated with technology transfer, including the costs
of on-site engineering, equipment purchase and installation, training, and start-up.
Capacity-building projects, such as the establishment of national ozone offices and
regional ozone network offices, are also eligible for funding. The MLF finances and
audits the projects which are managed by implementing agencies.

The Meetings of the Parties decide how much money will be required for the
next three-year “replenishment” of the fund and the developed country Parties con-
tribute to the Fund according to the ratio of their contributions to the United Nations.
Other governmental, intergovernmental, and non-governmental sources were also
welcome to contribute to the Fund, though none have so far done so. Bilateral aid
agencies of developed countries could spend up to 20% of their contributions to the
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Fund directly in the recipient countries or regions, subject to the approval of their
programs by the Executive Committee of the Multilateral Fund.

The Fund started out with US$240 million for the period 1991–1993. Every
3 years, the Fund was replenished after a needs assessment made by the Meetings
of the Parties. The replenishments were in the following amounts:

1991–1993 US$240.0 million
1994–1996 US$455.0 million
1997–1999 US$466.0 million
2000–2002 US$440.0 million
2003–2005 US$474.0 million
2006–2008 US$400.4 million
2009–2011 US$400.0 million

By 7th November 2008, the Executive Committee had approved the expenditure
of US$2.40 billion to support about 5,789 projects and activities in 144 develop-
ing countries. The implementation of these projects will result in the phase out
of the consumption of more than 427,000 ODP tons and the production of about
173,616 t of ozone depleting substances. Of this total, about 405,000 ODP tons
of consumption has already been phased out by the end of 31 December 2007.
(Report of the Executive Committee of the Multilateral Fund to the Twentieth Meet-
ing of the Parties, 2009-UNEP/Ozl.Pro/20/7 dated 14 November 2008 available at
http://ozone.unep.org/Meeting Documents/mop/20mop/MOP-20-7E.pdf))

The MLF Executive Committee

The responsibility for overseeing the operations of the MLF rests with an Executive
Committee, supported by the Fund Secretariat. The Executive Committee develops
and monitors the implementation of specific operational policies, guidelines, and
administrative arrangements, including the disbursement of resources; develops the
3-year plan and budget for the MLF, including allocation of resources among the
implementing agencies; develops the criteria for project eligibility and guidelines
for the implementation of activities supported by the MLF and reviews the perfor-
mance reports and expenditures of those activities; reports annually to the Meeting
of the Parties on the activities exercised; and makes recommendations as appropriate
(United Nations Environment Programme 1997).

The Executive Committee consists of 14 members, 7 from Article 5 Parties and 7
from non-Article 5 Parties. The members are selected by each group of Parties and
formally endorsed by the Meeting of the Parties. The Chair and the Vice-Chair of
the Executive Committee are subject to annual rotation between the Article 5 and
non-Article 5 Parties, the group not providing the Chair selects the Vice-Chair

Implementing Agencies of the MLF

The implementing agencies of the MLF are the United Nations Environment Pro-
gramme, the United Nations Industrial Development Organization, the World Bank,
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and the United Nations Development Programme. The United Nations Environment
Programme acts as an information clearinghouse, conducts awareness training, and
helps countries establish country programs for ODS phaseout. The United Nations
Development Programme, the United Nations Industrial Development Organisation,
and the World Bank implement investment, technical assistance and demonstration
projects. In addition, a number of developed countries provide bilateral assistance to
developing countries, with costs counted as a contribution to the Fund.4 Developing
countries can choose to collaborate with any of the four implementing agencies or
with Parties offering bilateral assistance to prepare their country programs or project
proposals.

Global Environment Facility (GEF)

The GEF was established in 1991 to help developing countries fund projects and
programs that protect the global environment. Currently, over 30 countries con-
tribute funds to the GEF. The GEF funds a variety of projects, from its small
grants programs to full-sized projects (more than US$1 million) (Global Environ-
ment Facility 2007a). Any person or group can propose a project, but the project
has to meet two key criteria: first, it “must reflect national or regional priorities
and have the support of the country or countries involved” and second, “it must
improve the global environment or advance the prospect of reducing risks to it.”
GEF-funded projects are managed by the United Nations Development Programme,
United Nations Environment Programme, and the World Bank.

The GEF helped finance technology transfer to countries with economies in tran-
sition (CEITs) for the phaseout of ozone-depleting substances (ODSs). After the
collapse of communism in Eastern Europe and the break-up of the USSR in 1991,
the new states were in a state of social and economic turmoil. Despite this turmoil,
they were both determined and required to meet the rigorous phaseout requirements
for ODSs established under the Montreal Protocol. These countries did not meet
the qualifications for financial assistance from the MLF because they had not been
designated as “developing countries” by the Meetings of the Parties to the Montreal
Protocol. A political resolution was achieved when the GEF stepped in and helped
the CEITs to acquire the technologies needed to comply with the ozone-depleting
substances’ phaseout schedule.

4 Up to 20% of a contribution due to the Fund can be spent by a contributor on regional and
bilateral cooperation if it is related to compliance with the provisions of the Protocol and meets
agreed incremental costs. In practice, the Executive Committee has to approve each of the bilateral
activities in advance.
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Good Results from GEF Assistance

According to data reports under Article 7 of the Protocol, total consumption of CFCs
in the countries funded by the GEF decreased from about 224,000 t in the base
year to 1,300 t by 2004—a drop of more than 99%. Production has been reduced
accordingly. Of the four original CEIT producers of ODSs, only Russia sustained a
considerable production capacity, which was phased out at the end of 2000. Between
1991 and 2004, the GEF allocated more than US$177 million projects to phaseout
ODSs and cofinanced US$182 million.

Technology Transfer Debates in International FORA

The 1992 Earth Summit led to the development of Agenda 21, a comprehensive
blueprint of action to be taken globally to minimize human impacts on the environ-
ment in the twenty-first century (United Nations 2006). Chapter 34 of Agenda 21
dealt specifically with the transfer of environmentally sound technology, coopera-
tion, and capacity building. The 2002 World Summit on Sustainable Development
resulted in the Johannesburg Plan of Implementation, which called upon the global
community to promote, facilitate, and finance, as appropriate; access to and the
development, transfer, and diffusion of environmentally sound technologies and
corresponding know-hows, in particular, to developing countries and countries
with economies in transition on favorable terms, including on concessional and
preferential terms, as mutually agreed, as set out in Chapter 34 of Agenda 21.

Barriers to Technology Change

A study of the completed projects of MLF and GEF by Andersen et al. (2007) iden-
tified many barriers to technology transfer and change. These are as the institutional,
social, political, technical, and economic factors that prevent or slow the adoption
of environmentally superior technologies.

Intellectual Property Rights

Some scholars believe that the intellectual property regime is the primary obsta-
cle restricting developing country access to better technologies. Many believe
that multinational enterprises are over-charging developing countries for access to
new technologies, imposing unacceptable conditions, or short-changing developing
countries in other ways.
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It is notable that intellectual property rights constituted only an occasional and
easily overcome barrier to technology transfer for protecting the ozone layer, despite
fears and expectations that global environmental protection is inhibited both by
the lack of access to technology and by the lack of rewards to inventors resulting
from violation of intellectual property. In many cases, the technologies needed to
phase out the use of ozone-depleting substances were in the public domain. Some
technologies important to stratospheric ozone protection were protected by intel-
lectual property but were transferred under fair and favorable conditions negotiated
by the Global Environment Facility (GEF) and Multilateral Fund (MLF). In a few
cases, there were problems in obtaining technologies from some suppliers, but the
problems were ultimately sorted out by going to others. In the two cases where
intellectual property considerations constituted significant barriers to technology
transfer, solutions were ultimately found. In the first case, which involved the trans-
fer of technology for the manufacture of HFC-134a, developing country enterprises
developed their own processes to avoid paying licensing fees or accepting condi-
tions they considered to be unacceptable. In the second case, which involved the
manufacture of HFC-227ea, China and Russia successfully developed the process
through indigenous research and development. There have been no complaints of
unauthorized use of patented technology to protect the ozone layer.

Some experts argue that strong intellectual property rights could actually encour-
age the transfer and diffusion of environmentally sound technologies. Their hypoth-
esis is that countries with strong intellectual property rights attract more foreign
direct investment, and that foreign direct investment expedites the transfer of new
technology, including environmentally sound technology. Too few studies have been
done to confirm or disprove this hypothesis. There is no evidence from the Montreal
Protocol experience supporting this hypothesis.

Barriers Most Experienced

Financial assistance provided by the MLF and GEF helped to overcome the pri-
mary barrier to technology change in developing countries and CEITs: the cost of
new technology. Most technology transfer projects implemented by the MLF and
the GEF went smoothly. However, in some cases, technology transfer projects were
more difficult to implement. Challenges to technology transfer in CEITs and devel-
oping countries fell broadly into the following categories listed in Table 1 on the
next page.

Solutions to Barriers

One of the greatest challenges addressed through ODS phaseout projects in devel-
oping countries was transfer of technologies to small- and medium-sized enterprises
(SMEs). These enterprises have limited awareness of alternatives technologies, lack
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Table 1 Barriers commonly experienced

Problems at the
enterprise level

These problems arose from lack of knowledge, particularly at the top
management level and training; inadequate technical and
administrative capacity; managerial problems or financial
problems (to receive financing, enterprises had to demonstrate
financial viability; some struggling enterprises had a difficult time
with this).

Problems at the
country level

Country-level problems occasionally delayed technology transfer
projects or caused them to be cancelled. Examples include political
turmoil, war, terrorist incidents, health risks, and economic
recessions. Bureaucratic problems were not uncommon. These
included delays caused by inadequate infrastructure, ineffective
functioning of the local institutions, banking and infrastructure
delays, and lack of policies and regulations.

Problems at the
international
implementing and
financing agency
level

These included: bureaucratic policies and procedures, inadequate
flexibility, poor sourcing of technical expertise, slow disbursement
of funds, and poor appreciation of local conditions by some
consultants and bilateral partners. Also, competition between
implementing agencies and bilateral partners sometimes caused
confusion.

Problems created by
suppliers of
equipment

Some equipment suppliers did not provide adequate instruction in the
use of their technology. Some equipment suppliers sold equipment
and then fell out of contact, making it difficult for technology
recipients to service or repair equipment. In a few cases, suppliers
of equipment were overwhelmed with orders and projects had to
be delayed.

Problems gaining
access to
ozone-safe
technologies

In a very few cases, technology owners refused to license technology,
and enterprises had to develop their own technology or (as was
more often the case) go to different suppliers.

of resources to understand and adopt technologies, and are small in size. To ensure
that the issues concerning SMEs were adequately addressed, the multilateral agen-
cies and bilateral agencies worked closely with local institutions to understand the
needs of SMEs and address their technology transfer requirements. The experience
showed that awareness was a significant component of technology transfer, and that
increased awareness did facilitate technology adoption.

Many country-level barriers were either problems of governance or unexpected
events (e.g., government delays, banking delays, delays caused by the SARS out-
break in Southeast Asia and political turmoil in Africa). Lack of policies and
regulations, a barrier to the transfer of environmentally superior technology often
debated at the international level, was successfully addressed under the Montreal
Protocol. By becoming party to the Protocol, all countries committed to the phaseout
schedules agreed by the Parties. Furthermore, implementing agencies of the MLF
and the GEF often required documentation of country laws and regulations prior to
providing technology transfer assistance. For example, the MLF required countries
to have refrigerant management plans or to control imports of ODSs and ODS-
based equipment as a precondition for the implementation of refrigeration recovery
and recycling subprojects.



452 K.M. Sarma and K.N. Taddonio

The MLF and implementing agencies have learned many lessons about how to
improve technology transfer and minimize barriers (United Nations Environment
Programme 1999; Centre for Science and Technology of the Non-Aligned and Other
Developing Countries et al. 1999). Several lessons they reported are as follows:

Policy-related lessons

• Awareness of the Montreal Protocol and phaseout schedules is essential
• It is necessary to provide alternatives and options
• National Ozone Units need to understand technology assessment principles
• It is necessary to collaborate with other agencies to get projects off the ground
• Networking seems restricted to governments, and needs to be broadened
• It is essential to use national experts

Technology-related lessons

• New chemicals and products have often problems of flammability, toxicity,
contamination, and safety

• Alternative technologies require careful implementation to mitigate inferior
technical performance

Cost-related lessons

• Old alternatives to ODSs tend to have lower investment and operational costs
than new alternatives

Market-related lessons

• It is essential to understand the influence of external and local factors on the
market

How implementing agencies can help overcome barriers to technology transfer

• Build a combination of cross-linked incentives and disincentives
• Obtain grants for ODS-consuming enterprises
• Mount public awareness campaigns and implement eco-labeling
• Introduce legislation and enforce ODS phaseout and product bans
• Exert influence in industrial associations to set technical standards and
• Encourage governments to impose local sales taxes on ODS-based equipment

It is notable that fewer technology transfer problems were encountered in prac-
tice than were put forth in theory, and these problems rarely created barriers to
ODS phaseout. This is perhaps evidence of the effectiveness of technology transfer
support provided by the MLF, the GEF, and the United Nations Environment Pro-
gramme (UNEP). Financial barriers, one of the most commonly debated barriers to
technology transfer, were overcome through access to GEF and MLF grants. Lack
of skills and capacity, another commonly debated barrier to technology transfer, was
overcome through capacity-building projects sponsored by implementing agencies,
as well as the training provided by technology suppliers and financed by the MLF
and GEF. Information-based barriers to technology transfer were eliminated by the
successful efforts of UNEP.
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Capacity Building

In 1987, 5 years before the 1992 Rio Declaration, the Parties to the Montreal Pro-
tocol debated the practical importance of capacity building for technology transfer.
It was realized up front during the formulation of the Protocol and later during
its implementation that the “software” part of technology transfer is as important
as investment components. In fact, in the case of the majority of Parties to the
Montreal Protocol—developing countries and in particular, low volume-consuming
countries—the capacity building component forms the major part of the technology
transfer.

Over half of the technology transfer projects conducted by the Multilateral Fund
were “software” projects that provided countries with the training and capacity
necessary to support technology transfer projects and comply with the Montreal
Protocol (Multilateral Fund for the Implementation of the Montreal Protocol, 2006).
This type of spending was critical to technology transfer and necessary for success.
Among other things, these “software” projects helped countries create strong and
effective National Ozone Units (Rasmussen et al. 2001). A study completed for the
Executive Committee of the Multilateral Fund in 2004 found that “many countries
could only afford to retain a skeleton staff to oversee national ODS phase-out activ-
ities” (Kelly 2004, p. 20). In Latin America and Africa, for example, the countries
each employed no more than two permanent staff for ODS phaseout, with some
countries getting on with only part-time dedicated staff (Kelly 2004). Multilateral
Fund assistance helped remedy this problem so that technology transfer and ODS
phaseout could proceed smoothly.

Information and Networking

Information and networking activities, as provided by the United Nations Envi-
ronment Programme’s (UNEP) OzonAction and other organizations, proved to be
important for the success of investment projects implemented by the United Nations
Industrial Development Organization (UNIDO), United Nations Development Pro-
gramme (UNDP), and the World Bank. UNEP received the smallest portion of
the budget (less than 5%) of the Multilateral Fund. Nevertheless, “OzonAction
generated a vast range of information on the evolving treaty, the science, govern-
ment policies, technologies, industry news, success stories, available publications,
meetings and workshops, and training programs. It utilized an interactive online
computerized system and diskettes, as well as traditional publications, including the
quarterly newsletter OzonAction, published in six languages. It undertook policy and
technical research and produced sectoral training manuals, technical source books,
and multilingual brochures. The UNEP also provided databases on technologies,
products, enterprises, and specialized experts around the world, and it organized
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technical and training workshops that promoted essential networking between local
personnel and experienced specialists from foreign enterprises and governments.
In addition, the UNEP provided support to developing countries’ coordinating
offices and helped small, low-consuming parties to prepare their national phaseout
programs. This extensive underpinning work at relatively modest cost was essen-
tial in preparing the way for implementation of the MLF investment programs”
(Benedick 1998).

The Financial Mechanism’s Many Roles in Technology
Change

The financial mechanism played an invaluable role in global technology change
for the protection of the Earth’s stratospheric ozone layer. It did much more than
simply provide funds: it enabled immediate action, spurred the development of
ozone-friendly alternatives, raised awareness, pushed countries to establish phase-
out plans, allowed for the formation of networks, provided training, and helped
countries make effective regulatory and policy decisions—things that are all critical
to technology change.

The financial mechanism enabled immediate action. Although the Protocol did
not mandate the first control measures for developing countries until 1999, the finan-
cial mechanism did not wait to start assisting developing countries. Many developed
countries had already initiated action to switch to ozone-safe technologies, some of
them as early as 1974. As a result, by the time the Multilateral Fund stated func-
tioning in 1991 many ozone-friendly technologies were available. The Multilateral
Fund started to assist the developing countries immediately to switch over these
technologies, without bothering about the date of first control measure and contin-
ued its proactive stance thereafter. As a result, technology change began early in
developing countries and they were well ahead of their control measures by 1999
and ever since.

The financial mechanism spurred the development of ozone-friendly alterna-
tives, and encouraged industry to make the switch. The Multilateral Fund met the
incremental capital costs of the switch over and the incremental operating costs
as necessary. This provided financial incentive for the industries to switch over
to ozone-friendly technologies. It also created a larger market for ozone-friendly
technology and stimulated the development of alternatives, expediting technology
change.

The financial mechanism raised awareness. Under the Montreal Protocol, edu-
cation and outreach programs motivated industry and consumer groups to pro-
mote ozone solutions through education programs, voluntary agreements and other
initiatives (see Box 1). These activities had a positive impact on technology change.
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Box 1 Awareness-raising activities conducted by United Nations Environment
Programme’s (UNEP’s) OzonAction

OzonAction took many steps to raise awareness, including:

• Convening seminars and workshops, including exhibitions showcasing alter-
native technologies

• Recognizing and promoting environment-friendly government and private
enterprise efforts

• Encouraging industry pledges to adopt alternatives and substitutes
• Giving awards to recognize outstanding contributions from both public and

private sectors
• Distributing environment-friendly messages on banners, posters, bags, key

chains, clocks, stationery, and car stickers
• Holding competitions and field activities
• Celebrating the International Day for the Protection of the Ozone Layer (16

September, the day in 1987 when Montreal Protocol was signed, declared as
the Day by the General Assembly of the United Nations) and

• Disseminating information through all media outlets, including the Inter-
net, television, radio, books, magazines, newspapers, newsletters, and other
material, and using public figures to promote key messages

OzonAction also prepared many publications and technical resource materials
based on the Technology and Economic Assessment Panel (TEAP) reports to
familiarize the industries of the developing countries with the advantages and
disadvantages of the different technologies.

The financial mechanism pushed countries to develop goals and phaseout plans.
Under the Montreal Protocol, country programs for developing countries and CEITs
were developed and implemented with technical and financial assistance from the
MLF and the GEF, and based on some of the experiences and strategies deployed
by developed countries in their country programs. One benefit from country pro-
grams is that many countries have found it in their interest to adopt ODS phaseout
schedules that are more aggressive than those mandated by the Montreal Protocol.
Mexican enterprises profited from their accelerated phaseout of CFC aerosol prod-
ucts, Colombian flower growers took pride in being first to phaseout methyl bromide
for soil fumigation for flowers marketed worldwide, and India demonstrated lead-
ership in halting the use of halons in portable fire extinguishers. Overall, the actual
levels of ODS production and consumption in developing countries has been lower
than permitted levels every year since the Montreal Protocol entered into force, in
part due to the country programs. By helping countries develop country goals and
phaseout plans, the financial mechanism speeded technology change.

The financial mechanism allowed networks and information focal points to be
established. The creation of an office, or focal point, within each developing coun-
try’s government with appropriate financial assistance to ensure adequate resources
and prevent excessive staff turnover helped compliance and implementation efforts.
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International and regional networks of focal points and others are important in
sharing experiences, exchanging knowledge, and furthering skill development.

Once established, focal points in each country were organized into nine regional
and global networks to facilitate the exchange of information, best practices, and
technology transfer. These networks played an extremely important role in provid-
ing feedback to the MLF and to other Parties on which projects within country plans
worked or did not work, and in facilitating transfer of expertise and technology from
developed to developing countries and between developing countries.

The financial mechanism provided training. Those experienced in technology
transfer activities know that “No Training, No Technology Transfer.” Both the
MLF and GEF supported many training programs. Training was provided for top-
level decision makers, officials, industrial executives, and technicians on alternative
technologies, servicing, and more. This training greatly facilitated the technology
change.

The financial mechanism helped countries establish regulations and policies to
promote technology change. All the Parties to the Montreal Protocol deployed
restrictions on the producers and users of ODSs, which included outright bans on
production and imports. Many Parties took action before the Montreal Protocol was
negotiated. Other policies involved the use of financial incentives to spur technology
transfer. Many countries have taxes or fees on ODSs that are intended to discourage
use and raise revenue. In some cases, the revenue was spent on programs to encour-
age ozone layer protection, while in other cases the revenue was not used to fund
environmental activities. Another kind of measure countries have used with success
is labeling programs. Labeling programs help inform consumers which products and
processes are “ozone-safe.” The MLF and the GEF assisted the developing countries
and CEIT to introduce the necessary regulations and policies to promote technology
change.

Designed for Success: Why was the Financing Mechanism
a Proactive Instrument for Technology Transfer

The success of both the MLF and GEF in the Montreal Protocol is largely a result
of the freedom and flexibility granted to financial mechanisms by the Parties to the
Montreal Protocol. The indicative list of incremental costs gave good guidance to
the MLF, but the MLF had the right of interpreting each entry in the list to suit effec-
tive achievement of its goals. These had to be to the satisfaction of both the Article
5 and non-Article 5 Parties, who are equally represented in the Executive Commit-
tee and many of whom had contrary goals. There were extensive discussions in the
Executive Committee, elected every year by the Meeting of the Parties (MOPs), on
each issue, which were resolved by arriving at a compromise that allowed projects
to proceed. Rarely have such disputes been taken to the MOPs. Sometimes the Exec-
utive Committee went beyond the indicative list. The institutional strengthening and
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networks in developing countries were funded by the MLF even though they were
not mentioned in the list.

The Executive Committee also had the freedom to experiment with new tech-
niques. It gradually progressed from projects for each enterprise to sector-wise
projects to National Terminal Phaseout Plans. The GEF had similar freedom to
improvise the solutions in the CEITs for their ozone projects even though the GEF
Council members are not elected by the Meeting of the Parties (MOP) to the Mon-
treal Protocol. The Multilateral Fund is also the focus of all the activities to assist
the developing countries. Donor countries could have their own bilateral Montreal
Protocol programs (up to 20% of their contribution due to the Multilateral Fund) in
developing countries but such programs have to be approved by the Executive Com-
mittee. This avoided confusion and duplication of activities. Many of the donors
chose to use only a small part of this allowance and left most of the activities to the
Multilateral Fund.

The MLF does not distinguish between Parties on any political basis. All mem-
bers of the Executive Committee have one vote each (unlike in the World Bank
where the voting strength is proportional to their contributions). Developing coun-
tries and developed countries are equal in number, and the chairmanship rotates
between the groups.

Another reason for the success of the MLF is the replenishment process, which
occurs every 3 years. The TEAP estimates the funding required for each replen-
ishment period, taking into account the obligations of the developing countries, the
projects already approved, and the lead time for completion of projects. The TEAP
report is reviewed and decided upon by the Parties at the MOP. It is remarkable that
even after extensive negotiations, the Parties generally approve a replenishment fig-
ure very near the one recommended by the TEAP. In fact, there have been several
occasions where the Parties approved funding for Article 5 Parties that would reduce
their consumption of ODSs more than what was demanded by the schedules of the
Protocol. This has the added bonus of allowing developing countries to plan country
programs and other implementation projects with a high degree of confidence that
the necessary funding will be available to execute their plans.

Conclusion

The financial mechanism of the Montreal Protocol was much more than a means of
passing on funds to the developing countries. The Parties to the Protocol made it an
instrument for removing the barriers to technology change and to create confidence
among even the poorest countries that the task of phasing out ODS in scheduled time
frame is achievable and that the entire world is behind them to assist in fulfilling
the task. It has achieved what was thought almost impossible phaseout of nearly
a hundred widely used chemicals by all countries of the world in a specified time
frame.
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Athens Statement

F. Sherwood Rowland, Guy Brasseur, Rumen D. Bojkov, Marie-Lise,
Joe Farman, Sophie Godin-Beekmann, Marco Gonzalez, Ivar S.A. Isaksen,
Igor Karol, Michael J. Kurylo, Mack McFarland, John Pyle, Richard
Stolarski, and Christos Zerefos

On the occasion of the 20th anniversary of the Montreal Protocol for the protec-
tion of the ozone layer, scientists have gathered at the Academy of Athens today,
September 26, 2007. They noted that the success of the Montreal Protocol is largely
based on scientific progress made over the last decades. A world of extreme high
chlorine, low ozone, and high UV has presently been avoided. Continued adherence
to the Montreal Protocol will assure that this remains the case in the future.

It is perhaps one of the most illustrious examples of a successful global collab-
oration between scientific, industrial, and environmental organizations and policy
makers. Control of ozone-depleting substances as imposed by the Montreal Proto-
col is not the only factor that influences the variability of ozone and of harmful solar
UV radiation. Aerosols, volcanic eruptions, and climate change also influence the
expected recovery of the ozone layer from the effects of halocarbons.
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In areas like Greece where climate change may lead to significant reduction in
precipitation and more frequent heat waves with more intense urban ozone and
aerosol pollution events, new scientific and policy challenges will have to be faced.

Impact of Climate Change – Ozone Climate Interactions

• The decrease in ozone-depleting substances is a dominant factor in the expected
return of ozone levels to pre-1980 values. However, changes in climate will influ-
ence if, when, and to what extent ozone will return to pre-1980 values in different
regions.

• Future increases of greenhouse gas concentrations will contribute to the average
cooling in the stratosphere. Chemical reaction rates in the atmosphere are depen-
dent on temperature, and thus the concentration of ozone is sensitive to climate
changes. Stratospheric cooling was observed during the past 2 decades. Fur-
ther changes to the temperature and circulation of the stratosphere could affect
climate and weather in the troposphere.

Implications for Policy Formulation

• The Montreal Protocol is working: There is clear evidence of a decrease in
the atmospheric burden of ozone-depleting substances and some early signs of
stratospheric ozone recovery.
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• Failure to comply with the Montreal Protocol would delay, or could even prevent,
recovery of the ozone layer.

• Understanding the interconnections between ozone depletion and climate change
is crucial for projections of future ozone abundances.

• Stratospheric and tropospheric ozone are critical components of the global cli-
mate system. Understanding this system requires continuation and strengthening
of observation systems for ozone and other relevant species, both from ground
and space. These observations will provide indispensable information about the
phase-out of halocarbons as required by the Montreal Protocol and about the evo-
lution of the atmosphere under climate change. Continuous efforts in laboratory
studies and model developments are also needed.

• It is imperative to develop similar cooperative relationships between scien-
tific, industrial, and environmental organizations and policy makers to develop
effective approaches to environmental threats in the “anthroposcene” era.
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The Nobel Laureates, Professor S. Rowland, Professor M. Molina, Professor P. Crutzen, NCAR Director Professor G. Brasseur, the
President of the International Ozone Commission, Professor Christos Zerefos, Dr. S. Solomon, among high-level scientists and officials
from NASA, NOAA, and other internationally recognized organizations at the celebration of the 20th year after the Montreal Protocol.
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