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PREFACE

The 1987 Montreal Protocol on Substances that Deplete the Ozone Layer called
for convening four assessment panels. This document (Volume I) is the complete
report of one of these panels (the Scientific Assessment Panel) convened under
the Protocol’s review provisions. In the Introduction to this report will be found
details concerning the Montreal Protocol assessment and review procedures.
This Introduction also contains overviews of the four chapters that comprise
this assessment. Chapter 4 on halocarbon ozone depletion and global warming
potentials has benefitted extensively from the scientific material and conclusions
drawn from the Alternative Fluorocarbon Environmental Acceptability Study
(AFEAS).

This latter study was conducted as an international exercise that involved more
than 50 scientists during the early part of 1989. The AFEAS was organized and
sponsored by fifteen CFC-producing compames from around the world as part
of a cooperative effort to study the safety and environmental acceptability of
CFC alternatives. Because of the parallelism between the AFEAS study and the
analyses performed under Chapter 4, the complete set of research papers
prepared under AFEAS has been assembled and is published as the AFEAS
Report, an appendix to this scientific assessment. This appendix constitutes
Volume II of the World Meteorological Organization Report No. 20.
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EXECUTIVE SUMMARY

. INTRODUCTION

The present document, Scientific Assessment of Stratospheric Ozone: 1989, is a scientific review of
the current understanding of stratospheric ozone, prepared by international scientific experts who are
leaders in their respective fields. This initial chapter is a summary of its major points.

The aims of this summary section are threefold. The Executive Summary (Section II) is a digest of
the key points of the Assessment and is directed at government officials, the private sector, and the general
public. The Scientific Summaries (Section I1I) of each of the four chapters contain the major research
findings of the Assessment and are directed to the scientific community.

In the Appendix, which is found at the end of the report, the numerous contributors to the preparation
of the Assessment are identified. The success of the Assessment rests on the prodigious efforts and
dedication of these people.

This introductory section briefly gives the background to the Assessment, its scientific scope, and its
place in the current discussions of public policies regarding the protection of the stratospheric ozone layer.

Background

The goals, scope, contents, authors, and timetable of the Assessment were planned at two international
meetings:

® The first was part of a two-day meeting, ‘‘Scientific Review of Ozone Layer Modification and
its Impact,”” which was held at The Hague, The Netherlands, 17-18 October 1988. There were
about 70 international scientific attendees at this first of a series of meetings sponsored by the
United Nations Environment Programme (UNEP). About half of these attendees were involved
in the subgroup that focused on defining the scope of the Assessment and establishing a scientific
steering group (see Section IV for the membership).

®  The second meeting occurred on 29 November 1988 at the U.K. Department of the Environment
in London. Fourteen scientists attended, coming from eight countries, as well as representation
from UNEP and the World Meteorological Organization (WMO). The focus of this Steering
Committee was on establishing the structure, authors, and timetable of the Assessment.

The preparation of the Assessment document occurred over the period from January to June, 1989.
Numerous scientists from 25 countries were involved either as authors, contributors, or reviewers (see
Appendix). Their professional institutions included universities, government laboratories, and the private
sector. A review draft was discussed and evaluated at a review meeting at Les Diablerets, Switzerland on
10-14 July 1989, sponsored by WMO. Forty-three scientists from 14 countries were in attendance and many
others participated via mail reviews. Those suggestions and comments have been incorporated into the
present final version.

Scientific Scope
The focus of the Assessment is on four major current aspects of stratospheric ozone:(1) polar ozone,
(2) global trends, (3) theoretical predictions, and (4) halocarbon ozone depleting potentials and global

warming potentials. Other ozone-related topics are also included: (i) the trends of stratospheric temperature,
stratospheric aerosols, source gases, and surface ultraviolet radiation; and (ii) the oxidizing capacity of the

PRECEDING PAGE BLANK NOT FILMED



EXECUTIVE SUMMARY

troposphere as it pertains to the lifetimes of ozone-related chemicais (e.g., the partially halogenated
compounds that can serve as shorter-lived substitutes for the long-lived, fully halogenated ozone-depleting
gases).

The Assessment is an update of the comprehensive ** Atmospheric Ozone: 1985’ (WMO Report No.
16, 1986) and builds upon the recent ‘‘International Ozone Trends Panel Report: 1988’ (WMO Report No.
18, in press). It focuses on the results of subsequent recent research and the implications for the strato-
sphere. The ozone research of the past few years has been remarkable. Several major ground-based and
airborne field campaigns have explored the recently discovered Antarctic ozone ‘‘hole,”” as well as the
Arctic ozone layer. New laboratory studies of gas-phase and surface-induced chemical processes have
provided a better characterization of the polar phenomena. Statistical analyses of hemispheric data sets
have revealed significant ozone trends for the first time. Theoretical investigations have aided the interpre-
tation of all these findings. The picture contained in the Assessment reveals a new and deeper understanding
of the influence of human activities on the Earth’s protective ozone layer.

Relation to Public Policy

While the Assessment is a scientific document, it also will be useful as essential scientific input to
policy decisions regarding the safeguarding of the ozone layer, just as were its predecessor documents
(e.g., ‘“‘Atmospheric Ozone: 1985’"). In that regard, one of the most noteworthy applications of the
Assessment will be the forthcoming international review of the Montreal Protocol on Substances that
Deplete the Ozone Layer. Indeed, the above timetable was planned such that the international ozone
scientific community can provide that service in the form of the Assessment. The Executive Summary of
the present document has been written with this need to communicate the state of ozone in mind.

At the meeting in October 1988 at The Hague, UNEP established four panels to review the current
scientific, environmental, technical, and economic information relative to possible amendments to the
Montreal Protocol. The Scientific Assessment of Stratospheric Ozone: 1989 is the report of the first of
these panels. There are corresponding reports from the three other panels. The main findings of all four
reports will be presented to a Working Group meeting in Nairobi, Kenya, on 28 August — 5 September
1989, where the reports will be reviewed. Their integration into a single document will be completed, and
the resultant integrated report will serve as key input for considerations of possible draft amendments to
the Montreal Protocol.

vi



EXECUTIVE SUMMARY

Il. EXECUTIVE SUMMARY

Recent Findings

The past few years have been remarkable insofar as stratospheric ozone science is concerned. There
have been highly significant advances in the understanding of the impact of human activities on the Earth’s
protective ozone layer. Since the last international scientific review (1985), there are four major findings
that each heighten the concern that chlorine- and bromine-containing chemicals can lead to a significant
depletion of stratospheric ozone:

®  Antarctic Ozone Hole: The weight of scientific evidence strongly indicates that chlorinated
(largely man-made) and brominated chemicals are primarily responsible for the recently discov-
ered substantial decreases of stratospheric ozone over Antarctica in springtime.

®  Perturbed Arctic Chemistry: While at present there is no ozone loss over the Arctic comparable
to that over the Antarctic, the same potentially ozone-destroying processes have been identified
in the Arctic stratosphere. The degree of any future ozone depletion will likely depend on the
particular meteorology of each Arctic winter and future atmospheric levels of chlorine and
bromine.

®  Long-Term Ozone Decreases: The analysis of the total-column ozone data from ground-based
Dobson instruments show measurable downward trends from 1969 to 1988 of 3 to 5% (i.e., 1.8
-2.7% per decade) in the Northern Hemisphere (30-64°N latitudes) in the winter months that
cannot be attributed to known natural processes.

®  Model Limitations: These findings have led to the recognition of major gaps in theoretical models
used for assessment studies. Assessment models do not simulate adequately polar stratospheric
cloud (PSC) chemistry or polar meteorology. The impact of these shortcomings for the prediction
of ozone depletion at lower latitudes is uncertain.

Supporting Evidence and Other Resulits

These and ‘other findings are based upon the results from several major ground-based and aircraft
field campaigns in the polar regions, a reanalysis of ground-based ozone data from the past thirty-one years,
a reanalysis of satellite ozone and PSC data, laboratory studies of gas-phase and surface-induced chemical
processes, and model simulations incorporating these new laboratory data and observations. The highlights
and conclusions from these activities in four research areas are summarized below.

Polar Ozone

®  There has beenalarge, rapid, and unexpected decrease in the abundance of springtime Antarctic
ozone over the last decade.

Beginning in the late 1970s, total column ozone decreases (lately reaching 50%) have been
observed by both ground-based and satellite techniques, the latter showing that the loss is a
continental-scale phenomenon. Ozonesondes at several stations have shown that the ozone loss
occurs between 12 and 24 km, reaching as much as 95% at some altitudes.

®  The weight of scientific evidence strongly indicates that man-made chlorine and bromine com-
pounds are primarily responsible for the ozone loss in Antarctica.

vii



EXECUTIVE SUMMARY

The ozone loss over Antarctica is initiated by chemical reactions that occur on the surfaces of
PSCs and that convert the long-lived chlorine into chemically more reactive forms. Laboratory
studies have provided important evidence that such chemical reactions can occur on PSC

. surfaces. Furthermore, reactions can also remove reactive nitrogen species, thereby slowing the

reformation of the less reactive chlorine compounds. Satellite data show that the frequency of
occurrence of PSCs is the highest in the Antarctic stratosphere. Indeed, the abundance of the
reactive chlorine compounds is observed to be elevated by 50-100 times in springtime. The
observed reactive chlorine and bromine abundances explain a substantial fraction (60-100%) of
the rapid ozone loss observed following the return of sunlight to Antarctica in September, 1987.

While the onset of the Antarctic ozone hole is linked to the recent growth in the atmospheric
abundance of chlorofluorocarbons (CFCs) and to a lesser extent bromine compounds, many of
its features are influenced by meteorological conditions.

Within the strong circumpolar vortex over Antarctica, temperatures are very low during the
winter and spring and there is abundant production of PSCs. These special meteorological
conditions set the stage for the occurrence of the ozone hole.

The year-by-year variability in the depth of the ozone hole appears to be related, in part, to the
Quasi-Biennial Oscillation (QBO), which is a natural oscillation of equatorial stratospheric winds.
For example, there was a very deep ozone hole in 1987, but it was substantially less deep in
1988, possibly influenced by the observed temperature extremes between the years, which
modulated the abundance of PSCs. Tropospheric weather systems can also influence strato-
spheric temperatures and water vapor on regional scales, which would in turn influence PSC
abundance and ozone changes.

The chemical composition of the Arctic stratosphere was found to be highly perturbed.

The chemical perturbations in the Arctic were similar to those found in Antarctica, namely, an
increase in the abundance of the ozone depleting forms of chlorine in association with PSCs.
The studies conducted in January and February in 1989 found that the reactive chlorine abun-
dances were enhanced by a factor of 50-100. No unambiguous evidence for ozone loss has yet
been identified for the winter of 1988/1989. Readily detectable ozone reductions would be
expected during January and February only if high concentrations of reactive chlorine species
were maintained for sufficiently long periods in cold, illuminated air. The degree of Arctic ozone
depletion will be influenced by the year-by-year timing of the warming of the polar vortex relative
to the arrival of sunlight, as well as future chlorine and bromine abundances. In the Antarctic,
the warming of the polar vortex always occurs after the arrival of sunlight (hence, ozone
depletion), which contrasts with the Arctic, where warming generally occurs prior to the arrival
of sunlight, as in 1989.

Global Trends

Several recent analyses of total column ozone data support the conclusion of the 1988 Interna-
tional Ozone Trends Panel (OTP) that there is a downward trend in ozone during winter at mid-
to-high latitudes in the Northern Hemisphere over the past two decades.

The OTP analyzed the re-evaluated data from the ground-based Dobson instruments for the
effects of known natural geophysical processes (seasonal variability, the approximately 28-month
QBO, and the 11-year solar cycle) and possible human perturbations. After allowing for natural

viit
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variability, the analysis showed measurable decreases in the range of 2.3 to 6.2% between 30
and 64°N latitude for the winter months (December - March) between 1969 and 1986, with the
larger decreases being at the higher latitudes. This was the first analysis that showed statistically
significant downward trends.

The results of model calculations of chlorine-induced ozone loss are broadly consistent with
these observed latitudinal and seasonal changes in column ozone, except that the mean values
of the observed decreases at mid- and high latitudes in winter are a factor of two to three larger
than the mean values of the predicted decreases. This finding suggested that the observed ozone
changes may be due, in part, to the increased atmospheric abundances of the CFCs.

Subsequent to the OTP, the results from five new reanalyses of the same OTP data set by three
independent analyses, using a variety of statistical models and assumptions, were generally
consistent with the earlier result. Zonal mean ozone decreases derived for winter lie in the range
3.2-4.0% over 17 years, when averaged over the latitudes 30-64°N, compared to the value of
4.4% from the OTP analysis. The conclusions were found to be insensitive to the representations
used for the QBO and solar cycle, strengthening the belief that the observed trends cannot be
attributed to known natural processes.

The extension of the data set beyond that used by the OTP to include 1987 and 1988 does not
alter the basic conclusions regarding trends in winter. In addition, no statistically significant
zonal trends were found for the summer period (May-August) through 1988. Lastly, within
longitudinal sectors, regional differences in the ozone trends were indicated in the Northern
Hemisphere, i.e., with the largest changes being observed over North America and Europe and
the smallest over Japan.

The present Dobson network and data are inadequate to determine total column ozone changes
in the Arctic, tropics, subtropics, or Southern Hemisphere outside of Antarctica. Satellite data
can provide the desired global coverage, but the current record is too short to differentiate the
effects of natural and human-influenced processes on ozone.

Substantial uncertainties remain in defining changes in the vertical distribution of ozone.

Since the chlorine/ozone theory had predicted that the greatest percentage ozone depletion
should occur near 40 km altitude, the OTP looked for indications of such changes in a variety of
reanalyzed data sets. The Panel reported that, based on the SAGE satellite data averaged over
20-50°N and S latitudes, ozone near 40 km had decreased by 3 + 2% between February 1979-
November 1981 and October 1984-September 1987. The SAGE data also indicated a percentage
decrease in ozone near 25 km that is,comparable in magnitude to that at 40 km. Furthermore,
the Panel reported that, based on the Umkehr data from five northern mid-latitude stations, the
ozone between 38 and 43 km had decreased by 9 * 4% between 1979 and 1986, but this
uncertainty range did not account for possible systematic errors. Because the SAGE and Umkehr
data records were so short (i.e., less than one solar cycle), no attempt was made to distinguish
between solar-induced and human-influenced contributions to these changes.

Adding 15 months of new SAGE data does not change the picture appreciably. Again, no attempt
was made to separate the contributions from natural and human-influenced processes. Addition-
ally, a more thorough analysis of data from 10 Umkehr stations in the Northern Hemisphere for
the period 1977 to 1987 reports a statistically significant decrease in ozone between 30 and 43
km, the decrease near 40 km being 4.8 = 3.1%, after allowing for seasonal and solar-cycle effects
and correcting the data for aerosol interferences. These losses are somewhat less than those
predicted by the chlorine/ozone theory.
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Based on SAGE, Umkehr, and ozonesonde data, there are continuing indications of a strato-
spheric ozone decrease at 25 km and below. Changes at these altitudes are not predicted by
global models based only on gas-phase processes. It is not clear whether this points to missing
processes in the models or that these sparse measurements are not representative of the global
atmosphere. However, such changes are -qualitatively consistent with those required for com-
patibility with the total column measurements.

Recent measurements suggest that the rate of growth in atmospheric methane has slowed
somewhat.

It would appear that the rate of methane increase has been slowing down over the last decade,
namely, from 16 to 20 ppbv per year in the early 1980s to 12 to 16 ppbv per year in the late 1980s.
For the other trace gases that influence stratospheric ozone and climate (CFCs, nitrous oxide,
and carbon dioxide), the observed rates of increase have not changed significantly since the time
of the OTP report.

Theoretical Predictions

Theoretical models do explain many of the general features of the atmosphere, but new limita-
tions have been recognized.

Many processes control the distribution of trace gases in the atmosphere. To adequately simulate
the atmosphere, models must include representations of numerous radiative, chemical, and
small- and large-scale dynamical processes. Current models do indeed reproduce many of the
patterns observed, for example, in the ozone column: a minimum in the tropics and maxima at
high latitudes in the spring of both hemispheres. Furthermore, the north - south and vertical
distributions of the ozone concentration are in general agreement with satellite observations,
except for Antarctica. On the other hand, a long-standing discrepancy has been the systematic
underestimation of ozone concentrations near 40 km.

Several major shortcomings have been identified recently. None of the assessment models
adequately represent polar meteorology or attempt to include heterogeneous processes, i.e.,
chemical reactions on PSCs. The failure to include these processes would likely lead to an
underprediction of ozone loss, both directly at polar latitudes and possibly indirectly at mid-

~ latitudes due to dilution arising from large polar ozone losses.

Furthermore, only a few models include the influence of increasing carbon dioxide abundances
and decreasing ozone abundances on temperature, which, in turn, lead to a decrease in the
destruction of ozone through lower temperatures in the stratosphere. Hence, while there are
still open questions regarding the quantitative treatment of the influence of CO, (temperature
feedback), the predicted ozone depletions from chlorine- and bromine-containing chemicals are
less for those global assessment models used in this report (gas-phase chemistry only) that
account for CO, increases than the predicted ozone depletions from those models that keep

" temperatures fixed.

Current understanding predicts that, if substantial emissions of halocarbons continue, the
atmospheric abundances of chlorine and bromine will increase and, as a result, significant ozone

‘decreases, even outside of Antarctica, are highly likely in the future.

Several scenarios, which represent a spectrum of possible choices regarding man-made emissions
of chlorine- and bromine-containing chemicals, have been used to examine the response of
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stratospheric ozone to atmospheric chlorine and bromine abundances. The predictions for the
year 2060 relative to the year 1980 are discussed below for some of those scenarios. In each
scenario, it was assumed that the recent trends continue in the atmospheric abundances of
methane, nitrous oxide, and carbon dioxide of 15 ppbv, 0.25%, and 0.4% per year, respectively.
The scenarios examined and the results predicted are the following:

SCENARIO (1) A freeze of CFCs 11, 12, 113, 114, 115, halons 1211, 1301, and 2402 at 1985
production levels; CCl,, CH,CCl;, hydrochlorofluorocarbon (HCFC) 22 abundances increase at
approximately 1 part per trillion by volume (pptv) (1% of today’s level), 4 pptv (3% of today’s
level), and 6 pptv (7.5% of today’s level) per year, respectively.

The chlorine loading of the atmosphere is predicted to reach 9.2 ppbv by the year 2060, about
three times today’s level, and the bromine loading 31 pptv, about two and one half times today’s
level. For models that did not include the effect of carbon dioxide (i.e., temperature feedback),
predicted column ozone reductions were from 1 to 4% in the tropics, and from 8 to 12% at high
latitudes in late winter. For models that did include the effect of carbon dioxide, predicted
column ozone reductions were from 0 to 1.5% in the tropics and from 4 to 8% at high latitudes
in late winter. These predictions do not include the effects of heterogeneous processes, which
would increase the predicted ozone depletions, at least in polar regions. Ozone is predicted to
decrease by 35-50% at 40 km in models with no temperature feedback, and about 25-40% in
models with temperature feedback, and results in stratospheric temperature decreases of 10 to
20 K.

SCENARIO (2) A 50% cut in emissions of CFCs 11, 12, 113, 114, 115, halons 1211, 1301, and
2402 from 1985 production levels by the year 2000; CCl,, CH;CCl;, HCFC 22 increase at
approximately 1 pptv, 4 pptv, and 6 pptv per year, respectively, plus a 50% substitution of CFC
reductions augmenting HCFC 22 fluxes (used as a surrogate for other HCFCs).

The chlorine loading of the atmosphere is predicted to reach 7.2 ppbv by the year 2060, and the
bromine loading 22 pptv. Only models that did not include the effect of carbon dioxide were
used to calculate ozone depletions for this scenario. Predicted column ozone reductions were
from 1.5 t0 3.0% in the tropics, and from 5 to 8% at high latitudes in late winter. These predictions
do not include the effects of heterogeneous processes, which would increase the predicted ozone
depletions, at least in polar regions. Ozone is predicted to decrease by 25-40% at 40 km (without
temperature feedback). Temperature feedbacks are expected to reduce the predicted ozone
depletions as in scenario 1.

SCENARIO (3) A 95% cut in emissions of CFCs 11, 12, 113, 114, 115, halons 1211, 1301, and
2402 from 1985 production levels by the year 2000; CCl,, CH;CCl;, HCFC 22 increase at
approximately 1 pptv, 4 pptv, and 6 pptv per year, respectively, plus a 50% substitution of CFC
reductions augmenting HCFC 22 fluxes.

The chlorine loading of the atmosphere is predicted to reach 5.4 ppbv by the year 2060, and the
bromine loading 14 pptv. For models that did not include the effect of carbon dioxide, there was
little change in column ozone in the tropics, and a decrease from 2 to 4% at mid-latitudes. For
the one model that did include the effect of carbon dioxide, column ozone was predicted to
increase by 0-2% at most latitudes. These predictions do not include the effects of heterogeneous
processes, which would increase the predicted ozone depletions, at least in polar regions. Ozone
is predicted to decrease by 20-30% at 40 km.
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SCENARIO (4) 95% cut in emissions of CFCs 11, 12, 113, 114, 115; halons 1211, 1301, 2402;
freeze of CCl, and CH,CCl, atmospheric levels constant at 1985; HCFC 22 increase at approxi-
mately 6 pptv per year, but no substitution of CFCs with HCFC 22.

The chlorine loading of the atmosphere is predicted to be about 3.6 ppbv by the year 2060,
comparable to that of today, and the bromine loading 14 pptv. One model that did not include
the effect of carbon dioxide predicted little change of ozone in the tropics and a decrease of up
to 4% at high latitudes. These predictions do not include the effects of heterogeneous processes,
which would increase the predicted ozone depletions, at least in polar regions.

SCENARIO (5) 100% cut in»emissions of CFCs 11, 12, 113, 114, 115; halons 1211, 1301, 2402;
and CCl,, CH;CCl;, and HCFC 22 by the year 2000.

This calculation was performed to examine the chlorine loading of the atmosphere with time.
By the year 2060, the chlorine loading is predicted to be about 1.9 ppbv, significantly less than
that of today and approximately the level required to return the Antarctic ozone layer to levels
approaching its natural state, assuming that current meteorological conditions continue. Although
no model calculations were performed using this scenario, it is likely that all models would
predict an increase in global ozone due to the effects of carbon dioxide and methane.

Halocarbon Ozone Depletion and Global Warming Potentials (ODPs and GWPs)

The impact on stratospheric ozone of the halocarbons (HCFCs and HFCs) that are proposed
as substitutes for the CFCs depends upon their chemical removal processes in the lower atmo-
sphere (troposphere).

Because they contain hydrogen atoms, the HCFCs and HFCs are primarily removed in the
troposphere by reaction with the hydroxyl radicals (OH). Although the photochemical theory of
tropospheric OH is well developed, it has not been validated experimentally, and the global OH
distributions are based on models. Furthermore, the global abundance of OH is influenced by
tropospheric composition, which is changing.

The various estimates of the lifetimes of HCFCs and HFCs in the troposphere have an uncertainty
of = 50%. This contributes an important source of uncertainty in the prediction of the ODPs
and GWPs of the HCFCs and HFCs. The fate of the degradation products of the HCFCs and
HFCs and their environmental consequences are inferred from data on analogous compounds
and hence the specific degradation processes require further study.

The values of the ODPs for the HCFCs are significantly lower than those for the CFCs.

Theoretical predictions performed by different groups using a variety of models have calculated
stmilar, but not identical, values for the ODPs of the HCFCs, as indicated in Table 1 below.

None of the models used for calculating the ODPs are able to simulate the chemical and dynamical
processes causing the Antarctic ozone hole. However, relative to CFC 11, the local Antarctic
ODPs of HCFCs 22, 142b, and 124 will be larger, perhaps as much as a factor of two or three
times greater than those derived from model calculations that do not include heterogeneous
chemistry and that cannot simulate polar dynamical processes. The ramifications of polar ozone
depletion for ODPs is not currently clear.
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Table1. Range of Ozone Depletion Potentials (ODPs) and halocarbon Global
Warming Potentials (GWPs) determined by one-dimensional and
two-dimensional models, assuming scaling for HCFC ODPs and
GWPs by CH,CCl, derived lifetime (6.3 years)

ODPs GWP
Species 1-D Models 2-D Models 1-D Models
CFC-11 1.0 1.0 1.0
CFC-12 0.9-1.0 0.9 2.8-34
CFC-113 0.8-0.9 0.8-0.9 1.3-14
CFC-114 0.6-0.8 0.6-0.8 3.7-4.1
CFC-115 0.4-0.5 0.3-0.4 7.4-7.6
HCFC-22 0.04-0.05 0.04-0.06 0.32-0.37
HCFC-123 0.013-0.016 0.013-0.022 0.017-0.020
HCFC-124 0.016-0.018 0.018-0.024 0.092-0.10
HFC-125 0 0 0.51-0.65
HFC-134a 0 0 0.24-0.29
HCFC-141b 0.07-0.08 0.09-0.11 0.084--0.097
HCFC-142b 0.05-0.06 0.05-0.06 0.34-0.39
HFC-143a 0 0 0.72-0.76
HFC-152a 0 0 0.026-0.033
CClL, 1.0-1.2 1.0-1.2 0.34-0.35
CH,CCl, 0.10-0.12 0.13-0.16 0.022-0.026

The HCFCs all have much larger relative ozone depletion potentials during the first 30 to 50
years after their emission into the atmosphere compared to their steady-state ODP values. The
transient values depend upon the atmospheric lifetime and their transport time to the region of
destruction of the gas. This transient affect is implicitly taken into account by all models
calculating atmospheric chlorine abundances and ozone depletion.

®  The steady-state values of the halocarbon GWPs of the HCFCs and HFCs are lower than those
of the CFCs.

The key factors that establish the halocarbon GWP of a HCFC or HFC are its lifetime in the
troposphere and its ability to absorb atmospheric infrared radiation. Halocarbon GWP values
differ between species due primarily to differences in their lifetimes, since their abilities to absorb
infrared radiation are similar. Hence, one of the the largest sources of uncertainty in the
calculation of the halocarbon GWPs of the HCFCs and HFCs is quantifying their rate of removal
in the troposphere. Calculations by three groups using different models for the halocarbon GWPs
of the CFCs, HCFCs, and HFCs yield similar, but not identical, values, as indicated in Table 1.

The HCFCs all have much larger relative global warming potentials during the first 30 to 50 years
after their emission into the atmosphere compared to their steady-state halocarbon GWP values.

Implications
The findings and conclusions from the intensive and extensive ozone research over the past few years

have several major implications as input to public policy regarding restrictions on man-made substances
that lead to stratospheric ozone depletion:
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®  The scientific basis for the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer
was the theoretical prediction that, should CFC and halon abundances continue to grow, there
would eventually be substantial ozone depletion. The research of the last few years has dem-
onstrated that actual ozone loss due to the CFCs has already occurred, i.e., the Antarctic ozone
hole.

®  Even if the control measures of the Montreal Protocol were to be implemented by all nations,
today’s atmospheric abundance of chlorine (about 3 ppbv) will at least double to triple during
the next century. Assuming that the atmospheric abundance of chlorine reaches about 9 ppbv
by 2060, ozone depletions of 0-4% ozone in the tropics and 4-12% at high latitudes would be
predicted, even without including the effects of heterogeneous processes.

®  The heterogeneous, PSC-induced chemical reactions that cause the ozone depletion in Antarctica
and that also occur in the Arctic represent additional ozone-depleting processes that were not
included in the stratospheric ozone assessment models on which the Montreal Protocol was
based. Recent laboratory studies suggest that similar reactions involving chlorine compounds
may occur on sulfate particles present at lower latitudes, which could be particularly important
immediately after a volcanic eruption. Hence, even with the Montreal Protocol, future global
ozone depletions could well be larger than originally predicted.

® Large-scale ozone depletions in Antarctica appeared to have started in the late 1970s and were
initiated by atmospheric chlorine abundances of about 1.5-2 ppbv, compared to today’s level of
about 3 ppbv. To return the Antarctic ozone layer to levels approaching its natural state, and
hence to avoid the possible ozone dilution effect that the Antarctic ozone hole could have at
other latitudes, one of a limited number of approaches is a complete phase-out of all fully
halogenated CFCs, halons, carbon tetrachloride, and methyl chloroform, as well as careful
consideration of the HCFC substitutes. Otherwise, the Antarctic ozone hole is expected to
remain, provided the present meteorological conditions continue.
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lll.  SCIENTIFIC SUMMARIES

Chapter 1.  Polar Ozone

Polar Ozone Trends

The observation of substantial springtime reductions in Antarctic ozone, the Antarctic ozone ‘‘hole,”’
focused world attention on the polar regions. In the few years since the discovery of this phenomenon, a
great deal of field and laboratory data have been gathered. Theoretical studies have kept pace with the
experimental investigations. This chapter provides a detailed review of the current understanding of the
science of polar ozone depletion.

Differences in atmospheric dynamics of the hemispheres cause naturally lower ozone abundances in
the Antarctic early spring as compared with the Arctic which should not be confused with the Antarctic
ozone hole. Planetary waves are generally weaker in the Southern Hemisphere than in the Northern
Hemisphere. The Southern Hemisphere polar winter stratosphere is colder, and the westerly vortex is
stronger and more persistent than in the Northern Hemisphere. These factors strongly influence the seasonal
and latitudinal variations in ozone in the two hemispheres. The ozone hole is identified not merely with
the difference in ozone abundances between the hemispheres or with the latitude gradients, but with a
decrease in the ozone abundances found in September and October over the past decade. It is now clear
that these decadal trends result from a dramatic drop in total ozone that occurs each September. This
unexpected ozone removal results in about a 50% decrease in column abundance by the end of September
in recent years, as demonstrated by ground-based measurements from Halley Bay, Syowa, and the South
Pole. Ozonesonde and satellite data reveal comparable total column changes, and show that the decreases
occur primarily in the height region from about 12 to 24 km, the heart of the polar ozone layer. Further,
the satellites demonstrate that the ozone hole extends over broad horizontal scales, at times covering the
entire Antarctic continent.

Observed ozone trends in the warmer, winter Northern Hemisphere stratosphere are far smaller than
those of Antarctica. Recent analyses suggest that the sub-polar column ozone decreases are largest in the
winter and spring, on the order of 5% over the period from 1969 to 1988.

The trend in Antarctic ozone has not been monotonic, but this is not surprising. Inter-annual variations
in total ozone occur at all latitudes. One cause of inter-annual variability is the Quasi-Biennial Oscillation
(QBO), which is a natural fluctuation of equatorial stratospheric zonal winds and circulation. The mecha-
nisms connecting polar latitude phenomena with the tropical QBO wind oscillation are not well understood.

Polar Stratospheric Chemistry

Hypotheses to explain the ozone hole included halocarbon chemistry, nitrogen chemistry associated
with the solar cycle, and dynamical effects. Observations have ruled out the dynamical and solar cycle
theories, while a broad range of measurements have been shown to be consistent with the general concepts
of the halocarbon theory. The halocarbon theory is based on observations of the widespread occurrence
of polar stratospheric clouds (PSCs) in the extremely cold Antarctic lower stratosphere. These -provide
surfaces on which heterogeneous chemical reactions can take place.
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Satellite data from:1978 to the present provide information regarding the vertical, geographical and
seasonal extent of the PSCs. Their frequency in the Antarctic stratosphere is about 10 to 100 times greater
than in the Arctic. There is an apparent QBO variation in the occurrence of PSCs during both September
and October, as well as increasing numbers of PSC sightings during the Octobers of 1985 and 1987 (years
of westerly QBO phase). PSCs may also influence the radiative budget of the polar lower stratosphere,
hence affecting the mean circulation and ozone distributions.

Laboratory studies suggest that some PSCs are composed of nitric acid and water, condensing at
temperatures considerably warmer than the frost point. As the stratosphere cools, these will be the first
types of clouds to form, while water ice clouds will form only at colder temperatures. Field studies have
demonstrated that the former contain a substantial amount of nitrate. Laboratory studies have also shown
that reactions involving nitrogen oxides and relatively long-lived chlorine species (such as CIONO, and
HCI) can occur on cloud surfaces. These reactions convert relatively inert chlorine reservoirs to reactive
species that photolyze readily, releasing chlorine free radicals which can then destroy ozone. The reactions
also tie up nitrogen oxides in the long-lived species, HNO;, thereby slowing the reformation of chlorine
reservoirs such as CIONO,. This maintains elevated abundances of chlorine free radicals and the associated
rapid ozone destruction over notably longer periods than would be possible if the heterogeneous reactions
affected only the composition of chlorine species. Both sunlight and extremely cold temperatures are
necessary for accelerated ozone loss.

Once liberated, the chlorine rapidly forms chlorine monoxide (ClO), which can then participate in
several ozone-destroying catalytic cycles. These involve formation of the dimer of chlorine monoxide as
well as reactions of CIO with bromine monoxide (BrO), hydroperoxyl radicals, and atomic oxygen.
Laboratory studies have provided most of the rate coefficients and photochemical parameters needed to
characterize these cycles, although there are still significant uncertainties in both homogeneous and het-
erogeneous chemistry.

Field Observations

Observations of ClO and BrO in Antarctica have provided a critical test of the halocarbon theory of
ozone depletion. In situ and remote measurements using two independent techniques have demonstrated
that the ClO abundances near 20 km are typically about 1 ppbv in the Antarctic vortex during September,
about 100 times greater than theoretical predictions that do not include heterogeneous chemistry. However,
these elevated CIO abundances are broadly consistent with modeling studies considering the likely PSC
chemistry, frequency, and duration. While there are differences in detail among these studies, all show
that a substantial fraction of the observed ozone loss (60-100%) can be explained by the observed ClO and
BrO abundances using current measurements of kinetic rates. The Antarctic ozone loss is at present
believed to be dominated by the dimer cycle during years when depletion is largest, with bromine reactions
contributing about 15-35% and reactive hydrogen contributing about 10-15% to the total chemical loss rate.
During years of lower Antarctic ozone depletion (e.g., 1988) and in the Arctic, the bromine chemistry is
calculated to be more important. Uncertainties in measurements, model formulation and the potential
importance of transport processes currently preclude a fully quantitative evaluation of the consistency
between observed rates of ozone change and photochemical mechanisms.

A broad range of ancillary measurements in Antarctica supports and extends our confidence in the
understanding of changes in gas-phase composition caused by PSCs. These include: in situ measurements
of H,0, NO, (total reactive nitrogen), NO, particle sizes, and particulate nitrate, as well as long-path
measurements of OCIO, HCI, HF, CIONOQO,, NO,, and HNO,. Of particular importance are the observations
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of NO, and H,0, which show extensive denitrification and dehydration in the Antarctic vortex, believed
to result from sedimentation of cloud particles. Denitrification is of particular importance since it controls
the amount of nitrogen oxides remaining after PSCs have disappeared, and hence, as mentioned earlier,
may strongly affect the rate of reformation of chlorine reservoirs.

Similar chemical measurements have been obtained in the Arctic stratosphere. Satellite and ground-
based measurements of steep latitudinal gradients in Arctic NO, abundances (the Noxon “‘cliff’”) suggest
the presence of mechanisms depleting NO, in north polar regions. The decrease in NO, is qualitatively
related to increases in HNO; abundances, indicating mechanisms for nitrogen oxides suppression without
denitrification (different from that observed in Antarctica). Such an increase could occur, for example,
through heterogeneous reactions followed by cloud evaporation. Concentrations of ClO as high as 1 ppbv
were observed inside the Arctic polar vortex in the winter of 1989. Enhanced column abundances of
CIONO, and reduced abundances of HCl and NO, also indicated the importance of heterogeneous chemistry
similar to that of Antarctica. No unambiguous evidence for ozone loss has yet been identified for the winter
of 1989. Readily detectable ozone reductions would be expected to occur only if high concentrations of
C10 were maintained for sufficiently long periods in cold, illuminated air. Vortex dynamics during the 1989
winter probably limited these conditions, and are likely to do so in most Northern Hemisphere winter/
spring seasons. Thus the Northern Hemisphere ozone trends cannot be unambiguously identified with PSC
chemistry, although the observations are qualitatively consistent with such an explanation.

Dynamics

The role of dynamical coupling has been examined in many different studies. Synoptic scale distur-
bances (tropospheric weather systems) can affect total ozone amounts locally, and may lead to the formation
of PSCs. Air may flow through such systems and become chemically perturbed. If there is significant flow
of air into and out of the stratospheric polar vortex, ozone amounts may be reduced well outside of the
region where heterogeneous chemical reactions on PSCs can occur. Further, some PSCs may be found
outside of the denitrified and dehydrated region and may induce chemical perturbations at sub-polar
latitudes during winter. Quantitative details are uncertain. Export of air that has undergone ozone depletion
may dilute ozone concentrations at lower latitudes when the polar vortex breaks down in the spring.
Numerical models indicate that about a 2% change might occur in ozone amounts at mid-latitudes of the
Southern Hemisphere due to dilution, and suggest that some fraction of the dilution may remain from one
year to the next.

Measurements of the vertical profiles of long-lived tracers such as N,O and the chlorofluorocarbons
in the polar vortices reveal low values compared to those at other latitudes. These apparently result from
downward motion and have important implications not only for representations of vortex dynamics but
also for chlorine chemical perturbations. For example, measurements indicate only about 0.3 ppbv of total
chlorine in the form of chlorofluorocarbons near 20 km at 70°S as compared to 1.0 ppbv at 45°S in about
1987; these imply that the corresponding abundances of reactive chlorine are on the order of 2.2 and 1.5
ppbv, respectively. Thus, the amount of reactive chlorine available for reactions on PSC surfaces in the
polar regions is likely to be significantly enhanced compared to lower latitudes.

The stratospheric circulation exhibits variability on a range of time scales. In particular, there is
substantial inter-annual variability in the two hemispheres, especially in the Northern Hemisphere. A very
deep ozone hole occurred over Antarctica in spring, 1987. The hole was not as deep in 1988, perhaps
because dynamics and transport were more vigorous in 1988 than in 1987. Temperatures were also warmer
during September 1988 as compared to 1987, which is likely to be the primary cause for a corresponding
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decrease in PSC cloud frequencies in the regions sampled by the SAM II satellite between the 2 years.
These factors may yield important differences in heterogeneous chemical perturbations and hence may
explain qualitatively the difference in the depth of the ozone hole obtained (with 1988 being much less
depleted than 1987). The observed behavior fits general expectations based on QBO behavior since the
equatorial winds were strongly westerly near 25 km during October 1987, whereas 1988 was characterized
by a transition from westerly to easterly winds. If the current QBO cycle has the average period of about
28 months, winds will remain easterly through October 1989, but change to westerly before September
1990. If the past correlation between the QBO and the ozone hole continues and if the current QBO cycle
exhibits a period close to the average, then the ozone depletion should be expected to be relatively modest
in 1989 and quite deep in 1990 (note, however, that the QBO period can vary by as much as 8 months so
that the measured equatorial winds must be examined before any firm comparisons can be made). The next
few years should therefore provide an excellent test of the relationship between the QBO and the Antarctic
ozone hole.

Minimum temperatures in the high-latitude Northern Hemisphere stratosphere were unusually low
in late January/early February, 1989. PSCs were observed as far equatorward as 50°N. A strong, dynami-
cally induced warming occurred at polar latitudes in mid-February and temperatures rose above the
threshold values required for PSC formation. Poleward transport of air rich in ozone and nitrogen oxides
is likely to have occurred. This warming of the Arctic vortex probably played an important role in limiting
ozone loss during 1989.

On the basis of radiosondes and satellite data, a downward trend in lower stratospheric temperatures
has been deduced at high southern latitudes from 1979 through 1987 (note, however, that in 1988 temper-
atures were much warmer than they would have been if this trend had continued monotonically). The
largest changes, about 1K/year, were found in the means for October and for November, while no trend
was found in September, when most of the Antarctic ozone loss is observed. The observed time lag between
the temperature change and the ozone loss, as well as radiative studies with 1-D, 2-D, and 3-D models,
suggest that the temperature trend is the result of the ozone trend rather than its cause (i.e., reduced ozone
abundances are predicted to yield smaller solar ultraviolet heating rates and hence colder temperatures).

Future of Polar Ozone

The future depletion of polar ozone depends in large part on mankind’s use of halocarbons, although
other factors may also contribute. In contrast to its behavior at ground level, increased concentrations of
carbon dioxide may cool the stratosphere, perhaps affecting the duration and spatial extent of the PSCs in
both hemispheres. Possible changes in climate and in the concentrations of atmospheric methane and
nitrous oxide may also affect the processes related to the Antarctic ozone hole. The bulk of the chlorine
currently in the stratosphere comes from chlorofluorocarbons that have atmospheric removal times on the
order of 50 to 100 years, and hence the ozone hole will likely remain over Antarctica for many decades,
even if all production were immediately halted. An examination of the Antarctic springtime column ozone
record at several locations permits a rough estimate of the atmospheric chlorine content when the Antarctic
ozone hole first became apparent. Assuming no changes in temperature, atmospheric dynamics, or pho-
tochemical processes, this provides an indication of the total chlorine abundances required to return the
Antarctic ozone layer to levels approaching its natural state. A preliminary analysis of trace gas samples
indicates an average age of polar lower stratospheric air of about 5 years. Coupled with the onset of
detectable ozone reductions in the late 1970s, this suggests that organic chlorine mixing ratios of roughly
the mid-1970s are necessary (corresponding to tropospheric total chlorine mixing ratios of about 1.5-2.0
ppbv, including the 0.6-0.7 ppbv of methyl chloride, which is believed to be of natural origin).
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Chapter 2.  Global Trends

Introduction

This chapter largely builds upon the Ozone Trends Panel (OTP) report by adding new analyses and
updating the database.

Since the 1920s, numerous techniques have been developed and applied to determine total ozone and
its vertical distribution. Initially, these measurements were not made for the purpose of determining long-
term trends. Fortunately, some of these systems, and only the Dobson spectrophotometer for the last 30
years, have the requisite stability to provide data from which such changes may be detected and quanti-
tatively measured.

For trend determination, short-term random noise is not usually a significant factor, since large
amounts of data are averaged. The most important characteristic is stability, i.e., the absence of time-
dependent systematic errors. Accuracy is desirable, but continuing systematic errors will not obscure the
detection of change.

Determination of the global trends in stratospheric ozone has been based on complementary mea-
surements, from the ground and from satellites. Ground-based instruments can be checked and recalibrated
as necessary; they are regarded as capable of long-term stable operation, although this depends on some
non-technical factors. Their disadvantages are that they are local systems, and provide few observations
in oceanic or remote areas. Satellite-borne instruments obtain global data but, once launched, are not
available to checking and are subject to drift. It is thus desirable to have these complementary measurements
to provide checks on each other.

Trends in Total Ozone

Existing data on total ozone relies heavily on the Dobson instruments and M83/M 124 instruments in
the Northern Hemisphere mid-latitudes (30-64°N), so that trends can only be determined in this latitude
range. Dobson instruments are referenced to the World Standard instrument, whose calibration is reported
to have been maintained within = 0.5% over the past 15 years.

Satellite data are provided by the TOMS/SBUYV instruments. They have proven to be very useful to
verify consistency and identify erroneous readings in ground-based instruments and to confirm the reliability
of the World Standard instrument. An important recent result is the development of a method for using
the TOMS/SBUYV data themselves to remove the effects of long-term instrumental drift. Although such
new data are not used in the following analysis, results of initial testing suggest this has been successful,
and that the TOMS data can provide in the future a second, independent source of data on global trends.

The main conclusions of the study of total ozone trends are as follows (= 2 standard error limits are
shown):

®  New analyses of the total ozone data set used by OTP produce negative trends whose latitudinal

and seasonal patterns are consistent with the earlier results (over the 17-year period from
December 1969 through 1986).
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Zonal mean decadal changes derived using various statistical assumptions lie in the following
. ranges during winter (December—March): for 30-39°N or 35°N, —0.9 = 0.9%to — 1.7 + 0.9%:;
-for 40-52°N or 45°N, —2.0 = 0.8% to —3.0 = 1.7%; and for 53-64°N or 55°N, —2.5 + 1.9%
to —3.7% 1.8%. Analogous changes during summer (May-August) are: for 30-39°N, —0.4 +
0.9% to —1.1 = 0.9%; for 40-52°N, —0.7 = 0.6% to — 1.1 * 0.8%, and for 53—-64°N, —0.1 =
0.9% to —0.7 = 0.9%. Results of an independent study performed in the USSR lie within the
ranges quoted above.

®  The trends are sensitive to data obtained after October 1982 during periods of anomalies in the
ozone patterns.

If the data are analyzed up to and including October 1982, the summertime trend moves closer
to zero by 0.8 to 1.0% per decade. Depending on the details of the statistical model, the analogous
change in the wintertime trend is 0.3 to 0.9% per decade less negative.

®  Derived trends for the 17-year period between 1969 and 1986 are insensitive to the statistical
treatment of the quasi-biennial oscillation and solar cycle relationships.

Since the Dobson ozone record approaches 30 years, the trend estimates should be nearly
independent of the 11-year solar cycle effect as represented by the F10.7-cm solar flux and the
quasi-biennial effect represented by equatorial 50 hPa winds. This is important in that the derived
long-term trends are robust to these known natural causes of ozone variability.

®  Extension of the data set into 1988 does not alter the nature of conclusions based on measure-
ments through 1986, although differences in detail exist.

During winter, derived statistically significant trends are —~1.8 = 1.1%/decade, —2.3 + 0.9%/
decade, and —2.7 = 1.2%/decade at latitudes 35°N, 45°N, and 55°N, respectively. Trends derived
for summer at 35°N, 45°N, and 55°N are —0.5 = 1.1%/decade, —0.3 = 1.0%/decade, and —-0.2
+ 1.2%/decade, respectively. None of the summertime trends are statistically significant.

®  Analyses of Dobson measurements from different geographic regions reveal differences in
trends.

Over the period 1969 to 1988, European and North American stations indicate statistically
significant wintertime trends of —2.9 + 0.7%/decade. Japanese stations indicate a non-significant
wintertime trend of —0.6 + 1.0% per decade. Summertime trends vary from —1.2 = 0.7 % per
decade over North America to +0.8 = 1.2% per decade over Japan.

®  The regional differences in trends derived from the Dobson network are consistent with geo-
graphic patterns of ozone change contained in the TOMS/SBUY data sets.

Data sets now avatilable from satellites are useful in identifying geographic patterns in total ozone
changes. However, present satellite data sets have insufficient length for definitive studies of
long-term trends.

®  The observed total ozone trends for the winter are more negative than model predictions for the
period 1969 through 1986, although there is close agreement between observation and prediction
in the summer.

The observed winter total ozone trends over the latitudes 30 to 60°N ranged from—1.9 = 0.7%
per decade to —2.6 = 1.2% per decade among the study groups. Based on the observed trend
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uncertainty limits, these changes exceed the theoretical model-calculated winter changes of
—0.5 to —1.2% per decade given in the OTP report. The observed summer trends ranged from
—0.6 = 0.6% per decade to — 0.8 + 0.6% per decade and were consistent within the uncertainty
limits with the summer theoretical model calculations of —0.3 to — 0.6% per decade.

Trends in Ozone Vertical Distribution

The situation with regard to measurements of the vertical distribution is less satisfactory. Presently,
most ground-based observations have been of the Umkehr type, with extensive records at only about 10
stations distributed very non-uniformly over the globe. The observations have a vertical resolution of 11
to 15 km, and are subject to aerosol interference, which can now be corrected for by physical-theoretical
methods. The only reliable satellite data are obtained by the SAGE instruments above 25 km. It uses a
ratio technique which renders the measurement insensitive to drift. The sampling is 900 profiles a month
(two per orbit) with time-varying non-uniform geographical distribution.

The emphasis in the current analysis is first given to the altitude range in the upper stratosphere where
the percentage change in ozone concentrations at mid-latitude due to anthropogenic chlorine perturbations
is expected to be the largest. The major problem for such an analysis is the scarcity in time and space of
the available data base for both satellite and ground-based measurements which precludes any true global
evaluation of trends in ozone vertical distributions.

®  QOver the regions of maximum density of coincidences (SAGE Il minus SAGE I), i.e., 20 —50°N
and 20— 50°S, the comparisons indicate for a 6-year average time period (1980-1986):

-an ozone decrease between 35 and 44 km with the maximum ozone change of —3 * 2%
occurring at 40 km.

-an ozone decrease of —3 * 2% at 25 km and an essentially zero ozone change at 28-33 km
and at 4548 km.

The only satellite observations that can be used currently for the determination of upper-stratospheric
ozone changes are based on the comparison of 33 months (1979-1981) of SAGE I and 3 years (October
1984-December 1988) of SAGE Il operations. This analysis constitutes an update of the OTP report
by including two more years of SAGE II data, and confirms the previous results. These values
represent the changes that occur over this time period and no attempt has been made to correct for
solar cycle or any other.

®  Statistically significant negative trends are observed in Umkehr layers 6-7-8 (30—43 km) that
correspond to an average ozone change of —0.4 + 0.3% per year at 40 km.

A trend analysis of Umkehr observations performed at 10 stations in the Northern Hemisphere
for the period 1977-1987 has been made on a station-by-station basis using an autoregressive
statistical model which accounts for seasonal, solar-cycle and aerosol-induced effects. The latter
is of particular importance when considering the high aerosol load in the stratosphere during the
year 1982-1983 following the El Chichon volcano eruption.

®  Within the uncertainty limits of SAGE and Umkehr trend results near 40 km, these two indepen-
dent results are not inconsistent.
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When corrected for the solar effect on ozone over 6 years, the change in ozone from SAGE
observations near 40 km is estimated to be —0.2 = 0.4% per year that is not explained by natural
and instrumental variation. When compared to the Umkehr trend of —0.4 + 0.3% per year there
is no inconsistency within the margins of error.

®  Inthe lower stratosphere (15-24 km), the estimated change from a limited network of Northern
Hemisphere ozonesonde stations is —0.5% per year + 0.4%.

Analysis of ozonesonde data at nine stations (Canada, Europe, and Japan) with records extending
for the three longest ones from 1966 to 1986 has been performed to detect possible trends in
ozone concentrations in the lower stratosphere. This analysis leads to some differences in the
results for the various stations which probably reflect the differences in the system operation
and extent of the data bases as well as varying regional effects.

®  Although at the lower edge, the simulation results are within the error bars of the observed
changes in the ozone vertical distributions.

Calculation of changes in the ozone vertical distribution have been performed in the OTP report
using 2-D models for the period 1979—1985. The calculated decreases peak at about — 6% at mid-
latitudes near 40 km.

®  The ozone decrease observed by SAGE instruments and suggested by Umkehr results in the 40
km region contribute very little to explaining the Dobson year-round total ozone trend of —1.1%
per decade.

. The SAGE change of —3% = 0.2% at 25 km over 6 years, when considered together with the
negative Umkehr trend in this height range and the statistically significant, but not globally
representative, trend of nearly —0.5% per year observed by ozonesondes between 17 and 24
km, seems to suggest that the stratosphere below 25 km is the prime contributor to the observed
total ozone trend at mid-latitude.

Trends in Stratospheric Temperature

The update of the previous temperature trend report (OTP) is based on the stratospheric temperature
data set already considered, and updated when possible, and the new Rayleigh lidar data. These lidar data
have been compared with the SSU (Stratospheric Sounding Unit) data and the NMC (National Meteoro-
logical Center) analyses from 1981 to 1987. Substantial differences are observed, accountable in part by
changes in the NOAA satellite series.

The recent finding of a statistical relationship between the stratospheric temperature, the QBO and
the 11-year solar cycle has a potential implication for trend determination. The zonal asymmetry of the 11-
year solar signal, clearly shown by the radiosonde data up to 30 hPa (24 km), and confirmed by the lidar
and rocket data at higher altitudes, leads locally to much larger temperature dependence than the one
observed in zonal or global means. Caution must be taken when using local or regional data (for T and O,
as well) unless the data extend over a long enough period to separate trends from solar activity effects.

In the stratosphere, long-term trends can only be obtained from radiosondes at present. Satellite
observations are available for less than a solar cycle:
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In the lower stratosphere (100-30 hPa), the temperature data over the last 20 years suggest a
maximum change of —0.4 Kldecade at mid- and low latitudes with larger changes occurring at

higher latitudes.

In the upper stratosphere, the satellite data for the period (1985/1986) - (1979/1980) indicate a
global temperature change of —1.5 = I°K. It is compatible with the —3 * 4% change in ozone
concentration around 40 km as observed by SAGE instruments.

More work is clearly needed to bring data of different sources into agreement and to understand the
causes of the large spatial variability, whether or not it is related to solar activity.

Trends in

Trends in

Tropospheric Source Gases and Ozone

For most of the tropospheric trace gases, the observed rates of increase up to the end of 1987
have not changed significantly compared to those in the OTP report, which analyzed data up to
the end of 1986.

It would appear that the rate of methane increase has been slowing over the last decade, from
16-20 ppbv per year in the 1980s to approximately 12—16 ppbv per year in the late 1980s.

Trend analysis of surface ozone measurements from ozonesonde and ground-based instruments
show variable results.

The 16 Northern Hemispheric sites show a range of trends from — 1.1 to +3.1% per year. Ten
of the Northern Hemispheric sites show statistically significant positive trends; one site shows
a statistically significant negative trend. The remaining sites show trends that are not significant.
The seven European sites all show statistically significant positive trends, ranging from + 1.1 to
+3.1% per year. All four Canadian sites show negative trends, from —0.1 to —1.1% per year,
only one of which is statistically significant. All three Japanese sites show positive trends,
ranging from +0.9 to +2.5% per year, two of which are significant. The four Southern Hemi-
spheric sites show trends ranging from —0.5 to +0.6% per year, only one of which is significant.

Stratospheric Aerosols

Stratospheric aerosols can produce artifacts in ozone measurements by remote-sensing instru-
ments and, in the case of Antarctic PSCs, have been shown to impact ozone destruction through
heterogeneous chemistry. In addition, laboratory studies suggest that heterogeneous processes
may occur on the surface of sulfuric acidlH,O aerosols, which are greatly enhanced after volcanic
eruptions. The latter effect could be important in providing a mechanism for ozone destruction
on a global scale.

From the standpoint of global trends, global stratospheric aerosol loading, which peaked after
the eruption of El Chichon, has generally decreased. Although low in 1989, it has not yet reached
the lowest values observed in 1978-1979. The 1989 values have little or no effect on ozone

measurements.

Trends in Surface UV Radiation

The
radiation

Robertson-Berger meters located in the United States showed no increase in surface ultraviolet
over the period 1974 through 1985. The measurements do not contradict the observed downward
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trend in total ozone. The meter is not sensitive to small changes in ozone, and in addition, the system is
strongly influenced by cloudiness and sources of pollution.

Chapter 3. Model Predictions

Stratospheric Models

In order to estimate the impact of man-made chemicals on atmospheric ozone, it is essential to develop
models that perform long-term predictions. Current models that are used for these predictions include
rather detailed schemes for homogeneous chemistry, and to some extent, account for radiative and dynam-
ical feedbacks. Two-dimensional models predict the latitudinal and seasonal changes in ozone and other
trace gases. Among the available models for calculating ozone globally, these 2-D models currently include
the best representation of homogeneous physical and chemical processes in the middle atmosphere and
have been compared extensively with observations of many stratospheric chemical species. However,
none of these models properly account for heterogeneous chemistry and polar dynamics. Because of
computational requirements and development time, the recently available 3-D models have had only limited
applications in assessment studies, but are important in resolving some issues of model formulation and
dynamical feedbacks.

An important prerequisite for prediction models is that they represent with sufficient accuracy the
present distributions of trace gases. The 2-D models involved in the present assessment generally reproduce
the patterns observed in the ozone column, with a minimum in the tropics and maxima at high latitudes in
the spring of both hemispheres. The meridional distribution of local ozone is also in good agreement with
the satellite observations. However, important discrepancies have also been noted: in particular, the models
systematically underestimate ozone concentrations near 40 km, where they should accurately represent
the physical and chemical processes controlling ozone. Calculated and observed distributions and seasonal
variations of species such as nitrous oxide, methane, nitric acid, nitrogen oxides, and chlorine monoxide
are in qualitative agreement, although substantial quantitative differences are found in certain cases.

The recent intercomparison of stratospheric models (1988, Virginia Beach) has highlighted many
specific differences in the models, but has not yet resolved their causes. For example, the photodissociation
rates were compared using specified ozone and temperature fields and found to differ among models by a
factor of 2 or more in many instances. Follow-up studies examining the detailed radiative transfer in the
models are continuing. Tests of the model circulation using synthetic tracers with specified chemistry has
revealed substantial differences in the rate of upward motion in the tropical stratosphere. In spite of these
individual differences, the calculated distribution of ozone is in good agreement between the models, and
may demonstrate the robustness of the ozone photochemistry in these models.

Important Issues in Ozone Modeling

Modeling the polar regions is an especially challenging task because of the difficulty both in simulating
the physics and chemistry of polar stratospheric clouds (PSCs) and in modeling the dynamical processes
controlling the distribution of tracers and temperature of the high-latitude lower stratosphere in winter
The model predictions in this assessment do not include the effects of heterogeneous processes involving
chlorine and nitrogen-containing chemicals on the surface of particles in PSCs. These processes are known
to increase the abundance of the chlorine radical, ClO, which plays an important role in reducing ozone in
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the Antarctic atmosphere. In several models, exploratory studies including these effects were performed,
and showed substantially enhanced ozone depletion at high latitudes during winter and smaller changes in
neighboring mid-latitudes for much of the year. Additional studies, including some of these 2-D models
and other 3-D models, have shown that the transport of ozone-depleted air from the Antarctic region today
can account for ozone reductions at mid-latitudes of several percent.

Laboratory studies suggest that heterogeneous processes on the natural background aerosols (Junge
layer, which can be perturbed by volcanic eruptions) could also contribute to enhanced chlorine-catalyzed
ozone destruction over much of the globe. Several model studies have examined the effects of parameterized
heterogeneous reactions on sulfuric acid aerosols and have shown the potential for additional ozone
depletion. Because of uncertainties in the laboratory data on rate constants for these reactions under
stratospheric conditions, only sensitivity studies can be made at present.

Stratospheric temperature perturbations resulting from changes in CO, or tropospheric climate will
in turn affect the photochemistry of ozone. In the upper stratosphere for the scenarios described below,
increased CO, and reduced ozone both lead to temperature reductions near the stratopause of 10~-20 K by
the year 2060. This significant cooling is a robust feature of simulations; it leads to a reduced rate of ozone
photochemical loss and hence moderates the ozone depletion due to chlorine. In the lower stratosphere, a
particularly difficult region to model, smaller temperature changes are predicted. If the lower stratosphere
cools significantly (2-4 K) in the future, then reduced chemical loss predicted by the models with homo-
geneous chemistry would lead to an increase in ozone concentrations that must be considered along with

other perturbations. Such changes in stratospheric temperatures could be accompanied by changes in the
circulation. A number of the models used in this assessment include radiative feedbacks, and some attempt

to account for circulation feedbacks.
Scenarios for Atmospheric Composition

The composition of the atmosphere will depend on the rate at which halocarbons and other trace
gases will be emitted in the future. Several scenarios have been considered in this assessment in order to
examine the impact of possible control policies. Their details are specified in Table 2. None of the individual
scenarios is intended to be a prediction of the future atmospheric composition; the range is only illustrative
of different strategies for halocarbon control. They are used to define a range of chlorine and bromine
loadings to the atmosphere and to study the consequent response of stratospheric ozone.

The predictions given here should be interpreted with caution in the light of the models’ successes
and limitations discussed above. Thus, given that the broad features of the present atmosphere are in
general reproduced satisfactorily, it is then the broad features of the predictions that should be given most
credence. For example, predictions of ozone and temperature changes near 40 km, as well as that of global
chlorine loading, are probably more robust than detailed latitudinal behavior, especially in view of the
models’ lack of PSC chemistry.

1-Reference Scenario. In the reference scenario (A1), the fluxes of the CFCs (11, 12, 113, 114, 115)
and halons (1211, 1301, 2402) controlled under the Montreal Protocol were held constant at their estimated
1985 production levels. The concentration of additional halocarbons and other chemically and radiatively
important gases were assumed to increase at rates consistent with presently observed trends: CCl,at + 1
pptv/yr (+1%I/yr in 1985); CH;CCl; at +4 pptv/yr (+3%/yr in 1985); CH, at +15 ppbv/yr (+0.9%/yr in
1985); N,O at +0.25%l/yr; CO, at +0.4%/yr. For HCFC-22 the current estimated emissions (140 Gg/yr in
1985) and growth rate in emissions (5%/yr of the 1985 emission rate) were chosen to be consistent with the
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Table 2. Scenarios for halocarbon abundances

1985 Conditions
Mixing Ratio Flux Mixing Ratio
Gas (pptv) (Gg/yr) Gas
CFC-11 220 350 CCl, 100 pptv
CFC-12 375 450 CH,CCl, 130 pptv
CFC-113 30 150 CH,Cl 600 pptv
CFC-114 5 15 CH,;Br 10 pptv
CFC-115 4 5
halon 1211 1.5 5 N,O 306 ppbv
halon 1301 1.7 8 CH, 1600 ppbv
HCFC-22 80 140 CO, 345 ppmv
Scenario Definitions

Scenario CFC cut CFC-22 CFC-22 CCl, CH,CCl,

(1996-2000) Surrogate Growth Growth Growth
Al 0% — +7 Gglyr/yr +1 pptv/yr +4 pptv/yr
B1 50% 50% +7 Gg/yr/yr + 1 pptv/yr +4 pptv/yr
Cl 85% 50% +7 Gglyrlyr + 1 pptv/yr +4 pptv/yr
Dl 95% 50% +7 Gg/lyrlyr + 1 pptv/yr +4 pptv/yr
D2 95% 50% +7 Gglyrlyr fix (1985) fix (1985)
D3 95% 0% +7 Gg/yrlyr fix (1985) fix (1985)
El 100% 50% +7 Gg/yr/yr + 1 pptv/yr +4 pptv/yr
E2 100% 50% +7 Gglyr/yr fix (2000) fix (2000)
E3 100% 50% +7 Gglyrlyr cut (2000) fix (2000)
E4 100% 50% +7 Gglyrlyr cut (2000) cut (2000)
E5 100% 0% +7 Gglyrlyr cut (2000) cut (2000)
E6 100% 0% fix (2000) cut (2000) cut (2000)
E7 100% 0% cut (2000) cut (2000) cut (2000)
E8 95% 0% cut (2000) cut (2000) cut (2000)
E9 85% 0% cut (2000) cut (2000) cut (2000)
E10 100% 50% cut (2030) cut (2030) cut (2000) cut (2000)

Total Chlorine Abundance, Summed Over All Halocarbons (ppbv)
Year A1 B1 C1 D1 D2 D3 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10
1985 2.98 2.98 298 2.98 298 298 298 2.98 2.98 2.98 2.98 2.98 2.98 2.98 2.98 2.98
2000 4.52 4.41 4.33 4.31 4.07 3.98 4.30 4.30 4.30 4.30 4.21 4.21 4.21 4.22 426 4.30
2030 7.09 5.93 5.12 '4.89 4.17 3.66 4.77 4.29 4.09 3.52 2.98 2.84 2.58 2.72 3.01 3.38
2060 9.16 7.15 5.75 5.35 4.15 3.55 5.15 4.19 3.87 3.30 2.67 2.27 195 2.18 2.64 2.13
2090 10.72 8.09 6.25 5.73 4.05 3.42 5.47 4.03 3.64 3.07 2.41 1.88 1.55 1.84 2.43 1.59
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limited atmospheric observations (+6 pptv/yr in 1985). Many of the models used in the assessment had
specified temperature distributions and were therefore unable to include the radiative impact on strato-
spheric temperatures of CO, increases or ozone changes.

In this reference scenario (A1), the chlorine loading of the atmosphere increases from 3.0 ppbv in
1985 to 4.5 ppbv in the year 2000, to 7.1 in the year 2030, and to 9.2 in the year 2060. The bromine loading
increases from 13 pptv in 1985 (10 pptv CH;Br; 1.5 pptv halon 1211; 1.7 pptv halon 1301) to 31 pptv in the
year 2060 (10 pptv CH;Br; 3 pptv halon 1211; 18 pptv halon 1301). For models that did not contain the
carbon dioxide effect, reductions in column ozone from 1980 to 2060 ranged from 1% to 4% in the tropics
and from 8% to 12% at high latitudes in late winter. For models that included the carbon dioxide effect,
the corresponding ozone reductions were less: 0% to 1.5% in the tropics and 4% to 8% in high latitudes in
late winter. Ozone reductions at 40 km were about 35-50% in models with no temperature feedback and
about 25-40% in models with temperature feedback, resulting in temperature decreases of 10-20 K. No
heterogeneous chemistry was included in these models. When methane increases are suspended in 1985,
ozone column reductions are larger in all latitudes and seasons by about 3%. Methane increases lead to
increases in ozone by conversion of active chlorine (Cl, CIO) into inactive chlorine (HCI) and further by
contributing to the direct production of ozone by ‘‘smog chemistry’’ in the lower stratosphere and tropo-
sphere. Many of the differences in the model results occur in the lower stratosphere where it is more
difficult to predict the impacts of radiative and chemical forcing.

2-Scenarios with CFC Reductions. Several scenarios were considered in which emissions of CFCs and
halons were reduced between 1995 and the year 2000, with 50% of the total CFC reduction augmenting the
HCFC-22 budget. The increase in carbon tetrachloride and methyl chloroform are taken from the reference
scenario. When CFC emissions are cut by 50% (B1), the chlorine loading in the year 2060 reaches 7.2 ppbv
and the bromine loading is 22 pptv. The corresponding reductions in column ozone by 2060 are about 65%
of those calculated for the reference scenario: 1 —3% in the tropics and 5-8% at high latitudes in late winter
for models without temperature feedback. Ozone reductions at 40 km are also less than in Al, 25-40%
(without temperature feedback). No heterogeneous chemistry was included in these models.

When the CFC emissions are reduced by 85% (C1), the chlorine and bromine loadings in 2060 are 5.5
ppbv and 14 pptv, respectively. The reductions in column ozone are approximately 50% of those calculated
in the reference scenario. No heterogeneous chemistry was included in these models.

When the CFC emissions are reduced by 95% (D1), the chlorine and bromine loadings in 2060 are 5.4
ppbv and 14 pptv, respectively. The reductions in column ozone at mid- to high latitudes are approximately
40-50% of those calculated in the reference scenario: very little change in the tropics and 2-4% at mid-
latitudes for models without temperature feedback. Ozone reductions at 40 km are 20-30%. In the one
model that includes the CO, effect, modest ozone column increases, 0-2%, are found at most latitudes.
No heterogeneous chemistry was included in these models.

Further reductions in chlorine loading were considered by freezing concentrations of methyl chloro-
form and carbon tetrachloride (D2). When CFC emissions were also cut by 95%, the chlorine loading at
2060 was reduced to 4.2 ppbv. The reductions in column ozone were about 30% of that in the reference
scenario, corresponding to about 60% of those calculated in the similar case when CCl, and CH,CCl; were
assumed to increase. If, in addition, the 95% cutback in CFC emissions is not compensated for by increased
emission of HCFC-22 (D3), the chlorine loading at 2060 is reduced further to 3.6 ppbv, but the calculated
ozone columns are not significantly different: little change in the tropics and a decrease of up to 4% at high
latitudes. This change in chlorine loading, from 4.2 to 3.6 ppbv, has little effect on column ozone because
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it is associated with changes in HCFC-22 abundance. In these current assessment models, HCFC-22 does
not release a large fraction of its chlorine in the middle stratosphere where chlorine-catalyzed loss of ozone
is most important. No heterogeneous chemistry was included in these models.

Examination of chlorine loading. Thus far, in all of the scenarios (A-D) the tropospheric mixing ratio
of chlorine, when summed over all halocarbons (i.e., chlorine loading), is well above the 1985 levels of 3
ppbv by the end of the scenarios in 2060. It is interesting to note what different combination of halocarbon
reductions could possibly yield a chlorine loading of less than 3 ppbv by 2060, and also whether chlorine
levels prior to the onset of the Antarctic ozone hole (at most 2 ppbv) could be achieved by 2060 with any
combination of freezes or cuts in halocarbon emissions in the year 2000. Additional scenarios (E) in Table
2 explore the range of chlorine loading assuming that emissions of all halocarbons can be completely
eliminated by 2000, except for CH,C1. Only a complete cut in emissions of CFCs, HCFC-22, CCl,, and
CH,CCl; results in chlorine loading less than 2 ppbv by 2060, although a combination of cuts and reductions
in emissions (including low levels of CFC emissions) can give values below 3 ppbv. If the time frame is
extended to 2090, there is a slightly greater range of emission restrictions that will result in 2 ppbv of
atmospheric chlorine. Model assessments of these scenarios were not performed since the ozone pertur-
bations would be dominated by the increases in CH,, N,O, and CO, rather than the chlorine abundances.

Changes in Ultraviolet Radiation at the Surface

The changes in UV radiation at the surface have been calculated both for the observed changes in
ozone column over the past decade and for the predicted changes in the future. The ultraviolet spectrum
has been averaged to account for DNA damage, for plant damage, and for the Robertson-Berger meter’s
response. The TOMS data normalized to Dobson was used to define the change in the column over the
past decade (0 to —4% in the tropics, —4 to —8% in northern high-latitude winter, and —8 to —30% at
high southern latitudes from March through December). The calculated UV doses for DNA and plant
damage increased by 2-5% in the Northern Hemisphere, by 2-10 % between 30 and 60°, and by 10-60 %
under the Antarctic ozone hole. Predictions for 2060 from a model with fixed temperatures and circulation,
neglecting heterogeneous chemistry, were used to illustrate future ozone perturbations (reference scenario
Al yielding a chlorine loading of 9.2 ppbv in 2060, 1-4% reduction in tropical total ozone, and 8-12%
reduction at high latitudes). The largest absolute increase in average UV dose for the 1960-2060 period is
predicted to occur in the springtime at mid-latitudes, and values may be sensitive to systematic latitudinal
differences in cloud cover. The greatest relative increase, 20-40 %, occurs at high latitudes in early spring.
For the scenario in which CFC emissions are cut by 95% in year 2000 (chlorine loading of 5.4 ppbv), the
calculated increases in UV dose are half as large.

Chapter 4.  Halocarbon Ozone Depletion and Global Warming Potentials

Concern over global environmental consequences of fully halogenated chlorofluorocarbons (CFCs)
has sparked interest in the determination of the potential impacts on stratospheric ozone and climate of
halocarbons, both chlorinated and brominated. In particular, the recent search for replacement compounds
for the CFCs has primarily focused on several hydrogen-containing halocarbons (HCFCs, HFCs) which
need to be closely examined. The Kinetics and degradation mechanisms of many of these compounds
(CFCs, HCFCs, HFCs, and halons) in the troposphere, their potential relative effects on stratospheric
ozone, and their potential relative effects on global climate have been evaluated.
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Halocarbon Oxidation in the Atmosphere

The halocarbons containing hydrogen atoms (HFCs and HCFCs), which have been proposed for
substitutes for CFCs, react with the OH radical and are primarily removed in the troposphere by this
process. The rate constants for attack of OH on these compounds are well defined (+20% at relevant
temperatures) and this reaction is the major loss process for these molecules in the atmosphere.

There are virtually no experimental data available concerning the subsequent reactions occurring in
the atmospheric degradation of HFCs and HCFCs. By analogy with similar chemical species, it is predicted
that the major products formed from the reactions of the OH radical with HFCs and HCFCs under
tropospheric conditions are halogen-substituted carbonyl compounds and hydrogen halides. Based on the
available knowledge of gas-phase chemistry, only four of the possible products appear to be potentially
significant carriers of chlorine to the stratosphere: CCIFO, CF;CCIO, CCIF,CO;NO,, and CCL,FCO;NO,.
Physical removal processes (to the liquid phase) will probably reduce this potential, but tropospheric
removal pathways for the carbonyl compounds, especially the physical processes, are not well understood
and require further study.

The oxidizing efficiency of the troposphere is determined by the abundance of OH radicals. However,
quantitative validation of photochemical models by direct experimental measurement of the tropospheric
OH concentrations has not been satisfactorily achieved. Global budgets and distributions of methyl chlo-
roform and “CO have been used to estimate a volume-averaged global OH concentration of 6(+2) x 10°
molecule cm™. The budget and lifetime of methyl chloroform calculated using OH fields predicted by models
is in general agreement with these results.

The calculated lifetimes of HFCs and HCFCs range from 0.25-40 years with an uncertainty of =+ 50%.
These are shorter than the lifetimes for the fully halogenated CFCs.

Ozone and ozone precursors (CH,, CO, NO,, and non-methane hydrocarbons) can influence OH
concentrations in the troposphere and hence could indirectly influence the lifetime of halocarbons. Model
calculations indicate that, if man-made emissions of 0zone precursors continue to increase, ozone concen-
trations are anticipated to grow throughout the Northern Hemisphere. The magnitude of the predicted
ozone increase will depend on the detailed assumptions made concerning future emissions of ozone
precursors. Model calculations indicating future tropospheric ozone increases as large as 50% also indicate
future OH concentrations could decrease by as much as 25%. This would lead to increased lifetimes for
many molecules removed by hydroxyl radical chemistry.

Ozone Depletion Potentials

Ozone Depletion Potentials (ODPs) have been defined as the ratio of steady-state calculated ozone
column changes for each unit mass of a gas emitted into the atmosphere relative to the depletion for a mass
unit emission of CFC-11. This definition provides a single-valued estimate of the cumulative ozone depletion
for a gas, relative to CFC-11 on an equal mass basis.

One-dimensional and two-dimensional global atmospheric models have determined ODPs for a num-
ber of halocarbons, including CFCs, other chlorinated compounds, several potential replacement hydro-
halocarbons, and several brominated compounds. Table 3 gives the range of calculated ODPs from one-
dimensional and two-dimensional models for the CFCs, HCFCs, HFCs, plus CCl, and CH;CCl;. Although
2-D models have generally a sounder physical basis, there are no real differences between the 1-D and
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Table 3. Range of Ozone Depletion Potentials (ODP) determined by one-
dimensional and two-dimensional models, assuming scaling for
HCFC ODPs by CH;CCl; observed lifetime (6.3 years)

Species 1-D Models® 2-D Models®
CFC-11 1.0 1.0
CFC-12 0.9-1.0 0.9
CFC-113 0.8-0.9 0.8-0.9
CFC-114 0.6-0.8 0.6-0.8
CFC-115 0.4-0.5 0.3-0.4
HCFC-22 0.04-0.05 0.04-0.06
HCFC-123 0.013-0.016 0.013-0.022
HCFC-124 0.016-0.018 0.018-0.024
HFC-125 0 0
HFC-134a 0 0
HCFC-141b 0.07-0.08 0.09-0.11
HCFC-142b 0.05-0.06 0.05-0.06
HFC-134a 0 0
HFC-152a 0 0

CCl, 1.0-1.2 1.0-1.2
CH,CCl, 0.10-0.12 0.13-0.16

21-D models from AER, LLNL, DuPont, and IAS.
°2-D models from AER, LLNL, University of Oslo, and DuPont.

2-D results. In general, the ODPs for fully halogenated compounds, such as the CFCs, are much larger
than those for the hydrogenated halocarbons, which include the potential replacement compounds consid-
ered.

Table 4 gives the ODPs determined for several brominated halocarbons from calculations by two
models. These compounds should be compared to each other, because of the strong dependence of bromine
effects on ozone to background chlorine levels. Bromine Ozone Depletion Potential (BODPs) are used for
relative comparisons with Halon-1301, which has the longest lifetime and largest ODP, as the reference.

Although the calculated ODPs agree reasonably well among models, many uncertainties still exist.
None of the models used for calculating ODPs include the chemical and dynamical processes causing the
seasonal ozone losses over Antarctica. Another uncertainty lies in the model-calculated OH, which is a
major source of uncertainty for both lifetimes and ODPs of the HCFCs.

Because of the apparent special chlorine processing and dynamics within the polar winter vortex,
local Antarctic ODPs are expected to be larger than those shown in Table 3. Insofar as the observed long-
lived tracer distributions, such as CFC-11 in the polar vortex, suggest that much of the total chlorine may
be available there, then an upper limit on Antarctic ODPs can be determined by calculating the relative
amounts of chlorine transported through the tropopause by the different gases. These chlorine loading
potentials (CLPs) determined using assumed reference lifetimes (which generally agree with those in the
models used here) can be as large as a factor of two to three times the derived ODP values (c.f., Tables 3
and 5). The ramifications of polar ozone depletion for global ozone depletion potentials (ODPs) are not
currently clear.

XXX



EXECUTIVE SUMMARY

Table 4. Ozone Depletion Potentials for brominated compounds as calcu-
lated in the LLNL one-dimensional model and University of Oslo
two-dimensional model

b
ODP* BODP
Species LLNL Oslo LLNL Oslo
Halon-1301 13.2 7.8 1.0 1.0
Halon-1211 2.2 3.0 0.17 0.38
Halon-1202 0.3 0.02
Halon-2402 6.2 5.0 0.5 0.64

“Relative to CFC-11, shown for historical purposes. Values will be underestimates if account is
taken of polar effects. Assumed upper stratospheric Cl, mixing ratio is 3 ppbv in the LLNL model
and 4.5 ppbv in the Oslo model.

*Bromine Ozone Depletion Potentials (BODPs) defined relative to Halon-1301, the longest lived
brominated gas.

Table 5. Maximum relative Chlorine Loading Potential (CLP) for examined
CFCs, HCFCs, HFCs, and other chlorinated halocarbons based on
reference species lifetimes chosen to be compatible with available
atmospheric measurements and modeling studies

Reference® Chlorine Loading
Species Lifetime (yrs) Potentials®
CFC-11 60.0 1.0
CFC-12 120.0 1.5
CFC-113 90.0 I.11
CFC-114 200.0 1.8
CFC-115 400.0 2.0
HCFC-22 15.3 0.14
HCFC-123 1.6 0.016
HCFC-124 6.6 0.04
HFC-125 28.1 0
HFC-134a 15.5 0
HCFC-141b 7.8 0.10
HCFC-142b 19.1 0.14
HFC-143a 41.0 0
HFC-152a 1.7 0
CCl, 50.0 1.0
CH,CCl, 6.3 0.11

sLifetimes (e-folding time) are based on estimates used in scenario development in Chapter 3
summary for the CFCs and trom the analysis in Ozone Depletion section for the HCFCs and HFCs.

®Chlorine Loading Potential is defined as the maximum chlorine transported across the tropopause
per mass emitted relative to the same for CFC-11. It is proportional to lifetime and the number of

chlorine atoms per molecule. It is inversely proportional to molecular weight.
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EXECUTIVE SUMMARY

The time-dependent relative ozone depletion values differ from the steady-state ODP values. The
time-dependent values depend on the atmospheric lifetime and the transport time to the region of destruction
of the gas. The shorter the stratospheric lifetime, the sooner the gas will impact stratospheric ozone and
hence the higher the transient relative ozone depletion. An example of this behavior is shown by the HCFC-
123 curve in Figure 1. It has a shorter lifetime than CFC-11; its relative ozone depletion is largest soon
after emission. Other gases in this category include HCFC-141b and CH,CCl,. Species such as HCFC-22,
HCFC-124, and HCFC-142b have somewhat longer time constants in the stratosphere. Their relative ozone
depletions build slowly to values (based on their time constants) as large as 0.2 and then decay slowly with
time to the derived ODP value. Relative ozone depletion values for HCFCs are greater than ODP values
even after 30 to 50 years. Time-dependent relative ozone depletions for CFCs with lifetimes longer than
CFC-11 show a monotonic increase to the ODP value. As shown for a pulse injection in Figure 2, the ratio
of the cumulative calculated depletion of HCFC-22 or HCFC-123 to the cumulative depletion of CFC-11
is equal to the ODP for these species. Therefore, the ODP is the cumulative response; as discussed above,
the transient response of relative ozone depletion may be larger than the ODP value at early times after
emission.

Several of the halocarbons indicate a strong latitude dependence in their ODP values and a generally
weaker seasonal variation. In particular, ODPs for species such as CFC-12, HCFC-22, HCFC-124, and
HCFC-142b, which have greatly different stratospheric loss patterns than CFC-11, produce strong latitu-
dinal gradients in ODPs, with the largest ODPs near summer poles and smallest values in the tropics. The
effects of heterogeneous chemistry and polar dynamics could modify these findings.
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Figure 1. Calculated time-dependent change in relative ozone column depletion following a step
change in emission of halocarbons (LLNL 1-D model).

XXXil



EXECUTIVE SUMMARY

0.02 Tt T
0.00
-0.02
-0.04
-0.06 H
-0.08
-0.10 |t
-0.12 A
-0.14
-0.16 |
-0.18 |~
-0.20 —
-0.22 |~
024
-0.26 [~

-0.28 |-

oso 1V )

0 20 40 60 80 100 120 140 160 180 200
YEAR

e

yd LHCFC 22

A
>‘\
\:

HCFC-123

LCFC—H B

SPECIES AREA RATIO oDP

(% x yr.) to CFC—11 —
CFC-11 242 1.00 1.0
HCFC-22 1.14 0.047 0.042 | -

HCFC-123 0.356 0.0147 0.013 |

03; COLUMN CHANGES (%)

Figure 2. Calculated column ozone change following a pulsed input of 5 x 10° kg (for one year) of
specified gas (DuPont 1-D model).

Sensitivity analyses indicate that ODPs are affected to only a minor degree (= 20%) by assumed
variations in background levels of N,O, CH,, CO,, CO, total stratospheric chlorine, and total stratospheric
bromine.

Halocarbon Global Warming Potentials

Halocarbon Global Warming Potential (GWP) is defined as the ratio of the calculated steady-state net
infrared flux change forcing at the tropopause for any halocarbon for each unit mass emitted relative to the
same for CFC-11. This definition quantifies the relative cumulative greenhouse warming per unit mass
emitted.

Changes in the infrared fluxes in the surface troposphere system have been calculated for a number
of these gases using a line-by-line radiative transfer model (GFDL). In addition, radiative forcing and
surface temperature changes for these gases have been calculated using two one-dimensional radiative-
convective models (AER and DuPont).

Halocarbon GWPs have been calculated from these results and scaled to a reference set of lifetimes
(see Table 6). Agreement of ratio values is good, although direct radiative forcing values for individual
gases differ systematically among models (between line-by-line and band models).

Halocarbon GWPs for fully halogenated compounds are larger than those for the hydrogenated
halocarbons. Fully halogenated CFCs have halocarbon GWP values ranging from 1.0 to 7.5, whereas
HCFCs and HFCs range from 0.02 to 0.7.
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Table 6. Halocarbon Global Warming Potentials (Halocarbon GWPs) scaled
relative to reference set of halocarbon lifetimes.

Reference®

Species .. Lifetime (Yrs) AER® DuPont® GFDL"
‘CFC-11 ' 60.0 1.0 1.0 1.0
CFC-12 120.0 3.4 2.8 3.0
CFC-113 90.0 1.4 1.4 1.3
CFC-114 200.0 4.1 3.7
CFC-115 400.0 7.5 7.6 7.4
HCFC-22 ' 15.3 0.37 0.34 0.32
HCFC-123 1.6 0.020 0.017 0.017
HCFC-124 6.6 0.10 0.092
HFC-125 28.1 0.65 0.51
HFC-134a 15.5 0.29 0.25 0.24
HCFC-141b 7.8 0.097 0.087 0.084
HCFC-142b 19.1 0.39 0.34 0.35
HFC-143a 41.0 0.76 0.72
HFC-152a 1.7 0.033 0.026 0.028
CCl, 50.0 0.34 0.35
CH,CCl, 6.3 0.022 0.026

aLifetimes are based on estimates used in scenarios development (Chapter 3 summary) for CFCs
and from the analysis in the Ozone Depletion section for HCFCs and HFCs.

®AER and DuPont results are based on surfaced temperature perturbations calculated using
radiative-convective models. The GFDL resuits are based on line-by-line determined radiative
forcing. )

Halocarbon GWP values differ between species because of differences in infrared absorbances and
differences in lifetimes. The range of absorbances is approximately a factor of 4, while the lifetimes vary
by a factor of 250. Thus, the range of 600 among the halocarbon GWP values is primarily a result of
differences in lifetimes.

Halocarbon GWP values are nearly insensitive to changes in background concentrations of CO,, CH,,
and N,0O. Minor effects (= 20%) do result from influences on chemical lifetimes, but these do not affect
the relative radiative forcing.

Calculated time-dependent relative global warmings for halocarbons are initially on order unity, but

decrease or increase depending on whether their lifetimes are shorter or longer than that of the reference
gas. At long lifetimes the relative global warmings asymptotically approach halocarbon GWP values.
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1.0 INTRODUCTION

The observation and interpretation of an unexpected, large ozone depletion over Antarctica (the
ozone hole) has changed the international scientific view of stratospheric chemistry. The observations
demonstrating the veracity, seasonal nature, and vertical structure of the Antarctic ozone hole are presented
in Section 1.1, along with a brief description of the theoretical ideas first advanced to explain the phenom-
enon. Evidence for Arctic and mid-latitude ozone loss is also discussed. The chemical theory for Antarctic
ozone depletion centers around the widespread occurrence of polar stratospheric clouds (PSCs) in Antarctic
winter and spring; the climatology and radiative properties of these clouds represent the subject of Section
1.2. The clouds are believed to be of central importance in Antarctic ozone depletion because they provide
a surface upon which important chemical reactions can take place that are not possible in the gas phase,
and which greatly perturb the composition of the polar stratosphere. Laboratory studies of the physical
properties of PSCs and the chemical reactions that likely take place upon them are described in Sections
1.3 and 1.4. Related gas phase chemical processes that subsequently influence ozone depletion are discussed
in Section 1.5. Observations and interpretation of the chemical composition of the Antarctic stratosphere
are described in Section 1.6, where it is shown that the observed, greatly enhanced abundances of chlorine
monoxide in the Antarctic lower stratosphere are sufficient to explain much if not all of the Antarctic ozone
decrease. The dynamic meteorology of both polar regions is the subject of Section 1.7, where important
interannual and interhemispheric variations in dynamical processes are outlined and their likely roles in
ozone depletion are discussed. Observations and interpretation of temperature trends in polar regions are
reviewed in Section 1.8. Observations and calculations of changes in the penetration of ultraviolet radiation
due to Antarctic ozone depletion are presented in Section 1.9. The photochemistry of the Arctic stratosphere
in spring is described in Section 1.10, where the similarities and differences between the polar regions of
the two hemispheres are explored. Finally, in Section 1.11 a summary is given of both the current state of
understanding and outstanding issues.

1.1 CLIMATOLOGY OF THE OZONE TRENDS IN POLAR REGIONS

In this Section, ozone trends in polar regions are briefly reviewed; a more detailed and updated review
of global ozone trends is the subject of Chapter 2 of this document. The distribution of total ozone deduced
prior to the advent of the Antarctic ozone hole is first described and the primary processes that control the
distribution of ozone in polar regions are identified. Such an understanding is critical to defining the
background against which changes such as those associated with polar ozone trends must be evaluated
and understood. Observations of the trends of total ozone in Antarctica are then summarized. It is shown
that the Antarctic ozone hole originally detected by Farman et al. (1985a) has been confirmed with a broad
range of studies from several international Antarctic stations as well as from satellite data. The observation
of a dramatic hole in Antarctic ozone led to several important theories aimed. at understanding its origin.
These are briefly described in Section 1.1.4. Smaller observed trends at southern mid-latitudes may provide
important clues regarding the mechanisms responsible for Antarctic ozone depletion, and are of interest in
terms of the possible dilution of polar ozone decreases to lower latitudes (see Section 1.7). Observations
of changes in the vertical distribution of Antarctic ozone and possible ozone changes in the Arctic and
northern mid-latitudes are also discussed.

1.1.1 Ozone Measurements and Trend Detection
Worldwide ozone monitoring nominally began during the International Geophysical Year (IGY) in

1957, but only a very few stations have continuous records from 1957 to the present day. Ground-based
total ozone monitoring is largely carried out using the ultraviolet absorption technique pioneered by Dobson.
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Satellite monitoring of total ozone began in 1970, and continuous global coverage dates back only to 1978.
Satellite measurements of total ozone are principally based on detection of ultraviolet light backscattered
from the troposphere (although research is underway to evaluate total ozone using infrared sensing meth-
ods). Thus, both routine ground-based and satellite observations are largely limited to those latitudes and
seasons when the sun is above the horizon.

Detection of long-term trends is complicated by many factors including: a) natural variability, which
must be estimated based on the available history of measurements and b) characterization of the long-term
stability of the calibration of the instruments used. The absolute calibration of ground-based measurements
can be tested and checked periodically. However, ground-based data from particular stations can be
strongly influenced by natural fluctuations associated with variability in local dynamic conditions; these
increase the variance of the data and therefore complicate attempts to deduce trends. In polar regions,
local variability is particularly large due to steep latitudinal gradients in total ozone and large amplitudes
of atmospheric waves (see Figure 1.1.2-3 below and Section 1.7). The extensive spatial coverage afforded
by satellite data alleviates much of the local variability associated with single station measurements, but
the absolute calibrations of many of the satellite instruments are subject to drift, which has not been
measured while the instruments have been in space (a notable exception is the SAGE measurement
technique, which is relatively insensitive to the absolute calibration). The shorter time history of the
satellite ozone data as compared to some ground-based records also implies that less extensive temporal
variability has been sampled (e.g., the variability associated with the 11-year solar cycle and its fluctuations
from one cycle to another cannot be evaluated with a record as brief as 9 years). Use of both satellite and
ground-based data sets in concert can greatly strengthen confidence in the trends evaluated from either in
isolation, as discussed in detail by the International Ozone Trends Panel report (hereafter referred to as
OTP, 1989).

1.1.2 The Seasonal and Latitudinal Variability of Total Ozone

Interest in atmospheric ozone was originally sparked by the work of Dobson and his collaborators,
who correctly identified many of the factors that influence the column abundance and vertical distribution
of atmospheric ozone. The relative magnitudes and changing roles of photochemical production, loss, and
transport processes all play major roles in determining the ozone distribution. Figure 1.1.2-1 displays
estimates of the time scale for photochemical destruction of ozone as a function of latitude and height for
winter solstice from model calculations including a reasonably complete formulation of gas-phase photo-
chemistry. Heterogeneous reactions and the subsequent photochemistry (see Sections 1.3-1.5) will mark-
edly decrease the photochemical lifetime in polar regions in winter and spring, especially in the presence
of polar stratospheric clouds and for anthropogenically perturbéd chlorine abundances. Nevertheless, this
figure provides useful insight into the behavior of the unperturbed stratosphere. Note the large seasonal
differences in photochemical loss rates in polar regions, which are related to the seasonal cycle in solar
illumination there.

Stratospheric ozone is produced primarily from photolysis of molecular oxygen, and its mixing ratio
maximum occurs near 30—40 km, depending on season and latitude. The ozone concentration maximum is
found at lower, denser levels near 15-30 km. In the lower stratosphere (below about 25 km), photochemical
production of ozone is very slow due to the limited ultraviolet penetration to these levels, and the ozone
densities there are dependent principally on a balance between downward transport from higher levels and
local photochemical loss. Natural photochemical destruction of stratospheric ozone takes place mainly
through catalytic cycles involving nitrogen and hydrogen free radicals (see for example, Brasseur and
Solomon, 1984).
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Figure 1.1.2-1 Logarithm of the computed lifetime of the odd oxygen family in Northern Hemisphere
winter versus latitude and height, from the Garcia-Solomon two-dimensional model (from Garcia
and Solomon, 1985). Regions dominated by chemical and dynamical processes are indicated.

The basic features of the seasonal evolution of total ozone in the northern and southern polar regions
were first elucidated by Dobson and co-workers, who compared the earliest ground-based total ozone mea-
surements from Halley Bay, Antarctica, to those from the Arctic station at Spitzbergen. Figure 1.1.2-2 displays
the measured annual cycles of total ozone at the two stations. Dobson noted that these differences are indicative
of fundamental asymmetries in the atmospheric dynamics of the Northern and Southern Hemispheres, which
will be explored below and in more detail in Section 1.7. This natural difference in winter and spring ozone
abundances between the two hemispheres should not be confused with the ozone hole.

Dobson et al. (1928) pointed out that total ozone minima are observed at tropical latitudes due largely
to upward motion there, while ozone maxima are obtained in polar regions as a result of downward,
poleward transport. Figure 1.1.2-3 displays the distribution of total ozone as a function of season and
latitude as inferred from observations prior to the 1980s. A fall minimum of about 280-300 Dobson units
(DU)is observed in both the northern and southern polar regions. Figure 1.1.2-1 suggests that photochemical
destruction of ozone extends to very low altitudes in the summer season at high latitudes (Farman et al.,
1985b). Thus, rapid chemical destruction of ozone is the primary cause of the observed fall minimum, and
it is therefore not surprising that the two hemispheres exhibit similar values. However, as already noted,
the interhemispheric differences in total ozone obtained in winter and spring attest to the important role
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Figure 1.1.2-2. The first 3 years of ozone data from the Dobson instrument at Halley Bay, Antarctica, compared
to average values observed at Spitzbergen (shifted by 6 months). Open circles indicate lunar Dobson measure-
ments; closed circles are direct sun measurements (from Dobson, 1968).

played by atmospheric transport processes in determining the abundance of total ozone during those
seasons, when photochemical processes are normally slow.

Examination of the temperature structure of the two hemispheres provides useful insights into the
origin of the differences in the natural ozone distributions in the north and south polar regions. Figures
1.1.2-4and 1.1.2-5 display observed seasonal cycles of the monthly and zonally averaged 50-mb temperature
and total ozone abundances for 60°N, 60°S, 80°N, and 80°S, based on satellite data (Barnett and Corney,
1985; Keating and Young, 1985). The total ozone values are based on observations from about 1979 to
1982, when the Antarctic ozone hole was beginning to be detectable (see next section). The 50-mb level is
located near the region of maximum ozone concentration at these latitudes. The temperatures near 50 mb
are influenced by radiative heating and cooling as well as by dynamical heating and cooling associated with
the mean meridional circulation. During winter when solar heat sources are absent, temperature increases
are related, at least in part, to downward motion and associated warming by compression. Such downward
transport will increase the total ozone abundance. The winter and spring dynamics of the two hemispheres
(in particular, the observed behavior in 1987-1989) will be discussed in much greater detail in Section 1.7.
Detailed reviews are also given by Koshelkov (1987), Koshelkov et al. (1987) and Tarasenko (1988). Here
we seek only to establish a very general basis for understanding the natural distribution of total ozone as
a framework for discussion of possible trends and their causes.
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Figure 1.1.2-3. Observed global variation of total ozone with latitude and season, based largely on Dobson
data (from London, 1980).

Figure 1.1.2-4 shows that the total ozone abundances observed at 60°N from about May through
October are very similar to those observed at 60°S in the conjugate months from November to April. The
temperatures are nearly the same in the two hemispheres during these summer and early fall months as
well. Temperature and ozone differences begin to increase in early winter (Nov-Dec in the Northern
Hemisphere as compared to May-June in the Southern Hemisphere), and very large differences of about
12 K and 50-100 DU, respectively, are obtained by early spring. The differences both in ozone and in
temperature reflect the greater planetary wave activity and stronger downward transport characteristic of
the Northern Hemisphere winter.

The Southern Hemisphere temperatures remain cold much later in the spring season than those in
the Northern Hemisphere. The total ozone increase observed in October at 60°S is associated with a rapid
rise in temperature. It is therefore likely to be the result of rapid poleward transport of ozone associated
with the final stratospheric warming and should be expected to vary from one year to another in association
with the timing and characteristics of stratospheric warmings. The seasonal variations of total ozone and
temperature at 80°N and 80°S, and the differences between them, display similar features to those obtained
at 60°N and 60°S. Temperatures and total ozone abundances in the two hemispheres are comparable in
summer and fall. The total ozone abundance drops to about 300 DU in both hemispheres by fall. In the
Southern Hemisphere, zonally averaged winter temperatures drop to a minimum near 185-190 K in winter
and spring, and the total ozone remains relatively constant at about 250-300 DU until the temperatures
rise dramatically in late spring, when the total ozone also increases. Because of greater wave activity in
the Northern Hemisphere, temperatures are on average warmer and ozone levels higher than those of the
Southern Hemisphere. Such variations in total ozone are reproduced rather well by three-dimensional
models such as the one by Cariolle et al. (1986) and in two-dimensional simulations including for example,
that of Stordal et al. (1985).
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Figure 1.1.2-4. Seasonal cycles of total ozone and 50 mb temperatures at 60°N (January-December) and
60°S (July-June). The total ozone is taken from Keating and Young (1985) and is based upon satellite
observations from 1979-1982, while the temperature data are taken from the climatology compiled by

Barnett and Corney (1985).

Although the data are limited in the polar night region, Figure 1.1.2-3 suggests that the total ozone
abundances in both hemispheres decrease towards the pole. This latitudinal gradient does not necessarily
indicate destruction of ozone. Rather, the center of the winter polar vortex should be expected to be very
cold in both hemispheres, due in part to slower downward transport than that of the surrounding region.
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Further, any horizontal transport of ozone from lower latitudes will reach the vortex later than the
surrounding sub-polar latitudes. Near the heart of the cold winter polar vortex, ozone levels can therefore
remain comparable to the low values obtained in fall (following the chemical destruction obtained in that
season), while the surrounding ‘‘collar’’ region is likely to exhibit higher ozone levels due to transport
processes. Note that zonally and monthly averaged temperatures and total ozone values may not reflect
those of the core of the vortex, especially in the Northern Hemisphere where the vortex is often centered
far from the geographic pole.

In summary, polar total ozone in the Southern Hemisphere exhibits the following natural annual
cycle: a summer and early fall minimum due primarily to photochemical destruction, then followed by
fairly constant low values in winter and early spring associated with very cold temperatures, culminating
in a rapid spring increase associated with downward poleward transport during and after the final strato-
spheric spring warming. In the Northern Hemisphere, warmer winter temperatures indicate greater plan-
etary wave activity and mean descent and hence are associated with larger, increasing total ozone levels
through the winter (at least for latitudes equatorward of the heart of the polar vortex). The timing and
nature of the spring warming play an important role in determining the springtime ozone increases in both
hemispheres.

1.1.3 Observed Trends in the Total Ozone Column Content in Antarctica and Southern
Mid-Latitudes

The British Antarctic Survey station at Halley Bay is one of the few worldwide ozone monitoring
stations whose record extends back to the late 1950s. Farman et al. (1985a) presented observations of total
ozone from Halley Bay (76°S) and the Argentine Islands (66°S) which showed that the total ozone abundance
had dropped noticeably over both stations during the period from about the mid-1970s to the mid-1980s,
although a small decrease may have occurred even earlier. The changes were much larger at Halley Bay
than over the Argentine Islands, and were most pronounced in October, when the total ozone levels above
Halley Bay in 1984 were only about 60% as large as those obtained in the late 1950s and early 1960s. A
much smaller decrease (5-10%) was also apparent in summer. The strong seasonal asymmetry in the
apparent trend suggested that it was unlikely to be a result of calibration errors.

Other observations quickly confirmed the veracity of this remarkable ozone trend. Stolarski et al.
(1986) presented total ozone measurements from 1978 through 1986 from the TOMS (Total Ozone Mapping
Spectrometer) instrument, displaying the same general trend and seasonal structure. They also pointed out
that the ozone changes apparently took place largely in September rather than in October and that the
ozone actually decreased rapidly during that month. Thus it was clear that the ozone trend was not due to
lower abundances at the end of fall or winter, but was actually characterized by relatively ‘‘normal’’ levels
at the end of winter followed by a rapid spring decrease. It is this spring decrease that is now clearly
identified with the Antarctic ozone hole. They also noted that polar ozone levels were apparently influenced
by the tropical Quasi-Biennial Oscillation (QBO), such that easterly (westerly) phase years exhibited larger
(smaller) mean levels of total ozone. The dynamics of the QBO and further discussion of the QBO signal
in ozone measurements will be presented in Section 1.7.1.

Chubachi (1984; 1986) and Sekiguchi (1986) showed that the Japanese Antarctic research station at
Syowsa (69°S) displayed a comparable trend in October, and Komhyr et al. (1986) demonstrated that large
October decreases in total ozone had also been obtained at the South Pole.
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Figure 1.1.3-1. Observed long-term trends in total ozone from the ground-based Antarctic stations at
Syowa, Halley Bay, and the South Pole.

Figure 1.1.3-1 is a composite of long-term total column observations in October from Syowa, Halley
Bay, and the South Pole. It is clear that all three stations exhibit a substantial decrease in total ozone
beginning sometime in the late 1970s or early 1980s. Underlying the station observations is a TOMS map
of total ozone obtained in early October 1987, when the Antarctic ozone hole was extremely pronounced.
The very low minimum values of total ozone below 125 DU can be compared with levels of about 250 DU
observed in 1979, although the data from Halley Bay and later discussion presented here suggest that 300
DU may be more representative of the ‘‘undisturbed’’ value.

Figure 1.1.3-2 displays the monthly mean minimum October total ozone values obtained from TOMS
satellite data, along with measurements of the Singapore zonal wind speeds at 30 mb, illustrating the QBO
fluctuation. Garcia and Solomon (1987) showed that the minimum temperatures within the polar vortex
were strongly modulated by the QBO (with the westerly phase years being colder by some 5-8 K) and
summarized evidence for a substantial QBO signal in Antarctic ozone and in the ozone trend. Angell
(1988a) showed that the association between the QBO and Antarctic ozone is statistically significant in the
long-term record (from the mid-1960s) using ground-based data. Many other authors have also commented
on the association between extra-tropical ozone and the QBO. The mechanism is not at all well understood,
but the apparent correlation is particularly strong in Antarctica.
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Figure 1.1.3-2. TOMS October monthly mean minimum total ozone measurements along with equatorial
zonal wind speeds. Periods of strong westerly QBO phase are indicated (adapted from Garcia and Solomon,
1987).

The association of the QBO with temperature variations suggests that the QBO modulates the
meridional circulation and thus the transport of ozone. It is also true that any temperature-dependent
destruction processes should be influenced by the observed temperature fluctuations (see Sections 1.3 and
1.4). Regardless of the mechanism, the correlation between ozone and the QBO phase is quite strong and
apparently plays a major role in modulating Antarctic ozone abundances in spring. It is worthy of note that
the mean period of the QBO is about 28 months (Naujokat, 1986) rather than 24 months, so that the cycle
does not necessarily alternate from one austral spring to the next. While October 1987 was an unusually
cold month in south polar regions and one of strong westerly QBO phase, 1988 was considerably warmer
and the QBO phase was easterly near 10 to 30 mb. The next westerly phase period should be expected to
occur after the 1989 austral spring if the mean period of 28 months is followed, so that relatively high ozone
levels may also be anticipated in austral spring 1989, with the next cold, westerly phase austral spring
likely to occur in 1990. Note that both sets of years of like phase exhibit long-term decreases (i.e., a trend
is seen in the easterly phase years of 1979, 1982, 1984, 1986, and 1988, as well as in the westerly phase
years of 1980, 1983, 1985, and 1987). If the past correlation between the QBO and the ozone hole continues,
then the ozone depletion ought to be relatively modest in 1989 but quite deep in 1990 (note, however, that
the QBO period can vary by as much as 8 months). The next few years should therefore provide an excellent
test of the relationship between the QBO and the Antarctic ozone hole.

All of the measurements indicated in Figure 1.1.3-1 were obtained with ultraviolet absorption methods,
as already noted. While this is the sole historical means of measurement of total ozone, it must also be
asked whether there is any possibility that the apparent trends might arise from instrumental effects (e.g.,
changes in the propagation of ultraviolet radiation associated with enhanced particulate matter or other
interfering agents). Observations of the vertical profile of ozone obtained with ozonesondes provide a
partial check on the ultraviolet absorption measurements, as will be shown in the Section 1.1.5. However,
ozonesondes do not measure the total profile and are sometimes normalized to Dobson measurements of
the total column, so that the two methods may not provide independent information. Observations of the
rate of decline in total ozone obtained in a particular season in the contemporary Antarctic atmosphere
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place a further important check on possible measurement errors, since they have been carried out with a
variety of techniques including infrared and visible absorption, as well as ozonesondes. Such measurements
also place important constraints on the rates of processes responsible for the ozone hole.

Figure 1.1.3-3 shows observations of the total column abundance above McMurdo Station (78S) in
September and October 1986. Large local fluctuations are apparent as noted earlier. These were clearly
associated with warm air advected from lower latitudes (Mount et al., 1987). The measurements by TOMS,
ozonesondes, infrared and visible absorption are all in fairly good agreement with one another, and display
values below 200 DU by late October. Figure 1.1.3-4 shows a similar comparison for 1987, when the
dynamical conditions above McMurdo were somewhat less variable, along with measurements of the
TOMS minimum ozone within the vortex. These data show that a rapid decline in total ozone is observed
in September (days 244 through 273) with four independent methods, eliminating any possibility that its
origin is instrumental. It is clear that the overall levels are generally larger at McMurdo than they are at
the ozone minimum, but the observed rate of decrease is comparable, about 1%/day, showing that the
maximum rate of decline is not confined to the ozone minimum. The observed trends occur over a broad
region extending throughout much of the polar region. The latitude dependence of the trends will be
discussed quantitatively below. Stolarski et al. (1986) noted that the rate of decline of the ozone minimum
in September 1983 was 0.6%/day. This and the more detailed study by Lait et al. (1989) suggest that the
rate of ozone loss may have increased, a topic which will be discussed further below.

The observations from Halley Bay suggest that historical levels of springtime total ozone were about
300 DU in October. Gardiner and Shanklin (1986) also noted that the historical total ozone levels averaged

from 1957 through 1973 at Halley Bay for September 1-5, 6-10, 11-15, 16-20, 21-25, and 26-30 were 294,
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Figure 1.1.3-3. Seasonal decline in total ozone above McMurdo Station in 1986 as deduced by visible,
ultraviolet, and infrared spectroscopy, as well as from (unnormalized) ozonesonde observations.
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Figure 1.1.3-4. (Left) Same as Figure 1.1.3-3, but for 1987. (Right) Seasonal decline in the daily TOMS
ozone minimum during 1987.

282, 306, 299, 299, and 302 DU, respectively. Thus the ozone did not decline during September in historical
years. It is therefore critical to note that the ozone hole has been associated with a fundamental change
not just in the magnitude of October ozone abundances, but in the character of the ozone seasonal cycle
in Antarctica.

The Halley Bay ozone measurements indicate a small decrease in summer compared to historical
data, by perhaps 10-20 DU. These data taken together with historical Halley Bay and South Pole ozone
measurements in October and September imply that estimation of the depth of the ozone hole in any
particular year in the present day atmosphere should be based on comparison to 300 DU, rather than to
the contemporary values observed in late August (since these may reflect a partial depletion). It is important
to consider whether the smaller summertime Antarctic ozone changes represent a residual of the spring
changes or are associated with some other mechanism. This issue will be discussed somewhat further in
Sections 1.7 and 1.8.

We now consider the latitude dependence of the ozone trends in somewhat greater detail. The number
of ground-based stations in the Southern Hemisphere is quite limited outside Antarctica, and the local
dynamics influencing the region of maximum ozone at southern mid-latitudes can influence the trends
derived from single-station measurements. The analysis by Bojkov (1986) suggested no apparent trend in
Southern Hemisphere total ozone records, but the study of TOMS data presented in the OTP report
suggested that this may be due to changes in the location (but not necessarily the magnitude) of the ozone
maximum.

Figure 1.1.3-5 presents a contour plot of the percent changes versus month and latitude band from
TOMS measurements over the period from 1979 to 1988 based on a linear trend analysis. The TOMS data
have been corrected for a long-term drift, based on comparison with ground-based data (OTP, 1989). The
correction is about 3.5% from 1978 to 1987. The possibility of latitude dependence in the correction factor
is also important, but has not been evaluated quantitatively. Analyses of Northern Hemisphere ground-

11
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Figure 1.1.3-5. Contour plot of the ozone decrease obtained from 1978-1988 derived from a linear trend
analysis of the TOMS measurements (Stolarski, personal communication, 1989).

based data suggest that the 11-year solar cycle is likely to cause a downward trend in total ozone of at most
a few percent over this period (Angell, 1988a; OTP, 1989), much smaller than the measured decreases in
polar regions. The seasonal variations in these trends are of particular importance with regard to their
possible causes. The largest trend of about —34% is deduced near 80°S for the month of October. The
magnitude and timing of the trend near 60°S suggests that it may largely be due to spreading, or dilution,
of the high latitude depletion. Figure 1.1.3-5 suggests that a good deal of the trend obtained at 50°S in
October may also be due to dilution of the polar depletion. Atkinson et al. (1989) pointed out that unusually
low ozone abundances obtained over Australia and New Zealand in December 1987 appeared to be linked
to transport of air that had been severely depleted in ozone from Antarctica to lower latitudes, especially
in association with the final stratospheric warming. It has been suggested that flow of air through the vortex
and out to lower latitudes can occur not only in association with vortex breakup, but perhaps throughout
the winter and spring (see Section 1.7). Under these circumstances, the ozone trend at latitudes as far
equatorward as 50°S could well occur earlier in the spring season than that in the center of the polar vortex

12
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Figure 1.1.3-6. SAGE Il total column ozone above 100 mb for all measurement events from day 270
through 293 (September 27- October 20, 1985, 1986, and 1987; September 26-October 19, 1988). Latitude
coverage is shown in the top panel for each year. Minimum total ozone ranged from 120 to 126 DU
in 1985, 128 to 135 DU in 1986, 101 to 109 DU in 1987, and 140 to 145 DU in 1988 (an update of Figure
2 in McCormick and Larsen, 1988).

and would not necessarily appear as a spreading with a time delay. It is clear, however, that a substantial
fraction of the trend at lower latitudes (40°S and 50°S) does not lag those observed in the polar regions; a
decrease of the order of 3-4% is indicated even in Augustland September. Thus, the possible spread of
Antarctic ozone depletion to lower latitudes appears difficult to quantify with present observations.

Satellite measurements of ozone have also been obtained by the Stratospheric Aerosol and Gas
Experiment II (SAGE II) since October 24, 1984, using a solar occultation technique. Description of the
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instrument, inversion algorithm, and error analysis may be found in Chu et al. (1989) and references therein.

Figure 1.1.3-6, an update of Figure 2 in McCormick and Larsen (1988), shows the variation of total
column ozone above 100 mb along a sunset measurement sweep into and out of the Antarctic region for
1985, 1986, 1987, and 1988 in early October. Distortions and displacements of the vortex from the pole
allow SAGE II to obtain measurements from the ozone ridge to near the center of the vortex, thus producing
the cyclical variations in total ozone apparent in Figure 1.1.3-6. Low total ozone is generally associated
with the colder temperatures inside the vortex. Figure 1.1.3-7 shows that in 1985 the minimum total ozone
above 100 mb fell in the range of 120 to 126 DU, while in 1986 it ranged from 128 to 135 DU. The greatest
ozone depletion to date was for 1987, with most minimum values falling in the 101 to 109 DU range and
one profile displaying 93 DU. The 1987 measurements also show the smallest variation from profile to
profile, suggesting a depletion region larger areally and more symmetric about the pole. In 1988, however,
ozone minima increased to levels of 140 to 145 DU. These data also show the strong depletion of Antarctic
ozone, and suggest significant correlation of the depletion with the phase of the QBO as discussed above.

Figure 1.1.3-7 displays gridded SAGE II total column ozone distributions above 100 mb for years
1985 through 1988. The measurements start at 30°S in late September and finish at 72°S in early October.
Low levels of total ozone in the region of the polar vortex are produced by ozone depletion occurring from
mid-August through the first week of October. The ozone map also displays a ridge of high ozone that is
produced by transport from mid-latitudes and minimal horizontal mixing across the vortex edge. The QBO
signal is evident in both the minimum level within the chemical depletion region and the ridge values outside

the vortex. A long-term trend in Antarctic ozone was also clearly detected by SAGE measurements (OTP,
1989).

In summary, there is no question that a pronounced change in springtime Antarctic ozone has
occurred, based on a broad range of satellite and ground-based measurements employing a variety of
instrumental techniques. The ozone decrease occurs rapidly during the month of September. Sources of
natural variability (such as the QBO) must be considered and do influence year-to-year fluctuations.

1.1.4 Suggested Explanations for the Antarctic Ozone Hole

The discovery and verification of the Antarctic ozone hole quickly prompted theoretical studies aimed
at understanding its origin. The fact that the ozone hole was largely confined to Antarctica provided some
important guidelines for possible mechanisms, but also meant that the available data to test and verify
theoretical notions were sorely lacking. Indeed, apart from the observation that ozone itself had declined
precipitously, little else was known about the chemical composition of the Antarctic stratosphere. Mete-
orological data, while less extensive than those available at other latitudes, did suggest that there had been
a significant cooling in the austral spring (Angell, 1986; see Section 1.8 for a detailed discussion). The
paucity of detailed observations led to the inception of three very different and, in some respects, contra-
dictory hypotheses to explain the Antarctic ozone decline. In this section, the basic elements of the three
theories will be briefly described. The theories will be discussed further in the context of the data that
allowed discrimination between them in the later sections of this chapter.

Tung et al. (1986) and Tung (1986) considered the forcing of the Antarctic mean circulation. They
noted that the Antarctic stratosphere reaches temperatures approaching radiative equilibrium in late winter
and spring. As the lower stratosphere cools, the infrared cooling rate approaches zero, so that the net
heating is given by ultraviolet heating alone. They suggested that the return of sunlight to polar regions
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could then lead to net upward motion, bringing ozone-poor air from lower altitudes up to the heart of the
ozone layer and causing the seasonal decline. Mahlman and Fels (1986) also examined the possibility of
upward motion in spring, and pointed out that reduced wintertime planetary scale wave activity might lead
to reduced downward transport of ozone during winter and spring. This in turn would be expected to lead
to a colder polar stratosphere at the end of the polar night, and thus a greater tendency for springtime
upward motion. These dynamical theories thus rested primarily on the extreme coldness of the Antarctic
stratosphere to explain the appearance of the ozone hole uniquely in Antarctica, and required a temporal
trend in Antarctic dynamics to explain the decadal trend. Possible sources for such a decadal trend included
the influence of volcanic aerosols on the radiative balance (Tung et al., 1986) and/or dynamical factors
influencing the dynamical forcing of the Antarctic circulation, such as changes in sea surface temperatures
or tropospheriq dynamics (Mahlman and Fels, 1986; Nagatani and Miller, 1987; Dunkerton, 1988).

It was clear that the seasonal evolution of the ozone depletion and any associated lower stratospheric
temperature trends were important elements in these dynamical theories. If the ozone decrease were caused
by upward motion, then a temperature decline should be expected to occur before, or simultaneously with,
the ozone decline (i.e., if the ozone declines in September then the temperature decline must preceed or
accompany it). When the dynamical theories were first suggested, little information was available on the
temporal evolution of the ozone decline; it was not known whether the observed Halley Bay ozone trend
actually occurred during October, or earlier in the spring season. Later studies established that the decline
occurs largely in September (Section 1.1.3), providing an important observational constraint against which
any theory should be tested.

It is also important to note that ozone provides the primary source of solar heating to the Antarctic
lower stratosphere. Thus, a decline in ozone should be expected to result in a decline in temperature
somewhat later in the spring season (Shine, 1986). This underscores the importance of identifying not only
the existence of any temperature trends, but also their timing relative to the ozone trend. It is the timing
(phase lag or phase lead) that is a critical component in distinguishing whether any observed temperature
trends constitute a cause or an effect.

Two fundamentally different chemical theories were also proposed to explain the ozone decline.
Figure 1.1.2-1 shows that photochemical processes are expected to take place only very slowly under
normal conditions in the polar winter and spring. Therefore, any photochemical means of destroying ozone
in this region must rely upon a dramatic change in photochemical time scales.

Callis and Natarajan (1986) considered the production of reactive nitrogen (NO,) in the upper atmo-
sphere. They noted that the intense solar maximum that occurred near 1980 might have produced large
amounts of NO, in the mesosphere and lower thermosphere. If this NO, could be transported to the
stratosphere, it could potentially deplete ozone photochemically following the spring return of sunlight to
polar regions. Such transport would occur primarily in the polar night (since NO, is rapidly destroyed in
the sunlit mesosphere) and might be expected to be most effective in the relatively isolated Antarctic polar
vortex as compared to the Arctic. Thus, this theory rested on the importance of solar activity in producing
NO,, its downward transport to the stratosphere in the polar night, and the subsequent destruction of
ozone following the return of sunlight to the polar cap. Callis and Natarajan (1986) discussed satellite
observations that indicated that a temporal increase in NO, might have occurred from about 1979 to 1983.

Several authors considered the possibility that chlorine chemistry and/or the coupling between chlo-

rine and bromine chemistry might be responsible for the ozone decline. As noted by Farman et al. (1985a),
the clear increase in chlorine abundances that occurred over the time scale during which the ozone hole
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developed (late 1970s to early 1980s) suggests that chlorine chemistry should be considered as a possible
mechanism.

Solomon et al. (1986) and McElroy et al. (1986a) noted that the extreme cold temperatures of the
Antarctic winter and spring had been shown by McCormick et al. (1982) to lead to greatly enhanced polar
stratospheric cloud (PSC) occurrences. They suggested that heterogeneous reactions such as

HCI + CIONO,— Cl, + HNO,

would both enhance the level of reactive chlorine at the expense of the reservoir species, HCl and CIONO,,
and suppress the abundance of reactive nitrogen (NO,) in favor of the HNO; reservoir. The suppression
of reactive nitrogen is quite important, since it impedes the reformation of CIONO,, allowing the liberated
reactive chlorine to remain active (see Section 1.5 for a detailed discussion of the coupling between nitrogen
and chlorine chemistry). Ozone depletion could then be expected to occur in the spring, when sunlight is
again available to drive photochemical effects following such chemical perturbations due to PSCs. McElroy
et al. (1986a) also emphasized the importance of coupled chlorine-bromine chemistry in depleting ozone in
such an environment. Molina and Molina (1987) noted that the reaction of CIO with itself to produce the
CIO dimer (Cl,0,) might be expected to lead to particularly efficient ozone loss under such conditions.

It should be emphasized that both an enhancement in CIO, and a suppression of NO, is needed in
order for chlorine and/or bromine to effectively destroy ozone in the lower stratosphere. O. B. Toon et al.
(1986), Crutzen and Arnold (1986), and McElroy et al. (1986b) noted that the clouds might themselves be
composed of nitric acid. Toon et al. (1986) also emphasized that sedimentation of sufficiently large PSC
cloud particles could ‘‘denitrify’’ the stratosphere. These processes would further lower the abundance of
reactive nitrogen, allowing the chlorine chemistry to destroy ozone still more effectively.

As in the dynamical theory, the extreme cold temperatures of Antarctica and the return of sunlight
to the polar regions were essential elements in the chemical hypotheses. The vertical profiles of the ozone
changes implied by the three theories were, however, quite different (measured vertical profiles of the
ozone change are presented in Section 1.1.5). The solar activity theory suggested large changes in the
ozone vertical profile at high altitudes, with decreasing changes below, while the dynamical and halogen
chemical theories implied that the ozone profile changes would be largest where temperatures are coldest
(around 10-20 km). The halogen chemical theory was also in direct contradiction to the one suggested by
Callis and Natarajan insofar as the chemical composition of the Antarctic stratosphere was concerned,
since low rather than high levels of reactive nitrogen were hypothesized. Clearly, measurements of reactive
nitrogen and chlorine compounds in Antarctica were badly needed. Observations of dynamical tracers and
temperature trends were also critical to a fuller understanding of the mechanisms responsible for the ozone
decline. Laboratory studies of heterogeneous phase chemistry and thermodynamics of the HNO,/H,0/HCI
system were key to understanding the possible role of PSC activity in modifying polar chemistry (Sections
1.3 and 1.4).

1.1.5 Observed Trends in the Vertical Distribution of Ozone above Antarctica
The data base of long-term ozonesonde observations from Antarctica is considerably more limited
than the total column observations. Historical measurements are only available from Syowa and from the

South Pole. More recent data can be used to evaluate the seasonal evolution of the vertical distribution
associated with the observed seasonal depletion.
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Figure 1.1.5-1 presents observations of the historical change in October total ozone profiles from
Syowa and the South Pole, along with the seasonal changes reported at McMurdo and Halley Bay (see
original publications of Kondoh et al., 1987; Kombhyr et al., 1988; Hofmann et al., 1989¢c; Gardiner , 1988).
Recent observations from the Indian station at Dakshin Gangotri (70°S, 12°E) are also shown (A. P. Mitra,
private communication, 1989) as well as measurements from the Soviet station at Molodezhnaya (67°S,
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45°E). The Soviet data were obtained with rocketsondes, and hence allow examination of the vertical
structure of the ozone profile to levels at and above 35 km, where no ozone depletion is apparent (Kokin
et al., 1989). Gernandt (1987) presented evidence for similarly depleted October ozone profiles from the
German Democratic Republic’s Antarctic research base at 71°S. All of the stations show that the vertical
profile of ozone has changed markedly in October. McCormick and Larsen (1986) and McPeters et al.
(1986) have shown similar ozone depletions using observations from the SAGE II and SBUYV satellite
instruments. Figure 1.1.5-2 (left) presents average vertical profiles of summertime ozone from February 1-
10 over the latitude region from about 61.5°S to 73°S for various years from SAGE Il measurements. These
should be contrasted with the right panel in this figure, which depicts the most severely depleted profiles
observed in various years from both SAGE I (1981) and SAGE 11 (1985-1988). Both the ground-based and
satellite data show that the ozone decreases are largely limited to the altitude range from 200 to 20 mb
(about 10 to 25 km), where local depletions as large as 95% were obtained in 1987. This implies that the
maximum local Antarctic ozone depletion cannot get much more severe than it was in 1987 unless the
affected altitude range increases. However, the depleted region could expand horizontally, causing larger
decreases away from that part of the Antarctic stratosphere suffering the maximum local depletion. Both
the ground-based and satellite data reveal the gradual temporal evolution of the profile above Antarctica
since about 1980.

Hofmann et al. (1987a) and Hofmann (1989a) noted the occurrence of sharp notches in the ozone
profile, and suggested that these may be related to the sharp vertical structure of PSCs that deplete ozone,
perhaps through heterogeneous mechanisms beyond those presently understood (see Section 1.4). While
the apparent ozone depletion averaged over several kilometers in 1986 was on the order of 50%, the local
depletion in such layers appears to be as large as 95%. Thus, the observation of sharply layered depletions
places additional constraints on the rates of processes that remove it (see Section 1.6.4). However, it is
also important to note that vertical and horizontal wind shear will influence the vertical structure observed
at any particular location and may well introduce structure into observed balloon profiles.
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Figure 1.1.5-2. (Left) Average vertical profiles of summertime ozone from February 1-10 over the latitude
region from about 61.5°S to 73°S for various years from SAGE [l measurements. (Right) The most severely
depleted profiles observed in various years from both SAGE | (1981) and SAGE Il (1985-1988).
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Figure 1.1.5-3 shows the time evolution of ozone at the 18-km level (in the heart of the region of
maximum depletion as shown in 1.1.5-1) observed at McMurdo Station in 1986 and 1987 (Hofmann et al.,
1989¢). Although local fluctuations are evident, a large, systematic decrease is also observed over the
months of August and September in both years. It is clear that the rate of decline was appreciably faster
in 1987 than that obtained in 1986. A similar increase in the depletion rate near 20 km was measured with
South Pole ozonesondes (Komhyr et al., 1989a). Poole et al. (1989) suggest that these differences may be
related to observed differences in the frequency of polar stratospheric cloud sightings in the 2 years (see
Section 1.2), which in turn are probably a reflection of temperature changes. Differences in the chemistry
and dynamics of the Antarctic spring seasons of 1987 and 1986 will be discussed further in Sections 1.6
and 1.7.

1.1.6 Trends in Northern Hemisphere Ozone

The OTP report presented a detailed study of the ozone trends reported in Arctic regions based upon
both ground-based and satellite data. The accuracy of calibration procedures at individual total ozone
observing stations was carefully considered, and the comparison between TOMS and ground-based data
was evaluated at each station. The influence of the 11-year solar cycle and the QBO in modulating total
ozone was also evaluated. In this section, the conclusions regarding trends in Arctic ozone that were
deduced from the OTP report are briefly summarized. A detailed discussion of Arctic observations of
chemical species and dynamical tracers that can provide insight as to the causes of Arctic ozone trends
will be the subject of Section 1.10.
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Figure 1.1.5-3. Trend in total ozone at 18 km observed from ozonesondes at McMurdo Station in 1986
and 1987 (from Hofmann et al., 1989a).
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One approach taken to evaluating ozone trends using ground-based data was to average over two
consecutive solar cycles (1965-1975 as compared to 1976-1986). This approach is expected to alleviate
(but probably not eliminate) trends due to the solar cycle and the QBO. Variations between one solar (and/
or QBO) cycle and another may still influence the apparent trends, and processes such as the sporadic
(approximately 4-year) El Nifio Southern Oscillation may also exert an influence. Table 1.1.6-1 displays
the results of this analysis for each station considered. The decreases are largest in Arctic latitudes, and
are far greater in winter than in summer. Poleward of about 50°N, winter ozone decreases of 2.5-4.7%
were reported. These values are larger than model-predicted decreases of 0.9 to 1.1% for 60°N (OTP, 1989).

Table 1.1.6-1. Changes in average total ozone abundances, as measured at individual Dobson
stations over the 22-year period, 1965—-1986, inclusive (Percentage Differences for
1976—1986 Compared to 1965—1975; from Ozone Trends Panel report, 1989)

North
Latitude Station Winter® Summer® Annual
74.7 Resolute (Canada) -1.4=+1.8 —-0.8+0.9 —-1.6+1.0
64.1 Reykjavik (Iceland) —2.5+£2.2 +1.7x1.3 +0.1x2.4
60.2 Lerwick (Scotland) —3.8+2.0 -09+0.9 -1.6x1.0
58.8 Churchill (Canada) —-4.2+09 —-1.4+0.8 —2.5+0.7
53.6 Edmonton (Canada) —-4.7+1.3 +0.8+£0.9 —-1.8+0.8
53.3 Goose Bay (Canada) —-2.4+13 —-0.1x1.1 -0.8+0.9
51.8 Belsk (Poland) -3.2+0.8 +1.2+1.0 —-1.2+09
50.2 Hradec Kralove (Czech.) —-4.7+x2.0 +1.1+0.9 —1.8x1.1
47.8 Hohenpeissenberg (FRG) —-1.8+1.7 +0.2+0.9 —-1.0x0.9
46.9 Caribou (Maine, U.S.) -28+1.5 -0.6x0.8 -1.8+0.9
46.8 Arosa (Switzerland) -3.0+1.3 -1.1x1.0 -2.0+x09
46.8 Bismarck (N. Dak., U.S.) -3.0x1.2 -1.4%1.0 —-2.0x0.7
43.8 Toronto (Canada) -1.3x1.2 -1.3%£0.8 -1.2x0.7
43.1 Sapporo (Japan) -06=+1.4 -0.1x0.9 —-0.3+£0.6
42.1 Vigna di Valle (Italy) -29+1.2 +0.7+0.9 -0.9+0.9
40.0 Boulder (Colorado, U.S.) -39+1.3 -3.1+0.7 -3.3+0.8
39.3 Cagliari (Italy) -2.5+1.7 -0.7x1.1 —1.1x1.2
36.3 Nashville (Tennessee, U.S.) -1.8+x14 -3.3+£0.7 —-2.4+0.8
36.1 Tateno (Japan) -0.7x1.6 -0.5+0.8 -0.4+0.7
31.6 Kagoshima (Japan) +0.9+1.7 +0.5x1.0 +0.9+0.8
30.4 Tallahassee (Florida, U.S.) -1.7+1.9 -0.2=x=1.1 —-1.3+1.4
30.2 Quetta (Pakistan) —-1.1x1.6 +0.1£0.8 -0.7+0.8
25.5 Varanasi (India) -03x14 +0.4+0.9 -0.2+0.9
19.5 Mauna Loa (Hawaii, U.S.) -1.5+1.7 0.0x0.6 -0.9+0.6
30°N to 60°N -2.5+1.0 -0.5x0.6 -1.4+£0.7
40°N to 60°N -3.0+0.9 —-0.4+0.5 -1.6x0.6
30°N to 39°N -1.2%1.5 -0.7x1.0 -08=1.1

Winter = Dec., Jan., Feb., March.

®Summer = May, June, July, August.

<Resolute is above the Arctic Circle, so that only less accurate moonlight measurements are available during actual winter. These
“winter" data are the averages for the months of March and April.

21



POLAR OZONE

An alternate approach was to attempt to evaluate the magnitude of known sources of variability such
as the QBO, solar cycle, etc., using the full record of ground-based ozone data averaged into latitude
bands, and then to evaluate any residual long-term trend. Table 1.1.6-2 presents the results of this analysis.
While the observed summer decreases are consistent with model estimates including increasing trace gases
(chlorofluorocarbons, methane, nitrous oxide, and carbon dioxide), the winter values exceed theoretical
expectations. The changes are again largest in winter at high latitudes, where values as large as 8.3% were
deduced.

The satellite data were also used in analysis of global ozone trends. The long-term satellite instrument
degradation was derived by comparison between satellite and ground-based data, and was estimated at 3.5
*+ 0.5% from October 1978 to October 1987. The TOMS data were then corrected for this drift and the
remaining trends were evaluated. Table 1.1.6-3 presents the results of this analysis. It should be noted that
an ozone trend of perhaps 1% should be expected over the period from 1978 to 1987 due to the decline in
the phase of the 11-year solar cycle during this period. Nevertheless, the TOMS data suggest residual
trends of at least 2-3% in the Northern Hemisphere as an annual average.

Table 1.1.6-2. Coefficients of Multiple Regression Statistical Analysis of re-analyzed Dobson mea-
surements of total ozone concentrations collected into latitudinal band averages.
(Data are expressed in total percent changes for the period 1969-1986; From Ozone
Trends Panel Report, 1989)

Latitude Band

Month 53-64°N 40-52°N 30-39°N
January —8.3x2.2 ~2.6x2.1 -2.2=+1.5
February —6.7+2.8 -5.0+2.2 -1.2+1.9
March -4.0+1.4 -5.6+23 -35+19
April -20+1.4 —-25+1.7 -1.7+1.3
May —-2.1%+1.2 —-1.3=1.1 -1.7+£0.9
June +1.1+£0.9 -1.8+£1.0 -33%+1.0
July +0.0+1.1 -2.2+1.0 -13=1.0
August +0.2+1.2 —-2.4+1.0 -1.0=1.0
September +0.2+1.1 -29+1.0 —-1.0+0.9
October -1.1+1.2 ~1.5%15 -0.9+0.8
November +1.5+1.8 -24%x13 —-0.1x0.8
December —-5.8x23 ~55%1.7 -2.1+1.1
Annual Average —-2.3+£0.7 —-3.0+0.8 -1.7+£0.7
Winter Average —-6.2x1.5 -4.7+1.5 —-23+1.3
Summer Average (a) JJA +0.4+0.8 -2.1+0.7 -1.9+0.8

(b) MIJA -0.2+0.8 -1.9+0.7 -1.9+0.8
QBO* —-2.0x0.6 -1.3+0.6 +1.9+0.6
Solar* +1.8+0.6- +0.8+0.7 +0.1+0.6

“Percent changes per cycle, minimum-to-maximum. All uncertainties are expressed with one statistical significance.

Average of monthly ozone trends in Dobson units per year and percent change in 17 years:

DU/yr: -0.5+0.16 -0.63+0.17 -0.32x0.14
Percent/17 yrs: -23+0.7 -3.0 =08 -1.7 0.7

Uniform trend in ozone change assumed throughout the year, in Dobson units per year and percent change in 17 years:

DUlyr: -0.14+0.13 -0.47+0.13 0.17+0.11
Percent/17 yrs: -0.7 £0.6 -23 *0.7 -09 06
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Table 1.1.6-3. Percentage changes in total column ozone (measured by TOMS on Nimbus 7, cali-
brated by comparison with ground-based measurements; from Ozone Trends Panel
report, 1989)

Total Change from Total Change from
Latitude Band 11/1978 to 10/1985 11/1978 to 11/1987
Global, except high
latitudes (53°S-53°N) -2.6+0.5 -2.5+0.6
Hemispheric
0-53°S -2.6+0.9 -2.9+0.9
0-53°N -2.1%1.5 -1.8+1.4
Bands
53°S-65°S -09=1.38 -10.6x1.6
39°S-53°S -5.0+1.8 -49+1.8
29°S-39°S -32+24 -2.7x2.1
19°S-29°S -25+1.9 -2.6x1.5
0-19°S —1.1+0.8 -2.1+x0.8
0-19°N —1.1x1.5 -1.6x1.3
19°N-29°N -3.5+2.2 -3.1%x1.9
29°N-39°N -3.7+£2.0 -2.5+1.7
39°N-53°N -2.7+1.7 -1.2%1.5
53°N-65°N —2.4x1.6 —1.4+14

(Linear trends with an autoregressive model through TOMS data, with uncertainties at the one-sigma level of significance.)

In summary, analysis of both ground-based and satellite data has indicated significant (and, more
importantly, consistent) trends in Arctic ozone. The trends are far smaller than those obtained in the
Antarctic, but exhibit some important common features. Most notably, summer trends were small or zero,
while winter trends were much larger, and were greatest at high latitudes (5-10%j).

1.2 CLIMATOLOGY OF POLAR STRATOSPHERIC CLOUDS (PSCs) IN BOTH POLAR REGIONS

As noted in Section 1.1.4, several theories advanced to explain the Antarctic ozone hole depend
critically on the persistence and characteristics of polar stratospheric clouds. In this section, the physical
characteristics of these clouds, their seasonal occurrence frequencies (in both hemispheres) and interannual
variability will be discussed. It has also been suggested that radiative effects of the clouds may play a
particularly important role in the heat budget of the lower stratosphere and hence in the stratospheric
circulation.

1.2.1 Physical Characteristics

Visible sightings of bright clouds in the winter polar lower stratosphere date back to at least the late
1800s (see Stanford and Davis, 1974 for a review). They were dubbed ‘‘mother-of-pearl’’ clouds due to
their often very brilliant coloration. Sometimes also referred to as nacreous clouds, it was recognized that
these clouds were generally rather localized in extent and tied to surface orography.

McCormick et al. (1982) reported that abnormally high visible extinction values had often been

observed in the stratosphere by the SAM II satellite sensor during Arctic and Antarctic winters. While
nacreous clouds represent a portion of the cloud population believed to be detected by the satellite sensor,
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the satellite observations allow sensitivity far beyond that of the human eye, and thus sample a range of
cloud optical depths. Noting that the high extinction events were closely correlated with very cold tem-
peratures, the authors named the phenomenon polar stratospheric clouds (PSCs). Based on a comparison
of measured and theoretical extinction coefficient trends by Steele et al. (1983), it was thought that PSCs
were H,O ice particles which formed on frozen stratospheric aerosol nuclei at temperatures below the frost
point (=188 K at the 50-mb level assuming 5 ppmv of H,0). Papers by Solomon et al. (1986) and McElroy
etal. (1986a), which suggested that heterogeneous processes involving PSCs might be a major cause of the
Antarctic ozone hole, provided the impetus for new studies of the physical characteristics of the clouds.
Recent papers that present remote sensing observations of PSCs, balloon-borne particle size and ancillary
meteorological measurements, and theoretical PSC microphysics calculations will be discussed in this
section. Direct measurements of PSC properties from the airborne and ground-based polar investigations
will be discussed briefly below and in Sections 1.3.2 and 1.10.2.

Seminal studies by O. B. Toon et al. (1986), Crutzen and Arnold (1986), and McElroy et al. (1986b)
suggested that PSCs might begin to form at temperatures above the frost point as (probably frozen) binary
mixtures of HNO; and H,0. Such a mechanism would suppress reactive gaseous nitrogen species (NO,),
which normally counteract chlorine-catalyzed ozone destruction (see Section 1.5). Further, as noted by
Toon et al. (1986), such particles might remove reactive nitrogen irreversibly (**denitrify’’) from the polar
stratosphere through sedimentation of large PSC particles containing HNO;.

Iwasaka et al. (1985a) reported lidar measurements of Antarctic PSCs indicating two distinct cloud
particle classes. Alekseev et al. (1988) also presented airborne lidar soundings of lower stratospheric
aerosols in the arctic. Poole (1987) and Poole and McCormick (1988a) reported dual-polarization airborne
lidar measurements of Arctic PSCs from 1984 and 1986 which support a two-stage PSC formation process.
At temperatures from 2-6 K above the frost point, they found that particulate backscatter significantly
exceeded that of the background aerosol, but that accompanying depolarization ratios were very small, a
signature indicative of (Type 1) PSC particles having radii on the order of the laser wavelength (0.5-0.7
pm). At temperatures near the frost point, they found much larger backscatter enhancements as well as
depolarization ratios which were typical of larger, cirrus-like ice crystals (Type 2 PSCs). Clear signatures
of Type 1 PSCs were also seen in more recent Arctic PSC lidar measurements by Poole et al. (1988a) and
in the analysis of 1987 SAM 1I Antarctic PSC data by Poole et al. (1988b). The latter study also made the
important point that the threshold temperature for Antarctic Type 1 PSC formation was some 5 K colder
in October 1987 than in May. The pronounced drop in the temperatures required for PSC formation indicates
that irreversible loss of HNO; and H,O vapor occurred during the winter.

Balloon-borne optical particle counter measurements during Antarctic winter and spring were first
performed at McMurdo in 1986 and reported by Hofmann et al. (1986, 1987a) and Rosen et al. (1988a).
Although conditions were nominally favorable for PSC formation on several occasions, identifiable PSC
particles were absent in the two size classes discriminated (r > 0.15 wm and r > 0.25 pm). This observation
led Rosen et al. to speculate that PSCs may be quasi-cirrus clouds composed of large ice particles (r > 5
pum) in very low concentrations (<0.01 cm™). Balloon-borne particle size measurements were made at
McMurdo again in 1987 with an optical counter having additional particle discrimination in the 1-2 um
radius range (Hofmann et al., 1988a). These were supplemented by frost-point hygrometer measurements
and ground-based lidar PSC observations (Rosen et al., 1988b). The 1987 measurements showed clear
evidence of (Type 1) PSCs at temperatures above the frost point, consistent with the anticipated thermo-
dynamic stability of nitric acid trihydrate (HNO,/3H,0). Particle size distributions in these instances were
distinctly bimodal, with the larger (1-2 um) particles having concentrations generally between 0.01 and
0.001 cm?. Higher concentrations (0.1-2.0 cm) of the larger particles were measured in association with
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nacreous clouds.. Results from McMurdo in September 1988 (Hofmann et al., 1989b) again showed signif-
icant particle enhancement at temperatures above the frost point. For example, the concentration of
particles with r > 0.2 pm were ten times the normal level at 12 km, and large particles with a modal radius
near 0.8 wm and a concentration of 0.3 cm were also observed. It should be noted, however, that such
observations may not represent the particle size distribution characteristic of their formation. Watterson
and Tuck (1989) suggest that inflow to the Antarctic vortex occurs preferentially near the Palmer Penninsula,
leading to enhanced formation of PSCs in that sector. Adiabatic cooling associated with orographic effects
of the peninsula are also likely to play a particularly important role in cloud formation (Watterson and
Tuck, 1989; McKenna et al., 1989a; Cariolle et al., 1989a). Watterson and Tuck suggest that sedimentation
of large particles in that sector may remove condensables there. This suggests that observations over
stations well away from the peninsula (such as McMurdo) may exhibit fewer PSCs in winter and spring
due to removal of condensates, and emphasizes the need for general caution in interpreting any locally
observed PSC size distribution without detailed consideration of the meteorological conditions.

Recent measurements by Hofmann (1989a) in the Arctic during January 1989 showed in one case a
3-km thick PSC layer near 21 km at temperatures from 186—187 K in which roughly half of the available
condensation nuclei grew to radii > 0.2 um, about 1 in 10 grew to radii > 1.0 um, and none grew to radii
> 5.0 pm. The absence of large ice crystals implied that the observed PSC particles were of the Type 1
class. On a second occasion, thin (300-m thick) PSC layers were observed near 25 km at temperatures near
191 K which consisted predominantly of particles in the 1-2 pm radius range. Further interpretation of
these and similar Antarctic data has been presented by Hofmann (1989b), who noted that the small particle
mode (r=0.5 nm) appeared to be associated with fast cooling events such as those due to mountain lee
waves or tropospheric anticyclones. In contrast, the thin layers of larger particles contained only a few
percent of the available condensation nuclei and were apparently associated with even more rapid cooling
events. Both modes are illustrated in Figure 1.2.1-1. Salawitch et al. (1989) note that sedimentation of the
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Figure 1.2.1-1. (Left) Vertical profiles of cloud particles observed during balloon soundings at McMurdo
Station in September, 1988. Note the thin layers of few large particles observed, for example, near 13.8
km. (Right) Particle size distributions at various altitudes from the same sounding (from Hofmann, 1989b).
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large particle mode could significantly denitrify the polar stratosphere without much accompanying dehy-
dration if these particles are composed of nitric acid trihydrate (in contrast to water ice clouds, which could
presumably both denitrify and dehydrate the stratosphere). However, Hofmann (1989b) emphasized that
such thin layers could not survive long (hours to days) and pointed out that current understanding of cloud
microphysics cannot explain their formation. Understanding the formation, composition, and sedimentation
of cloud particles is critical to an understanding of the processes responsible for the observed gas-phase
composition of the polar stratosphere (see Sections 1.6 and 1.10). -

Poole (1987) and Poole and McCormick (1988b) presented calculations from a two-stage PSC micro-
physics model which assumed that Type 1 PSCs form above the frost point as HNO,/3H,0 deposited on
frozen background aerosol nuclei, and that Type 2 PSCs form subsequently (below the frost point) as H,O
ice deposited on Type 1 nuclei. They used vapor pressure relationships extrapolated from laboratory
measurements of liquid HNO;-H,O mixtures and assumed that no barrier to cloud particle nucleation
existed other than the Kelvin vapor pressure elevation factor. Results showed that for slow cooling
conditions (0.5 K/day), only a fraction (5%) of the background aerosol population would be activated as
PSC particles, resulting in a bimodal particle size distribution. For typical Antarctic vapor mixing ratios,
the authors reported Type 1 modal radii on the order of 1 wm and Type 2 radii near 4 pm and suggested
that sedimentation of these larger Type 2 particles might lead to irreversible removal of HNO; from the
Antarctic stratosphere. Calculated optical properties for Type 1 PSCs generally agreed well with lidar and
SAM Il observations. Theoretical calculations of the growth of Type 1 PSCs from the background aerosol
were also reported by Hamill et al. (1988), who noted that Type 1 particle radii vary inversely (and markedly)
with the fraction of aerosol activated into PSC particles.

The formation and growth of Type 2 PSCs has been discussed in recent papers by Ramaswamy (1988)
and O. B. Toon et al. (1989). Ramaswamy specifically addressed the role played by Type 2 PSCs in the
dehydration of the Antarctic stratosphere during winter, assuming that the particles form by deposition of
H;O ice directly onto the background aerosol and that the Kelvin effect is the only barrier to particle
activation. Although not focusing on particle size, Ramaswamy found that Type 2 particles of radii 2-3 pm
formed over the course of several days with temperature decreases below the frost point, and that such a
" process could lead to extensive irreversible removal of H,O vapor in the Antarctic. O. B. Toon et al. (1989)
presented calculations on the size and lifetime of Type 2 particles forming on Type 1 PSC nuclei assumed
to have a modal radius of 0.5 um. The authors found that an energy barrier to ice nucleation (particle
activation) akin to that observed in tropospheric cirrus was necessary in order to explain the dependence
of observed Type 2 PSC properties on cooling rate. For cooling rates of several degrees K/day, inclusion
of the nucleation barrier led to Type 2 particle radii on the order of 20 wm, which could rapidly dehydrate
the Antarctic stratosphere through sedimentation.

In summary, there is agreement among the various measurements and calculations that Type 1 PSCs
do exist at temperatures above the frost point (by as much as 5-7 K). This temperature regime is consistent
with laboratory measurements of the stability of nitric acid trihydrate (Hanson and Mauersberger, 1988a,b),
although the presence of super-cooled liquid HNO,-H,O solutions, non-stoichiometric solid solutions with
compositions near that of the trihydrate, or ternary H,SO,~HNO,~H,O solutions cannot be ruled out.
There is little doubt that predominantly water ice Type 2 clouds form at temperatures below the frost point.
Recent laboratory vapor pressure measurements (see Section 1.3.1) imply that both PSC classes also likely
contain trace amounts of HCI. The notion of a typical particle size for either Type 1 or Type 2 PSCs, on
the other hand, appears to be an open question. Theory suggests that PSC particle sizes should depend
strongly on the number of nuclei activated into cloud particles, which in turn is a very sensitive function

.of the physical properties of the nuclei themselves as well as the dynamical environment in which the
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clouds form (e.g., the temperature history and the available vapor pressures of condensables). Additional
in-situ measurements and more sophisticated modeling calculations are required to address these uncer-
tainties.

1.2.2 Seasonal Behavior of PSCs

In this section, observations of PSC frequency with respect to season and year for both hemispheres
will be discussed. This analysis is similar in content to that presented in McCormick et al. (1982) based
upon only the first observations of PSCs. Although quantitative details presented herein differ from those
of McCormick et al. (1982), the general conclusions regarding the seasonal variation, vertical extent, and
hemispheric differences in PSC frequency are largely unchanged from the pioneering study of McCormick
et al. The seasonal evolution of PSCs in both hemispheres can be examined by searching the weekly SAM
II extinction data base (and ancillary temperature data) for those events which can clearly be distinguished
from the background stratospheric aerosol as PSCs. In the study described here, the extinction character-
istics of the unperturbed background atmosphere were identified using more detailed information than in
previous work (see Poole et al., 1989). The selection criteria employed are likely to allow better discrimi-
nation between cloudy and clear conditions, particularly for relatively optically thin cloud events.

It would be desirable to search the SAM 11 data base for occurrences of Type 2 (predominantly H,O
ice) PSCs. Since the potential for growth to large sizes is much greater for Type 2 particles than for their
Type 1 counterparts, Type 2 particles are the more likely to experience rapid sedimentation, which can
irreversibly remove condensed HNO; from the polar stratosphere. They are therefore likely to play a
particularly important role in denitrification. However, there are difficulties in choosing meaningful criteria
to identify Type 2 PSCs in the SAM II record:

(a) SAM 1I extinction coefficient measurements necessarily represent a spatial average over the
instrument’s line of sight, a distance on the order of 200 km. Thus, it is impossible to distinguish
between patchy Type 2 PSCs and a continuous Type 1 PSC ‘‘haze’’ layer.

(b) The potential for PSC extinction enhancement relative to that of the background aerosol (the PSC
nuclei) depends quite critically on the initial characteristics (size and number density) of the aerosol.
Aerosol characteristics are known to vary markedly with height in mid-latitudes, and are not well
defined in the winter polar regions.

(c) Theoretical models of PSC formation and growth have not matured to the stage at which they can
provide unambiguous guidelines for differentiation of PSCs by Type.

Due to these unresolved issues in the interpretation of SAM Il measurements, only the general trends
in cloud occurrence frequency will be discussed here, without regard to intensity or Type.

The latitudinal coverage of SAM Il is dependent on the orbit of the satellite and on the position of
the sun (since the measurements are carried out by solar occultation; hence, there are no measurements
in the polar night region). The latitude of SAM II observations varies from 64° (N or S) at the solstices to
80° (N or S) at the equinoxes. Thus, it is unknown whether seasonal patterns that are discernable from the
SAM II data base are representative of actual PSC occurrences over the entire polar region.

The background aerosol population at a given altitude changes over the course of the winter in both
polar regions, presumably due to subsidence and particle sedimentation. Therefore, temporally varying
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background extinction values were used as the basis for the PSC search described by Poole et al. (1989).
These variations are normally quite subtle in the Arctic and are easily quantified, since many SAM 11
measurements during the winter are of the background aerosol alone (not PSCs). Calculated individual
monthly average background extinction ratios and standard deviations were defined for November through
February in each winter, while the February values were used as bases for March and April as well. SAM
11 observations of the Antarctic background aerosol show that a dramatic change occurs between May and
October, but the details of the temporal variation are often obscured by the prevalence of very low
temperatures and (hence) pervasive PSC sightings during the winter. However, in most years, the back-
ground aerosol extinction ratio is believed to remain relatively constant from May through July. Therefore,
the temporal trend for each Antarctic winter was approximated by using average background extinction
ratios (and standard deviations) from (a) the May monthly ensemble, for May-July; (b) the October monthly
ensemble, for October; and (3) a linear interpolation between the May and October monthly ensembles,
for August-September.

SAM 11 PSC observations for altitudes from 14-24 km at 2-km intervals are presented below. All data
periods from November 1978 through April 1989 were included, with the exception of observations in 1983,
which were omitted due to contamination by El Chichon volcanic aerosols.

Histograms of weekly SAM II PSC sightings in the Antarctic are shown in Figures 1.2.2-1 and 1.2.2-2
for the years 1979-1982 and 1984, at 14, 16, 18, 20, 22, and 24 km. Corresponding figures for 1985-1988 are
presented in Figures 1.2.2-3 and 1.2.2-4. Arctic PSC sightings are shown for the 1978—1979 through 1988—1989
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Figure 1.2.2-1. Observations of PSC sightings (per week) from SAM Il during 1979, 1980, 1981, 1982,
and 1984 for May through October in the Southern Hemisphere vortex (south of the 50 mb polar night jet).

Sightings at the 14, 16, and 18 km levels are shown. The solid line indicates the corresponding average
temperature for all polar SAM Il measurements at each level as a function of time.
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Figure 1.2.2-2. As in figure 1.2.2-1, but for 20, 22, and 24 km.
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Figure 1.2.2-3. As in Figure 1.2.2-1, but for 1985 through 1988.
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Figure 1.2.2-4. As in Figure 1.2.2-3, but for 20, 22, and 24 km.

winters excluding 1982-1983 in Figures 1.2.2-5 to 1.2.2-8. Also included in each frame is a plot of the weekly
average temperature (solid line) for all SAM II measurements (PSC and non-PSC, both inside and outside of
the vortex). By inspection and comparison of individual histograms, several general features can be noted:

(a) At all altitudes and in all years, many more PSCs were observed in the Antarctic than in the
Arctic. When totaled over a season, the ratio of Antarctic to Arctic sightings varied considerably with
altitude and year, but typically ranged between 10 and 100.

(b) During a given year in the Antarctic, the maximum number of PSCs was usually seen in the 16—
18 km altitude range. The maximum number of Arctic PSCs was usually seen in the 20-22 km altitude
range.

(c) In the Arctic, the vast majority of PSC sightings occurred in January and February. However,
there were some sightings in December and even a few in November and March. No Arctic PSCs
were sighted in April. As expected, maxima in PSC sightings generally coincided with minimum
temperatures. Since the temperatures shown are weekly averages at all SAM II locations including
those at which PSCs were not observed, they are somewhat higher than the values at which PSCs
are thermodynamically stable, but provide a rough indication of the relationship between the seasonal
progression of temperature and PSC formation.

(d) In the Antarctic, there were occasional PSC sightings in May and quite a few sightings in June,
especially at the higher altitudes. The number of sightings generally increased during the winter
months at all altitudes, with the temporal peak occurring in late August or early September at altitudes
below 18 km and somewhat earlier at higher altitudes. As was seen in the Arctic, maxima in PSC
sightings generally coincided with minimum weekly average temperatures. At all altitudes below
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Figure 1.2.2-5. As in Figure 1.2.2-1, but for November through April in the Northern Hemisphere vortex (north
of the 50 mb polar night jet) for the 1978-1979, 1979-1980, 1980-1981, 1981-1982, and 1983-1984 winter seasons.
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Figure 1.2.2-6. As in Figure 1.2.2-5, but for 20, 22, and 24 km.
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Figure 1.2.2-7. As in Figure 1.2.2-5, but for 1984-1985 through 1988-1989.
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Figure 1.2.2-8. As in Figure 1.2.2-7, but for 20, 22, and 24 km.
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20 km, PSCs were generally abundant in September and, in many years, were seen through the middle
of October.

The comparison between Arctic and Antarctic PSC sightings thus reveals important differences both
in the frequency of PSC sightings and in their duration, especially in spring. PSCs are far more prevalent
in the colder Antarctic stratosphere as compared to the Arctic. While PSCs are generally observed in
Antarctica in September and often in October, they are only seldom observed in the conjugate Northern
Hemisphere Arctic data in March, and never in April in the years for which data are available. The seasonal
PSC differences appear related to differences in spring temperatures between the two hemispheres. As
discussed in Sections 1.6 and 1.10.2, these hemispheric variations in temperature and PSC duration in early
spring months likely lead to large hemispheric differences in ozone depletion.

1.2.3 Long-Term Trends in PSC Frequency and Intensity

The SAM 11 data base also can be used to examine long-term trends in PSC frequency and intensity.
A first-order approach to the entire data base is to integrate weekly averaged extinction coefficient mea-
surements over altitude to form a temporal optical depth record. Observed optical depth records integrated
from 2 km above the tropopause to 30 km for both hemispheres for the 1979-87 period are shown in Figure
1.2.3-1. The dates of major volcanic eruptions which injected aerosol into the stratosphere are also indicated.

The occurrence of PSCs in the Antarctic appears every year in the optical depth record as a marked
third-quarter maximum, although (as mentioned in Section 1.2.2) the presence of aerosol injected by El
Chichon obscures the maxima in 1983-1985. It is also interesting to note that the yearly minimum in

-1
00T T T T T T T l l T
[| ===—- Arctic
H Antarctic
102
T L
-
a
w
o
-
a
)
-
a
[e]
1072
' 3
i o
- o
g ¢ ©8 - 2
Z o ol CT o z -
E £ 3 8 8= 2% 9 n 38
n w O «a = w o220 x«<a
10 ! ) O I A O« It | Pt { 11 1 | |
1979 1980 1981 1982 1983 1984 1985 1986 1987
YEAR

Figure 1.2.3-1. SAM i optical depth integrated from 2 km above the tropopause to 30 km, for the Northern
and Southern Hemispheres. Major volcanic eruptions are indicated (after McCormick and Trepte, 1987).
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Antarctic optical depth immediately follows the maximum. This may indicate that particulate matter in the
Antarctic stratosphere is redistributed downward during winter by subsidence or sedimentation (see
Hofmann et al., 1988). The occurrence of PSCs in the Arctic appears (in most years) as a smaller, yet
pronounced first-quarter maximum in optical depth. No clear trend for an abrupt minimum in optical depth
following the PSC maximum can be seen in the Arctic. Figure 1.2.3-1 certainly establishes that PSCs have
been recurrent seasonal phenomenon for the last decade, but reveals no obvious trend in either PSC
frequency or intensity.

Another approach to analysis of PSC temporal trends is suggested by the work of Garcia and Solomon
(1987), who reported a possible relationship between the quasi-biennial oscillation (QBO) and observed
interannual variability in the October minima of mean TOMS total ozone values for Antarctica and of 100-
mb temperatures inside the Antarctic vortex. The particular sensitivity of October temperatures to the
QBO and the fact that Antarctic vortex temperatures in that month generally lie very close to the expected
saturation over the nitric acid trihydrate suggests that the occurrence of PSCs during October might be
particularly sensitive to both QBO and longer term trends in Antarctic temperatures. Calculated monthly
sums of SAM II Antarctic PSC sightings (defined in Poole et al., 1989) in October for altitudes from 14-24
km (at 2-km intervals) from 1979-1987 are presented in Figure 1.2.3-2, while those for September are shown
in Figure 1.2.3-3 (again excluding 1983 due to the masking effects of El Chichon aerosol). The phase of the
QBO at 30 mb in tropical regions is also indicated. Results for 14-18 km show pronounced peaks in
September and October PSC sightings in 1985 and 1987, with additional peaks in 1980 and 1982 at some

SAM Il ANTARCTIC PSC SIGHTINGS OCTOBER 1-31
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Figure 1.2.3-2. Observations of SAM Il PSC sightings for Antarctica from 1979 through 1988 at 14, 16, and
18 km, during the month of October. The QBO phase at 30 mb is also indicated for each year (from Poole et
al., 1989).
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Figure 1.2.3-3. As in Figure 1.2.3-2, but for September.

altitudes. Years in which the Antarctic spring coincides with the strong westerly (easterly) phase of the
QBO generally show September and October maxima (minima) in PSC sightings.

Figure 1.2.3-2 also suggests that the trend over the last decade has been towards an increase in PSC
sightings at 14 and 16 (and possibly 18) km in the westerly phase years during October but not in September.
It is important to emphasize that the determination of the long-term trend is complicated by the strong
influence of El Chichon aerosol in 1983. The tallies for 1984-8S are likely low due to the masking influence
of El Chichon aerosol remnants. However, Hofmann et al. (1987b) noted that the influence of El Chichon
aerosol in the Antarctic vortex was negligible by austral spring of 1986.

The apparent trend is broadly consistent with observed long-term decreases in October temperatures
discussed in Section 1.8. The PSC occurrence, temperatures, and ozone loss are expected to be closely
interconnected, since ozone provides the source of heat to the stratosphere and the observed changes in
temperature probably result in part from the ozone loss (see Section 1.8). Particularly in 1987, for example,
the near-complete removal of ozone in the altitude region from about 10 to 24 km during September (Section
1.1) is believed to have substantially decreased temperatures in the lower stratosphere and hence likely
played a role in enhancing the time during which PSCs persisted into the spring season.

The QBO and long-term trends in PSC occurrence in October clearly have important implications for
heterogeneous chemistry and its effects on ozone. In particular, the apparent QBO modulation of PSCs in
September may affect the rates of ozone removal in westerly as compared to easterly years. Further, the
long-term trend in PSC frequency in October during westerly phase years should be expected to lengthen
the time during which heterogeneous reactions are most effective at suppressing reactive nitrogen levels
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and enhancing reactive chlorine, thus leading to subsequent ozone loss (see Poole et al., 1989). The decadal
trend in PSCs is likely to feed back into the decadal trend in total ozone and suggests a means of amplifying
the expected long-term depletion of total ozone beyond that anticipated from the known growth in total
chlorine content. This issue will be discussed further in Section 1.6.

1.2.4 Effect of PSCs on the Radiative Budget

Quantitative calculations of the evolution of the climate of the polar lower stratosphere must consider
whether PSCs can significantly alter the radiative budget. As noted for example, by Tung et al. (1986),
radiative cooling or heating by PSCs could have a substantial effect on the net radiative heating rate in the
lower spring Antarctic stratosphere and hence on the mean meridional circulation and any possible ozone
depletion due to uplifting. Further, as discussed in Section 1.7, downwelling may also be of considerable
importance in tracer transport in the polar vortex.

The two most detailed studies of the impact of PSCs on the radiation budget (Blanchet, 1985; Pollack
and McKay, 1985) were both performed prior to the announcement of the discovery of the ozone hole.
Since then, much attention has been focused on the properties of PSCs, both observational and theoretical,
and there have been significant changes in our understanding of the clouds (see Section 1.2.1).

Blanchet (1985) and Pollack and McKay (1985) reach fundamentally different conclusions about the
sign of the effect of PSC cloud particles on the thermal infrared radiation budget. This is because the impact
of the PSCs is critically dependent on the upwelling radiation from the underlying troposphere. Pollack
and McKay assume a rather extreme cloudless troposphere with surface temperatures of 195 K; the increase
in absorption of the upwelling radiation as a consequence of the PSCs does not balance the increased
emission and the cloud particles cause a cooling. Blanchet assumes a rather warmer troposphere, and in
this case, the increased absorption dominates, and the clouds cause a warming. Blanchet shows that his
results are similar to Pollack and McKay’s when similar temperature profiles are used. Hence, while the
magnitude of the impact of the clouds is generally determined by such properties as the cloud particle size
and number concentration, the net effect is dependent on conditions remote from the clouds.

Another fundamental difference between the two studies is that Pollack and McKay consider the
effect of decreased water vapor mixing ratio, as a result of water tied up in the cloud particles. Since water
vapor acts to cool the stratosphere by emission in the thermal infrared, its loss leads to a relative warming.
For a wide range of conditions, Pollack and McKay show that the effect of loss of water vapor dominates
the effect of the cloud particles, and hence the net effect of the particles is to cause a warming. This effect
is not considered in Blanchet’s work.

Pollack and McKay (1985) calculate the effect of a cloud of extinction coefficient (at a wavelength of
1 wm) of 0.01 km, a value based on observations from SAM II. Standard calculations are based on a
particle radius of 1 wm, but other radii, ranging from 0.056 to 18 um are also considered. The effect of the
1 wm particles is very small; they cause a cooling of no more than 0.01 K/day, a value dominated by the
relative warming due to loss of water vapor, which can exceed 0.08 K/day. At the extremes of the range
of particle sizes used in the calculations, more significant effects are found. For a radius of 0.1 pm, a
cooling of about 0.24 K/day is found, while for large particles (10 nm) the cooling reaches 0.12 K/day.

Blanchet (1985) considered the effect of PSC particles growing from 0.0725 pm to 2 um; for a case

with a number concentration of 6 cm?, Blanchet considered the effect of increasing particle size (i.e., the
extinction coefficient is not held constant as in Pollack and McKay’s calculation). Particles with a radius
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of 0.5 pm (representing an extinction of 0.02 km™' at 1 pm) give a mild heating of about 0.3 K/day at the
cloud base, with smaller coolings towards the cloud top. Particle radii of i wm cause a peak heating of
about 0.2 K/day. Increasing the particle radii to 2.0 pm (with a corresponding increase in extinction
coefficient of 0.1 km™) does generate significant heating rates of 1.0 K/day. Blanchet proposed that under
normal conditions such particle sizes could not be reached, as such large heating rates would act as a
limiting factor in the cloud’s development.

Less work has been performed on the effects of PSCs on solar radiation, principally because of the
limited sunlight available at times when PSCs are normally presented. Nevertheless, Shi et al. (1986) show
that heating rates of about 0.2 K/day are possible in late September and that the solar heating of the
particles dominates over effects in the thermal infrared. This is for a case with a total stratospheric optical
depth of 0.02 at 1 wm, a value close to those observed during springtime in the Antarctic. Akiyoshi et al.
(1988) performed similar galculations using extinction data derived from SAGE II observations during
1985. These authors do not discuss the extinction coefficients derived from the measurements. They find
that the aerosols always act to warm the lower stratosphere in the thermal infrared as well as at solar
wavelengths. However, on no occasion is the net heating due to the aerosols greater than 0.1 K/day.

As noted earlier, in situ balloonsonde measurements indicate that PSC clouds sometimes consist of
particles of radii between 1-10 wm, with concentrations of 0.0001 to 0.001 cm? (Rosen et al., 1988a;
Hofmann et al., 1987a,b; Hofmann, 1989a,b). Such low concentrations of particles would, on the basis of
the calculations described earlier, have a negligible effect on the diabatic heating.

Kinne and Toon (1989) provide a preliminary report of calculations of the radiative effects of PSCs
based on measurements of cloud properties near the Palmer Peninsula from the AAOE experiment.
Calculations for PSC Types 1 and 2 were performed for a cold south polar profile for 19 September 1987
(surface temperature about —60°C) both with and without high level (10-14 km) cirrus. Their Type 1 PSCs
(with an optical thickness of 0.002 and typical particle radii of 0.8 wm) have an insignificant effect in the
absence of cirrus and cause only a slight (—0.09 K/day) cooling with cirrus. The Type 2 PSCs (with an
optical thickness of 0.05 and typical particle radius of 15 um) have a much larger effect. The thermal
infrared cooling (0.3 K/day at cloud top) dominates the solar heating (0.12 K/day at cloud top). In the
presence of cirrus the IR cooling rate reaches 1 K/day.

A further set of calculations were performed for optically thick ‘‘mountain-PSCs’’ associated with
forced adiabatic ascent such as that present during ‘‘mini-hole’’ episodes (see Section 1.7.2). These
calculations are for far warmer Palmer Peninsula profiles (for 21 August 1987 surface temperatures are
about —9°C and for 9 September 1987 they are about — 3°C). The mountain-PSCs have an optical thickness
of 1 and a typical particle radius of 1 um. Again the infrared effects dominate over solar heating, although
it should be noted that Kinne and Toon use the same solar zenith angle for both days (84°) and do not
attempt an integration over daylength. The role of cirrus in modulating the net heating is, however, very
dramatic and is shown in Figure 1.2.4-1. In the absence of cirrus, the PSCs cause a strong heating in the
thermal infrared, which reaches 8 K/day at cloud base. In the presence of cirrus the net effect is one of
cooling, which exceeds 7 K/day at cloud top.

In summary, in the absence of cirrus, thermal infrared radiation reaching the cloud base is principally
emitted from the surface and lower troposphere, which are far warmer than the cloud base; hence the
cloud base is receiving more radiation than it emits and heats. The addition of the optically thick cirrus
blocks the radiation from the lower troposphere; the radiation now reaching the PSC base is from the cold
cirrus top, causing the PSC layer above to yield a net cooling. The calculations shown in Figure 1.2.4-1
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Figure 1.2.4-1. Changes in net heating caused by mountain-PSCs with and without cirrus. The calculations
are for atemperature profile from Palmer Peninsula Station for 9 September 1987 (from Kinne and Toon, 1989).

suggest that radiative effects due to clouds may be extremely important under some conditions and clearly
demonstrate the importance of accurate specification of the state of the underlying atmosphere.

A full assessment of the impact of PSCs on the radiative budget of the entire polar vortex needs to
be performed as considerable uncertainties still remain. Such a calculation would need to include a
representative range of tropospheric temperature and cloud conditions, as experienced in the Antarctic
during winter and early spring. Clearly the impact of water passing from the vapor to the liquid/ice phase,
and possibly out of the lower stratosphere altogether, would need to be incorporated. Perhaps the most
important aspect of the radiative properties of PSCs lies in the possibility that some PSCs may lead to very
large cooling rates in the lower stratosphere. These in turn could result in substantial downward motion,
with attendant effects on the dynamics of the vortex and its ability to work as a ‘‘processor’’ for ozone
depletion (see Tuck, 1989, and Section 1.7).

1.3 PHYSICAL PROPERTIES OF POLAR STRATOSPHERIC CLOUDS

The goal of this section is to present laboratory and field studies aimed at understanding the chemical
composition of PSCs and their physical properties. In Section 1.3.1, laboratory studies of the co-conden-
sation of HNO; and H,O will be briefly described, and the nature of the interaction of HCl with such
surfaces will be summarized. In Section 1.3.2, field observations of chemical speciés in the particulate
phase will be reviewed. It will be shown that both the laboratory and field investigations support the notion
that the nitric acid trihydrate is the dominant component of Type 1 PSCs (Toon et al., 1986; Crutzen and
Arnold, 1986). Trace amounts of HCI are also expected to be present in such particles based on laboratory

and field measurement studies and likely play a particularly important role in heterogeneous chemistry as
discussed in Section 1.4.
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1.3.1 Laboratory Studies

Co-condensation of HNO; with H,O leads to the formation of PSCs at temperatures above the frost
point of water, as concluded by Crutzen and Arnold (1986), McElroy et al. (1986) and Toon et al. (1987)
from extrapolations of HNO,/H,O vapor pressure data near room temperature.

The physical chemistry of the H,O-HNO; system under conditions pertinent to the polar stratosphere
has been investigated in the laboratory only very recently (Hanson and Mauersberger, 1988a,b). These
authors measured the vapor pressures of both components using high-sensitivity mass spectrometry. The
results show that for solids with bulk compositions close to those of the nitric acid trihydrate (HNO,—
3H,0) or the monohydrate (HNO;-H,0), these crystalline phases can indeed be prepared by co-conden-
sation of gaseous H,O-HNO; mixtures with the appropriate composition; bounds on their vapor pressures
can be established by extrapolation of vapor pressures of the liquid solutions to the freezing point temper-
atures, using the Clausius-Clapeyron equation. Furthermore, the results have been shown to agree with
the Gibbs-Duhem relationship (Poole, private communication, 1989), which yields the vapor pressure of
one of the components in the binary system as a function of the vapor pressure of the other component
and of the composition of the condensed phase. These laboratory results corroborate that PSCs consisting
of nitric acid trihydrate crystals may form at temperatures several degrees above the frost point of water
(see Section 1.2).

The interaction of HCI vapor with water-ice has been studied in the past few years by several groups.
Molina et al. (1987) found that HCI has a significant affinity for ice crystals; that it readily diffuses within
the surface layers and grain boundaries of such crystals; and that the ‘“‘sticking’’ coefficient around 200 K
is close to unity, i.e., 0.1 or larger. This coefficient is the probability per collision with the surface that the
gas molecule will be incorporated into the condensed phase (assuming a collision frequency given by gas
kinetic theory). Similarly high sticking coefficient values were obtained by Tolbert el al. (1987), by M.-T.
Leu (1988a) and by Kolb et al. (personal communication, 1988). Molina et al. (1987) and Wofsy et al. (1988)
first interpreted their results in terms of a high solubility of HCI in the ice matrix, analogous (but not as
large as) that in liquid water. More recent laboratory experiments with a variety of ice substrates, including
large single crystals as well as ice frosts, have shown that this affinity of HCI vapor for ice (and the high
mobility) are confined to a surface layer that is at least several hundred angstroms deep (Molina et al.,
1989). The amounts of HCI absorbed can be orders of magnitude larger than required for the formation of
a monolayer at the surface. This behavior 