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Prece

The present document contams key summaries from the SczentzﬁcAssessment of Ozone Depletzon 1 994. The full . )
assessment report wrll be part of the information upon which the Parties to the United Natrons Montreal Protocol will
base thelr future decrsrons regardmg protectlon of the stratospheric ozone layer. N : :

Specrﬁcally, the Montreal Protocol on Substances That Deplete the Ozone Layer states (Article 6) “..the Partres
shall assess the control measures . . . on the basis of available scientific, envrronmental technical, and econormc infor-
~ mation.”  To provide the mechamsms whereby these assessments are conducted the Protocol further states: .~ .the
. Partres shall convene appropnate panels of experts ‘and “the panels will: report their conclus1ons Jto the Partles ’

Three assessment reports have been prepared daring 1994 to be avarlable to the Partres in advance of the1r meeting
in 1995, at' which they will consider the need to amend or adjust the Protocol. - The two compamon reports to the |
screntrﬁc assessment focus on the envirénmental and health effects of ozone layer depletron and on the technology and -
econonuc implications of rmtrgatron approaches ' ’

The smenuﬁc assessment summarrzed in the present document is the latest in a series of seven screntlﬁc reports

. prepared by the world’s leading experts in the atmospherrc sciences and under the international ausplces of the World
. Meteorological Orgamzatron (WMO) and the United Nations Environment Programme (UNEP).. The chronology of
those scientific assessments and the relatron to the international pohcy process are summanzed as follows. . :

‘_Y_e_a_r - Policy Process . S Screntrﬁc Assessment ‘—'_ l . .
o . 1981 T . S . The Stratosphere 1981 Theory and Measurements _
R , . WMO No. 11. B
kfl985 . " Vienna Convéntion K . Atmospherzc Ozone. 1985 3 vol WMO No 16.
1987 Montreal Protocol . - :
: I'9SS o ST - Intematzonal Ozone Trends Panel Report 1988
o ' 2 vol. WMO No. 18. . ,
1989 - v B T SczenttﬁcAssessment of Stratospherzc 0zone
: o ’ , - 1989. 2 vol. WMO No. 20.
1990 - London Mendment : - N -
1991 - .' . ‘ »v ‘ " Sczentzﬁc Assessment of OZone Depletzon ] 991
' Co ' WMO No: 25. S -
1992 . ' . ' 7 . ' Methyl Bromide: ItsAtmosphertc Sczence Technology, and
T : ) Economzcs (Assessment Supplement) ,UNEP (1992).
1992 - Copenhagen Amendment. = . - : , ' o B -
994 - - e g _' Co Sczentzﬁc Assessment of Ozone Depletzon 1994. .
o - . ‘ “ .. WMO No. 37. ‘ e
(1995) v ViennaAmendment @ . ’ __— o ) o )

The genesis of Sczentzﬁc Assessment of Ozone Depletton 1994 occurred at the 4th meetlng 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 outhne 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. Ata Panel Review Meetlng 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 herem 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 questlons were prepared and are also mcluded
here.

As the accompanying hst indicates, the Scientific Assessment of Ozone Depletzon 1994 is the product of 295
scientists from the developed and developing world! 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 stratosphenc ozone layer and its relatlon to hu-
mankind.

! Participating were Argentina, Australia, Austria, Belgium, Brazil, Canada, Chile, Cuba, Czech Republic, Denmark, Egypt, France, Germany,
Grecce, 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 ngdom, United States of America, and Venezuela .



EXECUTIVE SUMMARY

- .

" Recent Major Smentlflc Fmdmgs and Observatlons f_ BRI SRR

- The laboratory investigations, atmosphenc observatrons and theoretrcal and | modeling studiés 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 system. S1nce the last interna-

- tional scientific assessment of the state of understandmg, there have been several key ozone-related ﬁndmgs
- observatrons and conclusmns : :

N * - The atmosp_heric growth rates of several major ozone-depleting substances haveslorw'ed, demonstrating the: .
- . expected impact of the Montreal Protocol and its Amendments and Adjustments. The abundances of the -
i ] chloroﬂuorocarbons (CFCs) ‘carbon tetrachloride, methyl chloroform, and halons in the atmosphere have been '

l momtored 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 yéars clearly show that the growth rates of CFC-11,
CFC-12,: halon-1301, and halon-1211 are slowmg down. In partlcular, total tropospheric organic chlorinie 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 ppt/year in 1992, compared to about 0.85 ppt/year in.,
1989. The abundance of carbon tetrachloride is actually decreasing. The observed trends in total tropospher1c
orgamc chlorme 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 chlorme/bromme loadrng 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 predrcted (other thrngs being equal) for the remalnder of the decade w1th gradual 7
recovery in the 21st century

* - The atmospheric abundances of several of ‘the CFC substitutes are mcreasmg, as antrcnpated With phase— i
- out’ dates for-the CFCs and other ozone—depletlng substances now fixed by international agreements, several' ’
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) are being manufactured and used as substi-
tutes. The atmosphenc growth of some of these compounds (e.g., HCFC 22) hasbeen observed for several years,
. and the growth rates of others (e 8- HCFC-142b and HCFC-141b) are now being monitored. Tropospherrc
= chlorme in HCFCs mcreased by 5 ppt/year in 1989 and about 10 ppt/year in 1992 B :

il

. Record low global ozone levels were measured over the past, two years Anomalous ozone decreases were'
o . observed in the midlatitudes of both hermspheres in 1992 -and 1993. The Northern Hemispheric decreases were
larger than those in the Southern Hemlsphere Globally, ozone values were 1-2% lower than would be expected
. from an extrapolation of, the trend prior to 1991, allowmg for solar-cycle and. quas1-b1enma1 -oscillation (QBO)
effects. The 1994 global ozone levels are retummg 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 aerosols
resulted in significant, but temporary, changes in the chemical part1t10n1ng that accelerated the photochenucal
ozone loss associated with reactive hydrogen (HO,), chlorine, and bromine compounds in the lower stratosphere
in midlatitudes and polar regions. Absoiption 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, particularly 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 sifu 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 (NOy) compounds is'smaller
than that predicted from gas phase chemistry, while that due to (largely natural) HOx compounds and (la:gely '
anthropogenic) chlorine and bromine compounds is larger than that predicted from gas phase chemistry. This |
confirms 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 brom.ine compounds;

The conclusion that anthropogemc chlorine and bromlne compounds, coupled w1th surface chemlstry on
natural polar stratespheric particles, are the cause of polar ozone depletlon has been further strengthened '
Laboratory studies have provided a greatly 1mproved understanding of how the chemistry on the surfaces of ice,
nitrate, and sulfate particles can increase the abundance of oione—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, w1th the occurrences over the last
several years being particularly pronounced Satellite, balloon—bome 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 miore 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-Antarctlc ozone—“hole” levels
(late-1970s) very slowly during the next century. : :



Ozone losses have -been detected -in the Arctic winter stratosphere, and their links'to halogen chemlstry .
have been established. Studies in the Asctic lower stratosphere have been expanded to include more widespread

- observations of ozone and key reactive species. In the late—wrnter/early -spring period, additional chemical losses

of ozone up to 15 - 20% at some altitudes are deduced from these observatlons part1cularly in the winters of 1991/ -
‘2 and 1992/3.* Model calculations. constrained by the observatlons are also consistent with these losses, increasing .

the conﬁdence in the role of chlorine and bromine in ozone destruction. The interannual vanabrhty in the photo-

chemical and dynarmcal condrtrons of the Arctrc polar vortex contmues to limit the ability to predrct ozone .

changes in futuré years.

T

‘The link between a decre,ase in stratospheric ozone and an increase m surface ultraviolet (UV) radihationi
has been further strengthened. Measurements of UV radiation at the surface under clear- sky conditions show
that low overhead ozone yields high UV radratron and in the amount predicted by radiative-transfer theory. Large B
iricreases of surface UV are observed in Antarctrca and the southern part of South America dunng the period of

the seasonal ozone “hole.” Furthermore, elevated surface UV levels at rmd—to—hrgh latitudes were observed in the
Northern'Hemisphere in 1992 and. 1993, corresponding to the fow ozone levels of those years. However, the lack

of a decadal (or longer) record of accurate momtormg of surface UV levels and the variation 1ntroduced by clouds: .

and other factors have. precluded the unequlvocal 1dentrﬁcat10n of a long-1 term trend in surface uv radlatlon

Methyl bromide continues to be. viewed as a significant ozone-depletmg compound Increased attention has
been focused upon the ozone—depletmg role of methyl bromide. Three potentlally major anthropogemc sources of
-atmospheric methyl bromide have been identified (soil fumigation, biomass burning, and the exhaust of automo-
biles using leaded gasolrne) in addition to the natural oceanic source. Recent laboratory studies have confirmed
the fast rate for the BrO + HO, reaction and éstablished a neghglble reaction pathway producing HBr, both of

which imply greater ozone Josses due to emissions of cornpounds containing bronune Whlle the magnitude of -

the atmospheric photochemical removal is well understood, there are significant uncertainties in quantlfymg the
oceanic sink for atmospheric methyl bromide. The best estimate for the overall lifetime of atmosphenc methyl

bromide is 1.3 years, with a range of 0.8 - 1.7 years. The Ozone Depletion Potentral (ODP) for methyl brormde is

calculated to be about 0. 6 (relat1ve to an ODP of 1 for CFC—l .- : R B . -

. Stratospheric ozone losses catise a global-mean negative radiative forcing. In the 1991 scientific assessmént

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 reachmg the surface-troposphere system. Recent model studies have strengthened .

this prcture 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 dunng
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 lncreased 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 Hermsphere there are insufficient

- data to draw strong inferences, At the South Pole, a decrease has been observed since the mid-1980s. Model .

simulations and limited observations suggest that tropospherrc ozone has increased in the Northern Hemisphere

since pre-industrial times. Such changes would augment the radratlverforcmg from a11 other greenhouse gases by '

-about 20% over the same ‘time period.

Tt




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 to a best-estimate lifetime of 50 years for CFC-11 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 radlcal OH (such ‘as HCFCs and HFCs), respectrvely Recent model simulations of methane
perturbations and a theoretical analysis of the troposphenc chemical system that couples methane, carbon monox-"
ide, and OH have demonstrated that methane perturbatlons 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 Ionger ,
response time and other indirect effects increase the estimate of the effectiveness ‘of emissions of methane asa -
greenhouse gas by a factor of about two compared to the dlrect—effect-only values given in the 1991 assessment.

Supporting Scientific Evidence and Related |ssues‘

OzoNE CHANGES IN THE TROPICS AND MIDLATITUDES AND THEIR INTERPRETATION s

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
Hemisphere, 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. Inthe Southern Hemisphere, the seasonal difference was
somewhat less, but the midlatitude trends averaged a similar 4% to 5% per decade. There are no statrstlcally
significant trends in the tropics (20°S - 20°N). Trends through 1994 are about 1% per decade more negatrve 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 1981 - 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 ozohe occurs below 25 km (z e., in the
lower stratosphere). For the region 20 - 25 km, there is good agreement | between the trends from the Stratosphenc -
Aerosol and Gas Experiment (SAGE I/TI) satellite instrument data and those from ozonesondes, with an observed
annual-average decrease of 7 = 4% per decade from 1979 to 1991 at 30° - 50°N latitude. Below 20 km, SAGE
yields negatrve trends as large as 20 * 8% per decade at 16 - 17 km, while the average of available midlatitude
ozonesonde data shows smaller negative trends of 7 + 3% per decade. Integration of the ozonesonde 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 UII, 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 troplcs at45 km
SAGE VI and SBUV yield downward trends of 10 and 5% per decade, respectively. ' '
Simultaneous in sifu measurements of a suite of reactive chemlcal species have d1rect1y conﬁrmed modehng
studies implying that the chemical destruction of ozone in the midlatitude lower stratosphere is more strongly.
influenced by HOy 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 perturbations (i.e., on sulfate
aerosols), but does not appear consistent with the timing of vortex processing or dilution. These studiés provide
key support for the view that sulfate aerosol chermstry plays an rmportant role in determmmg midlatitude chem-
ical ozone destruction rates.
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The modeljcalculated ozone depletions in the upper stratosphere for 1980 - 1990 are’in broad agreerneht with the , , .

measurements. Although these model-calculated ozone depletions did not consider radiative feedbacks and tem-
- perature trends, including these effects is not likely to reduce the predicted ozone changes by more, than 20%. :

Models including the chermstry involving sulfate aerosols and polar stratosphenc clouds (PSCs) better simulate -

the observed-total ozone depletions of the past decade than models. that include only gas phase reactions. How—
ever, they still underestrmate 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 forthe CIO/HCI ratio in the upper
stratosphere and the fractron of HCl to total inorganic chlorine in the lower stratosphere

~ The transport of ozone—depleted air from polar regions has the potential to i‘nﬂuence ozone concentrations at :
7 middle latitudes. . While there are uncertainties about the importance of this process relative to in-situ chemrstry
- for mrdlatrtude ozone loss, both directly 1nvolve ozone destructron by chlorlne- and brormne—catalyzed reactions. -

L

- Radiosonde and satellite data continue to. show a long-term cooling trend i 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
'depletron is the major contnbutor to thrs trend. :

‘Anomalously large downward ozone trends have been observed in rmdlatitudes of both hemispheres in- 1992 and

11993 (i.e., thé first two years after the eruption of Mt. Pinatubo), with Northern—Hermspheric decreases larger than

those of the Southern Hemrsphere 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 séen over 45 - 60°N. In the first -half of 1994, ozone levels
- returned to values closer to those expected from the long term trend. he

Theé sulfur gases mJected by Mt. Pinatubo led to large enhancements in stratospheric sulfate aerosol surface areas

'(by a.maximum factor of about 30 - 40 at northem rmdlatitudes w1thm a year after the eruptron) which have -

subsequently declmed

Anomalously low ozone was measured at altitudes below 25 km at aN orthern—Hemrspherrc mrdlatltude station in

1992 and 1993 and" was correlated with observed enhancements in sulfate-aerosol surface areas, porntrng towards

- a causal link.

- Observations mdicate that- the erupt1on of Mt. Pmatubo d1d not srgmﬁcantly increase the HCl content of the
stratosphere ' - - ' :

The recent large ozone changes at nndlatitudes are hrghly hkely to have been due, at least in part, to the greatly

. increased sulfate aerosol in the lower stratosphere following Mt. Prnatubo Observations and laboratory studies '

- have demonstrated the 1mportance of heterogeneous hydrolysrs of N205 on sulfate. aerosols in the atmosphere.

- Evidence suggests that ClON02 hydrolysis also occurs on sulfate'aerosols under cold conditrons Both processes

perturb the chemistry in such a way as to mcrease ozone loss through coupling with the anthropogemc chlorine
and bromine loadrng of the stratosphere .
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Global mean lower stratospheric temperetures showed a marked transitory rise of about 1°C following the erup-
tion of Mt. Pinatubo in 1991, consistent with model calculanons The warrmng is likely due to absorption of
radiation by the aerosols. :

PoLArR OzoNE DEPLETION

In 1992 and 1993, the biggest-ever (areal extent) and deepest-ever (nummum ozone below 100 Dobson umts)
ozone “holes” were observed in the Antarctic. These extreme ozone depletions may have been due to the chem-
ical perturbations caused by sulfate aerosols from Mt. Pinatubo, acting in add1t10n to the well—recogmzed chlorme
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 C1O 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 constramed with observatmns .
from in situ and satellite instruments.

Extensive new measurements of HCI, C10, and CIONO; from satellites and in situ techniqueé 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 depletron 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 formatron :
regions (both vertical and honzontal) Just outside of the southern vortex and in the Arctlc ‘ ' ‘

Satellite measurements have confirmed that the Arcti(f vortex is ‘much 1ess denitrified than the Antarctic, which is
likely to be an important factor in determining the interhemispheric differences in polar oZone loss. ‘

Interannual vanabxhty inthe photochemlcal and dynamical conditions of the vortices limits rehable predxctlons of
future ozone changes in the polar regions, particularly in the Arctic. -

CourLiGg BETWEEN PoLAR REGIONS AND,MIDLATITUDES

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 A‘ntarctic. « ’

Eroswn 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 scale of 3 - 4 months to replace a substan-
tial fraction of Antarctic vortex air. The importance of thrs transport to_in situ chermcal effects for midlatitude
ozone loss remains poorly known. : |

Air is readily transported between polar regions and midlatitudes below 16 km. The influence of this transport on
midlatitude ozone loss has not been quantified. : ‘

12



TROPOSPHERIC OZONE

measurements at surface sites also 1nd1cate 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- 19805 Elsewhere in the Southern
Herrusphere there are insufficient data to draw strong mferences - .

v’Ihere is strong ev1dence that ozone levels in the boundary layer over the populated regrons of theé Northern
~ Hemisphere are enhanced by more than 50% due to photochenucal productron from anthropogenic precursors, . -

and'that export of ozone from North’Americais a srgmﬁcant source for the North Atlantic region dunng sumimer.
It has also been shown that bromass bumlng isa s1gn1ﬁcant source of ozone (and carbon monoxrde) in the trop1cs

. durrng the dry season.

* An increase in UV B radratron (e.g., from stratosphenc ozone loss) is expected to decrease troposphenc ozone in

the background atmosphere but in some cases it will increase productron of ozone in the more polluted regrons

. Model calculations predlct that a 20% i increase in methane concentratlons would result in troposphenc ozone

increases ranging from 0.5 to 2.5 ppb in the tropics and the northern midlatitude summer, and an increase in the

~ methane residence time to about 14 years (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 agreément in the computatron of photochemlcal rates affecting tropospheric ozone, many processes con-

trolling tropospherrc ozone are not adequately represented or tested in the models, hence limiting the accuracy of
these results , : : ,

o TRENDS N SOURCE GA'SES' RELATING 10 OZONE CHANGES

CFCs, carbon tetrachloride, methyl chloroform, and the halons are major anthropogenic source gases for strato-
spheric chlorrne and bromine, and hence stratospherrc ozone destruction. Observations from several monitoring

networks worldwide have demonstrated slowdownsin growth rates of these species that are consistent (except for

- carbon tetrachlonde) with expectations based upon fecent decreases in emissions. In addition, observations from

»There is observatronal evrdence that troposphenc ozone (about 10% of the total-column ozone) has mcreased in
the Northern Hemlsphere (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 shghtly negative at some locations. European’

several sites have revealed accelerating growth rates of the CFC substitutes, HCFC-22, HCFC-l41b and HCFC-V '

142b as expected from their increasing use. -

Methane levels in the atmosphere affect troposphenc and stratospherrc ozone levels. -Global methane 1ncreased

. by7% over about the past decade. However, the 1980s were characterized by slower growth rates, dropping from o
. 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 behavror are not known, but it is probably due to changes in methane souirces rather -
than srnks ; -

Desprte the mcreased methane levels, the total amount of carbon monox1de in today ] atmosphere is less than it

was a decade ago. Recent analyses of global carbon monoxide data show that tropospherrc levels grew from the
early 1980s to about 1987 and have declined from the late 1980s to the present The cause(s) of this behav1or have
not been identified. '
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CONSEQUENCES.OF OzZONE CHANGES

The only general circulation model (GCM) srmulatron to investigate the climatic 1mpacts of observed ozone
depletions between 1970 and 1990 supports earlier suggestions that these depletions 1 reduced the model-predicted
warming due to well-mixed greenhouse gases by about 20%. This is consrstent with radratrve forcing calcula—
tions. ‘ - -

Model simulations suggest that increases in tropospheric ozone since pre'—industrial times may have made signif- A
icant contributions to the greenhouse forcing of the Earth’s climate system, enhancing the current total forcing by ,
about 20% compared to that arising from the changes in the well- mrxed greenhouses gases over that perrod
Largei increases in ultraviolet (UV) radiation have been observed in assocratlon with the ozone hole at h1gh south-
ern latitudes. The measured UV enhancements agree well with model calculatrons

Clear-sky UV measurements at midlatitude locations in the Southern Hernisphere are signiﬁcantly larger than at
a corresponding site in the Northern Hemisphere, in agreement with expected drfferences due to ozone column
and Sun-Earth separatron

Local increases in UV-B were measured in 1992/93 at mid- and hrgh latrtudes in the Northem Hemrsphere 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 acld conﬁdence to-the abrlrty to
link ozone changes to UV- B changes over relatively long trme 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 45°,'the increases are greatest in the Southern

Hemisphere.

Uncertainties in calibration, influence of tropospheric polh_ition, and difficulties of interpreting data from broad-
band instruments continue to preclude the unequivocal identification of long-term 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 quantrﬁcatlon of the natural (i.e., pre-ozone—reduc-
tion) UV baseline has been irrevocably lost at mid- and high latrtudes ’ :

Scattering of UV radtatlon by stratospherlc aerosols from the Mt. Pinatubo eruptron d1d not alter total surface—UV o
levels appreciably. :

RELATED PHENOMENA AND ISSUES

Metlzleromide o o ‘_ ' .

Three potentially major anthropogenic sources of methyl bromide have been identified: (i) soil fumi'gation:‘ZO to

60 ktons per year, where new measurements reaffirm that about 50% (ranging from 20 - 90%) of the methyl o

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 oceamc, with emissions of 60 to 160 ktons per year.
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Southem Hemisphere w1th an 1nterhem1sphenc ratio of 1. 3 e

- There are two known sinks for atmosphenc methyl bromide: (1) atmospheric ‘with a lifetime of 2.0 years (1 S to

- 2.5 years), and (ii) oceanic, w1th an estimated lifetime of 3.7 years (1.5 to 10 years). The overall best estimate for -
the lifetime of atmospherrc methyl bromide is 1.3 years, with a range of 0.8 to 1.7 years. An overall lifetimé of

~less than 0. 6 years is thought to be highly unhkely because of constraints unposed by the observed interherni- o

spheric ratio and total known ermssrons o L . o =

pathway producmg HBr, both of which 1mply greater ozone losses due to emissions of compounds containing
bromlne Stratospheric measurements show that the abundance of HBr 1s less than 1 ppt :

- Brormne is estimated to be about 50 times more efﬁment than chlorme in destroymg stratospheric ozone on a per-
atom basis. The ODP for methyl bromide is calculated to be about 0.6, based on an overall lifetlme of 1.3 years.

An uncertamty analysrs suggests that the ODP is unhkely to be less than 0 3.

Aircraft

Subsonics: Estimates 1ndicate that present subsomc alrcraft operatrons ‘may be s1gmﬁcantly increasing trace
" species, (primarrly NOx, sulfur dioxide, and soot) at upper—tropospheric altitudes in the North-Atlantic ﬂrght cor-
- -ridor. Models indicate that the NOy emissions from the ‘current subsonic fleet produce upper—tropospherrc ozone
.- increases-as much as several percent, maxmuzmg at northern midlatitudes. Since the results of these rather
complex models depend critically on NO, chenustry and since the tropospherrc NOy budget is uncertaln little

conﬁdence should be put in these quantitative- model results at the present time.

‘ Superso‘nics ‘Atmospheric effects of supersonic aircraft depend on the number of \aircraft the altitude of‘ opera—

tion, the exhaust emissions; and the background ‘¢hlorine and aerosol loadings. Projected fleets of supersonic

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 1nc1ud1ng mecha-
- nisms that are 1mportant in this crucial altitude range. - . i

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 resultlng from subsomc a1rcraft
erruss1ons may be comparable to- those resultmg from thelr C02 ermssrons

o -I5

: Recent measurements have conﬁrmed that there i is more methyl bromide in the Northem Hemisphere than in the .

- The chenustry of bromine-induced str atospheric ozone destruction 1s now better understood Laboratory mea- E
-surements have confirmed the fast rate for the- BrO + HO, reaction ‘and have established a negligible reaction

* transports would lead to significant changes in trace-species concentrations, especially in the North-Atlantic o
" flight corridor. Two- -dimensional model calculations of the impact of a projected fleet (500 arrcraft each emitting

. 15 grams of -NOy per kﬂogram of fuel burned at Mach 24)ina stratosphere with a chlorine loadmg of 3.7 ppb, .

imply -additional " (i.e., ‘beyond ‘those from halocarbon losses) anniial-average ozone column decreases of -




Ozone Depletion Potentials (ODPs)

Global Warming Potentials (GWPs)

@

If a substance containing chlorine or bromine decomposes in the stratosphere, it will destroy some ozone.
HCFCs 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‘subst'itutes. The ste.a‘dy—
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 signlﬁcant ozone loss in'the stratosphere. -
Those products will not accumulate in the atmosphere and will not significantly influence the ODPs and Global
Warming Potentrals (GWPs) of the subsututes .

Trifluoroacetic acid, formed in the atmospheric degradatron of HEC-134a, HCFC-123, and HCFC-124, will enter
into the aqueous environment, where biological, rather than physrco chermcal 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 neg11g1b1e impact on ozone. "Therefore,
ODPs of HFCs containing the CF3 group (such as HFC-134a, HFC-23, and HFC- 125) are likely to be much less
than 0.001.

New laboratory measurements and assocrated modelmg studies have confirmed that perﬂuorocarbons and sulfur
hexafluoride are long-lived in the atmosphere and act as greenhouse gases.

The ODPs for several new compounds such as HCFC-2250a, HCFC-225c¢b, and. CF3I have been evaluated using
both serm-empu'rcal and modeling approaches, and are found to be 0. 03 or less

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 substan-
tially longer response times for decay of emissions than OH 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, whlle those of the CFCs are likely to be pos1t1ve over both 20- and 100-year t1me
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- v
tion of the stratosphenc ozone layer and to changes of the radiative forcing of the climate system
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The Montreal Protocol and its Amendments and AdJustments are reducmg the impact of anthropogemc

" halocarbons on the ozone layer and should eventually eliminate this ozone depletion. Based on assumed

compliance w1th the amended Monireal Protocol ( Copenhagen, 1992) by all natlons the stratosphenc chlorine

- abundances will continue to grow from their current levels (3.6ppb)toa 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 productron

and emissions of methyl bromide. After around the turn of the century, the levels of stratospheric- chlorine and

, bromme will begin a decrease that will continue into the 21st and 22nd centuries. The rate of decline i is dictated ,

by the long residence times of the CFCs, carbon tetrachloride, and halons. Global ozone losses and the Antarctlc
ozone “hole” were first dlscermble in'the late 1970s and are- predmted to recover in about the year 2045, other

“things being equal. The recovery of the ozone layer would have been 1mposs1b1e w1thout the Amendments and g
. AdJustments to the ongmal Protocol (Montreal ] 987) Lo e

Peak glohal 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 yéar
1998, since the peak stratospheric chlorine and bromine abundances are expected to occur thien. Based on extrap-
olation of current tren‘ds; observations suggest that the maximum 'ozone loss, relative to the late. 1960s, will likely
be: ' C I ' '

,(i) - about 12 - 13% at Northern mldlautudes in wmter/sprmg (z é., about 2.5% above current levels);

(1) about 6 - 7% at Northern rmdlatttudes in summer/fall (i.e., “about 1.5% above current levels) and .

. (iii) ‘about 11% (with less certamty) at Southern midlatitudes en a year—round basis (i.e.; about 2.5% above o

current levels) .

‘Such changes would be accompanied by 15%, 8%, and 13% increases, respectwely, in surface erythemal radia-

tion, if other influences such as clouds remain constant. Moreover, if there were to be a major volcanic erupt10n
like that of Mt. Pinatubo, or if an éxtremely cold and persistent Arctic wmter 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 aré four approaches that would ~

steepen the initial fall from the peak halocarbon levels in the early decades of the next century

~(i) ~ If emissions of methyl bromide from agncultural structural, and industrial act1v1t1es were to be eliminated

- in the year 2001, then the mtegrated effective future chlorme loading above the 1980 level (which is related
o the cumulative future loss of ozone) is predlcted to be 13% less over the next 50 years relative to full
compha.nce to the Amendments and Adjustments to the Protocol ‘

(li) If emissions of HCEFCs were to be totally eliminated by the year 2004, then the 1ntegrated effectlve future

~ chlorine loading above ‘the 1980 Ievel is predicted to be 5% less over the- ‘next 50 years relatlve to full
comphance -with the Amendments and Adjustments to the Protocol. :

(iii) If halons presently contained in existing equipment were never released to the atmosphere then the inte-

grated effective future chlorine loading above the 1980 level is predicted to be 10% less over the next 50
years relative to full comphance with the Amendments and Adjustments to the Protocol.

' (iv) If CFCs presently contained in existing equipmernt were never released to the atmosphere then the mtegrat-

ed effective future chlorine loadmg above the 1980 level is predicted to be 3% less over the next 50 years
relative to full’ comphance 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 5 of the Montreal Protocol), then the integrated effectwe o
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 Ad_]ustments to the Protocol.

Many of the substitutes for the CFCs and halons are also notable greenh(_iuSe gases. Several CFC and halon
substitites are not addressed under the Montreal Protocol (because they do not depiete 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-depletmg compounds they replace The perﬂuormated 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 nécessary 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 human-induced influences on the climate system. Changes in ozone since
pre-industrial 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. : ' v
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‘CommoN QﬁESTIONS ABOU’JF ()Z()NE |

J averaging-about 3 molecules of ozone for
every ten million air molecules.

small numbers This Appendix-to the World Meteoro-
logical -

Ozone Depletion: 1994 answers ‘some ‘of the questions

8 zone is exceedingly rare in our atmosphere,

‘Nonethe--
, Iess “atmospheric ozone plays vital roles that belie its -

Organization/United ~ Nations  Environment.
Programme (WMO/UNEP)  Scientific Assessment . of

that are most commonly - asked about ozone and the - |

changes that have been oceurring in recentyears These .

common questions and their answers were discussed by

the 80 scientists from 26 countries who participated in -

Ozone Depletion: 1994. Therefore, this informationis

* presented by a large group of experts.from the rnterna— Lo
p y de groLp P " With these dual. aspects ofozonecometwo separate en-

- vironmental issues; controlled by different forces in the-

tional scientific communrty

' Ozone is mainly found in two regrons ofthe IZarth S atmo—

sphere. Most ozone (about 90%) resides. in a layer

| the Panel Review Meeting of the Scientific Assessment of

) panion documents to the WMO/UNEP screntrfrc assess— »
+ ments‘of ozone depletron)

At the planet’s surface 0zone comes |nto drrect contact

with life-forms and displays its destructive side. . Be-
cause.ozone reacts strongly with other molecules, hrgh
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 troposphenc

.0zone from this direct toxicity contrast with the benefits -
of the additional frlterrng of UV—B radratron that rt pro-.

- vides:

between approximately 10 and 50 kilometers (about 6to '.

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-

maining ozone is in the lower region of the atmosphere,.

the troposphere, which extends from the Earth’s surface |

up to about 10 kilometers. The figure below shows thrs
distribution of ozone inthe atmosphere.

While the ozone in these two regions is chemicatly iden{ .

tical (both consist of three oxygen atoms and have the
chemical formula “03"), the ozone molecules have very-

different gffects on humans and other fiving thrngs de-

pending upon their Iocatton

Stratosphenc 0zone playsa benefrcral role by absorbing

most of the brologrcally damagrng ultraviolet sunlight - -

called UV-B, allowing only a smalt amount to reach the

' .JThls phenomenon has come fo be known as the Antarctic- -
“ozone hole.” Smaller, but still significant, stratosphieric

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

_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). Qzone thus plays a key

~ role in the temperature structure of the Earth’s: atmo- -~
sphere. -Furthermore, without the filtering action of the

ozone 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 6f humans,
have shown the harmful effects of excessive exposure to

- ozone losses. The ozone-depleting compounds contain’
~-various combinations of the chemical elements chlorine,

UV-B radiation (these are discussed in the WMO/UNEP" |
- Teports on impacts of ozone depletio'n, which are com- -

atmosphere In.the troposphere, there is concern about
increasesin ozone. Low-lying ozoneisa key 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 routrnely found rn the :

stratosphere

There is widespread scienti_fic and public ‘interest and
- concern about /osses of stratospheric ozone. Ground- §
instruments have measured |
- decreases in the amount of’ stratospheric ozone in our
atmosphere. Oversome parts of Antarctica, up to 60% of -
the total overhead amount of ozone (known as thé “col-

based and satellite .

umn.ozone”) is depleted during September and October.

have been observed in assocratron wrth decreases in
stratospherrc ozone. -

The screntrfrc evidence, accumulated over more than two-
decades of study by the international research communi- -
ty, has shown -that human-made chemicals are i
responsrble for the observed depletions of the ozone lay-

er over Antarctica and-likely play a major role in global

fluerine; 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 chlorofluorocarbons, usually abbreviated as-
CFCs. CFCs, carbon tetrachloride, and methyl chioro--
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 methy!l chloroform, and industry has developed
more “ozone-friendly” substitutes. L

Two responses are natural when a new problem has been
identified: cure and prevention. When the problemis the
destruction of the stratospheric ozone layer, the corre-
sponding questlons 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 (iji) replace the ozone lost in the stratosphere
(perhaps by shipping the czone 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- depletlng compounds

slowly decay.

The‘current understanding of ozone depletion and its re- .
lation to humankind is discussed in detail by the leading
scientists in thé world’s ozone research community in the
Scientific Assessment of Ozone Depletion: 1994. The
answers to the common questions posed below are
based upon that understandlng and on the mformatlon

. given in earlier WMO/UNEP reports.
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How Can Chloroﬂuorocarbons (CFCS) Get to the Stratosphere

1 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 reach 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 CFC-11 (CClgF, usedina
variety of human activities) are both much heavier than

- radiation.

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-11 is unreactive in the lower -
-atmosphere (below about.15 km) and is similarly uni-

formly mixed there, as shown. The abundance of

" CFC-11 decreases as the gas reaches-higher altitudes,

where it is broken down by high energy solar ultraviolet

Chlorine released frfom this- breakdown of ..

“CFC-11 and other CFCs remains in the stratosphere for ~
several years; where it destroys many thousands of mol-

- ecules of ozone. ‘
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What is the EV1dence that Stratosphenc Ozone
is Destroyed by Chlorine and Bromme‘7 o

Laboratory studies show that chlorme (Cl) reacts very

rapidly with ozone. They also show that the reactive

chemical chlorine oxide (CI0) formed in that reaction
can undergo further processes which regenerate the

original chlorine, allowing the sequence o 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 accumnulated 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 &tratosphere, 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-

cly 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
gverywhere over Antarctica. By mid-September, howev-
er, the instruments recorded low concentrations of ozone
in regions where there were high concentratlons 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 adirplanes, 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 -80°C, or -112°F) 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 sulfuricacid 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 Chlorme in the Stratosphere

| Come from Human or Natural Sources‘7

_ Most of the chlorine in the stratosphere is there asa re-
- sultof human actrvrtres : .

- Many compounds contalnrng chiorineare '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 (sodi-
~um 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 -

- ¢hloring is its use in swrmmlng pools and as household

' * bleach. When released, this chlorine is. rapldlyconvert— .
ed to forms that dissolve in water and-therefore are .

removed from the lower atmosphere, never reaching the

- snow and does not reach the stratosphere. Even in ex-
plosive volcanrc plumes that rise high in the atmosphere,

1 stratosphere in significant amounts. Voicanoes-can emit - -
- large guantities of hydrogen chloride; but'this gas is rap- .
; |dly converted to hydrochloric acid in rain water, ice, and’

“nearly all of the hydrogen chloride is scrubbed out in" -

precrpltatlon before reaching stratospherrc altrtudes

. In contrast, human-made halocarbons — such as CFCs,

carbon tetrachloride (CCls) and methyl chloroform

(CH3CCl3) — are.not soluble in‘water, do not react with -
- sriow or other natural surfaces, and are not broken' down.
»chemrcally in the Iower atmosphere While the exhaust_

Entirely .
Human-

from the Space Shuttle and from some rockets does i in-
ject some chlorine directly into the stratosphere;-this

'v “input.i$ very small (less than one percent of the- annual

input from halocarbons in the present stratosphere as-

‘suming nine Space Shuttte and six Trtan 1V rocket

Iaunches per year)

_Several preces of evrdence combrne to establrsh human-

made halocarbons as the primary source of stratospherrc =8
chlorine. First,-measurements (see the figure below)

E have shown that the chlorinated species that rise to the
: stratosphere are- primarily manufactured compounds
" (mainly CFCs, carbon tetrachloride, methyl chloroform,

andthe HCFC.substitutes for CFCs), together with small

- amounts of hydrochlorrc acid (HCI) and methyl chloride -

(GHsCl)-which are partly natural in origin. The natural -

.- contribution now is much smaller than that from human

~ activities, as shown in the figure below. Second, in 1985
-and 1992 researchers measured nearly-ali known gases - |

. containing chlorine in the stratosphere. They found that -

- .human emissions of halocarbons plus the much smatler .

contribution from natural sources could account for all of -
the stratospheric chlorine . compounds. - Third, the in-
crease in total stratospheric chlorine measured betweer™’
1985 and 1992 corresponds with.the known increases in’
concentrations of human- made halocarbons durmg that -
trme . S

7.

| Primary-s-ou,rces Of' Ch’Iorine Enterinrg the Str'atos'p'here) ‘
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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 Sun’s 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 electrons 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 Sun’s 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 Sun’s 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 evaluating
the long-term changes in pzone concentrations after ac-
counting for the solar influence (as has been done in the
figure below)

Global Ozone Trend (60°S-60°N)
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When D1d the Antarctlc Ozone Hole First Ap]pear‘? e B

The Antarctic oZone holeis a new phenomenon Thefig-
- 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 formied -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 Southérn Hemisphere spring

(September and October). Observations from three other -

“stations in Antarctica, also covering several decades; re-

~. veal similar progressive, recent decreases in springtime-
. 0zone.  The ozone hole has been shown to result from -

destruction of 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
- chldrine 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 drfferent

- 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 stratospherrc meteorotogy cannot explam )
- 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
originating from:human-made compounds in depletrng '
Antarctic ozone in recent years. ’

A srngle report of extremely Tow: Antarctrc winter ¢ ozone in

7 -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:

Hrstorlcal Sprlngtrme Tota! Ozone Record
for Halley Bay, Antarctica. (76°S)
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Why is the Ozone Hole Observed over Aﬁtéhli'C-t:i_CE.l.u o
When CFCs Are Released Mainly in the Northern Hemisphere?

Human emissions of GFCs 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 arg 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 lati- .
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 chlo-
rine. However, the meteorologies of the two polar.
“regions are very different 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 iscom- .-

pletely surrounded by ocean. These conditions produce
very low stratospherictemperatures which inturn 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- -

-berand October of each year, resulting in the ozone hole.

- -In"contrast, the Earth’s surface in the_no,rthern 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 thar 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 Deplet1on of the Ozone Layer Leadmg to an Increase in.
Ground-Level Ultrav1olet Radiation? |

The Sun emlts' I|ght over a wide range of ene’rgles W|th ..

about two percent given off in the form of high- energy,

~ultraviolet (UV) radiation. ‘Some of this UV radiation ’
- (UV-B) is especially effective in causing damage to living .

~ things, including sunburn, skin cancer, and eye damage
for humans. The amount of splar UV radiation received
at any-particular location on the Earth’s surface depends
~ tpon 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 inthe ab-

- sence of changes in clouds .or pollution, decreases in

atmosphenc ozone will increase ground -level UV radla— T

tion. P S

_The largest deoreaseS'in 0zone during the last decade . -
_have been observed over Antarctica; especially during -
~each. September and October when ‘the “ozone hole”..
forms. Durmg the last several years, simultaneous mea- -
| surements 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 hole, the UV-B mtens:ty

- at Palmer Stanon Antarctica, in late October 1993 was 7

o tlme dunng all of 1993

. more mtense than found at San Dlego Callforma at any

N

ln 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 tloudiness 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 stabjlity for measurement of small
long-term trends in ground-level UV-B were not em-
_ployed. Recently, however, such instruments have been -
used in the Antarctic because of the very large changes |
-in 0zone being observed there. When high-quality mea-"

- surements have been made in other areas far from major -
*. cities and their associated air pollutlon decreases n

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
cloudlness or local pollutlon .

Increases in Erythemal (Sunburmng) UV Rad|at|on

Due to Ozone Reductlons _
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How Severe Is the Ozone Depletidn 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-1960s, 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-1970s, 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

amounts of stratospherlc sulifate aerosols that temporarl-‘

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...

compounds is responsible for the formation of the Ant- -

arctic ozone hole, and the weight of evidence indicates
that it also pfays a major role in midlatitude ozone deple-
tion. ,

During 1992 and 1993 ozone in many locations dropped
to recard low values: springtime depletions exceeded
20% in some populated northern midlatitude 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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Since then, new global obseryations 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 Protocol and its Amend-
ments, continuing human use of CFCs 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. Al
other things being equal, the ozone layer is expected to -
return 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 giobal de-

_ pletions in ozone would have been highly likely without *

28

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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