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PREFACE 

The present document contains key summaries from the Scientific Assessment of Ozone Depletion: 1994.   The full 
assessment report will be part of the information upon which the Parties to the United Nations Montreal Protocol will 
base their future decisions regarding protection of the stratospheric ozone layer. 

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

Three assessment reports have been prepared during 1994 to be available to the Parties in advance of their meeting 
in 1995, at which they will consider the need to amend or adjust the Protocol. The two companion reports to the 
scientific assessment focus on the env i ro n mental a n d health effects of ozone layer depletion and on the technology and 
economic implications of mitigation approaches. 

The scientific assessment summarized in the present document is the latest in a series of seven scientific reports 
prepared by the world's leading experts in the atmospheric sciences and under the international auspices of the World 
Meteorological Organization (WMO) and the United Nations Environment Programme (UNEP). The chronology of 
those scientific assessments and the relation to the international policy process are summarized as follows: 

Year  Policy Process Scientific Assessment 
1981 The Stratosphere 1981 Theory and Measurements. 

WMONo. 11. 
1985 ViennaConvention Atmospheric Ozonel985. 3 vol. WMONo. 16. 

1987 Montreal Protocol 
1988 International Ozone Trends Panel Report 1988. 

2 vol. WMONo. 18. 

1989 Scientfic Assessment of Stratospheric Ozone: 
1989. 2 vol. WMONo.20. 

1990 London Amendment 
1991 Scientfic Assessment of Ozone Depletion: 1991. 

WMO No. 25. 
1992 Methyl Bromide: its Atmospheric Science, Technology, and 

Economics (Assessment Supplement). UNEP(1992). 

1992 Copenhagen Amendment 
1994 Scient(flc Assessment of Ozone Depletion: 1994. 

WMO No. 37. 

(1995) Vienna Amendment (?) 

The genesis of Scientfic Assessment of Ozone Depletion: 1994 occurred at the 4th meeting of the Conference of the 
Parties to the Montreal Protocol in Copenhagen, Denmark. in November 1992, at which the scope of the scientific needs 
of the Parties was defined. The formal planning of the present report was a workshop that was held on 11 June 1993 in 
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Virginia Beach, Virginia, at which an international steering group crafted the outline and suggested scientists from the 
world community to serve as authors. The first drafts of the chapters were examined at a meeting that occurred on 2 - 4 
March 1994 in Washington, D.C., at which the authors and a small number of international experts improved the coor 
dination of the text of the chapters. 

The second draft was sent Out to 123 scientists worldwide for a mail peer review. These anonymous comments 
were considered by the authors. At a Panel Review Meeting in Les Diablerets, Switzerland, held on 18 - 21 July 1994, 
the responses to these mail review comments were proposed by the authors and discussed by the 80 participants. Final 
changes to the chapters were decided upon, and the Executive Summary contained herein was prepared by the partici-
pants. 

The group also focused on a set of questions commonly asked about the ozone layer. Based upon the scientific 
understanding represented by the assessments, answers to these common questions were prepared and are also included 
here. 

As the accompanying list indicates, the Scientific Assessment of Ozone Depletion: 1994 is the product of 295 
scientists from the developed and developing world 1  who contributed to its preparation and review (230 scientists 
prepared the report and 147 scientists participated in the peer review process). 

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

Participating were Argentina, Austilia, Ausiria, Belgium. Brazil, Canada, Chile, Cuba, Czech Republic, Denmark, Egypt. France, Germany, 
Greece. Hungary, India, Iran, Ireland, Israel, Italy, Japan, Kenya, Malaysia, New Zealand, Norway, Poland, Russia. South Africa, Sweden. Switzer-
land, Taiwan, The Netherlands, The People's Republic of China, United Kingdom, United States of America, and Venezuela. 



ExEcuuvE SummARY  

Recent Major Scientific Findings and Observations 

The laboratory investigations, atmospheric observations, and theoretical and modeling studies of the past few years 
have provided a deeper understanding of the human-influenced and natural chemical changes in the atmosphere and 
their relation to the Earth's stratospheric ozone layer and radiative balance of the climate systrm. Since the last interna-
tional scientific assessment of the state of understanding, there have been several key ozone-related findings, 
observations, and conclusions: 

The atmospheric growth rates of several major ozone-depleting substances have slowed, demonstrating the 
expected impact of the Montreal Protocol and its Amendments and Adjustments. The abundances of the 
chlorofluorocarbons (CFCs), carbon tetrachioride, methyl chloroform, and halons in the atmosphere have been 
monitored at global ground-based sites since about 1978. Over much of that period, the annual growth rates of 
these gases have been positive. However, the data of recent years clearly show that the growth rates of CFC- 11, 
CFC-12, halon-1301, and halon-121 1 are slowing down. In particular, total tropospheric organic chlorine in-
creased by only about 60 ppt/year (1.6%) in 1992, compared to 110 ppt/year (2.9%) in 1989. Furthermore, 
tropospheric bromine in halons increased by only about 0.25 pptfyear in 1992, compared to about 0.85 pptlyear in 
1989. The abundance of carbon tetrachloride is actually decreasing. The observed trends in total tropospheric 
organic chlorine are consistent with reported production data, suggesting less emission than the maximum al-
lowed under the Montreal Protocol and its Amendments and Adjustments. Peak total chlorinefbromine loading in 
the troposphere is expected to occur in 1994, but the stratospheric peak will lag by about 3 - 5 years. Since the 
stratospheric abundances of chlorine and bromine are expected to continue to grow for a few more years, increas-
ing global ozone losses are predicted (other things being equal) for the remainder of the decade, with gradual 
recovery in the 21st century. 

The atmospheric abundances of several of the CFC substitutes are increasing, as anticipated. With phase-
out dates for the CFCs and other ozone-depleting substances now fixed by international agreements, several 
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) are being manufactured and used as substi-
tutes. The atmospheric growth of some of these compounds (e.g., HCFC-22) has been observed for several years, 
and the growth rates of others (e.g., J-ICFC- l42b and HCFC- 14 Ib) are now being monitored. Tropospheric 
chlorine in HCFCs increased by 5 ppriyear in 1989 and about 10 ppt/year in 1992. 

Record low global ozone levels were measured over the past two years. Anomalous ozone decreases were 
observed in the midlatitudes of both hemispheres in 1992 and 1993. The Northern Hemispheric decreases were 
larger than those in the Southern Hemisphere. Globally, ozone values were I - 2% lower than would be expected 
from an extrapolation of the trend prior to 1991, allowing for solar-cycle and quasi-biennial-oscillation (QBO) 
effects. The 1994 global ozone levels are returning to values closer to those expected from the longer-term 
downward trend. 



The stratosphere was perturbed by a major volcanic eruption. The eruption of Mt. Pinatubo in 1991 led to a 
large increase in sulfate aerosol in the lower stratosphere throughout the globe. Reactions on sulfate aero5ols 
resulted in significant, but temporary, changes in the chemical partitioning that accelerated the photochemical 
ozone loss associated with reactive hydrogen (HO),  chlorine, and bromine compounds in the lower stratosphere 
in midlatitudes and polar regions. Absorption of terrestrial and solar radiation by the Mt. Pinatubo aerosol result-
ed in a transitory rise of 1°C (globally averaged) in the lower-stratospheric temperature and also affected the 
distribution of ozone through circulation changes. The observed 1994 recovery of global ozone is qualitatively 
consistent with observed gradual reductions of the abundances of these volcanic particles in the stratosphere. 

Downward trends in total-column ozone continue to be observed over much of the globe, but their magni-
tudes are underestimated by numerical models. Decreases in ozone abundances of about 4 - 5% per decade at 
midlatitudes in the Northern and Southern Hemispheres continue to be observed by both ground-based and satel-
lite-borne monitoring instruments. At midlatitudes, the losses continue to be much larger during winter/spring 
than during summer/fall in both hemispheres, and the depletion increases with latitude, partiduar1y in the South-
ern Hemisphere. Little or no downward trends are observed in the tropics (20°N - 20°S). While the current two-
dimensional stratospheric models simulate the observed trends quite well during some seasons and latitudes, they 
underestimate the trends by factors of up to three in winter/spring at mid- and high latitudes. Several known 
atmospheric processes that involve chlorine and bromine and that affect ozone in the lower stratosphere are 
difficult to model and have not been adequately incorporated into these models. 

Observations have demonstrated that halogen chemistry plays a larger role in the chemical destruction of 
ozone in the midlatitude lower stratosphere than expected from gas phase chemistry. Direct in situ measure-
ments of radical species in the lower stratosphere, coupled with model calculations, have quantitatively shown 
that the in situ photochemical loss of ozone due to (largely natural) reactive nitrogen (NO) compounds is smaller 
than that predicted from gas phase chemistry, while that due to (largely natural) HO 5  compounds and (largely 
anthropogenic) chlorine and bromine compounds is larger than that predicted from gas phase chemistry. This 
contirms the key role of chemical reactions on sulfate aerosols in controlling the chemical balance of the lower 
stratosphere. These and other recent scientific findings strengthen the conclusion of the previous assessment that 
the weight of scientific evidence suggests that the observed middle- and high-latitude ozone losses are largely due 
to anthropogenic chlorine and bromine compounds. 

The conclusion that anthropogenic chlorine and bromine compounds, coupled with surface chemistry on 
natural polar stratospheric particles, are the cause of polar ozone depletion has been further strengthened. 
Laboratory studies have provided a greatly improved understanding of how the chemistry on the surfaces of ice, 
nitrate, and sulfate particles can increase the abundance of ozone-depleting forms of chlorine in the polar strato-
spheres. Furthermore, satellite and in situ observations of the abundances of reactive nitrogen and chlorine 
compounds have improved the explanation of the different ozone-altering properties of the Antarctic and Arctic. 

The Antarctic ozone "holes" of 1992 and 1993 were the most severe on record. The Antarctic ozone "hole" 
has continued to occur seasonally every year since its advent in the late- 1970s, with the occurrences over the last 
several years being particularly pronounced. Satellite, balloon-borne, and ground-based monitoring instruments 
revealed that the Antarctic ozone "holes" of 1992 and 1993 were the biggest (areal extent) and deepest (minimum 
amounts of ozone overhead), with ozone being locally depleted by more than 99% between about 14 - 19 km in 
October, 1992 and 1993. It is likely that these larger-than-usual ozone depletions could be attributed, at least in 
part, to sulfate aerosols from Mt. Pinatubo increasing the effectiveness of chlorine- and bromine-catalyzed ozone 
destruction. A substantial Antarctic ozone "hole" is expected to occur each austral spring for many more decades 
because stratospheric chlorine and bromine abundances will approach the pre-Antarctic-ozone-"hole" levels 
(late- 1 970s) very slowly during the next century. 



Ozone losses have been detected in the Arctic winter stratosphere, and their links to halogen chemistry 
have been established. Studtes in the Arctic lower stratosphere have been expanded to include more widespread 
observations of ozone and key reacnve species. In the late-winter/early-spring period, additional cherrucal losses 
of ozone up to 15 - 20% at some altitudes are deduced from these observations, particularly in the winters of 1991 / 
2 and 1992/3. Model calculations constrained by the observations are also consistent with these losses, increasing 
the confidence in the role of chlorine and bromine in ozone destruction. The interannual variability in the photo-
chemical and dynamical conditions of the Arctic polar vortex continues to limit the ability to predict ozone 
changes in future years. 

The link between a decrease in stratospheric ozone and an increase in surface ultraviolet (UV) radiation 
has been further strengthened. Measurements of UV radiation at the surface under clear-sky conditions show 
that low overhead ozone yields high UV radiation and in the amount predicted by radiative-transfer theory. Large 
increases of surface UV are observed in Antarctica and the southern part of South America during the period of 
the seasonal ozone "hole." Furthermore, elevated surface UV levels at mid-to-high latitudes were observed in the 
Northern Hemisphere in 1992 and 1993, corresponding to the low ozone levels of those years. However, the lack 
of a decadal (or longer) record of accurate monitoring of surface UV levels and the variation introduced by clouds 
and other factors have precluded the unequivocal identification of a long-term trend in surface UV radiation. 

Methyl bromide continues to be viewed as a significant ozone-depleting compound. Increased attention has 
been focused upon the ozo ne- dep leting role of methyl bromide. Three potentially major anthropoge n ic sources of 
atmospheric methyl bromide have been identified (soil fumigation, biomass burning, and the exhaust of automo-
biles using leaded gasoline), in addition to the natural oceanic source. Recent laboratory studies have confirmed 
the fast rate for the BrO + 1 -102 reaction and established a negligible reaction pathway producing HBr, both of 
which imply greater ozone losses due to emissions of compounds containing bromine. While the magnitude of 
the atmospheric photochernical removal is well understood, there are significant uncertainties in quantifying the 
oceanic sink for atmospheric methyl bromide. The best estimate for the overall lifetime of atmospheric methyl 
bromide is 1.3 years, with a range of 0.8 - 1.7 years. The Ozone Depletion Potential (ODP) for methyl bromide is 
calculated to be about 0.6 (relative to an OD? of 1 for CFC- 11). 

Stratospheric ozone losses cause a global-mean negative radiative forcing. In the 1991 scientific assessment, 
it was pointed out that the global ozone losses that were occurring in the lower stratosphere caused this region to 
cool and result in less radiation reaching the surface-troposphere system. Recent model studies have strengthened 
this picture. A long-term global-mean cooling of the lower stratosphere of between 0.25 and 0.4°C/decade has 
been observed over the last three decades. Calculations indicate that, on a global mean, the ozone losses between 
1980 and 1990 offset about 20% of the radiative forcing due to the well-mixed greenhouse-gas increases during 
that period (i.e., carbon dioxide, methane, nitrous oxide, and halocarbons). 

Tropospheric ozone, which is a greenhouse gas, appears to have increased in many regions of the Northern 
Hemisphere. Observations show that tropospheric ozone, which is formed by chemical reactions involving 
pollutants, has increased above many locations in the Northern Hemisphere over the last 30 years. However, in 
the 1980s, the trends were variable, being small or nonexistent. In the Southern Hemisphere, there are insufficient 
data to draw strong inferences. At the South Pole, a decrease has been observed since the mid- 1980s.   Model 
simulations and limitcd observations suggest that tropospheric ozone has increased in the Northern Hemisphere 
since pre-industrial times. Such changes would augment the radiative forcing from all other greenhouse gases by 
about 20% over the same time period. 



The atmospheric residence times of the important ozone-depleting gases, CFC-11 and methyl chloroform, 
and the greenhouse gas, methane, are now better known. A reconciliation of observed concentrations with 
known emissions using an atmospheric model has led toabest-eslimate lifetime of 50 years for CFC-l1 and 5.4 
years for methyl chloroform, with uncertainties of about 10%. These lifetimes provide an accurate standard for 
gases destroyed only in the stratosphere (such as CFCs and nitrous oxide) and for those also reacting with tropo-
spheric hydroxyl radical, OH (such as UCFCs and HFCs). respectively. Recent model simulations of methane 
perturbations and a theoretical analysis of the tropospheric chemical system that couples methane, carbon monox-
ide, and OH have demonstrated that methane perturbations decay with a lengthened time scale in a range of about 
12 - 17 years, as compared with the 10-year lifetime derived from the total abundance and losses. This longer 
response time and other indirect effects increase the estimate of the effectiveness of emissions of methane as a 
greenhouse gas by a factor of about two compared to the direct-effect-only values given in the 1991 assessment. 

Supporting Scientific Evidence and Related Issues 

OZONE CHANGES EN UHF TROPICS AND MIDI.ATITUDES AND THEIR iNTERPRETATION 

Analysis of global total-column ozone data through early 1994 shows substantial decreases of ozone in all sea-
sons at midlatitudes (30° - 60°) of both hemispheres. For example, in the middle latitudes of the Northern 
1-lernisphere, downward trends of about 6% per decade over 1979 - 1994 were observed in winter and spring and 
about 3% per decade were observed in summer and fall. In the Southern Hemisphere, the seasonal difference was 
somewhat less, but the rnidlatitude trends averaged a similar 4% to 5% per decade. There are no statistically 
significant trends in the tropics (20°S - 20°N). Trends through 1994 are about 1% per decade more negative in the 
Northern Hemisphere (2% per decade in the midlatitude winter/spring in the Northern Hemisphere) compared to 
those calculated without using data after May 1991. At Northern midlatitudes, the downward trend in ozone 
between 198 - 1991 was about 2% per decade greater compared to that of the period 1970- 1980. 

Satellite and ozonesonde data show that much of the downward trend in ozone occurs below 25 km (i.e., in the 
lower stratosphere). For the region 20- 25 km, there is good agreement between the trends from the Stratospheric 
Aerosol and Gas Experiment (SAGE 1.111) satellite instrument data and those from ozonesondes, with an observed 
annual-average decrease of 7 ± 4% per decade from 1979 to 1991 at 30 3  - 50°N latitude. Below 20 kin, SAGE 
yields negative trends as large as 20 ± 8% per decade at 16 - 17 km, while the average of available inidlatitude 
ozonesonde data shows smaller negative trends of 7 ± 3% per decade. Integration of the ozone sonde data yields 
total-ozone trends consistent with total-ozone measurements. In the 1980s, upper-stratospheric (35 - 45 km) 
ozone trends determined by the data from SAGE I/Il, Solar Backscatter Ultraviolet satellite spectrometer 
(SBUV), and the Umkehr method agree well at midlatitudes, but less so in the tropics. Ozone declined 5 - 10% 
per decade at 35 - 45 km between 30- 50°N and slightly more at southern midlatitudes. In the tropics at 45 km, 
SAGE 1111 and SBUV yield downward trends of 10 and 5% per decade, respectively. 

Simultaneous in situ measurements of a suite of reactive chemical species have directly confirmed modeling 
studies implying that the chemical destruction of ozone in the midlatitude lower stratosphere is more strongly 
influenced by HO,;  and halogen chemistry than NO, ;  chemistry. The seasonal cycle of ClO in the lower strato-
sphere at midlatitudes in both hemispheres supports a role for in situ heterogeneous pertu rbation s (i.e., on sulfate 
aerosols), but does not appear consistent with the timing of vortex processing or dilution. These studies provide 
key support for the view that sulfate aerosol chemistry plays an important role in determining midlatitiide chem-
ical ozone destruction rates. 
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The model-calculated ozone depletions in the upper stratosphere for 1980- 1990 are in broad agreement with the 
measurements. Although these model-calculated ozone depletions did not consider radiative feedbacks and tern-
perature trends, including these effects is not likely to reduce the predicted ozone changes by more than 20%. 

Models including the chemistry involving sulfate aerosols a n d polar strato s pheric clouds (PSCs) better simulate 
the observed total ozone depletions of the past decade than models that include only gas phase reactions. 1-low-
ever, they still underestimate the ozone loss by factors ranging from 1.3 to 3.0. 

• 	Some unresolved discrepancies between observations and models exist for the partitioning of inorganic chlorine 
species, which could impact model predictions of ozone trends. These occur for the CIOIHCI ratio in the upper 
stratosphere and the fraction of HCI to total inorganic chlorine in the lower stratosphere. 

• 	The transport of ozone-depleted air from polar regions has the potential to influence ozone concentrations at 
middle latitudes. While there are uncertainties about the importance of this process relative to in situ chemistry 
for midlatitude ozone loss, both directly involve ozone destruction by chlorine- and bromine-catalyzed reactions. 

• 	Radiosonde and satellite data continue to show a long-term cooling trend in globally annual-average lower-strato- 
spheric temperatures of about 0.3 - 0.4°C per decade over the last three decades. Models suggest that ozone 
depletion is the major contributor to this trend. 

• 	Anomalously large downward ozone trends have been observed in midlatitudes of both hemispheres in 1992 and 
1993 (i.e., the first two years after the eruption of Mt. Pinatubo), with Northern-Hemispheric decreases larger than 
those of the Southern Hemisphere. Global-average total-ozone levels in early 1993 were about 1% to 2% below 
that expected from the long-term trend and the particular phase of the solar and QBO cycles, while peak decreases 
of about 6-8% from expected ozone levels were seen over 45- 60°N. In the first half of 1994, ozone levels 
returned to values closer to those expected from the long-term trend. 

• 	The sulfur gases injected by Mt. Pinatubo led to large enhancements in stratospheric sulfate aerosol surface areas 
(by a maximum factor of about 30 - 40 at northern midlatitudes within a year after the eruption), which have 
subsequently declined. 

• 	Anomalously low ozone was measured at altitudes below 25 km at a Northern-Hemispheric midlatitude station in 
1992 and 1993 and was correlated with observed enhancements in sulfate-aerosol surface areas, pointing towards 
a causal link. 

• 	Observations indicate that the eruption of Mt. Pinatubo did not significantly increase the I-ID content of the 
stratosphere. 

• 	The recent large ozone changes at midlatitudes are highly likely to have been due, at least in part, to the greatly 
increased sulfate aerosol in the lower stratosphere following Mt. Pinatubo. Observations and laboratory studies 
have demonstrated the importance of heterogeneous hydrolysis of N20 on sulfate aerosols in the atmosphere. 
Evidence suggests that CIONO2 hydrolysis also occurs on sulfate aerosols under cold conditions. Both processes 
perturb the chemistry in such a way as to increase ozone loss through coupling with the anthropogenic chlorine 
and bromine loading of the stratosphere. 
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Global mean lower stratospheric temperatures showed a marked transitory rise of about 1°C following the erup-
tion of Mt. Pinatubo in 1991, consistent with model calculations. The warming is likely due to absorption of 
radiation by the aerosols. 

POLAR OzoNE DEPLETION 

• 	In 1992 and 1993, the biggest-ever (area! extent) and deepest-ever (minimum ozone below 100 Dobson units) 
ozone "holes" were observed in the Anarcric. These extreme ozone depletions may have been due to the chem-
ical pertu rbat io ns caused by sulfate aerosols from Mt. Pinatubo, acting in addition to the well-recognized chlorine 
and bromine reactions on polar stratospheric clouds. 

• 	Recent results of observational and modeling studies reaffirm the role of anthropogenic halocarbon species in 
Antarctic ozone depletion. Satellite observations show a strong spatial and temporal correlation of ClO abun-
dances with ozone depletion in the Antarctic vortex. In the Arctic winter, a much smaller ozone loss has been 
observed. These losses are both consistent with photochemical model calculations constrained with observations 
from in situ and satellite instruments. 

• 	Extensive new measurements of 1-ICI, dO, and C1ONO2 from satellites and in situ techniques have confirmed the 
picture of the chemical processes responsible for chlorine activation in polar regions and the recovery from those 
processes, strengthening current understanding of the seasonal cycle of ozone depletion in both polar regions. 

• 	New laboratory and field studies strengthen the confidence that reactions on sulfate aerosols can activate chlorine 
under cold conditions, particularly those in the polar regions. Under volcanically perturbed conditions when 
aerosols are enhanced, these processes also likely contribute to ozone losses at the edges of PSC formation 
regions (both vertical and horizontal) just outside of the southern vortex and in the Arctic. 

Satellite measurements have confirmed that the Arctic vortex is much less denitri fled than the Antarctic, which is 
likely to be an important factor in determining the interhemispheric differences in polar ozone loss. 

Interannual variability in the photochernical and dynamical conditions of the Vortices limits reliable predictions of 
future ozone changes in the polar regions, particularly in the Arctic. 

COUPLING BETWEEN POLAR REGIONS AND MIDLAT[FUDFS 

Recent satellite observations of long-lived tracers and modeling studies confirm that, above 16 km, air near the 
center of the polar vortex is substantially isolated from lower latitudes, especially in the Antarctic. 

Erosion of the vortex by planetary-wave activity transports air from the vortex-edge region to lower latitudes. 
Nearly all observational and modeling studies are consistent with a time scaleof 3 -4 months to replace a substan-
tial fraction of Antarctic vortex air. The importance of this transport to in situ chemical effects for midlatitude 
ozone loss remains poorly known. 

Air is readily transported between polar regions and rnidlatitudes below 16 km. The influence of this transport on 
niidlatitude ozone loss has not been quantified. 
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TROPOSPHERIC OZONE 

There is observational evidence that tropospheric ozone (about 10% of the total-column ozone) has increased in 
the Northern Hemisphere (north of 20°N) over the past three decades. The upward trends are highly regional. 
They are smaller in the 1980s than in the 1970s and may be slightly negative at some locations. European 
measurements at surface sites also indicate a doubling in the lower-tropospheric ozone concentrations since ear-
lier this century, At the South Pole, a decrease has been observed since the mid-I 980s. Elsewhere in the Southern 
Hemisphere, there are insufficient data to draw strong inferences. 

There is strong evidence that ozone levels in the boundary layer over the populated regions of the Northern 
Hemisphere are enhanced by more than 50% due to photochemical production from anthropogenic precursors, 
and that export of ozone from North America is a significant source for the North Atlantic region during summer. 
It has also been shown that biomass burning is a significant source of ozone (and carbon monoxide) in the tropics 
during the dry season. 

An increase in UV-B radiation (e.g., from stratospheric ozone loss) is expected to decrease tropospheric ozone in 
the background atmosphere, but, in some cases, it will increase production of ozone in the more polluted regions. 

Mode] calculations predict that a 20% increase in methane concentrations would result in tropospheric ozone 
increases ranging from 0.5 to 2.5 ppb in the tropics and the northern rnidlatitude summer, and an increase in the 
methane residence time to about 14years(a range of 12- 17 years). Although there is a high degree of consis-
tency in the global transport of short-lived tracers within three-dimensional chemical-transport models, and a 
general agreement in the computation of photochemical rates affecting tropospheric ozone, many processes con-
trolling tropospheric ozone are not adequately represented or tested in the models, hence limiting the accuracy of 
these results. 

TRENDS IN SOURCE GASES RELATING TO OZONE CHANGES 

CFCs, carbon tetrachioride, methyl chloroform, and the halons are major anthropogenic source gases for strato-
spheric chlorine and bromine, and hence stratospheric ozone destruction. Observations from several monitoring 
networks worldwide have demonstrated slowdowns in growth rates of these species that are consistent (except for 
carbon tetrachloride) with expectations based upon recent decreases in emissions. In addition, observations from 
several sites have revealed accelerating growth rates of the CFC substitutes, HCFC-22, HCFC- 141 b, and HCFC-
142b, as expected from their increasing use. 

Methane levels in the atmosphere affect tropospheric and stratospheric ozone levels. Global methane increased 
by 7% over about the past decade. However, the 1980s were characterized by slower growth rates, dropping from 
approximately 20 ppb per year in 1980 to about 10 ppb per year by the end of the decade. Methane growth rates 
slowed dramatically in 1991 and 1992, but the very recent data suggest that they have started to increase in late 
1993. The cause(s) of this behavior are not known, but it is probably due to changes in methane sources rather 
than sinks. 

Despite the increased methane levels, the total amount of carbon monoxide in today's atmosphere is less than it 
was a decade ago. Recent analyses of global carbon monoxide data show that tropospheric levels grew from the 
early 1980s to about 1987 and have declined from the late 1980s   to the present. The cause(s) of this behavior have 
not been identified. 
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CONSEQUENCES OF OZONE CHANGES 

The only general circulation model ((3CM) simulation to investigate the climatic impacts of observed ozone 
depletions between 1970 and 1990 supports earlier suggestions that these depletions reduced the model-predicted 
warming due to well-mixed greenhouse gases by about 20%. This is consistent with radiative forcing calcula-
tions. 

Model simulations suggest that increases in tropospheric ozone since pre-industrial times may have made signif-
icant contributions to the greenhouse forcing of the Eaiih's climate system, enhancing the current total forcing by 
about 20% compared to that arising from the changes in the well-mixed greenhouses gases over that period. 

• 	Large increases in ultraviolet (UV) radiation have been observed in association with the ozone hole at high south- 
ern latitudes. The measured UV enhancements agree well with model calculations. 

• 	Clear-sky UV measurements at midlatitude locations in the Southern Hemisphere are significantly 1aier than at 
a corresponding site in the Northern Hemisphere, in agreement with expected differences due to ozone column 
and Sun-Earth separation. 

• 	Local increases in UV-B were measured in 1992/93 at mid- and high latitudes in the Northern Hemisphere. The 
spectral signatures of the enhancements clearly implicate the anomalously low ozone observed in those years, 
rather than variability of cloud cover or tropospheric pollution. Such correlations add confidence to the ability to 
link ozone changes to UV-B changes over relatively long time scales. 

• 	Increases in clear-sky UV over the period 1979 to 1993 due to observed ozone changes are calculated to be 
greatest at short wavelengths and at high latitudes. Poleward of 450,  the increases are greatest in the Southern 
Hemi sphere. 

• 	Uncertainties in calibration, influence of tropospheric pollution, and difficulties of interpreting data from broad- 
band instruments continue to preclude the unequivocal identification of long-uermn UV trends. However, data 
from two relatively unpolluted sites do appear to show UV increases consistent with observed ozone trends. 
Given the uncertainties of these studies, it now appears that quantification of the natural (i.e., pre- ozone- reduc-
tion) UV baseline has been irrevocably lost at mid- and high latitudes. 

• 	Scattering of UV radiation by stratospheric aerosols from the Mt. Pinatubo emption did not alter total surface-UV 
levels appreciably. 

RELATED PHENOMENA AND ISSUES 

Methyl Bromide 

Three potentially major anthropogenic sources of methyl bromide have been identified: (I) soil fumigation: 20 to 
60 ktons per year, where new measurements reaffirm that about 50% (ranging from 20 - 90%) of the methyl 
bromide used as a soil fumigant is released into the atmosphere, (ii) biomass burning: 10 to 50 ktons per year; and 
(iii) the exhaust of automobiles using leaded gasoline: 0.5 to 1.5 ktons per year or 9 to 22 ktons per year (the two 
studies report emission factors that differ by a factor of more than 10). In addition, the one known major natural 
source of methyl bromide is oceanic, with emissions of 60 to 160 ktons per year. 
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• 	Recent measurements have confirmed that there is more methyl bromide in the Northern Hemisphere than in the 
Southern Hemisphere, with an interhemispheric ratio of 1.3. 

• 	There are two known sinks for atmospheric methyl bromide: (i) atmospheric, with a lifetime of 2.0 years (1.5 to 
2.5 years); and (ii) oceanic, with an estimated lifetime of 3.7 years (1.5 to 10 years). The overall best estimate for 
the lifetime of atmospheric methyl bromide is 1.3 years, with a range of 0.8 to 1.7 years. An overall lifetime of 
less than 0.6 years is thought to be highly unlikely because of constraints imposed by the observed interhemi-
spheric ratio and total known emissions. 

• 	The chemistry of bromine-induced stratospheric ozone destruction is now better understood. Laboratory mea- 
surements have confirmed the fast rate for the BrO - F102 reaction and have established a negligible reaction 
pathway producing HBr, both of which imply greater ozone losses due to emissions of compounds containing 
bromine. S tratos pheric measurements show that the abundance of H B r is less than! ppt. 

Bromine is estimated to be about 50 times more efficient than chlorine in destroying stratospheric ozone on a per-
atom basis. The ODP for methyl bromide is calculated to be about 0.6, based on an overall lifetime of 1.3 years. 
An uncertainty analysis suggests that the ODP is unlikely to be less than 0.3. 

Aircraft 

Subsonics: Estimates indicate that present subsonic aircraft operations may be significantly increasing trace 
species (primarily NOR , sulfur dioxide, and soot) at upper-tropospheric altitudes in the North-Atlantic flight cor -
ridor. Models indicate that the NO emissions from the current subsonic fleet produce upper-tropospheric ozone 
increases as much as several percent, maximizing at northern midlatitudes. Since the results of these rather 
complex models depend critically on NO 5  chemistry and since the tropospheric NO budget is uncertain, little 
confidence should be put in these quantitative model results at the present time. 

Supersonics; Atmospheric effects of supersonic aircraft depend on the number of aircraft, the altitude of opera-
tion, the exhaust emissions, and the background chlorine and aerosol loadings. Projected fleets of supersonic 
transports would lead to significant changes in trace-species concentrations, especially in the North-Atlantic 
flight corridor. Two-dimensional model calculations of the impact of a projected fleet (50(1 aircraft, each emitting 
15 grams of NO 5  per kilogram of fuel burned at Mach 2.4) in a stratosphere with a chlorine loading of 3.7 ppb, 
imply additional (i.e., beyond those from halocarbon losses) annual-average ozone column decreases of 
0.3 - 1.8% for the Northern Hemisphere. There are, however, important uncertainties in these model results, 
especially in the stratosphere below 25 km. The same models fail to reproduce the observed ozone trends in the 
stratosphere below 25 km between 1980 and 1990. Thus, these models may not be properly including mecha-
nisms that are important in this crucial altitude range. 

Climate Effects: Reliable quantitative estimates of the effects of aviation emissions on climate are not yet avail-
able. Some initial estimates indicate that the climate effects of ozone changes resulting from subsonic aircraft 
emissions may be comparable to those resulting from their CO2 emissions. 
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Ozone Depletion Potentials (ODPs) 

If a substance containing chlorine or bromine decomposes in the stratosphere, it will destroy some ozone. 
l-ICFCs have short tropospheric lifetimes, which tends to reduce their impact on stratospheric ozone as compared 
to CFCs and halons. However, there are substantial differences in ODPs among various substitutes. The steady-
state ODPs of substitute compounds considered in the present assessment range from about 0.01 - 0.1. 

Tropospheric degradation products of CFC substitutes will not lead to significant ozone loss in the stratosphere. 
Those products will not accumulate in the atmosphere and will not significantly influence the ODPs and Global 
Warming Potentials (GWPs) of the substitutes. 

Tnfluoroacetic acid, formed in the atmospheric degradation of HFC- 134a, HCFC- 123. and HCFC- 124, will enter 
into the aqueous environment, where biological, rather than physico-chemical, removal processes may be effec-
tive. 

It is known that atomic fluorine (F) itself is not an efficient catalyst for ozone loss, and it is concluded that the 
F-containing fragments from the substitutes (such as CF30) also have negligible impact on ozone. Therefore, 
ODPsofHFCs containing the CF3 group (suchas HFC-134a, HFC-23, and HFC-125) are likely to be much less 
than 0.001. 

New laboratory measurements and associated modeling studies have confirmed that perfluorocarbons and sulfur 
hexatluoride are long-lived in the atmosphere and act as greenhouse gases. 

The ODPs for several new compounds, such as HCFC-225ca, HCFC-225cb, and CF3I, have been evaluated using 
both semi-empirical and modeling approaches, and are found to be 0.03 or less. 

Global Warming Potentials (OWl's) 

Both the direct and indirect components of the GWP of methane have been estimated using model calculations. 
Methane's influence on the hydroxyl radical and the resulting effect on the methane response time lead to substari-
tially longer response times for decay of emissions than 01-1 removal alone, thereby increasing the GWP In 
addition, indirect effects including production of tropospheric ozone and stratospheric water vapor were consid-
ered and are estimated to range from about 15 to 45% of the total GWP (direct plus indirect) for methane. 

GWPs, including indirect effects of ozone depletion, have been estimated for a variety of halocarbons, clarifying 
the relative radiative roles of ozone-depleting compounds (i.e., CFCs and halons). The net GWPs of halocarbons 
depend strongly upon the effectiveness of each compound for ozone destruction; the halons are highly likely to 
have negative net GWPs, while those of the CFCs are likely to be positive over both 20- and 100-year time 
horizons. 

Implications for Policy Formulation 

The research findings of the past few years that are summarized above have several major implications as scientific 
input to governmental, industrial, and other policy decisions regarding human-influenced substances that lead to deple-
tion of the stratospheric ozone layer and to changes of the radiative forcing of the climate sy5tem: 
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The Montreal Protocol and its Amendments and Adjustments are reducing the impact of anthropogenic 
halocarbons on the ozone layer and should eventually eliminate this ozone depletion. Based on assumed 
compliance with the amended Montreal Protocol (Copenhagen, 1992) by all nations, the strarospheric chlorine 
abundances will continue to grow from their current levels (3.6 ppb) to a peak of about 3.8 ppb around the turn of 
the century. The future total bromine loading will depend upon choices made regarding future human production 
and emissions of methyl bromide. After around the turn of the century, the levels of stratospheric chlorine and 
bromine will begin a decrease that will continue into the 21st and 22nd centuries. The rate of decline is dictated 
by the long residence times of the CFCs, carbon tetrachioride, and halons. Global ozone losses and the Antarctic 
ozone "hole" were first discernible in the late 1970s and are predicted to recover in about the year 2045, other 
things being equal. The recovery of the ozone layer would have been impossible without the Amendments and 
Adjustments to the original Protocol (Montreal, 1987). 

Peak global ozone losses are expected to occur during the next several years. The ozone layer will be most 
affected by human-influenced perturbations and susceptible to natural variations in the period around the year 
1998, since the peak stratospheric chlorine and bromine abundances are expected to occur then. Based on extrap-
olation of current trends, observations suggest that the maximum ozone loss, relative to the late 1960s, will likely 
be: 

about 12- 13% at Northern midlatitudes in winter/spring (i.e., about 2.5% above current levels); 
about 6 - 7% at Northern midlatitudes in summer/fall (i.e., about 1.5% above current levels); and 
about 11% (with less certainty) at Southern midlatitudes on a year-round basis (i.e.. about 2.5% above 
current levels). 

Such changes would be accompanied by 15%, 8%, and 13% increases, respectively, in surface erythemal radia-
tion, if other influences such as clouds remain constant. Moreover, if there were to be a major volcanic eruption 
like that of Mt. Pinatubo, or if an extremely cold and persistent Arctic winter were to occur, then the ozone losses 
and UV increases could be larger in individual years. 

Approaches to lowering stratospheric chlorine and bromine abundances are limited. Further controls on 
ozone-depleting substances would not be expected to significantly change the timing or the magnitude of the peak 
stratospheric halocarbon abundances and hence peak ozone loss. However, there are four approaches that would 
steepen the initial fall from the peak halocarbon levels in the early decades of the next century: 

If emissions of methyl bromide from agricultural, structural, and industrial activities were to be eliminated 
in the year 2001 * then the integrated effective future chlorine loading above the 1980 level (which is related 
to the cumulative future loss of ozone) is predicted to be 13% less over the next 50 years relative to full 
compliance to the Amendments and Adjustments to the Protocol. 
If emissions of HCFCs were to be totally eliminated by the year 2004, then the integrated effective future 
chlorine loading above the 1980 level is predicted to be 5% less over the next 50 years relative to full 
compliance with the Amendments and Adjustments to the Protocol. 
If halons presently contained in existing equipment were never released to the atmosphere, then the inte-
grated effective future chlorine loading above the 190 level is predicted to be 10% less over the next 50 
years relative to full compliance with the Amendments and Adjustments to the Protocol. 
If CFCs presently contained in existing equipment were never released to the atmosphere, then the integrat-
ed effective future chlorine loading above the 1980 level is predicted to be 3% less over the next 50 years 
relative to full compliance with the Amendments and Adjustments to the Protocol. 
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• 	Failure to adhere to the international agreements will delay recovery of the ozone layer. If there were to be 
additional production of CFCs at 20% of 1992 levels for each year through 2002 and ramped to zero by 2005 
(beyond that allowed for countries operating under Article S of the Montreal Protocol), then the integrated effective 
future chlorine loading above the 1980 level is predicted to be 9% more over the next 50 years relative to full 
compliance to the Amendments and Adjustments to the Protocol. 

Many or the substitutes for the CFCs and halons are also notable greenhouse gases. Several CFC and halon 
substitutes are not addressed under the Montreal Protocol (because they do not deplete ozone), but, because they 
are greenhouse gases, fall under the purview of the Framework Convention on Climate Change. There is a wide 
range of values for the Global Warming Potentials (GWPs) of the HFCs (150- 10000), with about half of them 
having values comparable to the ozone-depleting compounds they replace. The perfluorinated compounds, some 
of which are being considered as substitutes, have very large GWPs (e.g., 5000 - 10000). These are examples of 
compounds whose current atmospheric abundances are relatively small, but are increasing or could increase in the 
future. 

• Consideration of the ozone change will be one necessary ingredient in understanding climate change. The 
extent of our ability to attribute any climate change to specific causes will likely prove to be important scientific 
input to decisions regarding predicted haman-induced influences on the climate system. Changes in ozone since 
pre-industi-ial times as a result of human activity are believed to have been a significant influence on radiative 
forcing; this human influence is expected to continue into the foreseeable future. 
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CorvilvIoN QUESTIONS ABOUT Ozor 

O zone is exceedingly rare in our atmosphere, 
averaging about 3 molecuLes of ozone for 
every ten million air molecules. Nonethe- 

less, atmospheric ozone plays vital roles that belie its 
small numbers. This Appendix to the World Meteoro-
log/cal Organization/United Nations En vironrnent 
Programme (WMQ/UNEP) Scientific Assessment of 
Ozone Depletion: 1994 answers some of the questions 
that are most commonly asked about ozone and the 
changes that have been occurring in recent years. These 
common questions and their answers were discussed by 
the 80 scientists from 26 countries who participated in 
the Panel Heview Meeting of the ScieatificAssessrnentof 
Ozone Depletion: 1994. Therefoe, this information is 
presented by a large group of experts from the interna-
tional scientific community. 

Ozone is mainly found in two regions of the Earth's atmo-
sphere. Most ozone (about 90%) resides in a layer 
between approximately 10 and 50 kilometers (about 6 to 
30 miles) above the Earth's surface, in the region of the 
atmosphere called the stratosphere. This stratospheric 
ozone is commonly known as the "ozone layer." The re-
main ing ozone is in the lower region of the atmosphere, 
the troposphere, which extends from the Earths surface 
up to about 10 kilometers. The figure below shows this 
distribution of ozone in the atmosphere. 

While the ozone in these two regions is chemically iden-
tical (both consist of three oxygen atoms and have the 
chemical formula 03"), the ozone molecules have very 
different effects on humans and other living things de-
pending upon their location. 

Stratospheric ozone plays a beneficial role by absorbing 
most of the biologically damaging ultraviolet sunlight 
called UV-B, allowing only a small amount to reach the 
Earth's surface. The absorption of UV radiation by ozone 
creates a source of heat, which actually forms the strato-
sphere itself (a region in which the temperature rises as 
one goes to higher altitudes). Ozone thus plays a key 
role in the temperature structure of the Earth's atmo-
sphere. Furthermore, without the filtering action of the 
ozDne layer, more of the Sun's UV-B radiation would 
penetrate the atmosphere and would reach the Earth's 
surface in greater amounts. Many experimental studies 
of plants and animals, and clinical studies of humans, 
have shown the harmful eflects of excessive exposure to 
UV-f3 radiation (these are discussed in the WMO/UNEP 
reports on impacts of ozone depletion, which are corn- 

panion documents to the WMO/'UNEP scientific assess-
ments of ozone depletion). 

At the planet's surface, ozone comes into direct contact 
with life-lorms and displays its destructive side. Be-
cause ozone reacts strongly with other molecules, high 
levels are toxic to living systems and can severely dam-
age the tissues of plants and animals. Many studies 
have documented the harmful effects of ozone on crop 
production, Forest growth, and human health. The sub-
stantial negative effects of surface-level tropospheric 
ozone from this direct toxicity contrast with the benefits 
of the additional filtering of UV-B radiation that it pro-
vides. 

With these dual aspects of ozone come two separate en-
vironmental issues, controlled by different forces in the 
atmosphere. In the troposphere, there is concern about 
increasesin ozone. Low-lying ozone isakey component 
of smog, a familiar problem in the atmosphere of many 
cities around the world. Higher than usual amounts of 
surface-level ozone are now increasingly being observed 
in rural areas as well. However, the ground-level ozone 
concentrations in the smoggiest cities are very much 
smaller than the concentrations routinely found in the 
stratosphere. 

There is widespread scientific and public interest and 
concern about losses of stratospheric ozone. Ground-
based and satellite instruments have measured 
decreases in the amount of stratospheric ozone in our 
atmosphere. Over some parts of Antarctica, up to 60% of 
the total overhead amount of ozone (known as the "col-
umn ozone") is depleted during September and October. 
This phenomenon has come to be known as the Antarctic 
ozone hole." Smaller, but still sign ificani, stratcspberic 

decreases have been seen at other, more-populated re-
gions of the Earth. Increases in surface UV-B radiation 
have been observed in association with decreases in 
stratospheric ozone. 

The scientific evidence, accumulated over more than two 
decades of study by the international research communi-
ty, has shown that human-made chemicaLs are 
responsible for the observed depletions of the ozone lay-
er over Antarctica and likely play a major role in global 
ozone losses. The ozone-depleting compounds contain 
various combinations of the chemical elements chlorine, 
fluorine, bromine, carbon, and hydrogen, and are often 
described by the general term halocarbons. The com- 
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pounds that contain only carbon, chlorine, and fluorine 
are called chioro fluorocarbons, usually abbreviated as 
CFCs. CFCs, carbon tetrachloride, and methyl chloro-
form are important human-made ozone-depleting gases 
that have been used in many applications including re-
frigeration, air conditioning, foam blowing, cleaning of 
electronics components, and as solvents. Another im-
portant group of human-made halocarbons is the 
halons, which contain carbon, bromine, fluorine, and (in 
some cases) chlorine, and have been mainly used as fire 
extinguishants. Governments have decided to discon-
tinue production of CFCs, halons, carbon tetrachloride, 
and methyl chloroform, and industry has developed 
more ozone-friendly" substitutes. 

Two responses are natural when a new problem has been 
identified: cure and prevention. When the problem is the 
destruction of the stratospheric ozone layer, the corre-
sponding questions are: Can we repair the damage 
already done? How can we prevent further destruction? 
Remedies have been investigated that could (i) remove 
CFCs selectively from our atmosphere, (ii) intercept 
ozone-depleting chlorine before much depletion has tak-
en place, or (iii) replace the ozone lost in the stratosphere 
(perhaps by shipping the ozone from cities That have too 

much smog or by making new ozone). Because ozone 
reacts strongly with other molecules, as noted above, it 
is too unstable to be made elsewhere (e.g., in the smog 
of cities) and transported to the stratosphere. When the 
huge volume of the Earth's atmosphere and the magni-
tude of global stratospheric ozone depletion are carefully 
considered, approaches to cures quickly become much 
too expensive, impractical, and potentially damaging to 
the global environment. Prevention involves the interna-
tionally agreed-upon Montreal Protocol and its 
Amendments and Adjustments, which call for elimina-
tion of the production and use of the CFCs and other 
ozone-damaging compounds within the next few years. 
As a result, the ozone layer is expected to recover over 
the next fifty years or so as the atmospheric concentra-
tions of CFCs and other ozone-depleting compounds 
slowly decay. 

The current understanding of ozone depletion and its re-
lation to humankind is discussed in detail by the leading 
scientists in the worlds ozone research community in the 
Scientific Assessment of Ozone Depletion: 1994. The 
answers to the common questions posed below are 
based upon that understanding and on the information 
given in earlier WMO/UNEP reports. 

Atmospheric Ozone 
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How Can Chiorofluorocarbons (CFCs) Get to the Stratosphere 
If They're Heavier than Air? 
Although the CFC molecules are indeed several times 
heavier than air, thousands of measurements have been 
made from balloons, aircraft, and satellites demonstrat-
ing that the CFCs are actually present in the stratosphere. 
The atmosphere is not stagnant. Winds mix the atmo-
sphere to altitudes far above the top of the stratosphere 
much faster than molecules can settle according to Their 
weight, Gases such as CFCs that are insoluble in water 
and relatively unreactive in the lower atmosphere (below 
about 10 km) are quickly mixed and therefore leach the 
stratosphere regardless of their weight. 

Much can be learned about the atmospheric fate of com-
pounds from The measured changes in concentration 
versus altitude. For example, the two gases carbon tet-
rafluoride (CF4, produced mainly as a by-product of the 
manufacture of aluminum) and 0FC-11 (CCI3F, used in a 
variety of human activities) are both much heavier than 

air. Carbon tetrafluoride is completely unreactive in the 
lower 99.9% of the atmosphere, and measurements 
show it to be nearly uniformly distributed throughout the 
atmosphere as shown in the figure. There have also been 
measurements over the past two decades of several other 
completely unreactive gases, one lighter than air (neon) 
and some heavier than air (argon, krypton), which show 
that they also mix upward uniformly through the strato-
sphere regardless of their weight, just as observed with 
carbon tetrafluoride. CFC-1 1 is unreactive in the lower 
atmosphere (below about 15 km) and is similarly uni-
formly mixed there, as shown. The abundance of 
CFC-1 1 decreases as the gas reaches higher altitudes, 
where it is broken down by high energy solar ultraviolet 
radiation. Chlorine released from this breakdown of 
CFC-1 1 and other CECs remains in the stratosphere for 
several years, where it destroys many thousands of mol-
ecules of ozone. 

 

Measurements of CFC-11 and CF4 
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What is the Evidence that Stratospheric Ozone 
is Destroyed by Chlorine and Bromine? 
Laboratory studies show that chlorine (Cl) reacts very 
rapidly with ozone. They also show that the reactive 
chemical chlorine oxide (C 10) formed in that reaction 
can undergo further processes which regenerate the 
original chlorine, allowing the sequence to be repeated 
very many times (a chain reaction"). Similar reactions 
also take place between bromine and ozone. 

But do these ozone-destroying reactions occur in the real 
world? All of our accumulated scientific experience dem-
onstrates that if the conditions of temperature and 
pressure are like those in the laboratory studies, the 
same chemical reactions will take place in nature. How-
ever, many other reactions including those of other 
chemical species are often also taking place simulta-
neously in the stratosphere, making the Connections 
among the changes difficult to untangle. Nevertheless, 
whenever chlorine (or bromine) and ozone are found to-
gether in the stratosphere, the ozone-destroying 
reactions must be taking place. 

Sometimes a small number of chemical reactions is so 
important in the natural circumstance that the connec-
tions are almost as clear as in laboratory experiments. 
Such a situation occurs in the Antarctic stratosphere dur-
ing the springtime formation of the ozone hole, During 
August and September 1987 the end of winter and be-
ginning of spring in the Southern Hemisphere — aircraft 
equipped with many different instruments for measuring 
a large number of chemical species were flown repeated- 

ly over Antarctica. Among the chemicals measured were 
ozone and chlorine oxide, the reactive chemical identi-
fied in the laboratory as one of the participants in the 
ozone-destroying chain reactions. On the first flights 
southward from the southern tip of South America, rela-
tively high concentrations of ozone were measured 
everywhere over Antarctica. By mid-September, howev-
e, the instruments recorded low concentrations of ozone 
in regions where there were high co ncentrat ions of chlo-
rine oxide and vice versa, as shown in the figure. Flights 
later in September showed even less ozone over Antarc-
tica, as the chlorine continued to react with the 
stratospheric ozone. 

Independent measurements made by these and other in-
struments on this and other airplanes, from the ground, 
from balloons, and from satellites have provided a de-
tailed understanding of the chemical reactions going on 
in the Antarctic stratosphere. Regions with high concen-
trations of reactive chlorine reach temperatures so cold 
(less than approximately -80C, or '112cF)  that strato-
spheric clouds form, a rare occurrence except during the 
polar winters. These clouds facilitate other chemical re-
actions that allow the release of chlorine in sunlight. The 
chemical reactions related to the clouds are now well 
understood through study under laboratory conditions 
mimicking those found naturally. Scientists are working 
to understand the role of such reactions of chlorine and 
bromine at other latitudes, and the involvement of parti-
cles of sulfuric acid from volcanoes or other sources. 

Measurements of Ozone and Reactive Chlorine 
from a Flight into the Antarctic Ozone Hole 
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Does Most of the Chlorine in the Stratosphere 
Come from Human or Natural Sources? 
Most of the chlorine in the stratosphere is there as a re-
sult of human activities. 

Many compounds containing chlorine are released at the 
ground, but those that dissolve in water cannot reach 
stratospheric altitudes. Large quantities of chlorine are 
released from evaporated ocean spray as sea salt (sod i-
urn chloride) aerosol. However, because sea salt 
dissolves in water, this chlorine quickly is taken up in 
clouds or in ice, snow, or rain droplets and does not 
reach the stratosphere. Another ground-level source of 
chlorine is its use in swimming pools and as household 
bleach. When released, this chlorine is rapidly convert-
ed to forms that dissolve in water and therefore are 
removed from the lower atmosphere, never reaching the 
stratosphere in significant amounts. Volcanoes can emit 
large quantities of hydrogen chloride, but this gas is rap-
idly converted to hydrochloric acid in rain waler, ice, and 
snow and does not reach the stratosphere. Even in ex-
plosive volcanic plumes that rise h i g h in the atmosphere, 
nearly all of the hydrogen chloride is scrubbed out in 
precipitation before reaching stratospheric altitudes. 

In contrast, human-made halocarbons - such as CFCs, 
carbon tetrachioride (CCI4) and methyl chloroform 
(CH3CCI3) - are not soluble in water, do not react with 
snow or other natural surfaces, and are not broken down 
chemically in the lower atmosphere. While the exhaust 

from the Space Shuttle and from some rockets does in-
ect some chlorine directly into the stratosphere, this 
input is very small (less than one percent of the annual 
input from balocarbons in the present stratosphere, as-
suming nine Space Shuttle and six Titan IV rocket 
launches per year). 

Several pieces of evidence combine to establish human-
made halocarbons as the primary source of stratospheric 
chlorine. First, measurements (see the figure below) 
have shown that the chlorinated species that rise to the 
stratosphere are primarily manufactured compounds 
(mainly CFCs, carbon tetrach bride, methyl chloroform, 
and the HCFC substitutes for CFCs), together with small 
amounts of hydrochloric acid (HGI) and methyl chloride 
(CH3CI) which are partly natural in origin. The natural 
contribution now is much smaller than that frorri human 
activities, as shown in the figure below. Second, in 1985 
and 1992 researchers measured nearly all known gases 
containing chlorine in the stratosphere. They found that 
human emissions of halocarbons plus the much smaller 
contribution from natural sources could account for all of 
the stratospheric chlorine compounds. Third, the in-
crease in total stratospheric chlorine measured between 
1985 and 1992 corresponds with the known increases in 
concentrations of human-made halocarbons during that 
time. 

Primary Sources of Chlorine Entering the Stratosphere 
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Can Changes in the Sun's Output Be Responsible 
for the Observed Changes in Ozone? 
Stratospheric ozone is primarily created by ultraviolet 
(UV) light coming from the Sun, so the Suns output af-
fects the rate at which ozone is produced, The Sun's 
energy release (both as UV light and as charged particles 
such as elections and protons) does vary, especially 
over the well-known 11-year sunspot cycle. Observa-
tions over several solar cycles (since the 1960s) show 
that total global ozone levels decrease by 1-2% from the 
maximum to the minimum of a typical cycle. Changes in 
the Suns output cannot be responsible for the observed 
long-term changes in ozone, because these downward 

trends are much larger than 1-2%. Further, during the 
period since 1979, the Suns energy output has gone 
from a maximum to a minimum in 1985 and back 
through another maximum in 1991, but the trend in 
ozone was downward throughout that time. The ozone 
trends presented in this and previous international sci-
entific assessments have been obtained by evafuating 
the long-term changes in ozone concentrations alter ac-
counting for the solar influence (as has been done in the 
figure below). 

Global Ozone Trend (60°S-60 0N) 
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When Did the Antarctic Ozone Hole First Appear? 
The Antarctic ozone hole is a new phenomenon. The fig-
ure shows that observed ozone over the British Antarctic 
Survey station at Halley Bay, Antarctica first revealed ob-
vious decreases in the early 1980s compared to data 
obtained since 1957. The ozone hole is formed each 
year when there is a sharp decline (currently up to 60%) 
in the total ozone over most of Antarctica for a period of 
about two months during Southern Hemisphere spring 
(September and October). Observations from three other 
stations in Antarctica, also covering several decades, re-
veal similar progressive, recent decreases in springtime 
ozone. The ozone hole has been shown to result from 
destruction at stratospheric ozone by gases containing 
chlorine and bromine, whose sources are mainly hu-
man-made halocarbon gases. 

Before the stratosphere was affected by human-made 
chlorine and bromine, the naturally occurring springtime 
ozone levels over Antarctica were about 30-40% lower 
than springtime ozone levels over the Arctic. This natu-
ral difference between Antarctic and Arctic conditions 
was first observed in the late 1950s   by Dobson. It stems 

from the exceptionally cold temperatures and different 
winter wind patterns within the Antarctic stratosphere as 
compared to the Arctic. This is not at all the same phe-
nomenon as the marked downward trend in total ozone in 
recent years referred to as the ozone hole and shown in 
the figure below. 

Changes in stratospheric meteorology cannot explain 
the ozone hole. Measurements show that wintertime 
Antarctic stratospheric temperatures of past decades 
have not changed prior to the development of the hole 
each September. Ground, aircraft, and satellite measure-
ments have provided, in contrast, clear evidence of the 
importance of the chemistry of chlorine and bromine 
originaling froni human-made compounds in depleting 
Antarctic ozone in recent years. 

A single report of extremely low Antarctic winter ozone in 
one location in 1958 by an unproven technique has been 
shown to be completely inconsistent with the measure-
ments depicted here and with all credible measurements 
of total ozone. 

Historical Springtime Total Ozone Record 
for Halley Bay, Antarctica (76°S) 
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Why is the Ozone Hole Observed over Antarctica 
When CFCs Are Released Mainly in the Northern Hemisphere? 
Human emissions of CFCs do occur mainly in the North-
ern Hemisphere, with about 90% released in the 
latitudes corresponding to Europe, Russia, Japan, and 
North America. Gases such as CFCs that are insoluble in 
water and relatively unreactive are mixed within a year or 
two throughout the lower atmosphere (below about 10 
km). The CFCs in this well-mixed air rise from the lower 
atmosphere into the stratosphere mainly in tropical ati-
tudes. Winds then move this air poleward - both north 
and south - from the tropics, so that air throughout the 
Stratosphere contains nearly the same amount of chIa-
rine. However, the meteorologies of the two polar 
regions are very diflerent from each other because of 
major differences at the Earth's surface. The South Pole 
is part of a very large land mass (Antarctica) that is corn- 

pletely surrounded by ocean. These conditions produce 
very low stratospheric temperatures which in turn lead to 
formation of clouds (polar stratospheric clouds). The 
clouds that form at low temperatures lead to chemical 
changes that promote rapid ozone loss during Septem-
ber and October of each year, resulting in the ozone hole. 

In contrast, the Earth's surface in the northern polar re-
gion lacks the land/ocean symmetry characteristic of the 
southern polar area. As a consequence, Arctic strato-
spheric air is generally much warmer than in the 
Antarctic, and fewer clouds form there. Therefore, the 
ozone depletion in the Arctic is much less than in the 
Antarctic. 

Schematic of Antarctic Ozone Hole 
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Is the Depletion of the Ozone Layer Leading to an Increase in 
Ground-Level Ultraviolet Radiation? 
The Sun emits light over a wide range of energies, with 
about two percent given off in the form of high-energy, 
ultraviolet (UV) radiation. Some of this LJV radiation 
(UV-B) is especial iy effective in causing damage to living 
things, including sunburn, skin cancer, and eye damage 
for humans. The amount of solar UV radiation received 
at any particular location on the Earth's surface depends 
upon the position of the Sun above the horizon, on the 
amount of ozone in the atmosphere, and upon local 
cloudiness and pollution. Scientists agree that in the ab-
sence of changes in clouds or pollution, decreases in 
atmospheric ozone will increase ground-level UV radia-
tion. 

The largest decreases in ozone during the last decade 
have been observed over Antarctica, especially during 
each September and October when the ozone hole" 
forms. During the last several years, simultaneous mea-
surernents of UV radiation and total ozone have been 
made at several Antarctic stations. As shown in the fig-
ure below, when the ozone amounts decrease, UV-B 
increases. Because of the ozone bole, the UV-B intensity 
at Palmer Station, Antarctica, in late October, 1993, was 

more intense than found at San Diego, Calitornia, at any 
time during all of 1993. 

In areas where small ozone depletion has been observed, 
UV-B increases are more difficult to detect. Detection of 
UV trends associated with ozone decreases can also be 
complicated by changes in cloudiness or by local pollu-
tion, as well as by difficulties in keeping the detection 
instrument in precisely the same condition over many 
years. Prior to the late 1980s, instruments with the nec-
essary accuracy and stability for measurement of small 
long-term trends in ground-level UV-B were not em-
ployed. Recently, howevei, such instruments have been 
used in the Antarctic because of the very large changes 
in ozone being observed there. When high-quality mea-
surements have been made in other areas far from major 
cities and their associated air pollution, decreases in 
ozone have regularly been accompanied by increases in 
UV-B. The data from urban locations with older, less 
specialized instruments provide much less reliable infor-
mation, especially because good simultaneous 
measurements are not available for any changes in 
cloudiness or local pollution. 

Increases in Erythemal (Sunburning) UV Radiation 
Due to Ozone Reductions 
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How Severe Is the Ozone Depletion Now, 
and Is It Expected to Get Worse? 
Scientific evidence shows that ozone depletion caused 
by human-made chemicals is continuing and is expected 
to persist until chlorine and bromine levels are reduced. 
Worldwide monitoring has shown that stratospheric 
ozone has been decreasing for the past two decades or 
more. Globally averaged losses have totaled about 5% 
since the mid-i 960s, with cumulative losses of about 
10% in the winter and spring and 5% in the summer and 
autumn over locations such as Europe, North America, 
and Australia. Since the late-i 970s, an ozone hole' has 
formed in Antarctica each Southern Hemisphere spring 
(September / October), in which up to 60% of the total 
ozone is depleted. The large increase in atmospheric 
concentrations of human-made chlorine and bromine 
compounds is responsible for the formation of the Ant-
arctic ozone hole, and the weight of evidence indicates 
that it also plays a major role in midlatitude ozone deple-
tiO fl. 

During 1992 and 1993 ozone in many locations dropped 
to record tow vaIues springtime depletions exceeded 
20% in some populated northern midlatilude regions, 
and the levels in the Antarctic ozone hole fell to the low-
est values ever recorded. The unusually large ozone 
decreases of 1992 and 1993 are believed to be related, in 
part, to the volcanic eruption of Mount Pinatubo in the 
Philippines during 1991. This eruption produced large 
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amounts of stratospheric sulfate aerosols that temporari-
Ly increased the ozone depletion caused by human-made 
chlorine and bromine compounds. Recent observations 
have shown that as those aerosols have been swept out 
of the stratosphere, ozone concentrations have returned 
to the depleted levels consistent with the downward trend 
observed before the Mount Pinatubo eruption. 

In 1987 the recognition of the potential for chlorine and 
bromine to destroy stratospheric ozone led to an interna-
tional agreement (The United Nations Montreal Protocol 
on Substances that Deplete the Ozone Layer) to reduce 
the global production of ozone-depleting substances. 
Since then, new global observations of significant ozone 
depletion have prompted amendments to strengthen the 
treaty. The 1992 Copenhagen Amendments call foraban 
on production of the most damaging compounds by 
1996. The figure shows past and projected future strato-
spheric abundances of chlorine and bromine (a) without 
the Protocol; (b) under the Protocol's original provi-
sions; and (c) under the Copenhagen Amendments now 
in force. Without the Montreal Prntocnl and its Amend-
rnents, continuing human use of CECs and other 
compounds would have tripled the stratospheric abun-
dances of chlorine and bromine by about the year 2050. 
Current scientific understanding indicates that such in-
creases would have led to global ozone depletion very 
much larger than observed today. In contrast, under cur-
rent international agreements, which are now reducing 
and will eventually eliminate human emissions of ozone-
depleting gases, the stratospheric abundances of 
chlorine and bromine are expected to reach their maxi-
mum within a few years and then slowly decline. All 
other things being equal, the ozone layer is expected to 
raturn to normal by the middle of the next century. 

In summary, record low ozone levels have been observed 
in recent years, and substantially larger future global de-
pletions in ozone would have been highly likely without 
reductions in human emissions of ozone-depleting gas-
es. However, worldwide compliance with current 
international agreements is rapidly reducing the yearly 
emissions of these compounds. As these emissions 
cease, the ozone layer will gradually improve over the 
next several decades. The recovery of the ozone layer 
will be gradual because of the long times required for 
CFCs to be removed from the atmosphere. 
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