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PREFACE

The present document is a scientific assessment that will be part of the information upon which the Parties to the
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 present
scientific assessment focus on the environmental and health effects of ozone layer depletion and on the technology and
economic implications of mitigation approaches.

The present report is the latest in a series of seven scientific assessments 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.
WMO No. 11.

1985 Vienna Convention Atmospheric Ozone 1985. 3 vol. WMO No. 16.

1987 Montreal Protocol

1988 International Ozone Trends Panel Report 1988.
2 vol. WMO No. 18.

1989 Scientific Assessment of Stratospheric Ozone:
1989. 2 vol. WMO No. 20.

1990 London Amendment

1991 Scientific 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 Scientific Assessment of Ozone Depletion: 1994.
WMO No. 37 (This report.)

(1995) Vienna Amendment (?)

The genesis of Scientific 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 was prepared by the participants.

The final result is this document. It 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 stratospheric ozone layer and its relation to hu-
mankind.

! Participating were Argentina, Australia, Austria, 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.
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EXECUTIVE 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 system. 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 tetrachloride, 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-1211 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 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 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 chlorine/bromine 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., HCFC-142b and HCFC-141b) are now being monitored. Tropospheric
chlorine in HCFCs increased by 5 ppt/year in 1989 and about 10 ppt/year in 1992.

J 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 1 - 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.
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EXECUTIVE SUMMARY

. 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 partitioning that accelerated the photochemical
ozone loss associated with reactive hydrogen (HOy), 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, 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 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 (NOx) compounds is smaller
than that predicted from gas phase chemistry, while that due to (largely natural) HOx compounds and (largely
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 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-1970s) very slowly during the next century.
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EXECUTIVE SUMMARY

Ozone losses have been detected in the Arctic winter stratosphere, and their links to halogen chemistry
have been established. Studies in the Arctic lower stratosphere have been expanded to include more widespread
observations of ozone and key reactive species. In the late-winter/early-spring period, additional chemical 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 ozone-depleting role of methyl bromide. Three potentially major anthropogenic 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 + HO, 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 photochemical 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 ODP 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 limited 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.




EXECUTIVE SUMMARY

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 radical, OH (such as HCFCs 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 IN THE TROPICS AND MIDLATITUDES 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
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. In the Southern Hemisphere, the seasonal difference was
somewhat less, but the midlatitude 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 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 ozone occurs below 25 km (i.e., in the
lower stfatosphere). For the region 20 - 25 km, there is good agreement between the trends from the Stratospheric
Aerosol and Gas Experiment (SAGE I/II) 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 negative 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 I/II, 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 I/II 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 HOy and halogen chemistry than NO, chemistry. The seasonal cycle of CIO 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 studies provide
key support for the view that sulfate aerosol chemistry plays an important role in determining midlatitude chem-
ical ozone destruction rates.




EXECUTIVE SUMMARY

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 tem-
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 and polar stratospheric 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 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 CIO/HCl ratio in the upper
stratosphere and the fraction of HCl 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 HCI 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 N,Os on sulfate aerosols in the atmosphere.
Evidence suggests that CIONO, 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.




EXECUTIVE SUMMARY

. 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 (areal extent) and deepest-ever (minimum ozone below 100 Dobson units)
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 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 HCI, ClO, and CIONO, 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 denitrified than the Antarctic, which is
likely to be an important factor in determining the interhemispheric differences in polar ozone loss.

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

CouprLING 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 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 scale of 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 midlatitudes below 16 km. The influence of this transport on
midlatitude 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-1980s. 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.

Model 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 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 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 tetrachloride, 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-141b, 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 (GCM) 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 Earth’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 larger 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 45°, the increases are greatest in the Southern
Hemisphere.

Uncertainties in calibration, influence of tropospheric pollution, 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 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 eruption 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 + HO, reaction and have established a negligible reaction
pathway producing HBr, both of which imply greater ozone losses due to emissions of compounds containing
bromine. Stratospheric measurements show that the abundance of HBr is less than 1 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 NOy, sulfur dioxide, and soot) at upper-tropospheric altitudes in the North-Atlantic flight cor-
ridor. Models indicate that the NOx 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 NOy chemistry and since the tropospheric NOy 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 (500 aircraft, each emitting
15 grams of NOy 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 CO, 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.
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 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.

Trifluoroacetic 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 CF30y) also have negligible 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 associated modeling 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-225ca, HCFC-225cb, and CFsl, have been evaluated using
both semi-empirical and modeling approaches, and are found to be 0.03 or less.

Global Warming Potentials (GWPs)

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, 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 system:
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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 stratospheric 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 tetrachloride, 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:

(i) about 12 - 13% at Northern midlatitudes in winter/spring (i.e., about 2.5% above current levels);

(ii) about 6 - 7% at Northern midlatitudes in summer/fall (i.e., about 1.5% above current levels); and

(iii) 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:

(1) 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.

(ii) 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.

(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 compliance with the Amendments and Adjustments to the Protocol.

(iv) If CFCs presently contained in existing equipment were never teleased 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 5 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 of 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 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.
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CoMMON QUESTIONS ABOUT OZONE

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-
logical ~ Organization/United  Nations Environment
Programme (WMQO/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 Review Mesting of the Scientific Assessment of
Ozone Depletion: 1994. Therefore, 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-
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 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
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 of humans,
have shown the harmful effects of excessive exposure to
UV-B radiation (these are discussed in the WMO/UNEP
reports on impacts of ozone depletion, which are com-

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

At the planet's surface, ozone comes into direct contact
with life-forms 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 is a 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 routinely found in the
stratosphere.

There is widespread scientific and public interest and
concern about /osses 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 significant, stratospheric
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 chlorofluorocarbons, 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 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 understanding and on the information
given in earlier WMO/UNEP reports.
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How Can Chlorofluorocarbons (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 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 (CCl3F, used ina
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-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
radiation. Chlorine released from 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 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 (CIO) 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-
gver, 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-
er, the instruments recorded low concentrations of ozone
in regions where there were high concentrations 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 -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 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 (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
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 water, ice, and
snow and does not reach the stratosphere. Even in ex-
plosive volcanic plumes that rise high 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 tetrachloride (CClg) and methyl chloroform
(CH3CCl3) — 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-
ject some chlorine directly into the stratosphere, this
input is very small (less than one percent of the annual
input from halocarbons 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 tetrachloride, methyl chloroform,
and the HCFC substitutes for CFCs), together with small
amounts of hydrochloric acid (HCI) and methyl chloride
(CH3CI) 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 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

Entirely
Human-
Made

Natural
Sources
Contribute




COMMON QUESTIONS

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 ozone 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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COMMON QUESTIONS

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 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
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
originating from human-made compounds in depleting
Antarctic ozone in recent years.

Asingle 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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COMMON QUESTIONS

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 thatare 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 is com-

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




COMMON QUESTIONS

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 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 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-
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 intensity
at Palmer Station, Antarctica, in late October, 1993, was

more intense than found at San Diego, California, 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, however, 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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COMMON QUESTIONS

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-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
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-
tion.

During 1992 and 1993 ozone in many locations dropped
to record 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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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 for a ban
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. All
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 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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OZONE MEASUREMENTS

SCIENTIFIC SUMMARY

The quality of the total ozone measurements made by ground-based and satellite systems has been assessed and

trends calculated where appropriate.

Trends in total ozone since 1979 have been updated through early 1994:

- Northern Hemisphere middle latitude trends are significantly negative in all seasons, but are much larger in
winter/spring (about 6%/decade), than in summer/fall (about 3%/decade).

- Tropical (approx. 20°S — 20°N) trends are slightly negative, but not statistically significant when suspected drift
in the satellite data is incorporated into the uncertainty.

- Southern midlatitude trends are significantly negative in all seasons, and increase in magnitude for high latitudes.

Representative trends (annual averages, in % per decade) for north and south midlatitudes and the tropics are as

follows.
Latitude
Mid South Equatorial Mid North

Recent: .
1/79 to 5/94 SBUV+SBUV/2 49+1.5 -18+14 46+1.8
1/79 to 2/94 Dobson network 3213 -1.1+0.6 -48 +£0.8
1/79 to 2/94 Ozonometer (former USSR) na na ) -49+£0.8
Pre-Pinatubo:
1/79 to 5/91 SBUV+SBUV/2 49+23 08 +2.1 33124
1/79 to 5/91 TOMS , -45+2.1 +04 + 2.1 40=x2.1
1/79 to 5/91 Dobson network -38+13 +0.2+1.2 -39+0.7
1/79 to 5/91 Ozonometer (former USSR) na na -38+1.0

Note: Uncertainties () are expressed at the 95% confidence limits (2 standard errors).

. The corresponding ozone loss (in %) accumulated over 15.3 years for trends calculated through 1994
are:

Latitude
Mid South Equatorial Mid North
SBUV+SBUV/2 14123 27+22 -70+£2.7
Dobson network 48 +2.1 -1.7+09 -713+1.3
Ozonometer (former USSR) na na 715+13
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OZONE MEASUREMENTS

. There was a statistically significant increase (about 2%/decade) in the average rate of ozone depletion at the
Dobson stations north of 25°N in the period 1981-1991 compared to the period 1970-1980.

. We have confidence in the trends deduced from the ground-based network, particularly in the Northern Hemi-
sphere. The record is longer than for the satellite instruments, although the geographic coverage is patchy, with
most stations situated in the Northern Hemisphere midlatitudes. The absolute calibration of the International
Standard Dobson spectrophotometer has been maintained at + 1%/decade. The quality of the data from the
ground-based network has improved since the last assessment, partly as a result of improvements to the existing
records and partly as a result of the improving quality control in the ground-based network.

. An extensive revision and reanalysis of the measurements made using the filter ozonometer data from the vast
area of the former USSR has recently been performed. Trend estimates from these revised data substantiate those
made at similar latitudes by Dobson and satellite instruments.

. During the 1980s, the Total Ozone Mapping Spectrometer (TOMS) total ozone calibration drifted by 1-2% rela-
tive to the Dobson instruments, depending on latitude. In addition, a systematic bias of 1-2%/decade may be
present in measurements made at high solar zenith angles (and so is most important at high latitudes in winter).
Our confidence in the trends presented in the 1991 Ozone Assessment, which covered the period through March
1991, is unchanged.

. However after this time, a problem developed in the TOMS instrument that lasted until the instrument became
inoperative in May 1993. This problem resulted in systematic errors dependent on both season and latitude, and
caused, on average, a drift of 1-2% between 1991 and 1993. TOMS satellite measurements made after May 1991
were, therefore, not used for trend analyses. A TOMS instrument was launched on the Meteor-3 satellite in
August 1991. The satellite orbit is not ideal and the measurements from this instrument have not yet been suffi-
ciently assessed to allow use in trend analyses.

e . The drift in the calibration of total ozone by the Solar Backscatter Ultraviolet (SBUV) instrument from January
1979 to June 1990 was 1% or less relative to Dobson instruments, and any seasonal differences in the Northern
Hemisphere were less than 1%. The SBUV/2 instrument on board the NOAA-11 satellite has measurements
available from January 1989. The drift relative to Dobson instruments in the Northern Hemisphere has been less
than 1%. However, there is an apparent seasonal cycle in the differences of about 1-2% (minimum to maximum).

. Nearly all ground-based instruments are now on the calibration scale of the World Standard Dobson Instrument
#83. The quality of the measurements made at individual stations is tested using satellite data; any revision of the
data is based on available instrumental records. Satellite measurements are independently calibrated by checking
the internal consistency. However, the satellite record is tested for possible drift by comparison with the collec-
tion of station data. Thus, the ground-based and satellite records are not completely independent from one
another.

Trends in the Vertical Distribution of Ozone

The state of knowledge about the trends in the vertical distribution of ozone is not as good as that about the total
ozone trends. The quality of the available data varies considerably with altitude.
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OZONE MEASUREMENTS

At altitudes of 35-45 km, there is reasonable agreement between the Stratospheric Aerosol and Gas Experiment I/
IT (SAGE I/II), SBUYV, and Umkehr, that during 1979-1991, ozone declined 5-10% per decade at 30-50°N and
slightly more at southern midlatitudes. In the tropics, SAGE I/II gives larger trends (ca. -10% per decade) than
SBUYV (ca. -5% per decade) at these altitudes.

At altitudes between 25 and 30 km, there is reasonable agreement between SAGE I/II, SBUV, Umkehr, and
ozonesondes that, during the 1979-1991 period, there was no significant ozone depletion at any latitude. The
agreement continues down to about 20 km, where statistically significant reductions of 7 £+ 4% per decade were
observed between 30 and 50°N by both ozonesondes and SAGE I/II. Over the longer period from 1968-1991, the
ozonesonde record indicates a trend of -4 £ 2% per decade at 20 km at northern midlatitudes.

There appear to have been sizeable ozone reductions during the 1979-1991 period in the 15-20 km region in
midlatitudes. There is disagreement on the magnitude of the reduction, with SAGE indicating trends as large as
-20 £ 8% per decade at 16-17 km and the ozonesondes indicating an average trend of -7 + 3% per decade in the
Northern Hemisphere. The trend in the integrated ozone column for SAGE is larger than those found from SBUYV,
TOMS, and the ground-based network, but the uncertainties are too large to evaluate the consistency between the
data sets properly. For 1968-1991 the ozonesonde record indicates a trend of -7 + 3% per decade at 16 km at
northern midlatitudes.

In the tropics, trend determination at altitudes between 15 and 20 km is made difficult by the small ozone
amounts. In addition, the large vertical ozone gradients make the trends very sensitive to small vertical displace-
ments of the profile. The SAGE I/II record indicates large (-20 to -30% (= 18%) per decade) trends in the 16-17
km region (-10% (+ 8%) at 20 km). Limited tropical ozonesonde data sets at Natal, 6°S and Hilo, 20°N do not
indicate significant trends between 16 and 17 km or at any other altitude for this time period. With currently
available information it is difficult to evaluate the trends below 20 km in the tropics, as the related uncertainties
are large. The effect on the trend in the total column from any changes at these altitudes would be small.

In the free troposphere, only limited data (all from ozonesondes) are available for trend determination. In the
Northern Hemisphere, trends are highly variable between regions. Upward trends in the 1970s over Europe have
declined significantly in the 1980s, have been small or non-existent over North America, and continue upward
over Japan. The determination of the size of the change over North America requires a proper treatment of the
relative tropospheric sensitivities for the type of sondes used during different time periods.

Surface measurements indicate that ozone levels at the surface in Europe have doubled since the 1950s. Over the
last two decades there has been a downward trend at the South Pole, and positive trends are observed at high
altitude sites in the Northern Hemisphere. When considering the latter conclusion, the regional nature of trends in
the Northern Hemisphere must be borne in mind.

Observations of Ozone and Aerosols in 1991-1994

Global total ozone values in 1992/93 were 3-4% lower than the 1980s average. If the trend, solar cycle, and quasi-
biennial oscillation (QBO) effects inferred from the 1980s record are extrapolated, an additional global anomaly
of between -1 and -2% remains.

The most negative anomalies were observed in the Northern Hemisphere springs in 1992 and 1993, with peak
deviations of 6-10% in February-April 1993.
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A reduction of 3-4% occurred in the tropics in the six months following the eruption of Mt. Pinatubo.

Overall the smallest effects were observed in the extra-tropical Southern Hemisphere, where total ozone amounts
were at the low end of the range observed in the 1980s, as would be expected from the long-term downward trend
observed in that region.

In 1994, global ozone levels are also at the low end of the 1980s range, again in line with expectations of a
continuation of the observed long-term trend.

Following the June 1991 eruption of Mt. Pinatubo, stratospheric aerosol levels increased globally, with northern
midlatitude peak particle surface areas increasing by factors of 30-40 above pre-eruption values about one year
after the eruption. Since that time, they have been decreasing.

Several mechanisms have been suggested as causes of the total ozone anomalies, though the relative importance
is not yet clear. The possible influences include: radiative, dynamical, and chemical perturbations resulting from
the Mt. Pinatubo volcanic aerosol; and global and regional dynamical perturbations, including the El Nifio-South-
ern Oscillation.

Antarctic Ozone Depletion

Record low mean values for October were observed at three Antarctic ground-based stations with continuous
records since the late 1950s and early 1960s. There is no evidence of major springtime ozone depletion in
Antarctica at any of the four Dobson stations prior to 1980.

In early October 1993, a record low daily value of total ozone of 91 £ 5 Dobson units was observed with an
ozonesonde at the South Pole. During this flight (and in several others), no detectable ozone (less than 1%) was
found over a 5 km range from 14 to 19 km, implying that complete chemical destruction of ozone had occurred.
The geographical extents of the ozone holes in 1992 and 1993 were the two largest on record.

A comparison of ozonesonde measurements made at the South Pole from 1967-1971 with those made between

1986 and 1991 reaffirms that the Antarctic depletion that has developed since the early period occurs at altitudes
between 14 and 20 km, and that the largest changes occur in September, October, and November.
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1.1 INTRODUCTION

Ozone in the atmosphere is easy to detect. Several
techniques have been successfully used: most are opti-
cal, using absorption or emission of light in many
regions of the spectrum; others are chemical; and some
are a mixture of the two. However, while it is relatively
easy to detect ozone in the atmosphere, it has proved dif-
ficult to make sufficiently precise and numerous
measurements to determine credible changes of a few
percent on a decadal time scale. Difficulties include:
knowing what the absolute calibrations of the instru-
ments are and how they change with time; assessing how
much variability in any set of measurements is caused by
the instrument and how much by the natural variability
in the atmosphere; and making meaningful comparisons
of measurements made by different instruments, espe-
cially when different techniques are used. Detailed
descriptions of the major techniques and instruments
were given in the report of the International Ozone
Trends Panel (IOTP) (WMO, 1990a) and are not repeat-
ed here.

We first consider the quality of total ozone mea-
surements, particularly those made by the ground-based
observing network, the Total Ozone Mapping Spectrom-
eter (TOMS), and the Solar Backscatter Ultraviolet
spectrometers (SBUV). The ground-based and satellite
instruments have proven invaluable in assessing each
others’ data quality. Nearly all ground-based instru-
ments are now on the calibration scale of the World
Standard Dobson Instrument #83. The quality of the
measurements made at individual stations is tested using
satellite data; any revision of the data is based on avail-
able instrumental records. Satellite measurements are
independently calibrated by checking the internal con-
sistency. However, the satellite record is tested for
possible drift by comparison with the collection of sta-
tion data. Thus, the ground-based and satellite records
are not completely independent from one another.

Given this perspective, we next present the trends
in total ozone calculated to May 1994. Special attention
is paid to how the trends are affected by the record low
ozone values that were observed in 1992 and 1993. This
theme is taken up again later, in Section 1.4, where we
describe the ozone changes seen in this period. The evo-
lution of stratospheric aerosol following the eruptions of
Mt. Pinatubo in June 1991 and Volcdn Hudson in August
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1991, and possible links with the low ozone values, are
briefly discussed, along with other potentially important
influences on ozone at this time.

In Section 1.3 we discuss the quality of the various
techniques (remote and in situ) that measure the vertical
distribution of ozone in the atmosphere. Although
progress has been made, a good deal of work remains
before a clear picture can emerge, especially in the re-
gion near the tropopause, which is so important in
determining the impact of ozone changes on climate.

Last, the development of the Antarctic ozone hole
in 1992 and 1993 is described in Section 1.5, together
with some new analyses of some old measurements.

1.2 TOTAL OZONE

1.2.1 Total Ozone Data Quality

Total column ozone has been measured using
Dobson instruments since the 1920s. The number of
monitoring stations has increased through the years, and
since the 1960s a large enough network has existed to
monitor ozone over most of the world with particularly
good coverage in the northern midlatitudes and in Ant-
arctica. Truly global monitoring has been possible only
since the introduction of satellite-based instruments.
The 1988 IOTP (WMO, 1990a) examined the quality of
ozone measurements from both ground-based systems
(Dobson, M83, M124) and satellite systems. They re-
ported great variability in the quality of the data from
ground-based instruments and found large calibration
drifts in the SBUV and TOMS instruments caused by
imperfectly corrected degradation of the on-board dif-
fuser plates. When the 1991 assessment of ozone trends
was made (WMO, 1992a), improvements in the quality
of ozone data were noted. The re-evaluation of historical
Dobson data records initiated by Bojkov et al. (1990)
had been carried out at a small number of stations. Sim-
ilarly, the quality of the satellite data had improved,
though unresolved problems were still apparent. The
entire TOMS ozone data record had been reprocessed
using the version 6 algorithm, which improved the in-
strument calibration through the requirement that ozone
amounts measured by different wavelength pairs main-
tain relative stability (Herman et al., 1991). Comparison
with the World Standard Dobson instrument number 83
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(183) at Mauna Loa indicated that good, long-term preci-
sion had been achieved (McPeters and Komhyr, 1991).

1.2.1.1 GROUND-BASED OBSERVATIONS

Since January 1992, all ground-based measure-
ments have been reported using the Bass and Paur (1985)
ozone cross sections. This change should increase the
accuracy of the ozone record for direct comparison with
other measurement systems, but should have no effect on
the core time series of observations made with the AD
wavelength pairs since the conversion from the old Vi-
groux (1953) scale is defined (Komhyr et al., 1993).
Since the last assessment the number of Dobson stations
at which the historical records have been reanalyzed by
the responsible personnel has increased to over 25, with
many more in the process of reanalysis.

In a full re-evaluation, the station log books and
lamp calibration records are carefully examined and cor-
rections are made where appropriate (WMO, 1992b).
Measurements are treated on an individual basis, in con-
trast to the “provisionally revised” data described and
used in IOTP and subsequent assessments where month-
ly averages are treated. Comparisons with external data
sets (total ozone records in the same synoptic region,
meteorological data and, since 1978, satellite overpass
data) are made to identify periods where special atten-
tion should be paid. The data are only corrected if a
cause is found based on the station records. The goal of
re-evaluation is to produce a high quality, long-term total
ozone record. Increasingly frequent international inter-
comparisons of ground-based instruments bring more
consistency to the global network. Recent intercompari-
sons were made at Arosa (Switzerland) in 1990, at
Hradec Kralove (Czech Republic) in 1993, and at Izafia
(Canary Islands) in 1994. In addition, the practice of
using traveling standard lamps to check the calibration
of individual instruments has become more frequent in
recent years, with a consequent reduction in the ob-
served scatter (Grass and Komhyr, 1989; WMO, 1994a).

Several important concerns about the quality of
the ground-based data remain — in particular, how reli-
able are trends determined from Dobson data in the
1960-1980 period? While the program to reanalyze
Dobson records is important, there are limits to what can
be achieved. Not only is sufficient information not avail-
able in many cases, particularly in the early years, but,
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even in recent TOMS overpass comparisons, apparent
calibration shifts are identified for which no cause has
been found. Another issue of concern is whether uni-
form data quality can be maintained when a Dobson
instrument is replaced by a Brewer. Brewer instruments
replaced Dobsons at 4 Canadian sites (Churchill, Ed-
monton, Goose Bay, and Resolute) in the mid-1980s.
During the changeover at each site, both instruments
were operated for a period of at least 3 years in order to
quantify possible biases and differences in seasonal re-
sponse. In order to ensure continuity, a simulated
Dobson AD direct sun measurement is reported for these
sites (Kerr et al., 1988). The data records for these sites
must be monitored for possible biases and differences in
seasonal response that might affect trend analyses.

In Section 1.2.2, trend analyses of the measure-
ments from 43 stations are reported. The records from
many more were examined for possible inclusion, but
were not used for a variety of reasons. First, only
records starting before 1980 were considered sufficient-
ly long for meaningful analyses to be made. Second, a
minimum of 12 days of observation were required for a
monthly mean to be included. In the case of three high
latitude stations, all midwinter monthly means were
missing, a situation that cannot be handled by the cur-
rent, well-documented statistical technique, at least as
far as computation of seasonal average trends is con-
cerned. For this assessment, no analysis of data from
such stations is made. Third, some station records show
large variations against nearby stations or satellite over-
passes that cannot be explained in terms of any natural
phenomena. These records are few and were not used. A
number of points requiring corrections have been identi-
fied in the measurements submitted to the World Ozone
Data Center. The re-evaluations used in the records used
here for trend analysis will be documented in WMO Re-
port No. 35 (appendix by Bojkov). About half of these
corrections result from the WMO intercomparison pro-
gram and individual instrument’s calibration procedures,
and most of the remainder are made from information
made available from the instrument log books by the op-
erating agency (Bojkov, private communication). A few
obvious calibration shifts for which no instrumentally
derived correction can be found are treated in the statisti-
cal analysis (see Section 1.2.2). An empirical technique
has been used to correct the air mass dependencies at a
few stations, as insufficient instrumental information




exists in these cases (see appendix by Bojkov in WMO,
1994b).

The chief instrument used in the former USSR was
a filter ozonometer. Various improvements have been
made over the years, and the record of the M-83 and
M-124 versions since 1973 has been assessed by Bojkov
et al. (1994) using recently available information on the
individual instruments’ performance and calibration his-
tories. The errors associated with these instruments are

larger than those of Dobson or Brewer instruments, and

Bojkov et al. combine the individual station data into re-
gional averages.

Sulfur dioxide (SO;) absorbs ultraviolet at the
wavelengths used by Dobson and Brewer instruments to
measure total ozone. The presence of SO, causes a false
increase of total ozone measured by Dobson instruments
for both the AD and CD wavelengths. As part of a de-
tailed revision of the total ozone record at Uccle,
Belgium, De Muer and De Backer (1992) considered the
effect of the locally measured reduction in surface SO,
on the total ozone record from 1972 to 1991. Over this
period, surface SO, levels dropped by a factor of about
5. The size of the downward correction to the observed
total ozone was found to be 3-4% in 1972 and just under
1% in 1990, a change of similar size to the trend calcu-
lated in IOTP (WMO, 1990a). The trends calculated
using the revised data for 1978-1991 are in reasonable
agreement with TOMS version 6 overpass measure-
ments (WMO, 1992).

This analysis clearly raises the question as to how

* many records might be similarly affected (De Muer and
De Backer, 1993). Most North American stations are in
unpolluted areas and measurements made there will not
have been influenced by tropospheric SO,. In Canada,
surface SO, measurements made since 1974 are report-
ed by Environment Canada in the National Air Pollution
Surveillance Series for sites in Toronto, the worst affect-
ed station in Canada. In 1974 the average surface SO,
concentration in Toronto was 42 g m™3, about 40% that
measured near Uccle in the same year. A review of these
data indicates that about 1% (3-4 Dobson units, DU)
false total ozone may have occurred at Toronto in the
early part of the record. This dropped to 0.3% (1.2 DU
false ozone) in the early to mid-1980s and has remained
level since then, in good agreement with Kerr et al.
(1985, 1988). There is greater uncertainty in the earlier
data made by wet chemical instruments (which may be
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sensitive to other pollutants besides SO5) than there is in
the later data made by pulse fluorescence techniques.
Similar measurements made at Edmonton indicate that
interference due to SO, is less than 0.2% throughout the
record (in good agreement with Kerr et al., 1989). The
effects of SO, on the three other non-urban sites in Can-
ada are thought to be negligible. In the United States,
anthropogenic emissions of SO, decreased by 27-29%
from 1970 to 1988 (Placet, 1991). None of the U.S. sta-
tions is in as heavily populated a region as Uccle and so
should not have been as affected.

A model study of SO, concentrations in Europe,
based on emission estimates, indicated that the largest
changes in SO, concentrations since 1970 have occurred
over Belgium, Holland, and Northern France, and that in
1960 the SO, concentrations calculated for Belgium
were among the highest in Europe (Mylona, 1993). De-
creases by a factor of 50-75% were calculated for this
region, while elsewhere in Europe and Scandinavia the
reductions since 1970 seem to have been 50% at most
and are often less. Thus while some Dobson measure-
ments in Europe were affected by the decreasing SO,
concentrations, it is likely that Uccle is one of the most
heavily influenced.

Elsewhere, stations are in polluted regions where
the SO, trends are different from those in Europe and
parts of North America. Work still needs to be done to
assess the impact of SO, on O3 measurements at many
individual stations.

In June of 1991 the eruption of Mt. Pinatubo re-
sulted in the injection of large amounts of material into
the stratosphere. The plume included large amounts of
SO,, but this had decreased to low levels by the end of
July (Bluth et al., 1992). Of greater concern is the high
level of stratospheric aerosol that spread over the globe
and produced large aerosol optical depths for more than
a year. But Komhyr (private communication) notes that
the data record from the World Standard Dobson instru-
ment 1-83 shows little apparent disturbance when the
initial, dense aerosol cloud passed over Mauna Loa Ob-
servatory in early July. The initial error appeared to be
only a tenth of a percent or so. A small change (<1%) in
the calibration of I-83 was seen in June 1992. In June
1993, when the stratosphere over Mauna Loa was much
cleaner, the calibration of I-83 was the same as in 1991.
Thus ozone measurement errors due to Mt. Pinatubo
aerosols most likely did not exceed +1%, for direct sun

1.7




OZONE MEASUREMENTS

observations made by a well-maintained Dobson instru-
ment using the fundamental AD wavelength pairs. This
result should be expected, as the wavelength pairs were
originally chosen to minimize the effect of aerosol on the
measurement (Dobson, 1957).

1.2.1.2 SATELLITE-BASED OBSERVATIONS

Total ozone data are now available from a number
of satellite systems. The Nimbus 7 TOMS produced glo-
bal ozone maps (except in polar night) on nearly every
day from November 1978 until May 6, 1993, when the
instrument failed. Another TOMS instrument was
launched on the Russian Meteor 3 spacecraft in August
of 1991 and continues to operate, so a continuous TOMS
data record has been maintained, although, because of its
drifting orbit, the geographic coverage of the Meteor 3
TOMS is not as extensive as that of Nimbus 7 TOMS.

TOMS has been used as the “most reliable” satel-
lite-based monitor of total ozone because it gives daily
global coverage and has a 14.5-year record of observa-
tions. The version 6 TOMS data were produced using a
calibration based on data up through May 1990, and
there is concern that its calibration may have drifted
since then. This issue will be addressed through compar-
isons with other instruments. There is a known error at
large solar zenith angles (>70°) demonstrated by com-
parison with Systtme d’Analyse par Observation
Zénithale (SAOZ) spectrometers (Pommereau and Gou-
tail, 1988), which make zenith sky measurements of
ozone at sunset and sunrise and thus avoid the concerns
about airmass or temperature dependencies that arise
with the shorter wavelengths used in the Dobson, Brew-
er, TOMS, and SBUV instruments. This error in TOMS
is caused by a dependence on the shape of the ozone pro-
file when the ultraviolet light, used to measure the
ozone, no longer penetrates well to the ground. For the
Nimbus 7 TOMS, this problem is only important at high
latitudes in the winter hemisphere. Wellemeyer et al.
(1993) estimate that the 60° latitude winter trend will be
in error by less than 1-2% per decade; errors at lower
latitudes should be insignificant.

The sensitivity of TOMS to volcanic aerosol has
been analyzed in detail (Bhartia et al., 1993). There are
systematic errors depending on scan angle, but on a zon-
al mean basis the errors largely cancel. Aerosol-related
effects on the TOMS observation were only observed in
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the tropics for a few months, so there should not be a
significant effect on trends.

Data from Meteor 3 TOMS have been available
since its launch in August 1991, but the consistency of
the data from the two TOMS instruments (Nimbus 7
TOMS and Meteor 3 TOMS) has not been properly as-
sessed yet. The comparison is complicated by the orbit
of Meteor 3, which drifts from near-noon observations to
near-terminator observations every 53 days. Periodical-
ly, all data from Meteor 3 TOMS are collected at very
large solar zenith angles, so that the problems connected
with high latitude measurements occur at all latitudes.
In the light of these problems and the lack of a more de-
tailed assessment of the data quality, no use is made of
the Meteor 3 TOMS measurements for the trends pre-
sented in this assessment.

The SBUYV instruments also measure total ozone,
viewing directly below the orbital track of the space-
craft. The SBUV instrument on Nimbus 7 operated from
November 1978 to June 1990. While SBUV and TOMS
were separate instruments, they shared the diffuser plate
measuring the extraterrestrial solar flux and so did not
have completely independent calibrations. The same
basic algorithm is used to calculate both the TOMS and
the SBUV total ozone measurements. Data are also
available from the NOAA-11 SBUV/2 beginning in Jan-
uary 1989 through May 1994. The SBUV/2, which has
suffered much less degradation than SBUV, maintains
calibration using on-board calibration lamps and com-
parison with periodic flights of the Shuttle SBUV
instrument (Hilsenrath et al., 1994), and so its data
record is truly independent of the other systems. There
is a concern that, as the NOAA-11 orbit has drifted from
an initial 1:30 PM equator crossing time to a 4:30 PM
equator crossing time in 1994, zenith angle dependent
errors could be aliased into the ozone trend from SBUV/2.

The TOVS (TIROS Operational Vertical Sounder)
instruments (flown on a number of platforms) monitor
total ozone using the 9.6 pm channel, which makes them
most sensitive to ozone near the ozone maximum. This
fact and the unresolved problem of possible calibration
differences between the series of TOVS instruments lim-
it the current usefulness of TOVS for trend analysis.
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Figure 1-1. Time series of weekly average TOMS ozone overpasses at Hohenpeissenberg (top) and of the
percent difference between TOMS and Hohenpeissenberg total ozone amounts (bottom). (The Hohenpeis-
senberg data were taken from the World Ozone Data Center in December 1993; some minor revisions have

since been made.)

1.2.1.3 Darta QuALITY EVALUATION

The large natural variations in ozone complicate
the evaluation of the quality of total ozone measure-
ments. The comparison of simultaneous measurements
of the same quantity by independent instruments is an
effective means of checking the quality of the individual
instruments. For the early Dobson record there are no
independent, simultaneous measurements of total ozone
except during rare intercomparisons. (An exception oc-
curred at Arosa, where two instruments have been
operated simultaneously since 1968). The quality of the
early record thus depends on how well the individual in-
struments and their calibrations were maintained.
Evaluations of the early Dobson records are based on
comparisons with data from other stations in the same
synoptic region, with meteorological data such as the
100 hPa temperature series, and critical examination of
available log books. Such methods were discussed at
length in the IOTP (WMO, 1990a) and have been de-
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scribed further in WMO Report No. 29 (1992b). Details
of the calibration histories at individual stations will be
published in WMO Report No. 35 (1994b).

Since the launch of TOMS in 1978, a total ozone
measurement has been made almost daily from space
within 1° of every Dobson station. Figure 1-1 shows an
example of a TOMS-Dobson comparison for Hohen-
peissenberg, Germany. Similar comparisons have been
made for each of 142 ground-based stations (Dobson,
Brewer, and M-124) with relatively complete records
over the life of TOMS (Ozone Data for the World, 1993).
A single such comparison shows the relative differences
between the two measurement systems; examination of
many such plots can reveal the cause for differences be-
tween the systems. Changes relative to TOMS that
occur at one station but not at other nearby stations can
be presumed to be caused by that one station, but a
change that is seen at most stations can be presumed to
be caused by TOMS. Two simple indicators of data
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quality that can be derived from these plots are the aver-
age bias and drift relative to TOMS. Figure 1-2 shows
the first-year bias and trend relative to TOMS of 18 Dob-
son stations, including 183 in its measurements at Mauna
Loa each summer. The average offset of TOMS relative
to Dobson of 3-4% is almost certainly due to small pre-
launch calibration errors in TOMS. The scatter in this
diagram is noticeably less now that revised total ozone
records are used, indicating an improvement in the qual-
ity of these measurements. The average drift of TOMS
relative to the Dobson network of about -2% per decade
is discussed below.
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Figure 1-2. The average bias relative to TOMS in
the first year (usually 1979) and the drift relative to
TOMS over 14 years for a sample of 18 Dobson
stations. The Dobson station data were taken from
the World Ozone Data Center in December 1993.
183 at Mauna Loa and the regular Mauna Loa
record are shown separately.

Despite the variability of individual Dobson sta-
tions, random errors should largely cancel in a network
of Dobson stations, so that conclusions can be made
about the performance of TOMS. Figure 1-3 shows
comparisons of TOMS with ground-based measure-
ments, including 183 both at Mauna Loa and at Boulder,
a network of 30 Northern Hemisphere (25-60°N) Dob-
son stations that have complete data records through
May 6, 1993, and summer-only averages for the same
stations. TOMS is stable relative to I83 over its life. The
error bars shown for the 183 comparisons are statistical
uncertainties (95% confidence limits) for each summer’s
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Percent Ditf from TOMS

TOMS - ground stations

YEAR

Figure 1-3. Percent difference between TOMS and
World Standard Dobson #83, at both Mauna Loa
(solid circles) and at Boulder (empty circles);
monthly average differences for an average of 30
Northern Hemisphere Dobson stations; and sum-
mer only (JJA) differences for the same stations
(squares). The uncertainties shown are 95% confi-
dence limits for the mean value.

set of match-ups; the +0.5% or so year-to-year variation
represents the limit of accuracy for a single site compar-
ison, since many errors are systematic and not random as
the statistical error calculation assumes. A preliminary
comparison of 183 observations made in Boulder, where
fewer measurements were made with 183, shows a drift
relative to TOMS that is very similar to that seen in the
30-stations average, which implies a TOMS latitude (or
zenith angle) dependent drift. The comparison with the
ensemble of 30 Northern Hemisphere Dobson stations
was made using monthly averages. There is a seasonal
cycle in the TOMS-Dobson difference of about 1% am-
plitude in 1985 and increasing thereafter.

An initial decline of TOMS ozone relative to Dob-
son (or increase in Dobson ozone relative to TOMS)
between 1979 and 1984 is followed by a period of appar-
ent lesser drift between 1984 and 1990 and, after 1990, a
significant decline of about 21/2%. Evidence of this de-
cline beginning in about 1989 can also be seen in Figure
1-1, the comparison with Hohenpeissenberg. The initial
decline of TOMS relative to Dobson could be caused by
an error in TOMS not resolved by the internal calibration
method or, possibly, it could be partly due to a change in
the average calibration of the Dobson network in the
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Figure 1-4. Weekly average differences between TOMS and SBUV, NOAA-11 SBUV/2, and Meteor 3
TOMS, and monthly average differences between TOMS and TOVS.

early 1980s before the strong program of intercompari-
son was extended. Figure 1-3 shows that such a decline
is common to the Dobson records for most stations. Pos-
sible solar zenith angle dependent errors (in either
Dobson or TOMS) can be minimized by comparing
summer average values (where summer is defined as
June-July-August). There is a similar time dependence,
though of lesser magnitude (1-1.5%). Most of the sea-
sonal cycle must then be due to TOMS. The decline of
TOMS relative to I83 at Boulder, coupled with the stabil-
ity relative to I83 at Mauna Loa, indicates a TOMS error
that depends on the signal level, because UV signal lev-
els are generally lower at Boulder (more ozone) than at
Hilo. It is most likely that the TOMS photomultiplier
has developed a small nonlinearity in its response that
has increased with time. If true, the equatorial and sum-
mer midlatitude trends from TOMS should be accurate,
but the high and winter midlatitude trends could be too
large by 1-2% per decade.

Comparisons with TOMS have been done with an
average of 9 Brewer stations (not shown). The data
record is simply not long enough for definitive compari-
sons, but the seasonal dependence is larger, probably
because the Brewers tend to be at high latitude sites.
There is a decline between 1990 and 1992 that is consis-
tent with the Dobson results.

Figure 1-4 is a comparison of Nimbus 7 TOMS
with other satellite instruments: Nimbus-7 SBUY,
NOAA-11 SBUV/2, TOVS, and Meteor 3 TOMS. Com-
parisons have been done of weekly zonal mean ozone,
except for TOVS, where monthly means are used. The
comparisons for the 30°-50°N, 30°-50°S, and 20°S-20°N
zones are shown. Although 3% higher than SBUYV,
TOMS is quite stable relative to SBUV, not surprising
since both were recalibrated using similar techniques
and the two instruments use the same diffuser plate, al-
beit with different viewing geometries. There is a
seasonal variation of about 1% magnitude that again is
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likely caused by nonlinearity in the TOMS photomulti-
plier. There is no evidence for nonlinearity in the SBUV
photomultiplier. The NOAA-11 SBUV/2 calibration is
completely independent and is maintained through use
of on-board calibration lamps. There is a decline of
TOMS relative to SBUV/2 of 1% or so between 1989
and 1993. A comparison of SBUV/2 with an ensemble
of ground-based stations between 20° and 60°N indicates
that there has been little drift and that there is an apparent
seasonal cycle of about 1-2% (minimum to maximum).
Finally, comparisons with monthly average TOVS
zonal means for 30°-50°N are shown (Figure 1-4). The
TOVS data show significant variance, presumably re-
sulting from the sensitivity to stratospheric tempera-
tures, and cannot currently be used for trend analysis.

1.2.2 Trends in Total Ozone

Trends in total ozone were reported in the last as-
sessment (WMO, 1992a; see also Stolarski et al., 1992),
using TOMS satellite data from November 1978 through
March 1991, and ground-based data through March
1991 where available. A number of recent studies have
examined the available records, either on large scales
(Krzyscin, 1992, 1994a; Reinsel et al., 1994a) or at indi-
vidual stations (Degérska et al., 1992; Henriksen et al.,
1992, 1993; Kundu and Jain, 1993; Lehmann, 1994). In
addition, a number of studies investigated the effects of
interannual variability, and its various causes, on total
ozone trends (Hood and McCormack, 1992; Shiotani,
1992; Marko and Fissel, 1993; Krzyscin, 1994b, c; Ran-
del and Cobb, 1994; Zerefos et al., 1992, 1994). In
general, the conclusions of these studies agree well with
those presented in WMO (1992a) and here. One excep-
tion is the analysis by Henriksen et al. (1992, 1993) of
the total ozone record from Tromsg (70°N). Measure-
ments have been made there using a Dobson
spectrophotometer that show no long-term change from
1939 to 1989. Two difficulties arise in the interpretation
of this record. First, there is a gap between 1969 and
1984 during which the instrument was overhauled. Un-
fortunately the amount of adjustment caused by this
overhaul cannot be given (Henriksen et al., 1992). Sec-
ond, the natural variability of ozone is such that there are
geographic differences in the trends (WMO, 1992a), so
that one would expect the trends measured at some indi-
vidual stations to be zero.
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For this assessment, trends have been updated
through the most recent available data. The trend update
is complicated by the failure of the Nimbus 7 TOMS in-
strument on May 6, 1993, and concerns about the
correction of its calibration after 1990 (see Section
1.2.1.3). However, SBUV data have been re-evaluated
since the 1991 assessment, and are now suitable for trend
analysis when combined with the SBUV/2 data from the
NOAA-11 satellite. In the following section, trend anal-
yses of SBUV data extended with SBUV/2 after 1988,
abbreviated SBUV(/2), are updated through May 1994.

Trends from the Dobson network are updated
through February 1994 at the majority of stations, and
several new stations have been added. In addition, since
the 1991 assessment, a number of Dobson stations have
revised data for part or all of their historical records
based on detailed re-evaluations. These data have been
used if submitted to the World Ozone Data Center or di-
rectly to the chapter authors. In addition, at some
stations, revisions were made by R. Bojkov (private
communication) from the WMO intercomparison pro-
gram results or from information in the station log books
(see Section 1.2.1.1). Furthermore, data from 45 filter
ozonometer stations in the former USSR have been
thoroughly assessed and revised by Bojkov et al. (1994).
Regional average data for the four regions discussed in
that paper have been obtained from the authors and
trends calculated using the same statistical fit as for the
Dobson stations; the trends calculated for this report are
close to those tabulated by the authors.

As discussed in detail in Section 1.4, ozone levels
declined a few months after the eruption of Mt. Pinatubo
in June 1991, and at northern midlatitudes they remained
abnorinally low through the fall of 1993 (Gleason et al.,
1993; Herman and Larko, 1994; Bojkov et al., 1993;
Kerr et al., 1993; Komhyr et al., 1994a). Whatever the
cause of these low values, the calculation of trends with
abnormally low data at the end of the time period may
lead to substantially more negative values for the calcu-
lated trend. This presents difficulties in interpretation of
the results, since the use of the word “trend” implies a
generally consistent, continuing change over a given
period. By the inclusion of very recent data in late 1993
and the first half of 1994, this effect is lessened, except in
the Jun-Jul-Aug season where the very low 1993 data are
at the end of the series. Section 1.2.2.3 compares
SBUV(/2) trends through May 1991 versus trends




through May 1994 as an analysis of the effect of includ-
ing this period of anomalous ozone.

1.2.2.1 StaristicAL MODELS FOR TRENDS

As discussed in previous reports (WMO 1990a;
WMO 1990b; WMO 1992a), proper trend analysis of
ozone series uses a statistical regression model that fits
terms for seasonal variation in mean ozone, seasonal
variation in ozone trends, and the effects of other identi-
fiable variables such as the 1l-year solar cycle,
quasi-biennial oscillation (QBO), and atmospheric nu-
clear tests (if data from the early 1960s are used). The
residuals from the model are autocorrelated, and this
autocorrelation should be fitted as part of the statistical
estimation procedure to ensure reliable standard errors
for the calculated trends (see, for example, Reinsel et al.,
1987; 1994a; Bojkov et al., 1990). Also, proper error
analysis requires a weighted regression technique, since
ozone levels are much more variable in winter months
than in summer. For the long-term Dobson analyses, the
trend fitted for each month was a “hockey stick,” with a
level baseline prior to December 1969 and a linear trend
after 1970. For series beginning after 1970, including all
satellite data, the trend is a simple linear monthly trend.
As in previous reports, the other explanatory variables
used are: 10.7cm radio flux for the effect of the solar
cycle; and 50 mbar winds in the tropics (average of As-
cension, Balboa, and Singapore) for the QBO with an
appropriate latitude-dependent lag. For a given monthly
ozone series, individual monthly means in Dobson units
(DU) are calculated from the model for the beginning of
the time period, and monthly trends are calculated in
DU/year. For compactness in presentation, these are av-
eraged over four seasons, DJF, MAM, JJA, SON
(December-January-February, etc.), together with a
summary year-round trend. The trends are expressed in
% per decade, with the average DU/decade trends given
as a percent of the seasonal mean ozone in DU. Note
that the seasonal definitions are slightly different from
those used in previous assessments (DJFM, MJJA, SON,
with April not reported).

Mean level shifts (“intervention terms”) can be
used in the statistical model to account for instrument
calibrations or changes, and other sudden shifts in ob-
served mean ozone, for which the calibration
information necessary for direct adjustment is not avail-
able. Reinsel et al. (1994a) describe the methodology
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and give the dates at each station where intervention
terms are necessary if the publicly available data from
the World Ozone Data Center are used. In most cases in
this report, direct adjustment using known calibration in-
formation was used, except in the sensitivity analysis
presented in Section 1.2.2. An additional intervention
term not used in Reinsel et al. was calculated in the anal-
ysis here for Mauna Loa at June 1976 to adjust for an
unexplained but clear drop in mean ozone of several per-
cent.

It is necessary to ensure correct intercalibration
between the SBUV and SBUV/2 satellite records, and
the following procedure was used to estimate a possible
shift between records for each latitude zone. The stan-
dard statistical model was fit to the combined records
beginning 1/79, and ending in 5/91 to avoid the anoma-
lous ozone period after that time. There is an overlap of
eighteen months in the SBUV and SBUV/2 satellite
records (1/89 to 6/90), and each series was given one-
half weight in the overlap period. Intervention terms
were fit to estimate any difference in calibration between
the satellites, and these were typically found to be less
than 1% (in two zones, 1!/2%). These same shifts were
used to adjust SBUV/2 data to the level of SBUV for
analyses through 1994, the fit then being done giving
each series one-half weight in the overlap period, but
without further intervention terms.

1.2.2.2 TotAL OzoNE TRENDS UPDATED THROUGH 1994

This section presents a comparison of trends from
ground-based data through February 1994 and SBUV(/2)
satellite data through May 1994. The analysis of
ground-based data gives both long-term (using data from
1/64) and short-term (1/79 to 2/94) trends for direct com-
parison to SBUV(/2) results. As noted in the 1991
assessment, the short-term, more recent trends are more
negative than the long-term trends; an analysis of this
apparent trend acceleration is presented in Section
1.2.2.4.

The ground-based trend analysis uses a set of 43
Dobson stations, the majority of which are in Northern
Hemisphere mid- to high latitudes. The station set is a
subset (see Section 1.2.1.1) of the 56 stations used in
Reinsel et al. (1994a), together with the addition of Lis-
bon, now with revised data. The trends at individual
stations are tabulated only in one case (Table 1-1); other-
wise the individual station trends have been averaged
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Table 1-1. Set of 43 Dobson stations used for the trend analyses, with dates of usable data
(although the earliest analysis in this report begins at 1/64). Stations are grouped by the latitude
zones used in Figures 1-5 through 1-9. Seasonal trend estimates by station are shown for the period
1/79 through 2/94; these are plotted in Figure 1-5 (zonal averages in Figure 1-6). The columns labeled
“2se" give 95% uncertainty limits (two standard errors). The "Src" column indicates the source of the
data used here, with codes: WODC = data from World Ozone Data Center, Sta = data supplied by the
station authorities, Rev = revised as discussed in Section 1.2.1.1.

Dec-Feb Mar-May Jun-Aug Sep-Nov  Year

Station Latitude First Last est 2se est 2se est 2se est 2se est 2se Src
St. Petersburg 60.0 N 68-08 94-02 -7455 -7442 -4727 -3831 -6023 Sta
Churchill 588N 65-01 93-10 -5742 -6934 -4523 -2432 -501.8 Sta
Edmonton 53.6 N 58-03 94-02 -5647 -7633 -5522 -3432 5619 Sta
Goose 533N 62-01 94-02 -2.854 -5744 -7630 -3428 -4924 Sta
Belsk 51.8 N 63-04 93-12 9154 -6740 -4024 -1432 -5523 Rev
Uccle 50.8 N 71-07 94-02 -5954 -7438 -1324 -0334 -4022 WODC

Hradec Kralove 502N  62-03 9402 -7353 -6438 4424 -0829 -4922 WODC

Hohenpeissenberg 47.8 N 68-05 94-02 -8447 -6.146 -3626 -2031 -5224 Sta

Caribou 469N 62-09 94-02 -5344 -6527 -2622 -3133 -4518 Sta
Arosa 468N 57-07 9402 -5947 -4538 -2220 -1.126 -3.621 Sta
Bismarck 468N 62-12 9402 -1935 -6829 -2123 -1821 -3315 Sta
Sestola 442N 76-11 94-02 -5447 -6840 -4322 -0930 -4620 Rev
Toronto 438N 60-01 94-02 -4537 -5928 -2718 -0531 -3616 Sta
Sapporo 431N 5802 9402 -6837 -5631 -4026 -2226 -481.8 WODC
Vigna Di Valle 421N 5707 9402 -8043 -5551 -3824 -4827 -5624 Rev
Boulder 400N 76-09 9402 -2532 -7532 -1716 -1726 -3.61.6 Sta
Shiangher 398 N 79-01 93-08 -5.132 -3836 -0427 -1028 -2718 WODC
Lisbon 388N 67-08 94-02 -1334 -6728 -4117 -1527 -3614 Sta
Wallops Island 379N 57-07 94-02 -6535 -5435 -4422 -3033 -4919 Sta
Nashville 363N 62-08 94-02 -5033 -4439 -2926 -1331 -3519 Sta
Tateno 36.1N 57-07 94-02 -3.637 -1233 -0.822 0523 -1317 Sta
Kagoshima 316 N 6302 94-02 -2631 -1831 -061.9 0320 -121.6 Sta
Quetta 302N 6908 93-02 -5343 -1642 0727 -0225 -1.625 Rev
Cairo 30.1 N 74-11 94-02 -1.740 -3.130 -0216 -0916 -1517 Sta
New Delhi 28. 7N 75-01 94-02 -2233 -2032 0329 -0415 -1.119 WODC
Naha 262N 74-04 94-02 -2330 -2029 -0317 -1020 -141.5 WODC
Varanasi 253N 75-01 94-02 -2224 -1425 -0225 -1219 -1215 Rev
Kunming 250N 80-01 94-02 -0526 -1.83.5 0218 -1217 -081.6 Rev
Ahmedabad 23.0N 59-01 92-12 -1.127 -1634 -431.7 1225 -151.7 Rev
Mauna Loa 195N 64-01 94-02 -0634 0231 -0123 -0419 -0218 Sta
Kodaikanal 102N 76-08  94-02 1.126 0226 -0828 -1.029 -0221 WODC
Singapore 13N  79-02 93-10 1.03.1 -0440 -1.130 -1.133 -0429 Rev
Mahe 478 75-11 93-10 -0.718 -1.024 -2025 -1723 -141.6 Rev
Natal 58S 7812 94-02 -0325 1.620 -1624 -1.124 -0416 Rev
Huancayo 121S 6402 92-12 -0717 -1420 -3428 -0521 -151.5 Rev
Samoa 143S 75-12 94-02 -1619 -2518 -1331 -1925 -1.817 Sta
Brisbane 2748 57-07 93-07 -2218 -2117 -1836 -1924 -2015 Rev
Perth 319S 69-03 94-02 -0414 -1720 -1434 -0920 -1.11.3 Rev
Buenos Aires 346S 65-10 9402 -2.115 -1424 -4233 -2034 -2516 Sta
Aspendale 380S 57-07 93-07 -2916 -351.6 -3228 -2124 -291.2 Rev
Hobart 428S 67-07 92-04 -4421 -5227 -5234 2727 -4316 Rev
Invercargill 464S 70-07 94-02 -5216 -2021 -1226 -3226 -291.2 Rev

MacQuarieIsland 54.5S 63-03 93-06 -6826 -3430 -6548 -6032 -5719 Rev
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Individual Dobson Station Trends 1/79 to 2/94
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Figure 1-5. Individual Dobson station seasonal trends in total ozone in %/decade against latitude, over the
period 1/79 through 2/94 (where data are available). The gray curves are the averages of the individual
stations’ trends in the following latitudinal zones: 55-30°S, 30°S-0, 0-20°N, 20-30°N, 30-40°N, 40-50°N, and
50-60°N. These averages (plus standard errors) are tabulated in Table 1-3.

within the following latitudinal zones: 55°S-30°S,
30°S-0, 0-20°N, 20-30°N, 30°N-40°N, 40°N-50°N, and
50°N-65°N. Figure 1-5 shows the individual station
trends together with the zonal averages for the period
1/79 through 2/94. Although there is substantial scatter
among individual stations, the latitudinal pattern is clear-
ly represented by the zonal averages, which will be used
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in the following analyses for comparison to satellite
trends. Seasonal trends from the reassessed filter ozo-
nometer in four large regions of the former USSR are
plotted as separate points in Figure 1-6; they are consis-
tent with and support the Dobson data analysis.
SBUV(/2) trends through May 1994 are given by
season and latitudinal zone in Table 1-2. Ground-based
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Updated SBUV(/2) and Dobson Trends
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Figure 1-6. Updated SBUV(/2) and Dobson seasonal total ozone trends in percent per decade by latitude.
Solid circles are SBUV/(/2) trends in 10 degree zones over 1/79 to 5/94; solid triangles are short-term Dobson
trends over 1/79 to 2/94; X’s are long-term Dobson trends fitted using data over 1/64 to 2/94, with trend
calculated over 1/70 to 2/94. The Dobson trends are averages within latitudinal zones of individual trends at
43 Dobson stations. The coverage of SBUV-2 is incomplete at high southern latitudes in southern winter,
and the uncertainties associated with the high latitude southern winter trends probably underestimate the
true uncertainty. Trends over 1/79 through 2/94 in regional average ozone from filter ozonometer data re-
evaluated by Bojkov et al. (1994) are shown by the following symbols: W (West) = European region, S
(South) = Central Asia, C (Central) = Western Siberia, E (East) = Far East and Eastern Siberia. The horizon-
tal axis is scaled in terms of sin(latitude) so that equal spacings on the axis represent equal areas on the

globe.

trends through February 1994 are given in Tables 1-3
(from January 1979) and 1-4 (from January 1964). The
three sets of trends are plotted together for comparison in
Figure 1-6.

The most obvious features of the total ozone
trends have been commented upon in previous assess-
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ments and are confirmed in this updated analysis. Statis-
tically significant negative trends are seen at mid- and
high latitudes in both hemispheres in all seasons. The
largest negative ozone trends at mid- and high latitudes
in the Northern Hemisphere are seen in winter (Dec-
Feb) and spring (Mar-May); these trends are about -4 to
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Table 1-2. SBUV(/2) trends in %/decade by season and latitudinal zone over the period
1/79 to 5/94, with 95% uncertainty limits (two standard errors, labeled 2se).

Zone Dec-Feb 2se Mar-May 2se Jun-Aug 2se Sep-Nov 2se | Year 2se
65N -5.6 42 -6.3 29 -35 14 -4.3 1.6 |-50 20
55N -6.0 34 -6.1 2.6 -3.0 1.6 -3.7 1.5 |48 19
45N -6.4 29 -5.7 23 -2.8 1.5 3.1 15 |46 1.8
35N -49 24 -4.5 25 -3.1 1.5 2.9 1.5 |-39 1.8
25N -32 2.0 2.7 2.5 2.7 1.6 -3.0 1.3 |-29 1.6
15N 20 1.6 -1.8 1.8 20 1.9 -2.6 14 |-21 14

5N -1.3 1.8 -1.7 22 -1.8 1.5 -1.6 1.8 |-16 1.6

58 -1.5 1.3 -1.8 1.7 25 1.3 -2.1 1.5 |-20 12
158 -0.7 1.1 -0.3 1.1 -1.5 1.8 -1.0 1.5 |-09 1.1
258 -3.1 09 2.7 13 -3.6 2.6 2.7 1.8 [-30 14
358 44 10 53 1.8 -6.5 2.6 -39 20 [-50 1.5
458 -44 14 -50 1.7 -6.6 2.5 -3.5 22 |49 1.5
558 -4.6 1.6 -6.3 19 -10.7 3.0 -6.3 33 1-70 2.1
65S -5.8 14 -7.6 2.1 -14.3 3.8 -13.6 52 ]-104 24

Table 1-3. Short-term Dobson trends in %/decade using data from 1/79 to 2/94. Tabled
numbers are averages of individual trends within latitude zones, with 95% uncertainty limits (two
standard errors, labeled 2se).

Zone N Dec-Feb 2se | Mar-May | 2se | Jun-Aug 2se | Sep-Nov | 2se | Year | 2se
50-65 N 7 -6.2 1.5 -6.9 0.5 -4.6 1.4 2.2 1.1 -5.2 0.5

. 40-50 N 9 -5.4 1.5 -6.1 0.6 -3.0 0.6 -2.0 0.9 -4.3 0.5
30-40N 8 -3.9 1.3 -3.5 14 -1.6 1.4 -0.9 0.8 -2.5 1.0
20-30N 5 -1.7 0.7 -1.8 0.2 -0.9 1.7 -0.5 0.9 -1.2 0.2
0-20 N 3 0.5 1.1 -0.0 0.4 -0.7 0.6 -0.8 04 -0.3 0.2
30-0S 5 - -1.1 0.7 -1.1 1.4 -2.0 0.7 -14 0.5 -14 0.6
55-30 S 6 -3.6 1.9 -2.9 1.2 -3.6 1.7 -2.8 1.4 -3.2 1.3

Table 1-4. Long-term Dobson trends in %/decade using data from 1/64 to 2/94 (trends
from 1/70). Tabled numbers are averages of individual trends within latitude zones, with 95%
uncertainty limits (two standard errors, labeled 2se).
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Zone N | Dec-Feb | 2se | Mar-May | 2se | Jun-Aug | 2se | Sep-Nov | 2se Year 2se
50-65 N 7 -4.0 1.0 -34 0.5 -14 0.4 -1.2 0.5 -2.6 0.4
40-50 N 9 -3.7 0.8 -3.6 0.9 -1.8 0.6 -1.3 04 -2.7 0.5
30-40 N 8 24 1.0 -1.8 0.7 -0.6 0.5 -0.7 0.5 -14 0.6
20-30N 5 -1.5 0.8 -1.1 0.5 0.0 0.3 -04 0.7 -0.7 0.4

0-20N 3 0.4 0.8 -0.0 04 -0.8 0.7 -0.7 0.9 -0.3 0.3

30-0S 5 -1.2 0.7 -1.2 1.5 -1.7 0.3 -14 0.7 -1.4 0.7
55-30 S 6 -1.8 1.0 -1.9 0.8 -2.5 0.6 -1.6 0.8 -2.0 0.7
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-T%/decade. In the Southern Hemisphere, extremely
large ozone depletion is seen in the southern winter (Jun-
Aug) and spring (Sep-Nov).

The agreement between SBUV(/2) satellite and
Dobson ground-based trends is not as good as seen in the
1991 assessment between TOMS satellite and ground-
based trends. In the 1991 assessment, TOMS trends
averaged slightly more negative than the Dobson trends,
but only by 1%/decade or less. As seen in Figure 1-6, the
SBUV(/2) trends average 1 to 2%/decade more negative
than the short-term Dobson trends in all seasons and at
all latitudes except mid- to high northern latitudes. In
the case of the mid- to high northern latitudes, the agree-
ment is much better. In the equatorial regions, while the
Dobson network shows essentially no trend in total
ozone in concurrence with previous assessments, the
SBUV(/2) analysis indicates a seasonally independent
trend of about -2%/decade; these are just statistically
significant in many cases, since two standard errors of
the trend estimates are about 2%/decade in low latitudes.
This is particularly so in the Jun-Jul-Aug period; how-
ever, due to the timing of this assessment, we cannot
update trends in that period beyond the extremely low
1993 values discussed in Section 1.2.2.4.

In order to check the consistency of the SBUV(/2)
trends versus both Dobson and TOMS, Figure 1-7 shows
seasonal trends in total ozone using data through May
1991 for all three. The TOMS trends through May 1991
are similar to those reported in the 1991 assessment
(only an additional two months of data are used), al-
though the seasonal definitions were different in the
1991 assessment (Dec-Jan-Feb-Mar, May-Jun-Jul-Aug,
Sep-Oct-Nov, with April not reported). The Dobson and
TOMS curves in Figure 1-7 are close to those given in
Reinsel et al. (1994a) for the period 11/78 through
12/91; slight differences in the recent Dobson results are
primarily due to use of Dobson station revisions.

Over the same time period, SBUV(/2) trends tend
to be consistently more negative than both TOMS and
Dobson at low latitudes, say 30°S to 30°N. TOMS trends
are also slightly more negative than Dobson trends on
the average, as noted above and in the previous assess-
ment. SBUV(/2) trends average close to -2%/decade in
the tropics, even when data from the low 1992-1993
period are excluded.

Reinsel et al. (1994a) used a set of 56 Dobson sta-
tion records, publicly available from the World Ozone
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Data Center, to analyze trends through 1991. Figure 1-8
shows the year-round trends calculated for this report as
discussed above compared to the year-round trends from
the 56 Reinsel et al. stations records, updated with pub-
licly available data. The data used for the comparison
analysis were obtained from the World Ozone Data Cen-
ter, except that newly revised data for the U.S. stations
and Arosa were used as obtained directly from the sta-
tions. The same statistical interventions as used in
Reinsel et al. were also used in the comparison analysis,
with an additional one at Mauna Loa as discussed above.
The results from the larger Reinsel et al. set of stations,
using in many cases data that have not yet been pro-
cessed using current quality control procedures (WMO,
1992b), show much more variation in the trends; howev-
er the average across stations within each latitude zone is
close to the analogous average for the 43-station analysis
discussed here.

1.2.2.3 THE EFrECT OF THE 1992-1994 DATA

As discussed in the preamble to Section 1.2.2, it is
desirable to update trend estimates through the most re-
cently available data. However, interpretation of these
trends that include the recent period must be made with
caution, since global total ozone was low over the period
late 1991 through late 1993.

Figure 1-9 shows the effect of using data over the
period 1992-1994, compared to stopping the trend anal-
yses at December 1991, for SBUV(/2) and Dobson data.
The comparison is not made for TOMS, because of the
concerns about the TOMS calibration in the last couple
of years of the instrument’s life, and because of difficul-
ties in extending the TOMS data beyond May 1993.

The effect of excluding the 1992-1994 data from
the trend calculations is less than one might expect, giv-
en the size of the 1992-1993 anomaly, although certainly
on the average the updated trends are slightly more neg-
ative. The largest consistent effects are in the Jun-Jul-
Aug period in the tropics (note the latest Jun-Jul-Aug
data in this analysis are from 1993) seen in both SBUV
and Dobson analyses; the effect is to make the trends
about 1%/decade more negative. The Dobson data show
about a 2%/decade effect in winter and spring in the mid-
to high north latitudes, which is not so clear from SBUV
except in the high northern latitudes. In other seasons/
latitudes, the effects are typically less than about 1%/
decade.
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SBUV(/2), Dobson, and TOMS Trends 1/79 to 5/91
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Figure 1-7. SBUV(/2), Dobson, and TOMS seasonal total ozone trends in percent per decade by latitude
through 5/91. Open circles are SBUV(/2) trends over 1/79 to 5/91; open triangles are Dobson trends over
1/79 to 5/91; open squares are TOMS trends over 1/79 through 5/91. The Dobson trends are averages
within latitudinal zones of individual trends at 59 Dobson stations.
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Year Roun_d Trend from Current Station Set vs. Set from Reinsel et al.

(a) Current station set

%/decade
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(b) Reinsel et al. set
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Figure 1-8. Comparison of year-round trends 1/79 through 2/94 from the 43-station set of revised data used
in this report (plot (a)) with trends from the station set of Reinsel et al. (1994a) using data from the World
Ozone Data Center together with updates for the U.S.A. stations and Arosa obtained from the stations (plot
(b)). The gray curves are averages within latitudinal zones as in Figure 1-5.

1.2.2.4 AcCCELERATION OF OzoNE TRENDS

It was commented upon in the 1991 assessment
(WMO, 1992a) that trends in the 1979-1991 period from
the Dobson network tended to be larger (more negative)
than trends calculated over the longer period 1970-1991.
This is also seen in Figure 1-6, comparing the short-term
(1/79 to 2/94) trends with the long-term (1/70 to 2/94)
trends. This phenomenon has led to speculation that
ozone trends have accelerated in recent years compared
to the trends in the 1970s.

To test this, a double trends model was used to an-
alyze data from 34 Dobson stations whose records begin
by January 1975, but utilizing data from January 1964
where available, as for the long-term trend analysis in
Table 1-4. The time trend fitted was a “double jointed
hockey stick,” with a level base before 1970, a trend be-
ginning in January 1970, and a possibly different trend
from January 1981 through December 1991 (the date of
the trend change was chosen for convenience to divide
the 22-year period 1970-1991 into two equal 11-year
segments). Interest focuses on the difference in the
trends over 1981-1991 vs. 1970-1980. This model was
fitted to the 34 Dobson stations, and the trend difference
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calculated at each station for each season. The year-
round average differences are shown in Figure 1-10.

There is an indication of an acceleration in the an-
nual trends in northern mid- to high latitudes and in all
seasons except Sep-Oct-Nov (seasonal results not shown
in plot). The largest number of Dobson stations are in
mid- to high north latitudes where trends, especially in
winter and spring, are large. Table 1-5 shows the mean
trend difference for the 24 Dobson stations in this analy-
sis north of 25° north latitude, together with the standard
error of the mean. The largest trend acceleration appears
in the spring, followed by the winter and summer sea-
sons. The average trend differences are statistically
significant in the spring, summer, and year-round aver-
age, and very nearly so in winter.

1.2.3 Discussion

As a result of efforts to reanalyze the historical
ground-based data record and of a continuing program
of instrument intercomparisons relative to-the World
Standard Instrument, the quality of the Dobson (and
M-124) record has improved since the last report
(WMO, 1992a). We can thus have greater confidence in
the derived trends. There is still a great deal of station-
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Effect of Using 1992-1994 Data
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Figure 1-9. Effect on trends of using 1992-1994 data. Triangles denote the difference in the trends calculat-
ed from Dobson data (1/79 to 2/94 minus 1/79 to 5/91). Circles denote the difference in the trends (1/79 to 5/
94 minus 1/79 to 5/91) calculated from SBUV(/2) data.

121




OZONE MEASUREMENTS

Table 1-5. Difference in trends 1981-1991 vs. 1970-1980 from the double trends model,
averaged over 24 Dobson stations north of 25°N. The column labeled 2se represents 95%
uncertainty limits (two standard errors) for the difference in trend.

Average Trend
Season Difference 2se
Dec-Jan-Feb 20 1.5
Mar-Apr-May 2.8 1.1
Jun-Jul-Aug -19 1.5
Sep-Oct-Nov -04 12
Year round -1.8 0.7

Differences between Year Round Trends 81-91 and 70-80
From Double Trends Analysis of 34 Dobson Stations

%/decade
A
1
.
L]
L]

Latitude

Figure 1-10. Differences between trends 1981-
1991 and 1970-1980 at 34 Dobson stations from
double trends analysis.

to-station variability as determined when TOMS is used
as a transfer standard to look for short-term shifts. It is
important that stations’ records continue to be main-
tained and improved.

When the TOMS trends through May 1990 were
evaluated (Stolarski et al., 1991) the trend error was esti-
mated to be 1.3% per decade (two sigma error). As a
result of a recent evaluation it appears that the Nimbus 7
TOMS calibration has drifted by 1-2% since 1990. The
changing seasonal cycle in the TOMS-Dobson and
TOMS-SBUV differences appears to be caused by
changing nonlinearity in the TOMS photomultiplier re-
sponse. While the previous error estimate may be
appropriate for equatorial and midlatitude summer data,
the photomultiplier nonlinearity may be introducing as
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much as 2% per decade error into midlatitude winter
trends.

The SBUYV record has benefited greatly from the
work done on the TOMS measurements (the same basic
algorithm is used; the diffuser plate correction is the
same). The drift in the calibration of total ozone by the
SBUYV instrument from January 1979 to June 1990 was
1% or less, and any seasonal differences relative to Dob-
son instruments in the Northern Hemisphere were less
than 1%. The SBUV2 instrument has the on-board cali-
bration lamps and has been compared with the Shuttle
Solar Backscatter Ultraviolet (SSBUV) flights since
1989. There was good agreement during the 18 months
that both SBUV and SBUV2 made measurements. The
main problems with the combined SBUV/SBUV2
record are the possible aliasing of trends resulting from
the changing orbit of the NOAA-11 satellite and the pos-
sibly linked seasonal difference of 1-2% (minimum to
maximum) relative to the ground-based network in the
Northern Hemisphere. The TOMS non-winter measure-
ments agree well with those from SBUV and SBUV/2.
Given these factors, and the extra year of data in the
combined SBUV(/2) record, it is best at this time to fo-
cus on trends derived from the SBUV(/2) measurements.

The most obvious features of the total ozone
trends have been commented upon in previous assess-
ments. Statistically significant negative trends are seen
at mid- and high latitudes in all seasons. The largest neg-
ative ozone trends at mid- and high latitudes in the
northern Hemisphere are seen in winter (Dec-Feb) and
spring (Mar-May); these trends are about -4 to -7%/de-
cade. In the Southern Hemisphere, the annual variation
in the trends at midlatitudes is smaller, though the aver-
age trend is similar to the Northern Hemisphere average.




The effect of including the 1992-1994 data in the
trend calculations is less than one might expect, given
the size of the 1992-1993 anomaly, although certainly on
the average the updated trends are slightly more nega-
tive. The largest consistent effects are in the Jun-Jul-
Aug period in the tropics (note the latest Jun-Jul-Aug
data in this analysis are from 1993) seen in both SBUV
and Dobson analyses; the effect is to make the trends
about 1%/decade more negative. The Dobson data show
about a 2%/decade effect in winter and spring in the mid-
to high north latitudes, which is not so clear from SBUV
except in the high north. In other seasons/latitudes, the
effects are typically less than about 1%/decade.

Analysis of TOMS, SBUV(/2), Dobson, and ozo-
nometer data through 5/91 reconfirms the results in the
1991 assessment (WMO, 1992), which were based on
TOMS and Dobson analyses through 3/91. The SBUV(/2)
trends tend to be slightly more negative than either
TOMS or Dobson trends, particularly in the tropics,
while as pointed out in the 1991 report, TOMS trends are
also slightly more negative than Dobson. However, the
differences between the instrument systems are within
the 95% confidence limits.

SBUV(/2) trends in the tropics over the period
1/79 through 5/94 are estimated to be about -2%/decade
in all seasons, with formal 95% confidence limits in the
tropics of 1.5 to 2%/decade. This appears to be due to a
combination of two effects: (1) SBUV/2 trends are about
1%/decade more negative than TOMS and Dobson in the
tropics, raising suspicions of an instrumental drift; and
(2) the inclusion of the low 1992-1994 data makes the
trends an additional 1%/decade more negative in the
tropics.

There was a statistically significant increase
(about 2%/decade) at the Dobson stations north of 25°N
in the average rate of ozone depletion in the period 1981-
1991 compared to the period 1970-1980.

1.3 OZONE PROFILES

1.3.1 Ozone Profile Data Quality

Various techniques have been used to measure
ozone profiles. However only a few of these have pro-
duced data sets that are long enough, and of sufficient
quality, to be considered for trends. In this section we
consider two ground-based methods that have been in
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use since the 1960s (Umkehr and ozonesondes) and two
satellite instruments (SBUV and the Stratospheric Aero-
sol and Gas Experiment, SAGE).

1.3.1.1 UMKEHR

The long-term records of Umkehr observations are
made using Dobson spectrophotometers at high solar
zenith angles using zenith sky observations (e.g., Gotz,
1931; Dobson, 1968). A new inversion algorithm has
been developed (Mateer and DeLuisi, 1992), and all the
Umkehr records submitted to the World Data Center
have been recalculated. The new algorithm uses new
temperature-dependent ozone absorption coefficients
(Bass and Paur, 1985) and revised initial estimates of the
ozone profiles. The correction for the presence of aero-
sols is still calculated after the ozone retrieval (DeLuisi
et al., 1989), and the aerosol corrections needed for the
new and old retrievals are similar (Reinsel et al., 1994b).
Mateer and DeLuisi concluded that reliable ozone trends
can only be found for Umkehr layers 4-8 (19-43 km).
Lacoste et al. (1992) compared the lidar and Umkehr
measurements made at Observatoire de Haute-Provence
from 1985-1988. They found good agreement between
these two measurements systems from layers 4-7 (the li-
dar was not sensitive below layer 4) and attributed the
poor agreement in layer 8 to the low return signals in the
lidar system from this high altitude at that time.

Some information is available below layer 4 be-
cause total ozone must be balanced within the complete
profile. DeLuisi et al. (1994) have compared Umkehr
observations (calculated using the old algorithms) with
SBUV ozone profile data in the 30-50°N latitude band
for 1979-1990 and showed that there is good agreement
in layer 4 and above. The agreement in the SBUV and
Umkehr profiles is not so good lower down, but useful
trend information may be present, a situation that could
improve when the new algorithm is used. For now, as in
recent assessments, only the trends in layers 4 and above
will be considered.

1.3.1.2 OZONESONDES

Ozonesondes are electrochemical cells sensitive to
the presence of ozone that are carried on small balloons
to altitudes above 30 km. Several versions have been
used, and the important ones for ozone trend determina-
tion are the Brewer-Mast (BM), the electrochemical
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concentration cell (ECC), and the OSE (used principally
in Eastern Europe). The principle on which they work is
that the current produced in the cell from the reaction of
ozone with potassium iodide solution is proportional to
the amount of ozone passing through the cell. This is not
true if other sources of current exist. Two such cases are
discussed here: the zero-ozone current output possibly
caused by chemicals other than Os; and the interfering
gas, SO,. Changes in operational procedures can also
strongly influence the ozonesonde data quality. Two
ways by which the quality of the ozonesondes can be
assessed are also discussed: intercomparisons and cor-
rection factors.

The ozonesonde network is geographically un-
even, with the large majority of stations in Europe and
North America. The highest density of stations is in Eu-
rope, where they are all located between 44 and 52°N
and between 5 and 21°E. The long-term records in Eu-
rope all involve BM sondes or OSE sondes. With the
exception of Wallops Island, the North American sta-
tions do not have continuous records longer than 15
years, as Brewer Mast sondes were used at Canadian sta-
tions until about 1980, when there was a switch to ECC
sondes. The frequency of launches at the Japanese sta-
tions has been quite low at times, which has the effect of
increasing the uncertainties ‘associated with the long-
term trends. However, the most obvious shortage of data
is in the Southern Hemisphere, where the only long-
term, non-Antarctic records are at Natal (6°S) and
Melbourne (38°S: Aspendale/Laverton). Unfortunately,
the launch frequency at these sites has been irregular as
well. Last, it should be noted that many stations have
ongoing programs to assess and improve the quality of
the measurements.

1.3.1.2a Background Current

The presence of a background (zero ozone) cur-
rent has long been recognized in the ECC sonde and the
standard operating procedures include a method for cor-
rection (Komhyr, 1969). For most ECC sondes that have
been flown, a correction has been applied that assumes
that the background current decreases with altitude
(Komhyr and Harris, 1971). Measurements are sensitive
to errors in the correction for the background current in
regions where the ozone concentration is low, i.e., at or
near the tropopause. Such errors have the potential to be
large as the background current can become similar in
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magnitude to the ozone-generated current, for example,
in the tropical upper troposphere. In the stratosphere,
where ozone concentrations are much higher, the errors
associated with background current corrections are
small.

The response time of the ECC sonde to ozone is
about 20 seconds. Laboratory studies indicate that there
is an additional component of the background current
with a response time of 20-30 minutes (Hofmann, Smit,
private communications). For this component there is a
memory effect as the balloon rises and the background
current would vary through the flight. Earlier studies
(Thornton and Niazy, 1983; Barnes et al., 1985) con-
cluded that the background current remained constant in
the troposphere. No correction is made for the zero cur-
rent in BM sondes, although some stations measure it
before launch. For BM sondes, the procedure is to re-
duce this zero current to a very low value by adjusting
the sonde output, possibly at the expense of the sonde
sensitivity. Any changes in the magnitude of the back-
ground current over the last 20-30 years will most
strongly affect the trends calculated for the free tropo-
sphere. More work is needed to assess the size and
impact of any changes in the background current in the
different ozonesondes.

1.3.1.2b SO,

The presence of SO; lowers the ozonesonde read-
ings (one SO; molecule roughly offsets one O3
molecule), an effect that can linger in the BM sonde be-
cause the SO, can accumulate in the bubbler (Schenkel
and Broder, 1982). The SO, contamination is a problem
at Uccle, where the measured SO, concentrations were
high in the 1970s and have dropped by a factor of about 5
over the last 20 years. A procedure has been developed
to correct for the SO, effect at Uccle, and the influence is
found to be greatest in the lower troposphere (De Muer
and De Backer, 1994). Logan (1994) argues that the
Hohenpeissenberg, Tateno, and Sapporo ozonesonde
measurements in the lower troposphere may have been
affected by SO,. This interference is worst in winter
when the highest concentrations of SO, occur. Staehelin
et al. (1994; personal communication) have found that
SO, levels in Switzerland were too low to have a notice-
able effect at Payerne. Other stations are also likely to
have been less affected. ‘




1.3.1.2¢ Operational Changes

Changes in operational procedures at an ozone-
sonde station can have dramatic effects on the ozone
measurements, particularly in the troposphere. Two
clear examples are: (a) the change from BM to ECC
sondes at the Canadian stations that took place in the ear-
ly 1980s, when there was an apparent jump in the
amount of tropospheric ozone measured at most of these
stations; and (b) the change in launch time at Payerne in
1982, which affected the measurements in the lowest
layer of the troposphere (Staehelin and Schmid, 1991).
Logan (1994) argues that there is a jump in lower and
mid-tropospheric ozone values in the combined Berlin/
Lindenberg record, corresponding to the change in
ozonesonde launch site from Berlin to Lindenberg and to
the simultaneous change in sonde type from BM to OSE.
Alterations in the manufacture of the sensors and in the
pre-launch procedures can also have an effect.

Another possible cause of error is a change in the
efficiency of the pump. The air flow through the ozone
sensor is not measured, but is calculated from laboratory
tests performed at a number of pressures (Gorsdorf et al.,
1994; Komhyr et al., 1994b, and references therein). It
is possible that there have been some changes in the de-
sign of the pump that may have changed its efficiency
over time and that primarily affect measurements made
at altitudes above 25-28 km.

1.3.1.2d Intercomparisons

A series of campaigns have been mounted in
which different ozonesondes have been compared to see
whether the quality of any type of ozonesonde has
changed over time and to find out what systematic differ-
ences exist between different types of sonde and
between the sondes and other instruments (lidar, UV
photometer). In each campaign good agreement was
found between the various ECC sondes flown simulta-
neously. However in the most recent WMO campaign
held at Vanscoy, Canada, in May 1991, the BM gave re-
sults 15% higher than the ECC in the troposphere,
whereas in the previous campaigns (1970, 1978, 1984)
the BM was reported as measuring 12% less tropospher-
ic ozone than the ECC (Kerr et al., 1994, and references
therein). This result may indicate a change in the sensi-
tivity of the BM to ozone. This conclusion is supported
to some extent by the findings of a study at Observatoire
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de Haute Provence, where comparisons involving BM
and ECC sondes, lidars, and UV photometers made in
1989 and 1991 showed a change in the BM sensitivity
relative to ECC in the troposphere. However, operation-
al practices maintained during campaigns can be
different from those used at home, and it is hard to assess
how representative the measurements made under cam-
paign conditions are. The implications of such findings
on trends in tropospheric ozone are discussed in Section
1.3.2.3. The measurements in the stratosphere show
good agreement in all the comparisons.

Although one must be careful in the comparison of
the regular Brewer-Mast sondes with the GDR sondes
manufactured in the former East Germany, results of two
intercomparison campaigns in Germany (Attmann-
spacher and Diitsch, 1970, 1981) showed similar
differences between BM and OSE of 3 and 5 nbar, re-
spectively, in the free troposphere (a difference of about
5% of the measured ozone concentration) and no differ-
ences in the stratosphere. This may be a good indication
that OSE sonde quality remained the same, at least over
the time period 1970-1978; and therefore differences be-
tween trend estimates obtained at various stations need
not be strongly dependent on the type of sondes used,
unless changes in sonde type occurred.

1.3.1.2e Correction Factors

Ozonesonde readings are normalized so that the
integrated ozone of the sonde (corrected for the residual
ozone at altitudes above the balloon burst level) agrees
with the total ozone amount given by a nearby Dobson
(or other ground-based) instrument. This is a good way
to assess the overall sounding quality — an unusually
high or low correction factor indicates that something
might be wrong with a particular sounding. A correction
factor of 1 is not a guarantee that the profile is correct.

However, care is needed in using correction fac-
tors, as new errors can be generated. First, the process
relies on the quality of the local total ozone measure-
ment. For instance, errors can be introduced either by a
single, erroneous reading or through changes in the cali-
bration of the ground-based instrument. It is important
to ensure that the ozonesonde records are updated in line
with the ground-based revisions. Second, errors in the
pressure and ozone reading at the burst level will affect
the value of the residual ozone, which in turn influences
the rest of the profile through an inaccurate correction




OZONE MEASUREMENTS

factor. Third, any variation of the sonde sensitivity to
ozone changes with altitude leads to an incorrectly
shaped profile, which the use of a correction factor
(based only on total column amounts) cannot adjust.
ECC sondes are thought to have a more constant re-
sponse with altitude than the BM sondes which tend to
underestimate tropospheric ozone amounts.

No significant long-term trend in the correction
factor has been seen at Hohenpeissenberg, Payerne, and
Uccle, a fact which suggests that there has not been a
change in sensitivity of the BM sonde, possibly indicat-
ing that the result of the intercomparisons arose from the
different operational conditions used in the intercompar-
isons. Changes in correction factor over shorter times
have occurred, e.g., at Payerne in the early 1970s and
since 1990 (Logan, 1994). Logan (1994) has compared
the trends estimated using measurements calculated with
and without correction factors and found only small
changes in the ozone trends in all but 3 of the 15 ozone-
sonde records.

1.3.1.3 SATELLITE MEASUREMENTS OF THE OZONE
PROFILE

The SAGE I and SAGE II instruments were de-
scribed in detail in the IOTP (WMO, 1990a). SAGE I
operated from February 1979 to November 1981 and
SAGEII from October 1984 to the present day. They are
solar occultation instruments measuring ozone absorp-
tion at 600 nm. Correction is made for attenuation by
molecular and aerosol scattering and NO, absorption
along the line of sight by using the observations made at
other wavelengths. Comparisons of SAGE II number
density profiles with near-coincident balloon and rocket
measurements have shown agreement on average to
within £ 5-10% (Attmannspacher et al., 1989; Chu et al.,
1989; Cunnold et al., 1989; De Muer et al. 1990; Barnes
etal., 1991).

The SAGE I and SAGE Il instruments are different
in some respects, but, in principle, there are few reasons
for calibration differences between the two instruments.
One reason is the altitude measurements of the two in-
struments, which are now thought to be offset by 300 m.
The effects of such an offset would be felt most at alti-
tudes between 15 and 20 km, where the ozone concen-
trations vary rapidly with altitude. Two independent
investigations have found a potential error in the altitude
registration of the SAGE I data set. From a detailed in-
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tercomparison with sondes and lidars, Cunnold (private
communication) has found that agreement between
SAGE I and these other measurements can be signifi-
cantly improved if the SAGE I profiles are shifted up in
altitude by approximately 300 meters. The prelaunch
calibration archives for SAGE I have been reexamined,
and together these data show that the spectral location of
the shortest wavelength channel may be in error by 3 nm
(382 nm instead of 385 nm). Since this channel is used
to correct the altitude registration via the slant path Ray-
leigh optical depth, a shift of 3 nm to shorter wave-
lengths would result in an upward altitude shift of about
300 £ 100 m. The full impact of this wavelength error is
being studied and a preliminary version of the shifted
SAGE I ozone data set is used in this assessment.

The presence of aerosols increases the errors asso-
ciated with the measurement, as the aerosols are
effective scatterers of light at 600 nm. Comparisons of
SAGE II ozone measurements with those made by Mi-
crowave Limb Sounder (MLS) (which should be
unaffected by aerosol) indicate that errors become ap-
preciable when the aerosol extinction at 600 nm is larger
than 0.003 km"!, which corresponds to about 8 times the
background aerosol at 18 km. Only measurements made
with an aerosol extinction less than 0.001 km™! are used
in the trend analyses presented in the next section. Using
the 0.001 per km extinction value as a screening criteri-
on, the following general observations follow. The
SAGE II ozone measurements were interrupted for a pe-
riod of one year following the eruption of Mt. Pinatubo
at 22 km near 40°N and 40°S. At the equator the gap in
the series was two years at the same altitude. Extratrop-
ical measurements were uninterrupted at altitudes of 26
km and above (30 km and above at the equator). By ear-
ly 1994, SAGE II was making measurements at all
latitudes down to the tropopause.

SBUV operated from November 1978 to June
1990. The total ozone measurements are described in
Section 1.2.1. Ozone profiles are found by measuring
the backscatter from the atmosphere at wavelengths be-
tween 252 and 306 nm. The wavelengths most strongly
absorbed by ozone give information about the higher al-
titudes. There is little sensitivity to the shape of the
profile at or below the ozone maximum. As with the
Umkehr measurements, some information is available
below the ozone maximum because the complete profile
must be balanced with the total ozone. Hood et al




(1993) considered the partial column from the ground to
32 mbar (26 km) as the most useful quantity in this re-
gion.

Corrections have been made for the diffuser plate
degradation using the pair justification method (Herman
et al., 1991; Taylor et al., 1994), so the quality of the
SBUYV profile measurements has improved since the
IOTP (WMO, 1990). The shorter wavelengths were cor-
rected using a form of the Langley technique: near the
summer pole, ozone measurements are made at each lat-
itude with two solar zenith angles. If the zonal mean
ozone values are constrained to be the same, the wave-
length dependence of the correction to the diffuser plate
degradation can be determined. The accuracy of any de-
rived trend in the ozone profile is no better than 2-3% per
decade. Above 25 km, the vertical resolution of SBUV
is about 8 km, and this increases below 25 km to about
15 km. A limit on the independence of the SBUV ozone
profile data in trend determination is that the retrieval
algorithm requires further information on the shape of
the ozone profile within these layers. It is thus possible
that a trend in the shape of the profile within a given lay-
er could induce a trend in the retrieved layer amount,
even though the actual layer amount remains unchanged.

A problem with the synchronization of the chop-
per in the SBUV instrument occurred after February
1987. After corrections are made, there is no evidence of
bias at the 1-2% level between the data collected before
and after this date, although the latter data are somewhat
noisier (Gleason et al., 1993; Hood et al., 1993).

McPeters et al. (1994) have compared the SAGE II
and SBUV measurements from 1984 to 1990, the period
when both instruments were in operation. Co-located
data were sorted into 3 latitude bands (20°S-20°N, 30-
50°N, and 30-50°S). Agreement is usually better than
5% (Figure 1-11, 20°S-20°N not shown). The main ex-
ceptions are near and below 20 km, where SBUV has
reduced vertical resolution, and above 50 km, where the
sampling of the diurnal variation of ozone is not ac-
counted for in the comparison. A discrepancy between
the SAGE sunrise and sunset data was found in the upper
stratosphere near the equator. This may be related to the
SAGE measurements made at sun angles, which causes
the measurements to be of long duration so that the
spacecraft motion during the event can be on the order of
10 great circle degrees.
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The drift from 1984-1990 between the two mea-
surements above 32 mb is less than 5% and is statistically
insignificant (Figure 1-12). Below this, the drift is 10%
per decade in the tropics and becomes smaller (4-6%) at
midlatitudes. These are roughly consistent with the dif-
ference in the ozone trends from the two instruments. -
Some, or all, of this apparent drift may be caused by the
requirement of information about the shape of the ozone
profile in the SBUV retrievals (McPeters et al., 1994).
In contrast, the relative drift between SBUV and the
Umkehr measurements (all between 30 and 50°N) is less
than 2%. However, below the ozone maximum the aver-
age ozone amounts from SBUV and Umkehr differ by as
much as 20% (DeLuisi et al., 1994).
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Figure 1-11. Ozone profile bias of SBUV relative to
SAGE sunset data in northern midlatitudes (o) and
southern midlatitudes (¢) for 1984-1990. The solid
symbols are for layers 3+4 combined to represent
the low SBUV resolution in the lower stratosphere.
Standard deviations of the appropriate daily values
used in calculating the average biases are also
plotted. (McPeters et al., 1994.)

1.3.2 Trends in the Ozone Profile

Ozone trends in three altitude ranges received
special attention in the 1991 report. In the upper strato-
sphere (35 km and above) the ozone losses reported from
two observational systems (Umkehr and SAGE) were
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Figure 1-12. Linear drift of SBUV relative to SAGE
Il over the 1984-1990 time interval for layers 5-10
and for layer 3+4 combined, derived from a linear fit
applied to percent difference data. (SBUV-SAGE)/
SAGE in percent is plotted. Symbols on X axis give
drift of layer 3-10 integrated ozone amounts. For
comparison, drift relative to an average of five
Umkehr stations (1984-1990) is also shown. The
1o errors from the standard regression analysis are
given. (McPeters et al., 1994).

qualitatively similar but quantitatively different. These
high altitude decreases have long been calculated in at-
mospheric models and are caused by gas phase
chlorine-catalyzed ozone loss. Ozone losses were also
reported below 25 km, though there were discrepancies
between the values inferred from ozonesonde and SAGE
measurements, especially below 20 km. In the free tro-
posphere, long-term ozone increases were reported at
three European ozonesondes sites. Ozone is an impor-
tant radiative component of the free troposphere and a
better understanding of ozone changes on a global scale
is important. No significant ozone losses were reported
around 30 km altitude or near the tropopause, where the
lower stratospheric decrease switched to an upper tropo-
spheric increase.

In this assessment the same altitude ranges are ex-
amined (starting in the upper stratosphere and working
down) in the light of some new analyses of both the data
quality (see Section 1.3.1) and of the data themselves. In
addition, there is discussion of some ground-level mea-
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surements from which inferences can be drawn regard-
ing changes in free tropospheric ozone.

McCormick et al. (1992) calculated trends using
the combined SAGE I/II data set. The SAGE data used
here are slightly different, as the altitude correction has
been applied to the SAGE I data. Also, the base year
used to calculate percentage changes is 1979 here (not
1988, used by McCormick et al.), so that the percentage
changes in the lower stratosphere, where SAGE reports
the largest decreases, are smaller. Hood et al. (1993)
used the Nimbus 7 SBUV data from 1978 to 1990 to es-
timate trends. In this assessment we use the combined
SBUV/SBUV2 data to extend the record, but the calcu-
lated trends are similar.

1.3.2.1 TRENDS IN THE UPPER STRATOSPHERE

In Section 1.3.1, we described an intercomparison
of the various ozone data sets over a limited time inter-
val. Upper stratospheric trends in ozone have been
estimated from Umkehr, SAGE, and SBUV measure-
ments using the full data sets. While the periods of time
represented by each differ, they all represent, to first or-
der, the changes observed from 1980 through 1990.
Figure 1-13 shows the observed decadal trends as a func-
tion of altitude and latitude from the SBUV and SAGE I/
11 data sets. The two are now in reasonable agreement in
the upper stratosphere. The altitude of the maximum
percentage ozone loss is around 45 km and relatively in-
dependent of latitude. The magnitude of this peak
decrease is smallest at the equator (about 5%/decade)
and increases towards the poles in both hemispheres,
reaching values in excess of 10% per decade poleward of
55 degrees latitude. i

Figure 1-14 shows the ozone trend profile as a
function of altitude in the latitude band from 30 to 50°N
from SBUV and SAGE, along with the average Umkehr
and ozonesonde trend profiles. SBUYV, SAGE, and
Umkehr all show a statistically significant loss of 5-10%
per decade at 40-45 km, although there is some uncer-
tainty as to its exact magnitude. Below 40 km the trends
become smaller and are indistinguishable from zero near
25 km.

The seasonal dependence of the trends in the upper
stratosphere has been investigated using the SBUV and
Umkehr data (Hood et al., 1993; DeLuisi et al., 1994;
Miller et al., 1994). The Umkehr records between 19°N




and 54°N have been examined and their combined data
do not show a significant seasonal variation in the trend.
This is slightly at odds with the analysis of the SBUV
measurements, which shows that the largest ozone de-
creases have occurred in winter at high latitudes in both
hemispheres, though this difference may not be signifi-
cant given the problems associated with measurements
made at high solar zenith angles.

1.3.2.2 TRENDS IN THE LOWER STRATOSPHERE

As discussed in Section 1.3.1, we rely on SAGE
and ozonesondes for information on ozone trends in the
lower stratosphere, as the SBUV and Umkehr capabili-
ties are limited at these altitudes. SAGE measures ozone
from high altitudes to below 20 km. Ozonesondes oper-
ate from the ground up to about 30 km. '

In the 1991 assessment, the SAGE I/II midlatitude
trends below 20 km were reported as greater than 20%
per decade, twice as large as were measured at two
ozonesonde stations or than found from an average of
five Umkehr records in the Northern Hemisphere. The
size of the SAGE trends at these altitudes has provoked a
great amount of discussion, partly because of the sensi-
tivity of climate to changes in ozone in this region. As
mentioned earlier, the SAGE I/II trends shown here dif-
fer in two respects from those reported previously. First,
an altitude correction of 300 m has been applied to the
SAGE I measurements. Second, the year used to calcu-
late the percentage change is now 1979, not 1988.
Below 20 km the effect of both these changes is to re-
duce the SAGE I/II trends because ozone changes
rapidly with altitude and because the largest losses are
observed at these altitudes so that the change in the base
value is greatest. Two other factors complicate the
SAGE measurement below 20 km: (i) ozone concentra-
tions are smaller than at the maximum, so that the signal
is lower; and (ii) the amount of aerosol is greater, which
attenuates the signal and acts as an additional interfer-
ence. These are well-recognized difficulties for which
allowance is made in the calculation of the ozone
amount and which contribute to the size of the uncertain-
ties in SAGE ozone trends in the lower stratosphere.

Figures 1-13 and 1-14 show the lower stratospher-
ic ozone trends in the 1980s from SBUV, SAGE, and the
non-satellite systems. At altitudes between 25 and 30
km, there is reasonable agreement between SAGE I/II,
SBUV, Umkehr, and ozonesondes that there was no sig-
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nificant ozone depletion at any latitude. The agreement
continues down to about 20 km, where statistically sig-
nificant reductions of 7 + 4% per decade were observed
between 30 and 50°N by both ozonesondes and SAGE I/
II. In the equatorial region, the combined SAGE I/II
record (1979-1991) shows decreases of more than 20%
per decade in a region just above the tropopause between
about 30°N and 30°S, although in absolute terms this loss
in the tropics is quite small as there is not much ozone at
these altitudes. The height of the peak decrease in ozone
is about 16 km, and the region of decrease becomes
broader away from the equator. At northern midlatitudes
(Figure 1-14) the SAGE VI trend at 16-17 km is -20 =
8% per decade, compared with an average trend from the
ozonesondes of -7 + 3% per decade.

The SAGE I/II trends in the column above 15 km
have been compared with the total ozone trends found
from TOMS, SBUV(/2), and the ground-based network
for 1979-1991. This comparison implicitly assumes little
or no change in the ozone amount below 15 km. The
SAGE III trends are larger than those found with the
other data sets, peaking at -6% per decade in the northern
midlatitudes, but the associated uncertainties are too
large for firmer conclusions to be drawn. Hood et al.
(1993) compared the tropical trend from SBUYV for the
partial column from the ground to 26 km with the SAGE
I/II trends reported by McCormick et al. (1992). They
decided that no conclusive comparison could be made,
although they found trends of about +3 * 4% per decade
for SBUV for 1979-1990 (see Figure 1-13(a) for an up-
dated version), while McCormick et al. found trends
similar to the ones shown in Figure 1-13(b) for 1979-
1991. While not shown here, comparisons of SBUV
with SAGE II have recently been completed (McPeters
et al., 1994). Comparisons of the sum of ozone in
Umkehr layers 3-10 (15 km-55 km) show that SBUV in-
creased relative to SAGE (or SAGE decreased relative to
SBUV) by 1.1% between 1984 and 1990.

Logan (1994), London and Liu (1992), and Miller
et al. (1994) have reviewed the global long-term ozone-
sonde data records. Furrer et al. (1992, 1993) and
Lityhska (private communication) have analyzed the
records at Lindenberg, Germany, and Legionowo, Po-
land, respectively. These studies handled data quality
issues differently and used different statistical models,
but they gave broadly similar results in the lower strato-
sphere. The large natural variability of ozone concen-
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Figure 1-13. (a) Trends calculated for the combined SBUV/SBUV2 data set for 1/79 to 6/91. Hatched areas
in the upper panel indicate that the trends are not significant (95% confidence limits). The lower panel shows
the trends in the partial column between the ground and 32 mbar. Error bars in the lower panel represent

95% confidence levels.

trations is compounded at some stations by a low sam-
pling frequency. It is hard to draw firm conclusions
about seasonal effects. The following results are thus
general and not true for all stations.

Figure 1-15 shows the ozone trends calculated
from the ozonesonde records for the period 1970-1991.
In the northern midlatitudes, a maximum trend of -8 to
-12%/decade was found near 90 mbar from the early
1970s to 1991. Decreases extend from about 30 mbar
down to near the troposphere. Significant ozone loss
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certainly appears to have occurred between 90 and 250
mbar. Few conclusions about the seasonal nature of the
trends are statistically significant. A possible difference
exists between the Canadian ozonesonde records where
the summer trends are similar to, and possibly even
greater than, the winter trends. At Wallops Island, U.S.,
and at the European stations, the winter loss is greater
than the summer loss. These features are also seen in the
total ozone record from 1978-1991 observed at these sta-
tions.
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Figure 1-13. (b) Trends calculated for SAGE I/Il for 1979-91. Hatched areas indicate trends calculated to be
insignificant at the 95% confidence level. The dashed line indicates the tropopause. The altitudes of the
SAGE | measurements have been adjusted by 300 meters.

In the tropics, only Natal (6°S) has an ozonesonde
record longer than 10 years. The trend found by Logan
at 70-90 mbar is -10 ( + 15)%/decade. At Hilo, Hawaii
(20°N), ozonesondes from 1982 to 1994 indicate insig-
nificant trends of -12 * 15% per decade near the
tropopause (17-18 km) and -0.7 + 6% per decade in the
lower stratosphere at 20 km (Oltmans and Hofmann,
1994). Trends from both ozonesonde records are small-
er than the calculated SAGE tropical trends, but the large
uncertainties mean that the two trends are not inconsis-
tent. In the Southern Hemisphere, the only long-running
station outside Antarctica is at Melbourne, Australia,
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where a trend of about -10% per decade is observed in
the lower stratosphere.

1.3.2.3 TrENDS IN THE FREE TROPOSPHERE

Only ozonesonde data are available for ozone
trend analyses in the free troposphere. As discussed in
Section 1.3.1, the quality of the ozonesonde data in the
troposphere is worse than in the stratosphere. The strong
likelihood of regional differences in trends further con-
fuses attempts to assess the consistency of a limited
number of ozonesonde records. In the last report, ozone
in the free troposphere at Payerne was shown to have
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Figure 1-14. Comparison of trends in the vertical distribution of ozone during the 1980s. Ozonesonde and
Umkehr trends are those from Miller et al. (1994). 95% confidence limits are shown.

increased by 30-50% since 1969. An assessment of data
from several stations through 1986 was made (WMO,
1990b) that showed regional effects with increases at
the European and Japanese stations. A tropospheric in-
crease was also reported at Resolute (75°N), but
decreases were found at the three midlatitude Canadian
sites.

Since then, Logan (1994) and Miller et al. (1994)
have analyzed the global ozonesonde record, paying
particular attention to inhomogeneities in the data. A
similar study by London and Liu (1992) did not account
for instrumental changes at some sites. There is now
evidence that the upward trend over Europe is smaller
since about 1980 than before. The Hohenpeissenberg
ozone measurements show no increase since the early to
mid-1980s. The Payerne record shows a somewhat sim-
ilar behavior until 1990. This conclusion is supported by
the recent analyses of the Berlin/Lindenberg record

1.32

(Furrer et al., 1992, 1993) and of the Legionowo record
(Lityhska and Kois, private communication). Furrer et
al. found a large tropospheric trend from 1967-1988 of
about +15%/decade, but this seems to have been at least
partly caused by a jump in the measured ozone levels at
the change of station in the early 1970s. Logan (1994)
finds no significant trend at 500 mbar for 1980-1991 and
points out that this trend is sensitive to changes in the
correction factor over this period and could be negative.
At Legionowo, an upper tropospheric trend of -10
(£ 4.4)%/decade is reported for 1979-1993, a trend that
is dominated by changes in spring.

Some of the trends, particularly those in Europe,
might be influenced by changes in SO, levels. De Muer
and De Backer (1994) have corrected the Uccle data set
allowing for all known instrumental effects, including
SO,. The ozone trend in the upper troposphere was only
slightly reduced (10-15%/decade, 1969-1991) and re-
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Figure 1-15. Trends for the periods shown in the ozonesonde measurements at different altitudes. 95%
confidence limits are shown. (Adapted from Logan, 1994.)

1.33




OZONE MEASUREMENTS

mained statistically significant. However, below 5 km,
the trend was reduced and became statistically insignifi-
cant, going from around +20%/decade to +10%/decade.
Logan (1994) argues, using SO, emission figures and
nearby surface measurements of ozone and SO, that
measurements made at Hohenpeissenberg, Lindenberg,
and possibly other European stations might be influ-
enced by SO, and points out that any such effect would
be largest in winter. In polluted areas, local titration of
ozone by NO, can also influence measurements of
ozone at low altitude. However neither of these effects
should have much influence except in the lower tropo-
sphere (<4 km).

Tropospheric ozone over Canada decreased be-
tween 1980 and 1993 at about -1 *+ 0.5%/year (Tarasick
etal., 1994). The positive trend observed at Wallops Is-
land has diminished and from 1980-1991 was close to
zero (Logan, 1994). Prior to 1980 the situation is more
confused. Wallops Island is the only station in North
America with a homogeneous record from 1970 to 1991,
and a trend of just under +10% per decade was observed
(Figure 1-15). In two cases, the critical factor needed to
deduce the long-term tropospheric ozone changes over
North America is the ratio of the tropospheric ozone
measured by BM and ECC sondes. First, the Canadian
stations changed from BM to ECC sondes around 1980,
and a conversion factor is needed if the two parts of the
record are to be combined into one. Second, BM ozone-
sonde measurements were made at Boulder in
1963-1966 (Diitsch et al., 1970), while ECC sondes have
been used in the soundings made since 1985 (Oltmans et
al., 1989). Logan (1994) has compared the Boulder data
by multiplying the BM data at 500 and 700 mbar by 1.15
and concluded that (a) no increase has occurred in the
middle or upper troposphere, and (b) a 10-15% increase
occurred in the lower troposphere caused by local pollu-
tion. The factor of 1.15 was based on a reanalysis of the
intercomparisons in 1970, 1978, and 1984 (see Section
1.3.1.2d). Bojkov (1988; private communication) com-
pared the concurrent measurements made by several
hundred ECC sondes at Garmisch-Partenkirchen and
BM sondes at Hohenpeissenberg, and concluded that the
ratio should be between 1.04 and 1.12 depending on alti-
tude. This approach would produce a larger change at
Boulder in the lower troposphere and would indicate a
small increase at 500 mbar. However, it is possible that
the differences depend on the pre-launch procedures in
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use at the different sites, in which case no single factor
can be used: this possibility is supported by the apparent-
ly different jumps seen at the changeovers at the four
Canadian stations. Anyway, there is no sign that ozone
concentrations over Boulder rose by the 50% observed at
Hohenpeissenberg or Payerne since 1967; at most a
10-15% increase has occurred, similar to the increase
observed at Wallops Island.

A reanalysis of the ozonesonde records from the
three Japanese stations from 1969-1990 (Akimoto et al.,
1994) found annual trends of 25 + 5%/decade and 12 +
3%l/decade for the 0-2 km and 2-5 km layers, respective-
ly. Between 5-10 km the trend is 5 + 6%/year. There is
no evidence for a slowing of trends in the 1980s.

In the tropics, Logan (1994) reports that Natal
shows an increase between 400 and 700 mbar, but which
is only significant at 600 mbar. The Melbourne record
shows a decrease in tropospheric ozone that is just sig-
nificant between 600 and 800 mbar and is largest in
summer.

1.3.2.4 TRENDS INFERRED FROM SURFACE OBSERVATIONS

Some information about free tropospheric ozone is
contained in measurements of ozone at the Earth’s sur-
face, although care has to be taken in the interpretation
of these data as they are not directly representative of
free tropospheric levels.

Ground-based measurements were made during
the last century, mostly with the Schoenbein method
(e.g. Anfossi et al., 1991; Sandroni et al., 1992; Marenco
et al., 1994), which is subject to interferences from wind
speed (Fox, 1873) and humidity (Linvill et al., 1980).
Kley et al. (1988) concluded that these data are only
semi-quantitative in nature and should not be used for
trend estimates. Recent improvements in the analysis
are still insufficient to allow simple interpretation of
such data. A quantitative method was used continuously
from 1876 until 1911 at the Observatoire de Montsouris,
Paris (Albert-Levy, 1878; Bojkov, 1986; Volz and Kley,
1988). The average ozone concentration was around 10
ppbv, about a factor of 3-4 smaller than is found today in
many areas of Europe and North America. However, the
measurements at Montsouris were made close to the
ground and, hence, are not representative of free tropo-
spheric ozone concentrations during the last century.

Staehelin et al. (1994) reviewed occasional mea-
surements by optical and chemical techniques at a num-




ber of European locations in the 1930s and measure-
ments made at Arosa in the 1950s (Gotz and Volz, 1951;
Perl, 1965). Figure 1-16 shows a comparison of the
ozone concentrations found in the 1930s and 1950s with
measurements made at Arosa and other European loca-
tions in the late 1980s. On average, ozone concentra-
tions in the troposphere over Europe (0-4 km) today
seem to be a factor of two larger than in the earlier peri-
od. The Arosa data also suggest that the relative trends
are largest in winter. The measurements in the 1950s
were made by iodometry and are potentially biased low
from SO, interferences caused by local sources, al-
though Staehelin et al. (1994) argue that SO, at Arosa
was probably less than a few ppbv.

Figure 1-16 also shows that, because of the vari-
ance between the different sites, little can be inferred
about a possible increase in tropospheric ozone before
1950. In this context, it is interesting to note that the data
from Montsouris (1876-1911; 40 m ASL) and those
from Arosa (1950-1956; 1860 m ASL) do not show a
single day with ozone concentrations above 40 ppb
(Volz-Thomas, 1993; Staehelin et al., 1994).

“Modern” ozone measurements, e.g., using UV-
absorption, were started in the 1970s at several remote
coastal and high altitude sites (Scheel et al., 1990, 1993;
Kley et al., 1994; Oltmans and Levy, 1994; Wege et al.,
1989). The records for Mauna Loa, Hawaii, and Zug-
spitze, Southern Germany, are shown in Figure 1-17. A
summary of the trends observed at the remote sites is
presented in Figure 1-18. All stations north of about
20°N exhibit a positive trend in ozone that is statistically
significant. On the other hand, a statistically significant
negative trend of about -7%/decade is observed at the
South Pole. For the most part, the trends increase from
-71%/decade at 90°S to +7%/decade at 70°N. Somewhat
anomalous are the large positive trends observed at the
high elevation sites in Southern Germany (10-20%/de-
cade); these large trends presumably reflect a regional
influence (Volz-Thomas, 1993). It must be noted, how-
ever, that the average positive trends observed at the high
altitude sites of the Northern Hemisphere are largely due
to the relatively rapid ozone increase that occurred in the
seventies. If the measurements had started in the 1980s
when the ozone concentrations tended to be at their peak
(Figure 1-17), no significant ozone increase would have
been found.
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Figure 1-16. Measurements of surface ozone con-
centrations from different locations in Europe
performed before the end of the 1950s (circles) and
in recent years (1990-1991; triangles) during Au-
gust and September, as function of altitude.
(Reprinted from Atmospheric Environment, 28,
Staehelin et al., Trends in surface ozone concen-
trations at Arosa [Switzerland], 75-87, 1994, with
kind permission from Elsevier Science Ltd., The
Boulevard, Langford Lane, Kidlington OX5 1GB,
UK))

Unlike ozonesondes, and sites such as Mauna Loa
and Zugspitze, where data are specifically identified as
free tropospheric or otherwise (Oltmans and Levy, 1994;
Sladkovic et al., 1994), the ground-based instruments do
not often sample free tropospheric air. However, the
marine boundary layer sites like Samoa, Cape Point, and
Barrow are representative of large geographical regions,
and although the absolute concentrations may be differ-
ent from those in the free troposphere, this fact should
exhibit only a second-order influence on the trends.
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Figure 1-17. Surface ozone concentrations observed during the past two decades at Mauna Loa (Hawaii, -
20°N, 3400m) (adapted from Oltmans and Levy, 1994) and Zugspitze (Germany, 47°N, 3000 m) (Sladkovic

et al., 1994).

Whether this is the case for Barrow is open to some
question, as Jaffe (1991) has suggested it may be influ-
enced by local ozone production associated with the
nearby oil fields.

1.3.3 Discussion

The state of knowledge about the trends in the ver-
tical distribution of ozone is not as good as that about the
total ozone trends. The quality of the available data var-
ies considerably with altitude.

The global decreases in total ozone are mainly due
to decreases in the lower stratosphere, where the uncer-
tainties in the available data sets are largest. SBUV and
Umkehr measurements are most reliable around and
above the ozone maximum. Information at lower alti-
tudes is available from these techniques, but it is not
clear at the present time whether much can be learned
about trends in these regions. Ozonesondes make reli-
able measurements in the lower stratosphere, but the
natural variability is such that the uncertainties associat-
ed with trends calculated for individual stations are
large. Only in the northern midlatitudes do enough
ozonesonde records exist for trends to be calculated with
uncertainties smaller than 5%/decade. SAGE can mea-
sure ozone down to 15 km altitude. Two factors
complicate the SAGE measurement below 20 km: (i)
ozone concentrations are smaller than at the maximum,
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Figure 1-18. Trends in tropospheric ozone ob-
served at different latitudes, including only coastal
and high-altitude sites (after Volz-Thomas, 1993).
CP: Cape Point, 34°S (Scheel et al., 1990); SP:
South Pole, 90°S, 2800m ASL; AS: American Sa-
moa, 14°S; MLO: Mauna Loa, 20°N, 3400m; B:
Barrow, 70°N (Oltmans and Levy, 1994); WFM:
Whiteface Mountain, 43°N, 1600m (Kley et al.,
1994); ZS: Zugspitze, 47°N, 3000m; HPB: Hohen-
peissenberg, 48°N, 1000m (Wege et al., 1989).

so that the signal is lower; and (ii) the amount of aerosol
is greater, so that there is an additional interference.
These are well recognized difficulties for which allow-
ance is made in the calculation of the ozone amount.

At altitudes of 35-45 km, there is reasonable
agreement between SAGE I/II, SBUV(/2), and Umkehr




that, during 1979-1991, ozone declined 5-10% per
decade at 30-50°N and slightly more at southern midlat-
itudes. In the tropics, SAGE U/1I gives larger trends (ca.
-10% per decade) than SBUV (ca. -5% per decade) at
these altitudes.

At altitudes between 25 and 30 km, there is rea-
sonable agreement between SAGE UII, SBUV(/2),
Umkehr, and ozonesondes that, during the 1979-1991
period, there was no significant ozone depletion at any
latitude. The agreement continues down to about 20 km,
where statistically significant reductions of 7 + 4% per
decade were observed between 30 and 50°N by both
ozonesondes and SAGE I/II. Over the longer period
from 1968 to 1991, the ozonesonde record indicates a
trend of -4 £ 2% per decade at 20 km at northern midlat-
itudes.

There appear to have been sizeable ozone reduc-
tions during the 1979-1991 period in the 15-20 km
region in midlatitudes. There is disagreement on the
magnitude of the reduction, with SAGE indicating
trends as large as -20 + 8% per decade at 16-17 km and
the ozonesondes indicating an average trend of -7 + 3%
per decade in the Northern Hemisphere. The trend in the
integrated ozone column for SAGE is larger than those
found from SBUV, TOMS, and the ground-based net-
work, but the uncertainties are too large to evaluate the
consistency between the data sets properly. Over the
longer period from 1968 to 1991, the ozonesonde record
indicates a trend of -7 £ 3% per decade at 16 km at north-
ern midlatitudes.

In the tropics, trend determination at altitudes be-
tween 15 and 20 km is made difficult by the small ozone
amounts. In addition, the large vertical ozone gradients
make the trends very sensitive to small vertical displace-
ments of the profile. The SAGE I/II record indicates
large (-20 to -30% (+18%) per decade) trends in the 16-
17 km region (-10% *8% at 20 km). Limited tropical
ozonesonde data sets at Natal, 6°S and Hilo, 20°N do not
indicate significant trends between 16 and 17 km or at
any other altitude for this time period. With currently
available information it is difficult to evaluate the trends
below 20 km in the tropics, as the related uncertainties
are large. The effect on the trend in the total column
from any changes at these altitudes would be small.

In the free troposphere, only limited data (all from
ozonesondes) are available for trend determination. In
the Northern Hemisphere, trends are highly variable be-
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tween regions. Upward trends in the 1970s over Europe
have declined significantly in the 1980s, have been small
or non-existent over North America, and continue up-
ward over Japan. The determination of the size of the
change over North America requires a proper treatment
of the relative tropospheric sensitivities for the type of
sondes used during different time periods.

Surface measurements indicate that ozone levels
at the surface in Europe have doubled since the 1950s.
Over the last two decades there has been a downward
trend at the South Pole and positive trends are observed
at high altitude sites in the Northern Hemisphere. When
considering the latter conclusion, the regional nature of
trends in the Northern Hemisphere must be borne in
mind.

1.4 OZONE AND AEROSOL SINCE 1991

Since the last report, record low ozone values have
been observed. This section describes the ozone mea-
surements in this period to allow the updated trends
given in Section 1.2.2 to be put into perspective. There is
also a brief discussion of a variety of possible causes,
including the aftermath of the eruption of Mt. Pinatubo,
aspects of which will be discussed at greater length in
later chapters.

1.4.1 Total Ozone Anomalies

Figure 1-19(a) shows the daily global average
(50°N-50°S) ozone amount during 1992-1994, together
with the envelope of 1979-1990 observations. Persistent
low ozone levels are observed beginning in late 1991
(not shown), with values completely below the 1979-
1990 envelope from March 1992-January 1994. During
1993 total ozone was about 10-20 DU (3-6%) below the
1980s average. Total ozone in early 1994 recovered
somewhat and was at the bottom end of the range ob-
served in the 1980s.

Figure 1-19(b)-(d) shows similar plots for the lati-
tude bands 30-50°S, 20°S-20°N, and 30-50°N. The
largest and longest-lived anomalies are seen at the north-
ern midlatitudes (15-50 DU lower in 1993), with 1980s
values reached again in January 1994. Ground-based
measurements made at sites with long records show that
the anomalies in the northern midlatitudes were the larg-
est since measurements began, and that values in early
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Figure 1-19. Total ozone measured by SBUV and SBUV(/2) since January 1992 compared with the 1980s
range and average: (a) 50°N-50°S, Global ozone; (b) 30°-50°S; (c) 20°N-20°S; (d) 30°-50°N.

1993 were about 15% lower than the average values
observed before 1970 (Bojkov et al., 1993; Kerr et al.,
1993; Komhyr et al., 1994a). The largest ozone losses
occurred at higher latitudes in early 1993; deviations
were in excess of 60 DU (15% lower than the 1980s
mean). Total ozone values over North America in 1994
were in line with the long-term decline, but no longer
below it (Hofmann, 1994).

In southern midlatitudes, total ozone values during
1993 were about 15-20 DU below the 1980s mean and
were close to the low end of the 1980s range. In the
tropics, the maximum negative anomaly was about 10
DU, and from late 1992 to early 1993 total ozone was
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slightly higher than the 1980s average. Locally, larger
anomalies were seen, with negative ozone anomalies of
about 15 DU (6%) occurring near the equator in Septem-
ber-November 1991 and in the southern tropics in
mid-1992.

The solar cycle and the quasi-biennial oscillation
(QBO) affect total ozone levels by a few percent and it is
thus useful to remove these influences. Figure 1-20(a)
shows the 60°S-60°N average total ozone from SBUV(/2)
after these effects (and the annual cycle) have been re-
moved by the statistical analysis described in Section
1.2.2. The most obvious remaining feature is the long-
term decrease in total ozone, which has been fitted with a
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Total Ozone Deviations over 60S - 60N from 1/79 to 5/94
Deseasonalized and Adjusted for Solar and QBO Components

Solid line is least squares fit to
deviations 1/79 to 5/91, then extended
(dotted line) to 5/94.
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Figure 1-20. (a) Total ozone (60°N-
60°S) from 1/79 to 5/94 measured by
SBUV(/2). The annual cycle and the
effects of the solar cycle and QBO
have been removed. The solid line
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P shown is a simple least squares fit to
1992 194 the data through 5/91. The dashed line
is an extrapolation through 5/94.
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Figure 1-20. (b) Contour plots of total ozone residuals as a function of latitude and time from the statistical
fit to the SBUV(/2) satellite data over the period 1/79 to 5/91. The fitted model was extrapolated through 5/94
to calculate the residuals over the extended period 1/79-5/94. The total ozone data have the seasonal, trend,
solar, and QBO components removed, and the resulting deviations are expressed as percentages of the
mean ozone level at the beginning of the series. Shown are contours of constant deviations at intervals of
3%, and the shaded areas indicate negative departures of at least 2%. The 1992-1993 low ozone values are
prominent, as well as other periods of very low values in 1982-1983 and 1985.
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linear trend (-2.9% per decade) from January 1979 to
May 1991 (pre-Pinatubo). The recent (1992-1993) glo-
bal anomaly is about 2% below the trend line and about
1% less than previous negative anomalies. The 1992-
1993 anomaly also stands out as the most persistent,
spanning nearly 2 years. The only other negative anom-
aly lasting more than one year followed the El Chich6n
eruption in 1982. Figure 1-20(b) shows the time evolu-
tion at all latitudes (60°S-60°N) of the total ozone
deviations found after the removal of the trend found for
1/79 to 5/91 (extrapolated to 5/94), the annual cycle, and
the effects of the solar cycle and the QBO. The strong
regional nature of the deviations is again obvious, with
the largest (6-10%) occurring in northern midlatitudes in
January to April 1993. The Southern Hemisphere, by
contrast, was hardly affected. -

1.4.2 Vertical Profile Information

Figure 1-21(a) shows the ozonesonde measure-
ments at Edmonton made in January-April in 1980/
1982, 1988/1991, and 1993 (Kerr et al., 1993). Similar
results were found at Resolute, Goose Bay, and
Churchill. These indicate that the decrease in early 1993
occurred in the same altitude region as the decline during
the 1980s. The standard deviations are +8 nbar (1980-
1982 and 1988-1991 profiles) and +9 nbar (1993
profiles) where the maximum ozone difference is found
(100 mbar). The differences between the 1993 and
1980-1982 profiles are statistically significant (2 stan-
dard deviations) between 200 and 40 mbar. Ozone levels
were depleted by about 25% over approximately 14-23
km (at and below the profile maximum), spatially coin-
cident with the observed aerosol maximum, as shown in
Figure 1-21(b) (Hofmann et al., 1994a). Notably, there
is substantial ozone increase above the profile maximum
(above 25 km) at Boulder, of about 15% of background
levels, which is also seen at Hilo, Hawaii (Hofmann et
al., 1993).

1.4.3 Stratospheric Aerosol after the Eruption
of Mt. Pinatubo

The eruption in the Philippines of Mt. Pinatubo
(15°N, 120°E) in June 1991 injected approximately 20
Tg of sulfur dioxide (SO,) directly into the lower strato-
sphere at altitudes as high as 30 km. Within a month or
so, this SO, was oxidized to sulfuric acid, which rapidly
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condensed as aerosol. In August 1991, Volcan Hudson
(46°S, 73°W) erupted and deposited about 2 Tg of SO,
into the lower stratosphere, mostly below 14 km. Sever-
al studies of the SO, and aerosol observations have been
published (e.g., Bluth et al., 1992; Lambert et al., 1993;
Read et al., 1993; Trepte et al., 1993; Deshler et al.,
1993; Hofmann et al., 1994b), which are now briefly dis-
cussed. The latitudinal variation of optical depth from
1991 to 1994 is shown in Figure 1-22 as measured by
SAGE II and the Stratospheric Aerosol Measurement
(SAM II) instrument.

The initial aerosol cloud from Mt. Pinatubo dis-
persed zonally but was confined mostly within the
tropics below 30 km for the first several months. By
September 1991 the Mt. Pinatubo aerosol had moved
into the midlatitude Southern Hemisphere at altitudes
between 15 and 30 km. It did not enter into the Antarctic
vortex in 1991, unlike the aerosol from Volcdn Hudson,
which was observed at altitudes of 10-13 km over Mc-
Murdo station, 78°S (Deshler et al., 1992). In the tropics
the Mt. Pinatubo plume rose to altitudes of 30 km during
December 1991-March 1992. Strong dispersal from the
tropics into northern middle-high latitudes was observed
during the 1991-1992 winter, and enhanced aerosol lev-
els have been detected over 15-25 km in the Northern
Hemisphere since that time.

The total mass of the stratospheric aerosol maxi-
mized several months after the eruption at about 30 Tg
and thereafter remained fairly constant until mid-1992,
since when it has been declining with an approximate e-
folding time of one year. The total aerosol loading in
January 1994 was about 5 Tg, still 5-10 times higher
than the background levels observed before the Mt. Pi-
natubo eruption.

The size distribution of the aerosol particles
evolved significantly over time, increasing in effective
radius from approximately 0.2 pm just after the eruption
to a peak of some 0.6-0.8 um a year or so later, since
when it has slowly decreased (Deshler et al., 1993). At
northern midlatitudes, the aerosol surface area peaked at
about 40 um? cm3 (Figure 1-23). The altitude of the
maximum surface area has episodically decreased since
early 1992.

Negative total ozone anomalies of about 15 DU,
6%, occurred near the equator in September-November
1991 (Schoeberl et al., 1993; Chandra, 1993), at the
same time that the maximum temperature increase,
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Figure 1-21. (a) Average ozone profiles found from ozonesonde measurements at Edmonton in spring
(January to April) for 1980-1982 (46 sondes), 1988-1991 (42 sondes), and 1993 (13 sondes). Adapted from
Kerr et al., 1993. (b) Percentage differences (bottom axis) in the ozonesonde measurements at Boulder in
1992-1993 relative to 1985-1989. Also shown are the aerosol data from the Fritz Peak lidar (bottom axis:
backscatter in 108 ST-! m-!) and the University of Wyoming particle counter (top axis: aerosol concentration
in cm3) for winter 1992-1993. Adapted from Hofmann et al., 1994a.

about 2-3K at 30-50 mbar, was observed (Labitske and
McCormick, 1992). These early tropical ozone anoma-
lies are probably related to enhanced vertical motions
induced by the aerosol heating (Brasseur and Granier,
1992; Young et al., 1994), but gas phase perturbations to
the gas phase photochemistry by the initially high con-
centrations of SO, may also have played a part (Bekki et
al., 1993).

In addition to radiative and dynamical influences,
the Mt. Pinatubo aerosol provides a surface on which
chemical reactions can occur, possibly leading to chemi-
cal ozone loss, as discussed in Chapters 3 and 4. These
reactions tend to proceed faster at lower temperatures
and the ozone depletion process is more effective at low
light levels. In this context it is worth noting that both
the 1991/1992 and 1992/1993 northern winters were

cold with later-than-average final warmings (e.g., Nau-
jokat et al., 1993), and that the cold temperatures
occurred both within and on the edge of the Arctic vor-
tex, so that there was the opportunity for large areas to be
affected.

For comparison, the maximum aerosol surface
area and its peak altitude following the eruption of El
Chichén in early 1982 are shown in Figure 1-23. The
Mit. Pinatubo eruption provided twice the aerosol surface
area as that from El Chiché6n. The total ozone anomalies
in 1982/1983 (as compared with 1980, 1981, 1985, 1986
TOMS values) are now thought to have been smaller
than the earlier initial estimates, about 3-4% in the 1982/
1983 winter rather than 10% (Stolarski and Krueger,
1988).
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Figure 1-22. Aerosol optical depths from 1991-1994 measured by SAM Il and SAGE Il showing the effects
of the Mt. Pinatubo (*) and Volcan Hudson (+) volcanic eruptions. (Updated by L. Thomason from data

shown in Trepte et al., 1993.)

1.4.4 Dynamical Influences

Natural variations in ozone are induced by meteo-
rological phenomena such as the El Nifio-Southern
Oscillation (ENSO), in addition to the QBO (e.g., Zere-
fos, 1983; Bojkov, 1987; Komhyr et al., 1991; Zerefos et
al., 1992). Thus the observed ozone anomalies since
1991 will have been affected to some degree by the pro-
longed El Nifio event that lasted throughout 1992/1993.
The amplitude of the El Nifio effect in total ozone is
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2-6%, but such anomalies are highly localized. While
ENSO effects for zonal or large-area means were about
1%, ozone in specific areas may have been reduced by an
additional 2-3% in 1992-1993 (Zerefos et al., 1992;
Shiotani, 1992; Zerefos et al., 1994; Randel and Cobb,
1994). Other dynamical influences can strongly affect
total ozone on a regional basis; one clear example was
the persistent blocking anti-cyclone in the northeast At-
lantic from December 1991 to February 1992 (Farman et
al., 1994).
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Figure 1-23. The maximum surface area and its altitude observed at Laramie, Wyoming, in the years follow-
ing the EI Chichén and Mt. Pinatubo eruptions (Deshler et al., 1993).

1.5 ANTARCTIC OZONE DEPLETION

1.5.1 Introduction and Historical Data

Total ozone records obtained with Dobson spec-
trophotometers with a traceable calibration are available
for Antarctica from 1957 at the British stations Halley
(76°S, formerly Halley Bay) and Faraday (65°S, former-
ly Argentine Islands). They are available from the
American station at the South Pole (Amundsen-Scott,
90°S) since 1962 and at the Japanese station Syowa
(69°S) since 1966, although measurements had been ob-
tained at Syowa in 1961. Figure 1-24 shows October
monthly means for these four stations. In the case of the
South Pole station, the average is for October 15-31

143

since inadequate sunlight precludes accurate total ozone
measurements from the surface before about October 12.

Halley and Amundsen-Scott show similar long-
term total ozone declines in October, presumably
reflecting the fact that the region of most severe ozone
depletion is generally shifted off the pole towards east
Antarctica. The decline in ozone above these stations
began in the late 1960s, accelerated around 1980, and
after 1985 remained relatively constant at a total ozone
value of about 160 DU. In 1993, record low values
(about 116 DU) were recorded at Halley and Amundsen-
Scott.

The decline in total ozone at Faraday and Syowa in
October was more subtle, if existent at all, prior to 1980.
The major decline occurred between 1980 and 1985, lev-
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Figure 1-24. The historical springtime total ozone
record for Antarctica as measured by Dobson spec-
trophotometers during October at Halley Bay,
Syowa, and Faraday and from 15-31 October at
South Pole. (Data courtesy J. Shanklin, T. Ito, and
D. Hofmann.)

elling off with a value of total ozone of about 260 DU
thereafter. An unusually low value of about 160 DU was
observed at Syowa in 1992, a feature not seen at Faraday.

Although the earliest ozone vertical profiles show-
ing the 1980 rapid ozone hole onset were obtained at
Syowa in 1983 (Chubachi, 1984), the most extensive set
of ozone profile data for trend studies has been obtained
at the South Pole using ECC ozonesondes throughout
(Oltmans et al., 1994). This data set includes the ap-
proximately 500 year-round profiles measured between
1986 and 1993, and a series of about 85 profiles made
between 1967 and 1971. Winter data for the earlier peri-
od do not extend to as high an altitude because rubber
balloons were used. Figure 1-25 shows a comparison of
smoothed monthly average ozone mixing ratio values at
pressure levels 400 hPa (~6.5 km), 200 hPa (~10.5 km),
100 hPa (~14.5 km), 70 hPa (~16.5 km), 40 hPa (~19.5
km) and 25 hPa (~22.5 km) for these two periods. The
major springtime ozone depletion has occurred in the
14-22 km region at the South Pole between the 1967-
1971 and 1986-1991 periods, and it has worsened since
1992. The 1967-1971 data indicate a weak minimum in

1.44

the spring in the 40-100 hPa (14-19 km) region. This
feature might result from heterogeneous ozone loss re-
lated to considerably lower stratospheric chlorine levels,
consistent with the weak downward trend in total ozone
at South Pole for this period shown in Figure 1-24. In
1992 and 1993, ozone was almost completely destroyed
in the 70-100 hPa range (14-17 km).

Summer (December to February) ozone levels in
1986-1991 are lower in the 70-200 hPa (10-17 km) re-
gion than they were in 1967-1971. The ozone that is
transported to the South Pole following vortex break-
down at these altitudes now replenishes the ozone lost
during the previous spring, rather than causing the
marked late spring maximum which existed in 1967-
1971. At all altitudes, ozone values from March to
August are similar (to within about 10%) in the two
periods.

Rigaud and Leroy (1990) reanalyzed measure-
ments taken at Dumont d’Urville (67°S) in 1958 using a
double monochromator with spectrographic plates
(Fabry and Buisson, 1930; Chalonge and Vassey, 1934).
They calculated some very low total ozone values (as
low as 110 DU) that are only observed nowadays in the
ozone hole. De Muer (1990) and Newman (1994) have
examined the available 1958 meteorological and total
ozone data. They find that the early Dumont d’Urville
data are inconsistent with any other source of data from
1958: (a) the variability was greater throughout the year
than that measured with any Dobson spectrophotometer
in Antarctica that year (Figure 1-24); (b) Dumont
d’Urville was not under the vortex that year (see also Alt
etal., 1959), but under the warm belt where ozone values
are high; and (c) while the climatologies of measure-
ments taken by Dobson instruments that year are fully
consistent with those derived from TOMS measure-
ments in the last decade, there is little or no consistency
between the TOMS climatologies and that from Dumont
d’Urville in 1958. Some doubts concerning a number of
experimental aspects of the spectrographic plate instru-
ment are also raised. These reported values thus appear
to be a good example of being able to detect ozone with-
out necessarily being able to measure it well.

1.5.2 Recent Observations

Figure 1-26 shows monthly average total column
ozone measured at the South Pole by balloon-borne
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Figure 1-25. Comparison of smoothed monthly average ozone mixing ratios at 6 pressure levels for the
1967-1971 period (filled points and full lines), the 1986-1991 period (open points and dashed lines), and for
1992 and 1993 (straight and dashed lines, respectively). The error bars represent +1 standard deviation.

(Adapted from Oltmans et al., 1994.)
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ozonesondes since 1986 (Hofmann et al., 1994b). (Total
ozone is obtained by assuming that the ozone mixing ra-
tio is constant above the highest altitude attained, a
procedure that has an estimated uncertainty of about 2-3
DU.) These data are independent of the Dobson spectro-
photometer data shown in Figure 1-24 and corroborate
the fact that the major springtime depletion started be-
tween the 1967-1971 and 1986-1991 periods.

On 12 October 1993, total ozone at the South Pole
fell to a new low of 91 DU, well below the previous low
of 105 DU measured there in October 1992. Sub-100
DU readings were observed on 4 occasions and readings
in the 90-105 DU range were measured on 8 consecutive
soundings from 25 September to 18 October 1993.

Ozone levels in austral winter prior to the deple-
tion period show no systematic variation, with values of
250 + 30 DU. Similarly, coming out of the depletion
period, January values show no systematic variation
since 1986, but are lower than the 1967-1971 values.

At the South Pole, both Dobson spectrophotome-
ter and Meteor TOMS measurements showed record low
total ozone levels after the return of adequate sunlight in
mid-October. Similarly, NOAA-11 SBUV2 measure-
ments indicate new record lows for the 70°S-80°S region
in 1993 (NOAA, 1993). Thus, since 1991, the Septem-
ber total ozone decline has continued/worsened.

400 T T T T T T T
- ® 1967-1971 k
o 1986—1991 1

300 b2 F T

200 | P

100 | ) -

SOUTH POLE STATION
16 10 T S S e e e s s S s s S S S S B S S

— 17-26 AUG 93 272:26 DU

— 12 OCT 93 91 DU
------ 11 OCT 92 105 DU

30

25

——-
.-

LA L O N O R O B

20

[ .-

15

ALTITUDE (km)

10

L L L L B L

O 1

TR T

T S S B

v b b v e b v by e b e by

5

10

15

20

TOTAL COLUMN OZONE (DU)

1 1 1 1 1 ] 1 1 1 1 1

J FMAMJI J A S O ND
MONTH

Figure 1-26. Monthly averaged total column ozone
by month measured in balloon flights at South Pole
for the 1967-1971 and 1986-1993 periods, and for
1992 and 1993 (straight and dashed lines, respec-
tively). (Adapted from Oltmans et al., 1994.)

0, PARTIAL PRESSURE (mPa)

Figure 1-27. Comparison of the South Pole pre-
depletion ozone profile in 1993 (average of 4
soundings) with the profile observed when total
ozone reached a minimum in 1992 and 1993.
(Adapted from Hofmann et al., 1994b.)

In Figure 1-27 the average of four ozone profiles
before depletion began in August 1993 is compared with
the profiles at the time of minimum ozone in 1992 and
1993 (Hofmann et al., 1994b). Total destruction (>99%)
of ozone was observed from 14 to 19 km in 1993,a 1 km
upward extension of the zero-ozone region from the
previously most severe year, 1992. Unusually cold tem-
peratures in the 20 km region are believed to be the main
cause of lower-than-normal ozone in the 18-23 km
range. These lower temperatures prolong the presence
of polar stratospheric clouds (PSCs), in particular nitric
acid trihydrate (NAT), thought to be the dominant com-
ponent of PSCs. This tends to enhance the production
and lifetime of reactive chlorine and concomitant ozone
depletion at the upper boundary of the ozone hole, be-
cause chlorine in this region is not totally activated in
years with normal temperatures. Temperatures at 20 km
in September 1993 were similar to those of 1987 and
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Figure 1-28. Area of the region enclosed by the 220 DU total ozone contour in the Southern Hemisphere.
The white line represents the 1978-1991 average with the shaded area representing the extremes for this
period. The 1992 and 1993 areas are represented by the continuous line and points, respectively. 12 million
square kilometers is about 5% of the surface area of the Southern Hemisphere, so that the maximum extent
of the region in 1992 or 1993 with total ozone less than 220 DU, if circular, was about 65°S. Data for 1978-
1992 are from Nimbus 7 TOMS; data for 1993 are from Meteor TOMS. Only measurements made south of
40°S were considered, to avoid including any low tropical values recorded. (Courtesy of the Ozone Process-

ing Team, NASA Goddard.)

1989, other very cold years at this altitude. Cold sulfate
aerosol from Mt. Pinatubo, present at altitudes between
10 and 16 km, probably contributed to the low ozone
through heterogeneous conversion of chlorine species
(see Chapters 3 and 4).

Figure 1-28 shows the horizontal extent of the
Antarctic ozone hole in terms of the area contained with-
in the 220 DU total ozone contour from Nimbus TOMS
(1978-1991 shaded region and 1992 curve) and from
Meteor TOMS (1993 points). These data indicate that
the 1992 and 1993 ozone hole areas were the largest on
record and that the development of the depleted region
began about 1-2 weeks earlier, a fact also apparent in the
total ozone data in Figure 1-26.

Since 1991, springtime ozone depletion at the
South Pole has worsened in the 12-16 km region, with
total ozone destruction at 15-16 km in 1992 and 1993.

1.47

Similar observations were made in 1992 at McMurdo,
78°S (Johnson et al., 1994), Syowa, 69°S (T. Ito, private
communication), and Georg Forster stations (71°S)
(H. Gernandt, private communication), indicating that
this depletion at lower altitudes was widespread. In addi-
tion, the 1993 springtime ozone loss was very severe in
the 18-22 km region, effectively extending the ozone de-
pletion region upward by about 1-2 km (Figure 1-27).
This occurred in spite of ozone being considerably high-
er than normal during the preceding winter (Figure
1-26). Complete ozone destruction from 14 to 19 km
was peculiar to 1993 and, combined with lower-than-
normal ozone at 20-22 km, resulted in the record low
total ozone recorded in early October 1993.

The decrease in summer ozone levels at 10-17 km
since the late 1960s is not apparent in the 1986-1993
data, possibly because the record is too short.
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SOURCE GASES

SCIENTIFIC SUMMARY

Tropospheric growth rates of the major anthropogenic source species for stratospheric chlorine and bromine
(chlorofluorocarbons (CFCs), carbon tetrachloride, methyl chloroform, halons) have slowed significantly, in response
to substantially reduced emissions required by the Montreal Protocol. Total tropospheric chlorine grew by about 60 pptv
(1.6%) in 1992 compared to 110 pptv (2.9%) in 1989. Tropospheric bromine in the form of halons grew by 0.2-0.3 pptv
in 1992, compared to 0.6-1.1 pptv in 1989.

. Hydrochlorofluorocarbon (HCFC) growth rates are accelerating, as they are being used increasingly as CFC
substitutes. Tropospheric chlorine as HCFCs increased in 1992 by about 10 pptv, thus accounting for about 15% of total
tropospheric chlorine growth, compared to 5 pptv in 1989 (5% of tropospheric chlorine growth).

The atmospheric residence times of CFC-11 and methyl chloroform are now better known. Model studies simu-
lating atmospheric abundances using more realistic emission amounts have led to best-estimated lifetimes of 50 years
for CFC-11 and 5.4 years for methyl chloroform, with uncertainties of about 10%. These models, calibrated against
CFC-11 and methyl chloroform, are used to calculate the lifetimes, and hence ODPs (Ozone Depletion Potentials), of
other gases destroyed only in the stratosphere (other CFCs and nitrous oxide) and those reacting significantly with
tropospheric hydroxyl radicals (HCFCs and hydrofluorocarbons (HFCs)).

Methyl chloride, released from the oceans (natural) and biomass burning (anthropogenic), is a significant source
of tropospheric chlorine, contributing about 15% of the total tropospheric chlorine abundance in 1992 (3.8 ppbv). Data
collected from the late 1970s to the mid-1980s showed no long-term trend. A paucity of published observational data
since means that the likely existence of a global trend in this important species cannot be assessed further.

The total abundance of organic halocarbons in the lower stratosphere is well characterized by in situ and remote
observations of individual species. Observed totals are consistent with abundances of primary species in the tropo-
sphere, suggesting that other source species are not important in the stratosphere. Loss of halocarbons is found as their
residence time in the stratosphere increases, consistent with destruction by known photochemical processes. Since the
loss of halocarbons produces inorganic chlorine and bromine species associated with ozone loss processes, these obser-
vations also constrain the abundance of these organic species in the lower stratosphere.

Volcanoes are an insignificant source of stratospheric chlorine. Satellite and aircraft observations of upper and
lower stratospheric hydrochloric acid (HCI) are consistent with stratospheric chlorine being organic, largely anthropo-
genic, in origin. No significant increase in HCI was found in the stratosphere following the intense eruption of Mt.
Pinatubo in 1991. Elevated HCl levels were detected in the eruption cloud of the El Chichén volcano in 1982, but no
related change in global stratospheric HCI was observed.

The 1980s were characterized by declining global methane growth rates, being approximately 20 ppbv per year in
1980 declining approximately monotonically to 10 ppbv per year by the end of the decade. Methane growth rates
slowed dramatically in 1991-1992, but probably started to increase in late 1993. During 1992 global methane levels
grew by only 5 ppbv. The causes of this global anomaly (which manifested predominantly at high latitudes in the
Northern Hemisphere) are not known with certainty, but are probably due to changes in methane sources rather than in
methane sinks. Global growth rate anomalies have been observed in methane records in the 1920s and 1970s from air
trapped in Antarctic ice.

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

TABLE 2-1. Current atmospheric levels, changes in abundance (1992 minus 1990) and lifetimes of

long-lived trace gases. (Adapted from IPCC, 1994a.)

Species Chem. mixing ratios growth burden lifetime?
Formula (1992) (1992-1990) (Tg) (years)
ppbv ppbv
CFC-11 CCl1F 0.268 0.005 6.2 50 (£5)
CFC-12 CCLLF, 0.503 0.026 10.3 102
CFC-113 CClLL,FCCIF, 0.082 0.005 2.6 85
CFC-114 CCIF,CCIF, 0.020 0.001 300
CCly 0.132 -0.002 34 42
CH;CCl3 0.160 0.007 35 5.4 (04)
CH;Cl1 0.600 ? 5.0 1.5
HCFC-22 CHCIF, 0.102 0.014 1.5 13.3
HCFC-141b CH;3CCLF 0.0003 94
HCFC-142b CH;3CCIF, 0.0035 19.5
CHj3Br (see Chapter 10)
H-1211 CBrCIF, 0.0025 0.0001 0.08 20
H-1301 CBrF3 0.0020 0.0003 0.05 65
CF4 0.070 0.9 50000
CyFg 0.004 10000
SF¢ [0.002-0.003] 3200
N,O (N) 310 1.4 1480 120
CH, 1714 14 4850 100
CO, (O) 356000 2000 760000 (50-200)¢

a8 Lifetimes of additional halocarbons are given in Chapter 13.

b The adjustment time is 12 to 17 years; this takes into account the indirect effect of methane on its own lifetime
(IPCC, 1994a).

¢ No single lifetime can be defined because of the different rates of uptake by different sink processes (IPCC, 1994b).
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TABLE 2-2. Recent halocarbon trends compared with the values given in the 1991 assessment.

This Assessment?

1991 Assessment?

Compound Period pptv/yr %lyr pptv/yr Yolyr
CFC-11 90-92 25 0.9 9.3-10.1 3.7-3.8
CFC-12 90-92 13 2.6 16.9-18.2 3.7-4.0
CFC-113 90-92 2.5 3.1 54-6.2 9.1
- CCly 90-92 -1 -0.8 1- 1.5 1.2
CH3CCl3 90-92 35 22 4.8-5.1 3.7
HCFC-22 92 7.0 6.9 5-6 6-7
HCFC-142b 92 ~1 ~30 n.d. n.d.
HCFC-141b 93 ~0.75 ~200 n.d. n.d.
H-1211 90-92 0.075 3 0.2-04 15
H-1301 90-92 0.16 8 0.4-0.7 20
Total Cl1 ~60 ~110
Total Br€ 0.2-0.3 0.6-1.1

2 gsee text for references
b 1989 increase (WMO, 1992)

¢ bromine in the form of halons

growth rate observed in 1990 has continued, presumably
due to reduced emissions in 1991-92 as compared to
1990 and in part to increasing OH levels (1 £ 0.8 %/yr;
Prinn et al., 1992). The methyl chloroform calibration
problems detailed in Fraser et al. (1994a) have yet to be
resolved.

Recent global HCFC-22 data (Montzka et al.,
1993) indicate a global mixing ratio in 1992 of 102 £ 1
pptv, an interhemispheric difference of 13 + 1 pptv, and a
globally averaged growth rate of 7.3 +£ 0.3 %/yr, or 7.4
0.3 pptv/yr, from mid-1987 to 1992. Based on the latest
industry estimates of HCFC-22 emissions (Midgley and
Fisher, 1993) the data indicate an atmospheric lifetime
for HCFC-22 of 13.3 (15.5-12.1) years. Regular vertical
column abundances measured by infrared solar absorp-
tion spectroscopy in Arizona (32°N), Switzerland
(46.6°N) (Zander et al., 1994a), and California (34.4°N)
(Irion et al., 1994) have revealed rates of increase of 7.0
+0.2%/yr (1981-1992), 7.0 £ 0.5%/yr (1981-1992), and
6.5 * 0.5%/yr (1985-1990), respectively. Using the
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HCFC-22 column abundances obtained at McMurdo,
Antarctica (78°S), Irion et al. (1994) derived a south-
north interhemispheric growth rate ratio of 0.85, in good
agreement with the ratio of 0.88 obtained by Montzka et
al. (1993) from in situ surface measurements. The latest
1993 HCFC-22 data indicate that the near-linear trend
observed in earlier data has continued (J. Elkins, NOAA;
R. Zander, L. A., Univ. of Liege, personal communica-
tions to E.S.).

CH;3CCIF, (HCFC-142b) and CH3CCI,F (HCFC-
141b) have been recently introduced as CFC substitutes.
For HCFC-142b the National Oceanic and Atmospheric
Administration (NOAA) flask network results indicate
an atmospheric concentration of 3.1 pptv for 1992, with
a growth rate of ~1 pptv/yr (~30%/yr).(Swanson et al.,
1993). The concentration of HCFC-141b for the last quar-
ter of 1992 was 0.36 pptv and 1.12 pptv at the end of 1993
(~0.75 pptv/yr or ~200%/yr) (Montzka et al., 1994). Pol-
lock et al. (1992) detected upper tropospheric levels of
HCFC-142b at about 1.1 pptv in 1989, growing at 7%l/yr.
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Figure 2-3. Vertical distributions of CCI3F, CHCIF», and CF4 volume mixing ratios. Source: Adapted from

Fraser et al., 1994a.

2.2.2 Stratospheric Observations

When investigating the concentrations of halocar-
bons in the stratosphere, the main objectives are to
determine partitioning among chlorine and bromine
“families,” their total loading and their time variations. It
is therefore important to measure simultaneously and
regularly the largest possible number of halocarbons in
order to meet these objectives. For obvious technical rea-
sons, such combined stratospheric measurements have
been much sparser during the last decade than tropo-
spheric investigations. The measurements are generally
performed using in situ air sampling techniques aboard
airplane and balloons, and through infrared remote ob-
servations made from airplane, balloon, and orbiting
platforms.

A recent thorough review dealing with measure-
ments of the stratospheric abundance and distribution of
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halocarbons can be found in Chapter 1 of the NASA Re-
port (Fraser et al., 1994a). The review is a compilation of
measured concentrations expressed as volume mixing
ratios versus altitude for CCI3F, CCL,F,, CCly, CHCIF,,
CH;Cl, CH3CCl3, C,Cl3F3, CoCl4F,, CoCIFs, CoFe,
CCIF3, CF4, CH3Br, CBrF3, and CBrCIF,, gathered be-
tween 1984 and 1990. As an example the concentration
profiles for three halogenated methanes at northern mid-
latitudes are shown in Figure 2-3. The relative changes in
stratospheric concentrations are due to different photo-
chemical destruction rates of these compounds in the
stratosphere: CCl3F > CHCIF; >> CF3.

The in situ measurements at sub-tropical, mid- and
high northern latitudes of the long-lived chlorinated ha-
locarbons indicate that (i) the concentrations observed in
the sub-tropics decline less rapidly with altitude than at
midlatitudes, because of increased upward motion at




such latitudes (i.e., Kaye et al., 1991), thus allowing for
photodissociation to occur at higher altitudes; (ii) the
concentrations of both the halocarbons and the long-
lived “reference” gases observed in the Arctic show a
much more rapid decline with altitude than at midlati-
tudes, in particular within the winter vortex where
subsidence is often present (Schmidt et al., 1991; Toon
et al., 1992a, b, c). Thus, surfaces of constant mixing ra-
tio of long-lived chlorinated halocarbons slope poleward
and downward in the lower stratosphere.

During recent years, a few investigations dealing
with simultaneous measurements of many chlorine- and/
or bromine-bearing gases and related inventories have
been reported. One of these concerns the budget of Cl
(sources, sinks, and reservoirs) between 12.5 and 55 km
altitude, near 30° north latitude, based on the 1985
ATMOS (Atmospheric Trace Molecule Spectroscopy
Experiment)/Spacelab 3 measurements of HCI, CH3Cl,
CIONO,;, CCly, CCIyF;, CCI3F, and CHCIF;, comple-
mented by results for CH3CCl3, C,ClIsF3, Cl10, HOCI,
and COCIF obtained by other techniques (Zander et al.,
1992 and references therein). The main conclusions of
this work indicate that (i) within the observed uncertain-
ty, partitioning among chlorinated source, sink, and
reservoir species is consistent with the conservation of
Cl throughout the stratosphere; (ii) the mean 1985 con-
centration of stratospheric Cl was found equal to 2.55 *
0.28 ppbv; (iii) above 50 km altitude, the inorganic chlo-
rine burden is predominantly contained in the form of
HCI, thus making this measurement a unique and simple
way of assessing the effective stratospheric chlorine
loading.

Based on historical emissions for the main chlori-
nated source gases, Weisenstein et al. (1992) used a
time-dependent model to calculate the atmospheric total
chlorine as a function of time, latitude, and altitude.
Their results indicate that the total Cl mixing ratio for
1985 reaches an asymptotic value of 2.35 ppbv in the
upper stratosphere. Considering that the source input
fluxes to the model are probably too low by about 15%
because they do not include emission from China, the
former Soviet Union, and Eastern Europe, it can be con-
cluded that the result found by Weisenstein et al. (1992)
for 1985 is in good agreement with the stratospheric Cl
budget derived from the 1985 ATMOS observations
(Zander et al., 1992).
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The ATMOS instrument was flown again in 1992
(Gunson, 1992) and 1993 as part of the Atmospheric
Laboratory for Applications and Science (ATLAS) 1 and
2 Missions to Planet Earth. HCl mixing ratios in the
range 3.4 + 0.3 ppbv were measured above 50 km alti-
tude at different latitudes (30°N to 55°S) during
March-April 1992, as compared to the measured value
of 2.55 + 0.28 ppbv in April-May 1985 (Gunson et al.,
1994). This corresponds to an increase of 35% over the 7
years between both measurements and is in excellent
agreement with model-predicted increases of about 0.11
to 0.13 ppbv per year (Prather and Watson, 1990; WMO,
1992; Weisenstein et al., 1992).

During the 1991/92 Airborne Arctic Stratospheric
Expedition II (AASE II), a whole air sampler developed
by NCAR-NASA/Ames (Heidt ez al., 1989) was operat-
ed on board the NASA ER-2 aircraft, which attempted to
determine the amounts of organic chlorine and bromine
entering the stratosphere. Over 600 air samples were col-
lected during AASE II. Twelve of these that were
sampled in the latitude/altitude range of the tropical
tropopause, between 23.8°N and 25.3°N, have been ana-
lyzed by Schauffler et al. (1993) for the mixing ratios of
12 chlorinated species (CClF, CCLF,, C,Cl3F;,
C,Cl,Fy, C,CIFs, CHCIF,, CH3CCIF,, CH3Cl, CH;Cly,
CHCl3, CH3CCl3, and CCly) and 5 brominated com-
pounds (CBrF3, CBrCIF,, C,;Br,F4;, CH3Br, and
CH;Bry). From this extensive suite of measurements,
Schauffler et al. (1993) derived average total mixing ra-
tios of 3.50 £ 0.06 ppbv for Cl and 21.1 + 0.8 pptv for
Br. The natural source of chlorine is ~0.5 ppbv of the
total. Since inorganic chlorine species are negligible at
the tropopause, total chlorine at this level is dominated
by the anthropogenic release of chlorinated halocarbons
at the surface. The stratospheric Cl concentrations de-
rived from the March-April 1992 ATMOS
measurements and the January-March 1992 burdens
found by Schauffler et al. (1993) near the tropopause
provide a further confirmation of the conservation of
chlorine throughout the stratosphere. The individual
contributions to the total organic budget of bromine near
the tropical tropopause were found equal to 54% for
CH3Br, ~7% for CH;Br,, and the remaining 39% nearly
evenly distributed among the halons CBrF3, CBrClF,,
and C2BI‘2F4.

On the NASA DC-8 aircraft that also participated
in the AASE II campaign, Toon et al. (1993) operated a
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Figure 2-4. Concentrations of halocarbons in the lower stratosphere from NCAR/NASA Ames Whole Air
Sampler plotter vs. ATLAS N»O. Source: Woodbridge et al., 1994.

2.10




high-resolution Fourier transform infrared (FTIR) spec-
trometer to determine the stratospheric columns above
about 11 km cruising altitude of a number of trace gases,
including CCL,F, and CCI3F. Based on these and other
long-lived gases (e.g., N»O, CHy), they found consider-
ably more uplifting (~4 km) near the equator than in the
sub-tropics.

Above the tropopause, the AASE II data set can be
used to describe the depletion of chlorinated halocar-
bons in the lower stratosphere. As residence time in the
stratosphere increases, destruction primarily by UV pho-
tolysis liberates Cl and Br from individual halocarbon
species, thereby forming the inorganic halocarbon reser-
voir species HCl and CIONO,. Nitrous oxide can be
used as an index to examine changes in halocarbon abun-
dances (Kawa et al., 1992). N,O has a near-uniform
abundance in the troposphere of approximately 310
ppbv and is destroyed in the mid-stratosphere with a life-
time near 120 years. Figure 2-4 shows the correlation of
several chlorinated halocarbon species with simulta-
neous measurements of N,O within the AASE II data set
(Woodbridge et al., 1994). The seven species shown rep-
resent approximately 99 percent of organic halocarbon
species with lifetimes over a year. For each species a dis-
tinct correlation is found, with the halocarbon species
decreasing with decreasing N,O. In each case, the de-
crease begins at upper tropospheric altitudes as reported
by Schauffler et al. (1993). The slope of each correlation
near tropospheric values is related to the ratio of the life-
time of the halocarbons species to that of N,O (Plumb
and Ko, 1992). The compact nature of ranges of these
correlations demonstrates the systematic degradation of
the chlorinated halocarbons in the stratosphere. The net
loss of these organic species over a range of N,O bounds
the available inorganic chlorine reservoir in the lower
stratosphere (see Chapter 3). Inorganic species partici-
pate in the principal catalytic loss cycles that destroy
stratospheric ozone.

The emission of HCI from volcanoes can exceed
the annual anthropogenic emissions of total organic
chlorine (e.g., CFCs, HCFCs) to the atmosphere. How-
ever, emitted HCl is largely removed in the troposphere
before it can enter the stratosphere. For the recent Mt.
Pinatubo eruption, column measurements of HCI before
and after the eruption confirmed that the increase of HCI
in the stratosphere was negligible (Wallace and Living-
ston, 1992; Mankin et al., 1992). Elevated HCI levels
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were detected in the eruption cloud of the El Chichén
volcano in 1982 (Mankin and Coffey, 1984), but signifi-
cant changes in the global stratospheric HCl were not
observed. The removal of HCI and H,0 is expected to
result from scavenging on liquid water droplets formed
in the volcanic plume (Tabazadeh and Turco, 1993).

Additional material of relevance to this section can
be found in Chapter 3 (Polar Ozone), which also deals
with stratospheric abundances of both total organic chlo-
rine and total available chlorine during the Arctic winter;
these data may be compared with the mixing ratios of
total chlorine quoted here before.

2.2.3 Sources of Halocarbons

CFCs, halons, HCFCs, and hydrofluorocarbons
(HFCs) are exclusively of industrial origin, as are methyl
chloroform and carbon tetrachloride. Their primary uses
are as refrigerants (CFCs-11, 12, and -114; HCFC-22;
HFC-134a), foam blowing agents (HCFCs-22 and
-142b; CFCs-11 and -12), solvents and feedstocks
(CFC-113, carbon tetrachloride, and methyl chloro-
form), and fire retardants (halons-1211 and -1301).
Worldwide emissions of individual halocarbons have
fallen significantly following enactment of the Montreal
Protocol (Figure 2-5; AFEAS, 1993, 1994; Fisher et al.,
1994). From 1988 to 1992 annual emissions of CFCs
into the atmosphere have decreased by approximately
34%. Emission levels of methyl chloroform have also
declined over this period, with a very large emission re-
duction (~50%) from 1992 to 1993 (P. Midgley, personal
communication to P.F.). HCFC-22 has shown a contin-
ued rise (Midgley and Fisher, 1993); it has replaced
CFCs in many applications as its use has not been re-
stricted by the Protocol. HCFC-142b release began in
the early 1980s and is growing rapidly (35%/yr since
1987). Emissions in 1992 were 10.8x106 kg (AFEAS,
1994). Emissions are difficult to estimate accurately as
the bulk of the production (90%) is used in closed cell
foams with residence times greater than 10 years. Be-
tween 1987 and 1990, emissions of halons have dropped
substantially (McCulloch, 1992) (no data are available
yet for 1991 and 1992). No emission data are available
for carbon tetrachloride as its production and use has not
been surveyed. A detailed update of the anthropogenic
emissions of methyl bromide is given in Chapter 10.

Recently, using the atmospheric data and the equi-
librium lifetimes, Cunnold et al. (1994) estimated the
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1990 CFC-11 and CFC-12 releases to be 249 + 28 kton
and 366 + 30 kton, respectively. These values are compa-
rable to the global emissions assembled by Fisher et al.
(1994) (CFC-11: 255.2 kton and CFC-12: 385.6 kton)
(Figure 2-6).

CH,Cl, and CHCICCI, are used as industrial
cleaning solvents. Sources of 0.9 and 0.6 Tg/yr have
been recently estimated from observed atmospheric
abundances (Koppmann et al., 1993). Industry estimates
of 1992 emissions for CCl,CCl,, CHCICCl,, and
CH,Cl, were 0.24, 0.16, and 0.39 Tg, respectively. Total
emissions for these species have declined by 40% since
1982 (P. Midgley, personal communication to P.F.). The
aluminum refining industry produces CF, (0.018 Tg/yr)
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and CyFg (0.001 Tg/yr), however, there are no estimates
of other potential sources (Cicerone, 1979). 80% of SF¢
production (0.005 Tg in 1989) is used for insulation of
electrical equipment, 5-10% for degassing molted reac-
tive metals, and a small amount as an atmospheric tracer
(Ko et al., 1993). The rate of increase of SFg in the atmo-
sphere (Zander et al., 1991a; Rinsland et al., 1993;
Maiss and Levin, 1994) implies that. its sources are in-
creasing. :

Methyl halides are produced during biomass burn-
ing. Annual emissions of 1.5-1.8 Tg/yr (Lobert et al.,
1991; Andreae, 1993) and 30 Gg/yr (Mané and Andreae,
1994) have been estimated for CH3Cl and CH3Br, re-
spectively.
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A major source of methyl halides appears to be the
marine/aquatic environment, likely associated with algal
growth (Sturges et al., 1993; Moore and Tokarczyk,
1993a). Methyl chloride, present in the troposphere at
about 600 pptv, is the most prevalent halogenated meth-
ane in the atmosphere. Maintaining this steady-state
mixing ratio with an atmospheric lifetime of the order of
two years requires a production of around 3.5 Tg/yr,
most of which comes from the ocean and biomass burn-
ing. The atmospheric budget of methyl bromide is
discussed in Chapter 10. Other halogenated methanes,
such as CHBr3, CHBr,Cl, and CH,CBry, are produced
by macrophytic algae (seaweeds) in coastal regions
(Manley et al., 1992) and possibly by open ocean phy-
toplankton (Tokarczyk and Moore, 1994), but they do
not accumulate significantly in the atmosphere.

2.2.4 Halocarbon Sinks

Fully halogenated halocarbons are destroyed pri-
marily by photodissociation in the mid-to-upper
stratosphere. These gases have atmospheric lifetimes of
decades to centuries (Table 2-1).

Halocarbons containing at least one hydrogen
atom, such as HCFC-22, chloroform, methyl chloro-
form, the methyl halides, and other HCFCs and HFCs
are removed from the troposphere mainly by reaction
with OH. The atmospheric lifetimes of these gases range
from years to decades, except for iodinated compounds
such as methyl iodide, which have lifetimes of the order
of days to months. However, some of these gases also
react with seawater. About 5-10% of the methyl chloro-
form in the atmosphere is lost to the oceans, presumably
by hydrolysis (Butler et al., 1991). About 2% of atmo-
spheric HCFC-22 is apparently destroyed in the ocean,
mainly in tropical surface waters (Lobert et al., 1993).
Methyl bromide sinks are discussed in Chapter 10.

Recent studies show that carbon tetrachloride may
be destroyed in the ocean. Widespread, negative satura-
tion anomalies (-6 to -8%) of carbon tetrachloride,
consistent with a subsurface sink (Lobert et al., 1993),
have been reported in both the Pacific and Atlantic
oceans (Butler et al., 1993; Wallace et al., 1994). Pub-
lished hydrolysis rates for carbon tetrachloride are not
sufficient to support these observed saturation anomalies
(Jeffers et al., 1989) which, nevertheless, indicate that
about 20% of the carbon tetrachloride in the atmosphere
is lost in the oceans.
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Recent investigation of the atmospheric lifetimes
of perfluorinated species CF4, CF3CF3, and SFg indi-
cates lifetimes of >50,000, >10,000, and 3200 years
(Ravishankara et al., 1993). Loss processes considered
include photolysis, reaction with O(1D), combustion, re-
action with halons, and removal by lightning.

2.2.5 Lifetimes

Lifetimes are given in Table 2-1. An assessment
and re-evaluation of the empirical models used to derive
the atmospheric residence lifetime of two major industri-
al halocarbons, CH3CCl3 and CFC-11, have been made
recently (Bloomfield, 1994). The analysis uses four
components: observed concentrations, history of emis-
sions, a predictive atmospheric model, and an estimation
procedure for describing an optimal model. An optimal
fit to the observed concentrations at the five Atmospheric
Lifetime Experiment/Global Atmospheric Gases Experi-
ment (ALE/GAGE) surface sites over the period
1978-1990 was done with two statistical/atmospheric
models: the ALE/GAGE 12-box atmospheric model
with optimal inversion (Prinn et al., 1992) and the North
Carolina State University/University of California-Irv-
ine 3D-Goddard Institute for Space Studies (NCSU/UCI
3D-GISS) model with autoregression statistics (Bloom-
field, 1994). There are well-defined differences in these
atmospheric models, which contribute to the uncertainty
of derived lifetimes.

The lifetime deduced for CH3CClj3 is 5.4 years
with an uncertainty range of £0.4 yr (IPCC, 1994a).
From this total atmospheric lifetime, the losses to the
ocean and the stratosphere are used to derive a tropo-
spheric lifetime for reaction with OH radicals of 6.6 yr
(£25%); this value is used to scale the lifetimes of
HCFCs and HFCs (e.g., Prather and Spivakousky, 1990).
On the other hand, the semi-empirical lifetime for CFC-
11 of 50 £ 5 years (IPCC, 1994a) provides an important
transfer standard for species that are mainly removed in
the stratosphere, i.e., the relative modeled lifetimes giv-
en in Table 2-1 for CFCs, H-1301, and N,O are scaled to
a CFC-11 lifetime of 50 yr.

A more recent analysis of the ALE/GAGE data
(1978-1991) using the ALE/GAGE model and a revised
CFC-11 calibration scale (SIO 93) gives an equilibrium
lifetime for CFC-11 of 44 (+17/-10) years (Cunnold et
al., 1994).




2.3 STRATOSPHERIC INPUTS OF CHLORINE
AND PARTICULATES FROM ROCKETS

Solid-fuel rocket motors of launch vehicles release
chemicals in the stratosphere, including chlorine (main-
ly HCI), nitrogen, and hydrogen compounds that,
directly or indirectly, can contribute to the catalytic de-
struction of ozone. Chapter 10 of the WMO-Report No.
25 covers this subject (Harwood et al., 1992). Since that
report, which summarized model studies that evaluated
the chlorine buildup in the stratosphere and its impact on
the ozone layer, based on the projected launches of the
larger rocket types (Space Shuttle and Titan IV by Prath-
er et al., 1990, and by Karol et al., 1991; Ariane 5 by
Pyle and Jones, 1991), no additional studies have been
released. The main conclusions arrived at by Harwood et
al. (1992) were: i) within the expanding exhaust trail of a
large rocket, stratospheric ozone can be reduced sub-
stantially, up to >80% at some heights and up to 3 hours
after launch; ii) because of the slant layout of the trajec-
tory, column ozone is probably reduced by less than 10%
over an area of a few hundred square kilometers; iii) the
local plume ozone reductions decrease to near zero with-
in 24 hours and the regional effects are too small to be
detected by satellite observations; iv) steady-state model
calculations for realistic launch scenarios of large rock-
ets by NASA and ESA (European Space Agency) show
that for both scenarios, ozone decreases are less than
0.2% locally in the region of maximum chlorine in-
crease, with corresponding changes in ozone column of
much less than 0.1%.

2.3.1 Stratospheric Chlorine Input

The specific chlorine (Cl) input to the stratosphere
(above 15 km altitude) from rocket exhausts can be esti-
mated if the Cl amount and its time-dependent release
along the ascent are known. Such evaluations were re-
ported by Prather et al. (1990) regarding the Space
Shuttle (68 tons Cl) and the Titan IV launcher (32 tons
Cl), and by Pyle and Jones (1991) for Ariane 5 (57 tons
Cl). Assuming a projection of 10 launches per year for
each of these chlorine-releasing rocket types, a total of
1570 tons of Cl is then deposited in the stratosphere each
year. This corresponds to only 0.064% of the present-
day stratospheric burden of chlorine (based on a Cl
volume mixing ratio of 3.5 ppbv, or a total of 2.45x106
tons of Cl above 15 km altitude). However, at the rate of
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increase of the stratospheric chlorine loading measured
between 1985 and 1992, i.e., 0.13 ppbv per year (see
Section 2.2.2) caused by the release of 30x104 tons/yr of
Cl from the photodissociation of CFCs in the strato-
sphere (Prather et al., 1990), the scenario of large rocket
launches envisaged here corresponds to an additional in-
Jection of Cl above 15 km equal to about 0.6% per year.
This percentage will increase as CFCs are phased out.
No similar Cl input to the stratosphere can be evaluated
for a large number of smaller rockets, because their ex-
haust characteristics as well as their number of launches
worldwide (maybe some 100, all types combined; Har-
wood et al, 1992) are poorly documented or
inaccessible.

2.3.2 Particulates from Solid-Fuel Rockets

Besides gases, solid-fuel rocket motors release
particulates in the form of aluminum oxide (Al;O3),
soot, and ice. Attempts to determine the distribution of
exhausted aluminum oxide particles in the rocket ex-
hausts are limited, with only one Shuttle-related set of
measurements made some 10 years ago (Cofer et al.,
1985) indicating a distribution of particles with signifi-
cantly more particles below 1 um than above 1 pum in-
size. The lack of satisfactory information on rocket par-
ticulate releases significantly hampers the quantification
of impacts that heterogeneous chemistry (Hofmann and
Solomon, 1989; Granier and Brasseur, 1992) may have
on ozone depletion by rockets.

The only research programs that have provided
some indication about the recent evolution of particu-
lates and aerosols in the stratosphere are by Zolensky et
al. (1989) and by Hofmann (1990, 1991). From impac-
tion collections sampled in 1978 and 1984, Zolensky et
al. (1989) found an order of magnitude increase in alu-
minum-rich particles of >0.5 pm diameter at 17-19 km
altitude; they suggested that this rise is likely due to the
influx of solid rocket motor exhaust and ablating rocket
and satellite debris into the stratosphere in increasingly
larger amounts, with the latter predominating. Hofmann
(1990) observed an increase by about 80% of the back-
ground (non-volcanic) stratospheric sulfate burden at
northern midlatitudes between 1979 and 1990. He spec-
ulated (Hofmann, 1991) that it may be partially caused
by the increase in air traffic during that same period, bas-
ing his evaluation on a representative fleet and engine
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emission index of sulfur dioxide (SO,), as well as on a
realistic lifetime for the stratospheric aerosol. However,
Bekki and Pyle (1992) concluded that the increase in
aerosol mass between 1979 and 1990 due to the rise of
air traffic is largely insufficient to account for the ob-
served mass trend and suggest that a rise in
submicrometer particles due to the influx of solid rocket
exhaust and ablating spacecraft material merits further
investigations. Clearly, particulates from solid-fuel rock-
ets deserve careful attention, especially as their
stratospheric abundance may increase in the near future.

2.4 METHANE (CHy)

Methane is an important greenhouse gas that is
also a reactive gas that participates in establishing the
oxidizing capacity of the troposphere, and therefore af-
fects the lifetime of many other trace gases. In the
stratosphere it is a source of hydrogen and water vapor,
and a sink of atomic chlorine. It is mainly produced from
a wide variety of anaerobic processes and removed by
the hydroxyl radical. Its abundance in the atmosphere
has been rising since the Industrial Revolution with its
global 1992 tropospheric mixing ratio being equal to
1.714 ppmv. A large fraction of methane is released to
the atmosphere from anthropogenic sources (~2/3) and
is therefore susceptible to possible emission controls. A
reduction of about 10% of anthropogenic emissions
would stabilize the concentration at today’s level (IPCC,
1994a).

2.4.1 Atmospheric Distribution and Trends

Due to the distribution of CH4 sources, there is an
excess Northern Hemispheric source of about 280 Tg/yr,
and atmospheric concentrations in the Southern Hemi-
sphere are ~6% lower. Recent modeling (Law and Pyle,
1993) and isotopic (Lassey et al., 1993) studies confirm
that the seasonal cycle of methane (+1.2% at midlati-
tudes) in the Southern Hemisphere is mainly controlled
by the seasonality of methane oxidation by OH radicals
in the lower troposphere and the transport of air from
tropical regions that are affected by biomass burning.

During the past decade, global methane has in-
creased on average by about 7% (Dlugokencky et al.,
1994a). The declining atmospheric methane growth
identified in the previous assessment has continued.
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Measurements from two global observing networks
show a steady decline in the globally averaged growth
rate since the early 1980s (Steele et al., 1992; Khalil and
Rasmussen, 1993b; Khalil ez al., 1993a; Dlugokencky et
al., 1994c), being approximately 20 ppbv/yr in 1979-
1980, 13 ppbv/yr in 1983, 10 ppbv/yr in 1990, and about
5 ppbv/yr in 1992 (Dlugokencky et al., 1994c). The de-
cline of the growth rate in the 30°-90°N semi-hemisphere
was 2-3 times more rapid than in the other semi-hemi-
sphere. The 1992 increase in the Northern Hemisphere
was only 1.8 + 1.6 ppbv (Dlugokencky et al., 1994c).
The cause of this global decline in methane growth is not
entirely clear, but could be related to changes in emis-
sions from fossil fuel (particularly natural gas) in the
former Soviet Union (Dlugokencky et al., 1994c) and
from biomass burning in the tropics (Lowe et al., 1994).
Observed methane levels in the high Arctic (Alert, 83°N)
in 1993 were actually lower than those observed in 1992
(Worthy et al., 1994). Data reported for Antarctica (Aoki
et al., 1992) show the same trend observed by the
NOAA-CMDL station in the same region. Vertical col-
umn abundance measurements above the Jungfraujoch
station, Switzerland, between February 1985 and May
1994 indicate a rate of increase in the atmospheric bur-
den of CH4 equal to 0.73 *+ 0.13 %/yr over the period
1985-1989, which slowed to 0.46 £ 0.11 %/yr between
1990 and May 1994 (Zander et al., 1994c; R. Zander,
personal communication to E.S.).

A significant decrease in 13CHy has been observed
in the Southern Hemisphere since mid-1991, coincident
with significant changes in the CHy4 growth rate (15 ppb/
yr in 1991; 5 ppb/yr in 1992) (Lowe et al., 1994). The
isotopic data imply that the change in CHy4 growth rate is
due to: i) decreasing sources rather than increasing sinks,
and ii) a combination of decreased tropical biomass
burning and a lower release of fossil CH, in the Northern
Hemisphere.

Global measurements of CH4 between 100 and 0.1
mb pressure levels have been performed by various in-
struments aboard the Upper Atmosphere Research
Satellite (UARS). Since October 1991, the UARS Halo-
gen Occultation Experiment (HALOE) has made routine
measurements of methane concentrations at latitudes
ranging from ~80°N to ~80°S. These measurements have
been used in conjunction with other HALOE observa-
tions to evaluate vertical subsidence in the Antarctic
spring polar vortex (Russell et al., 1993); they have un-
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Figure 2-7. Methane mixing ratios observed in ice cores from Antarctica (Law Dome: Etheridge et al., 1992;
Mizuho: Nakazawa et al., 1993) and Greenland (Site J: Nakazawa et al., 1993; Summit: Blunier et al., 1993)
over the past 1000 years. Atmospheric data from Cape Grim, Tasmania, are included to demonstrate the
smooth transition from ice core to atmospheric measurements. Source: IPCC, 1994a.

dergone intercomparison with ER-2 airplane observa-
tions (Tuck et al., 1993), as part of validation exercises.
The Cryogenic Limb Array Etalon Spectrometer
(CLAES) UARS experiment also measured CHy4 con-
centrations globally, but results have only been reported
so far as sample cases, as additional validation is re-
quired prior to releasing this data base (Kumer et al.,
1993). Although limited in time and in global coverage,
the high spectral-resolution, multiple-species (over two
dozen gases) observations made by the shuttle-based At-
mospheric Trace Molecule Spectroscopy Experiment
(ATMOS) instrument during the Spacelab 3 (April-May,
1985), ATLAS 1 (March-April, 1992) and ATLAS 2
(April, 1993) missions (Farmer, 1987; Gunson et al.,
1990; Gunson, 1992) are unique “benchmarks” for
trends evaluations and for validation exercises.

The paleo record of atmospheric methane concen-
tration has been improved by the analysis of new ice
cores (Etheridge et al., 1992; Nakazawa et al., 1993;
Blunier et al., 1993; Jouzel et al., 1993; Chappellaz et
al., 1993). Antarctic ice core data (Law Dome), which
overlap the direct atmospheric measurements, indicate

2.17

that the growth rate was not always monotonic, with ap-
parent stabilization periods around the 1920s and again
during the 1970s (see Figure 2-7; Etheridge et al., 1992;
Dlugokencky et al., 1994a). From Greenland and Ant-
arctic ice cores, Nakazawa et al. (1993) conclude that the
pre-industrial natural sources in the Northern Hemi-
sphere were larger than those in the Southern
Hemisphere. New data from Antarctic Vostok ice core
have extended the methane record from 160 thousand
year BP (kaBP) through the penultimate glaciation to the
end of the previous interglacial, about 220 kaBP (Jouzel
et al., 1993). Recent analyses of Greenland ice cores
have provided additional climatic and atmospheric com-
position records (Chappellaz et al., 1993). The methane
concentration through the deglaciation is observed to be
in phase with temperature. Warm periods, each lasting
hundreds of years, are associated with methane peaks of
about 100 ppbv. These variations have not been observed
in the Antarctic ice cores, likely due to the coarse sam-
pling interval and the slower pore close-off of the
Antarctic sites.
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2.4.2 Sources

A detailed discussion of the natural and anthropo-
genic sources of methane has been given in previous
assessments (WMO, 1992; IPCC, 1990, 1992) and only
an update is presented here. Methane sources are listed
in Table 2-3.

Wetlands. Natural wetlands are the major source
of methane and in recent years considerable new data on
methane flux from these ecosystems have been pub-
lished. Recent flux data from the Amazon region suggest
that a large fraction of CHy is emitted from tropical wet-
lands (20°N-30°S), with a global estimate of ~60 Tg/yr
(Bartlett et al., 1990; Bartlett and Harris, 1993). High
northern latitude studies indicate emissions ranging
from 20 to 60 Tg/yr (Whalen and Reeburgh, 1992; Ree-
burgh et al., 1994). Information from large areas of the
world is lacking, particularly in the tropics and the Sibe-
rian Lowland (Bartlett and Harris, 1993). Recently,
atmospheric data have been used to constrain emission
estimates from wetlands in the former Soviet Union
(Dlugokencky et al., 1994b).

Ocean and Freshwater Ecosystems. A re-evalu-
ation of the ocean source was performed by Lambert and
Schmidt (1993). According to these authors only ~3.5
Tg/yr are emitted by the open oceans, but emissions
from methane-rich areas could be considerably more
important, producing a total oceanic source of the order
of 50 Tg/yr. There is no new information about the con-
tribution of freshwater ecosystems.

Termites. A recent estimate made by Martius et
al. (1993) for the contribution of termites to the global
CH, budget agrees well with the central value of 20 Tg/y
given in the 1992 IPCC Supplement.

Other Natural Sources. New estimates have been
made for volcanoes (3.5 + 2.7 Tg/yr), hydrothermal
emissions (2.3 + 2.7 Tg/yr), and hydrates (~3 Tg/yr)
(Judd et al., 1993; Lacroix, 1993).

Fossil Carbon Related Sources. From studies of
the carbon-14 content of atmospheric CHy it was estab-
lished that about 20% (~100 Tg) of total annual CHy
emission is from fossil carbon sources (IPCC, 1992).
However, there are large uncertainties in the contribution
of the various related sources: coal mines, natural gas
and petroleum industry. New global estimates from coal
mines are: 25 Tg/yr (CIAB, 1992), 17 Tg/yr (Miiller,
1992), 43 Tg/yr (Beck, 1993), 49 Tg/yr (Subak et al.,
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1993), and 45.6 Tglyr (Kirchgessner et al., 1993).
Miiller (1992) gives an emission from natural gas activi-
ties of 65 Tg/yr, which is much higher than the values
given in the IPCC (1992) (25-42 Tg/yr). Khalil et al.
(1993b) proposed that low-temperature combustion of
coal (not included previously) could be a significant
source of methane, with a global emission of ~16 Tg/yr.
However, the emission factor derived by Khalil et al. is
higher than the values obtained by Fynes et al. (1993)
from coal-fired plants and the one quoted for handfired
coal units by the Air Pollution Engineering Manual (Air
and Waste Management Assn., USA, 1992); further re-
search is clearly required to refine this estimate.

Waste Management Systems. Landfills, animal
waste, and domestic sewage are significant global
sources of methane, with a total emission estimate of
~80 Tg/yr (IPCC, 1992). New global estimates from
landfills are 40 Tg/yr (Miiller, 1992), 36 Tg/yr (Subak ez
al., 1993), and 22 Tg/yr (Thorneloe et al., 1993), in good
agreement with the mean value (30Tg/yr) given previ-
ously (IPPC, 1992). No additional information has been
published for animal waste and domestic sewage.

Enteric Fermentation. Anastasi and Simpson
(1993) estimated for 1990 an emission of 84 Tg/yr from
enteric fermentation in cattle, sheep, and buffalo. This
result suggests that the strength of enteric fermentation
be in the upper part of the range given in 1992 (65-100
Tg/yr). Furthermore, Minson (1993) in a re-evaluation
of this source in Australia found values 43% higher than
previous estimates for this country. Johnson et al. (1993)
estimated a global emission of 79 Tg/yr.

Biomass Burning. New global estimates of this
source are: 30.5 Tg/yr (Hao and Ward, 1993), 36 Tg/yr
(Subak et al., 1993), and 43 Tg/yr (Andreae and Warnek,
1994). These values are within the range of data reported
previously (IPCC, 1992).

Rice Paddies. There is a very large uncertainty
associated with the emissions estimate from rice paddies
(IPCC, 1992). Three-dimensional (3-D) model calcula-
tions constrain estimates of methane emission from rice
cultivation to ~100 Tg/yr (Fung et al., 1991; Dlugo-
kencky et al., 1994b). The results reported earlier (IPCC,
1990, 1992) and recent estimates (i.e., Wassman et al.,
1993; Delwiche and Cicerone, 1993; Bachelet and Neue,
1993; Subak et al., 1993; Lal et al., 1993; Shearer and
Khalil, 1993; Neue and Roger, 1993) suggest an emis-
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TABLE 2-3. Estimated sources and sinks of methane (Tg CH, per year).

Range Likely Totals
Sources
Natural
Wetlands?
Tropics 30-80 ~60
Northern Latitudes 20-60 40
Others 5-10 10
Termites 10-50 20
Ocean 5-502 10
Freshwater 1-25 5
Others? - 8-13 10
Total Natural 155
Anthropogenic
Fossil Fuel Related 100b
Coal Mines 15-452
Natural Gas 25-502
Petroleum Industry 5-30
Coal Combustion 7-302
Waste Management System
Landfills 20-70 30
Animal Waste 20-30 25
Domestic Sewage Treatment ? 25
Enteric Fermentation 65-100 80
Biomass Burning 20-80 40
Rice Paddies? 20-100 60
Total Anthropogenic 360
Total Source 515
Sinks
Reaction with OH? 330-560 445
Removal in Stratosphere? 25-55 40
Removal by Soils 15-45 30
: Atmospheric Increase 30-40 37
Total Sink 552

2 indicates revised estimates since previous assessments
b from carbon-14 studies (IPCC, 1992)
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sion range of 20-100 Tg/yr with a most likely value of 60
Tglyr.

2.4.3 Sinks

CHjy is mainly removed through chemical reac-
tions in the troposphere and stratosphere (485 Tg/yr). A
growing number of studies (reviewed by Reeburgh et al.,
1994) show that methane is consumed by soil microbial
communities in the range between 20 and 60 Tg/yr.
Methane oxidation is expected to be particularly impor-
tant in modulating methane emissions from rice paddies,
wetlands, and landfills. Ojima ez al. (1993) estimate that
~20 Tg of methane is consumed annually by temperate
soil, and that this sink has decreased by ~30% due to soil
disturbance.

2.4.4 Potential Feedbacks from a Changed
Climate

There are several potential climate feedbacks that
could affect the atmospheric methane budget (IPCC,
1990). At present, however, the attention has focused on
northern wetlands and on permafrost.

High-Latitude Wetlands. Changes in surface
temperature and rainfall are predicted by general circula-
tion models (GCMs) to occur in high-latitude regions.
When changes in temperature are considered alone, an
increase in the emission of CHy is predicted (Hameed
and Cess, 1983; Lashoff, 1989). Recent calculations
suggest only a moderate increase in CHy emissions in a
2XCO; scenario (Harris and Frolking, 1992). On the oth-
er hand, using a hydro-thermal model, Roulet et al.
(1992) estimated a significant decrease in moisture stor-
age that resulted in an 80% decrease in CHy fluxes
(negative feedback); the corresponding increase due to
temperature changes is only 15%. These estimates have
been confirmed by measurements indicating a reduced
CH4 flux from drained northern peatlands (Roulet et al.,
1993). It seems that northern wetlands are more sensitive
to changes in moisture than temperature; however, the
biospheric feedback mechanisms are poorly understood
(Reeburgh et al., 1994).

Permafrost. The methane content of permafrost
in Fairbanks (Kvenvolden and Lorenson, 1993) and
northern Alaska (Rasmussen et al., 1993) was recently
evaluated at 2-3 mg/kg. Using these concentrations and
the changes in temperature predicted by various
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scenarios, Kvenvolden and Lorensen (1993) predict that
in 100 years the maximum methane release rate will be
~27 Tgl/yr and that during the first 30 years no significant
release will occur. The heat transfer and gas diffusion
model of Moraes and Khalil (1993) indicates that in the
future, permafrost is likely to contribute less than 10 Tg
of methane per year.

2.5 NITROUS OXIDE (N,0)

Nitrous oxide has a long atmospheric lifetime. It is
the major source of stratospheric nitrogen oxides, which
are important in regulating stratospheric ozone. N;O is
also a greenhouse gas. It is emitted by several small
sources, which have large uncertainties, and its atmo-
spheric budget is difficult to reconcile. It is removed by
photolysis and oxidation in the stratosphere and micro-
bial oxidation in soils. A reduction of more than 50% of
anthropogenic sources would stabilize its concentration
at today’s level of about 310 ppbv (IPCC, 1994a).

2.5.1 Atmospheric Distribution and Trends

The available global nitrous oxide data indicate
that the trend over the past decade is very variable, rang-
ing from 0.5 to 1.2 ppbv/yr (WMO, 1992; Khalil and
Rasmussen, 1992). A recent analysis of seventeen years
of data collected on oceanic expeditions as well as in
Alaska, Hawaii, and Antarctica (Weiss, 1994) and six-
teen years of data from the NOAA global network
(Swanson et al., 1993) shows that the global average
abundance at the beginning of 1976 was 299 ppbv,
which has risen to 310 ppbv at the beginning of 1993.
During 1976-82 the growth rate was about 0.5-0.6 ppbv/
yr, which increased to a maximum of 0.8-1 ppbv/yr in
1988-89, declining to the current rate of 0.5-0.6 ppbv/yr.

An analysis of IR solar absorption spectra record-
ed at the Jungfraujoch Station (46.6°N) in 1950-51 and
from 1984 to 1992 has been recently performed by
Zander et al. (1994b). The results indicate that the rate of
increase of the column of N,O was 0.23 + 0.04 for the
period 1951 to 1984, and 0.36 £ 0.06 %/yr from 1984 to
1992. The corresponding volume mixing ratios at the
levels of the site (3.58 km altitude) increased from 275
ppbv to 305 ppbv between 1951 and 1992. The 1951
concentration is quite similar to the pre-industrial values
obtained from ice cores (285 ppbv; IPCC, 1990), sug-
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TABLE 2-4. Estimated sources and sinks of N,O (Tg N per year).

Sources
A. Natural
Oceans 1.4-5.2%
Tropical Soils
Wet forests 2.2-3.7
Dry savannas 0.5-2.0
Temperate Soils
Forests 0.05-2.0
Grasslands ?
B. Anthropogenic
Cultivated Soils 1-3
Animal Waste™ 0.2-0.5
Biomass Burning 0.2-1.0
Stationary Combustion 0.1-0.3
Mobile Sources™ 0.1-0.6
Adipic Acid Production 0.4-0.6
Nitric Acid Production 0.1-0.3
Sinks
Removal by Soils ?
Photolysis in the Stratosphere™® 12.3 (9-17)
Atmospheric increase™ 3.1-4.7

* indicates revised estimates since previous assessment

gesting that the pre-industrial level was lower (see be-
low), or that it persisted until the middle of this century
and that the increase occurred thereafter.

Satellite global measurements of N,O have been
made by CLAES and ISAMS (Improved Stratospheric
and Mesospheric Sounder) aboard UARS (Kumer et al.,
1993; Taylor et al., 1993), but no validated results have
been released so far.

Ice core records of N;O show an increase of about
8% over the industrial period (IPCC, 1990). New records
covering the last 45 ka were obtained from Antarctica
and Greenland (Leuenberger and Siegenthaler, 1992).
The Greenland record suggests a pre-industrial level of
about 260 ppbv, 10 to 25 ppbv lower than previous
records (IPCC, 1990). The Antarctic core shows that
N,O was lower during glacial periods, consistent with
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the hypothesis that soils are a major natural source of
nitrous oxide.

2.5.2 Sources

A detailed presentation of N,O sources was made
in IPCC (1990) and a revised budget was given in the
1991 ozone assessment (WMO, 1992). N,O is emitted
by a large number of small sources, most of them diffi-
cult to evaluate and the estimates are very uncertain.
Here we will only present new information not included
in previous assessments. The updated budget is present-
ed in Table 2-4. The overall uncertainty in the N,O
budget suggests that it could be balanced with the cur-
rently identified sources.
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N,O fluxes from an upwelling area of the Indian
Ocean (Law and Owen, 1990) and the Peruvian up-
welling region (Codispoti et al., 1992) indicate that the
oceans may be a larger source of this gas. Weiss (1994)
calculated that the total pre-industrial source of NyO was
~9 TgN/yr, of which ~3 TgN/yr was oceanic. An isotopic
study (nitrogen-15 and oxygen-18) of atmospheric N,O
suggests a large gross ocean-atmosphere flux (Kim and
Craig, 1993). Therefore, the upper range for that source
has been extended to 5.2 TgN/yr in this assessment.

Recent emission estimates from some anthropo-
genic sources made by Subak et al. (1993) agree well
with previous values. The increasing use of catalytic
converters in cars stimulated the evaluation of the global
contribution of this source: from tailpipe emission mea-
surements, Dasch (1992) derived a global emission of
0.13 Tg N/yr; Khalil and Rasmussen (1992) from mea-
surements in crowded highways in California estimate a
global emission of 0.06-0.6 TgN/yr; Berges et al. (1993)
from measurements in two tunnels (Stockholm and
Hamburg) estimate a global emission of 0.24 *+ 0.14
TgN/yr. This new information on N,O emissions from
catalytic converters, together with previous estimates
(WMO, 1992) results in a revised emission range of 0.1-
0.6 TgN/yr.

Important emissions are produced by agricultural
activities. Recent global estimates from fertilized soils
are 0.9 TgN/yr (Kreileman and Bouwman, 1994) and 2
TgN/yr (Pepper et al., 1992). A source that was not in-
cluded in the 1992 Report is cattle and feed lots. Based
on the ratios of excess N,O to excess CH4 in barn stud-
ies, Khalil and Rasmussen (1992) estimate a source of
0.2-0.5 TgN/yr from cattle. Kreileman and Bouwman
(1994) estimate for 1990 a global emission of 0.6 TgN/
yr for the animal waste source. New information in trop-
ical land use change indicates that the flux of N,O
depends on the age of the pasture, with young pastures
(<10 years) emitting 3-10 times more N,O than tropical
forests, whereas older pastures emit less (Keller et al.,
1993). A rather low source of 0.2 TgN/yr was estimated
by Kreileman and Bouwman (1994) due to enhanced
soil N,O emission following deforestation. More re-
search on tropical agricultural systems is required before
conclusions can be reached concerning the relative im-
portance of tropical agricultural systems as a growing
N, O source (Keller and Matson, 1994).
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2.5.3 Sinks

The major sink of N,O is photodissociation in the
stratosphere; a secondary loss of about 10% occurs
through reaction with O(1D). The lifetime is 120 £ 30 yr
(Prather and Remsberg, 1992). Important evidence of
N,O consumption by soils was reported by Donoso et al.
(1993), but there are insufficient data to determine
whether soil provides a significant global N,O sink.
Based on recent data (Swanson et al., 1993; Weiss,
1994) the atmospheric increase is estimated to be 3.1-4.7
TgN/yr. The estimated sinks (including the atmospheric
increase) range from ~12 to ~21 TgN/yr; therefore, to
balance the N,O atmospheric budget, all sources should
be near their upper limits. This is in agreement with cal-
culations based on ice core records and atmospheric
concentrations that suggest a total anthropogenic emis-
sion of ~4.5 TgN/yr and ~9.5 TgN/yr for the natural
sources (Khalil and Rasmussen, 1992).

2.6 SHORT-LIVED OZONE PRECURSOR
GASES

Tropospheric ozone is a greenhouse gas, of partic-
ular importance in the upper troposphere. It also plays a
significant role in the oxidizing capacity of the atmo-
sphere. A detailed evaluation of tropospheric ozone is
made in Chapter 5. Since the concentration of O3 de-
pends on the levels of its precursors (i.e., NOy, CO, CHy,
NMHC), we assess their sources, sinks and atmospheric
distributions in the following sub-sections.

2.6.1 Nitrogen Oxides (NO, = NO + NO,)

2.6.1.1 TroPOSPHERIC DISTRIBUTION

Because of its complex geographical source pat-
tern and its short lifetime, the spatial and temporal
distribution of tropospheric NOy is complex and highly
variable, over 3 orders of magnitude in non urban areas
(Carroll and Thompson, 1994). A detailed discussion of
the tropospheric distribution of NOy is presented in
Chapter 5.

2.6.1.2 SOURCES

Estimated NOy source strengths are summarized
in Table 2-5.




TABLE 2-5. Estimated sources of NO, (TgN/yr).

SOURCE GASES

Range Likely
Natural Soils 5-12 7
Lightning 3-20 7
Biomass Burning 3-13 8
Subsonic Aircraft 0.2-1 04
Fossil Fuel 21-25 24
Agricultural Soils ? ?

Soils. Soil microbial activity is an important natu-
ral source of NOy, but a very large uncertainty affects its
estimate (IPCC, 1992). Recently, Williams et al. (1992)
derived an emission of only ~0.1 TgN/yr from natural
soils (grassland, forest, and wetlands) within the U.S.
From studies in Venezuela, Sanhueza (1992) estimated
an emission of ~4 TgN/yr for the global savannah region.
Tropical forest soils produce large amounts of NO; how-
ever, due to removal processes inside the forest itself,
most of the NO never reaches the “open” atmosphere
(Bakwin et al., 1990). Recent global estimates of this
source include: Davidson (1991), 13 TgN/yr; Miiller
(1992), 4.7 TgN/yr; and Dignon et al. (1992), 5 TgN/yr.

Agricultural soils could be an important source of
NOy, but no reliable global budgets exist. Cultivated
soils from the U.S. emit 0.2 TgN/yr (Williams et al.,
1992); plowing of tropical savannah soil produces a
large increase of NO emissions (Sanhueza et al., 1994),
but the impact to the global budget has not been estimat-
ed.

Lightning. The global estimates of NO, produc-
tion by lightning show a very large uncertainty (Liaw et
al., 1990). Using a global chemistry, transport, and depo-
sition model, Atherton et al. (1993) found that a
lightning source of 5-10 TgN/yr (with an upper limit of
20 TgN/yr) is compatible with the NOy levels in remote
locations. This is in agreement with Logan (1983), who
indicates that the distribution of nitric acid (HNO3) in
the remote troposphere is consistent with a lightning
NOy source of <10 TgN/yr.

Biomass burning. Tropical biomass burning is an
important source of NOy (Crutzen and Andreae, 1990;
Lobert et al., 1991; Andreae, 1991; Penner et al., 1991;
Miiller, 1992), ranging from 2 to 8 TgN/yr. Estimates in-
cluding extratropical burning indicate global production
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of 9.6 TgN/yr (Andreae, 1993) and 13 TgN/yr (Dignon
and Penner, 1991).

Aircraft. Emissions from aircraft are a relatively
small source of NO. However, since a large fraction of
the NOy is released at altitudes between 9-13 km, this
has a large impact on the photochemistry of the free tro-
posphere (Johnson et al., 1992; Beck et al., 1992), and is
likely responsible for a large fraction of the NO, found at
those altitudes at northern midlatitudes (Ehhalt et al.,
1992). Estimates of the global source from aircraft range
from 0.23 to 1.0 TgN/yr (Egli, 1990; Johnson et al.,
1992; Beck et al., 1992; Penner et al., 1994). A very de-
tailed evaluation of this source has been recently
completed (Baughcum et al., 1993). This study includes
emissions from scheduled airliner and cargo, scheduled
turboprop, charter, military, and former Soviet Union
aircraft. The results indicate a global emission of 0.44
TgN/yr, with 7% of the emission occurring in the South-
ern Hemisphere. A detailed geographical distribution of
this source is given in Chapter 11.

Fossil Fuel Combustion. This is the largest
source of NOy (24 TgN/yr) and its global distribution is
relatively well known (Dignon and Hameed, 1989;
Hameed and Dignon, 1991; Miiller, 1992; Dignon,
1992). According to Hameed and Dignon (1991), the
emission of NOy increased from 18.1 TgN/yr in 1970 to
24.3 TgN/yr in 1986 (25% increase).

2.6.1.3 SINKS

The removal processes of NO, (atmospheric oxi-
dation of NOy and dry deposition of NO,) are
reasonably well known. However, it is not possible to
make a direct estimate of the global NOy sink since the
global distribution of NOj is too poorly known.
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TABLE 2-6. Estimated sources of NMHC (TgCl/yr).

Range Likely
Vegetation™ 230-800 500
Oceans 20-150 ?
Biomass Burning 30-90 40
Technological 60-100 70

* mainly isoprene and terpenes

2.6.2 Non-Methane Hydrocarbons (NMHCs)

2.6.2.1 ATMOSPHERIC DISTRIBUTION

Most NMHCs (heavier alkanes, alkenes, alkyl
benzenes, isoprene, terpenes) have atmospheric life-
times of less than a week (sometimes less than a day). In
this case the atmospheric distributions reflect the source
pattern and the regional transport situation, and the mix-
ing ratios generally range from several ppbv in the
boundary layer near the sources to a few pptv or less in
the background atmosphere. NMHCs with predominant-
ly anthropogenic sources exhibit a maximum in winter,
reflecting the seasonality of the removal by OH radicals.
Biogenic NMHC:s (i.e., isoprene, terpenes) present very
low mixing ratios in winter and highest abundance in
summer, a consequence of the seasonality of the emis-
sion rate (Fehsenfeld et al., 1992).

For NMHCs with lifetimes of few weeks or more
(i.e., ethane, acetylene, propane) there is a better under-
standing of their atmospheric distributions (Ehhalt,
1992; Rudolph ef al., 1992). Seasonal cycles and long-
term trends in the vertical column abundances of ethane
and acetylene above the Jungfraujoch station, Switzer-
land, have been investigated by Ehhalt et al. (1991) and
Zander et al. (1991b).

2.6.2.2 SOURCES

Estimated source strengths of NMHCs are report-
ed in Table 2-6.

Vegetation. Foliar emissions are, by far, the most
important sources of NMHC. Rasmussen (1972) esti-
mated a global emission ranging from 230 to 440 TgC/
yr. Zimmerman et al. (1978) found that vegetation emits
350 TgClyr of isoprene and 480 TgC/yr of terpenes. Re-
cently, Miiller (1992) reported the following values (in
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TgClyr): isoprene 250, terpenes 147, aromatics 42, and
paraffins 52 (total 491 TgClyr); Allwine et al. (1994) es-
timate a total NMHC emission of 827 Tg/yr.

Oceans. Ehhalt and Rudolph (1984) estimate a
global rate from the ocean of 21 TgC/yr (C,-Cg hydro-
carbons), whereas Bonsang et al. (1988) report a much
larger rate of 52 TgC/yr. Based on the results of Donahue
and Prinn (1990), Miiller (1992) indicates that there is a
large uncertainty in marine emissions and gives a range
of 30-300 TgClyr.

Biomass burning. Emissions of NMHC from bio-
mass burning range from 36 to 90 TgC/yr (Lobert et al.
1991; Miiller, 1992; Andreae, 1993). Ethane, ethene,
propene, acetylene, and benzene are emitted with a rate
>2 TgClyr (Lobert et al., 1991; Bonsang et al., 1991).

Technological sources. These include gasoline
handling, natural gas, refuse disposal, and chemical
manufacturing, and produce a global emission ranging
between 60 and 140 TgC/yr (Warneck, 1988; Miiller,
1992; Piccot et al., 1992; Bouwman, 1993).

2.6.2.3 SINKS

NMHC:s react rapidly with the OH radical (unsatu-
rated compounds also react with O3;) and with the
exception of ethane (lifetime 2-3 months), their atmo-
spheric lifetimes are shorter than one month; isoprene
and terpenes have lifetimes of only a few hours.

2.6.3 Carbon Monoxide (CO)

2.6.3.1 AtMOSPHERIC DISTRIBUTION AND TRENDS

The atmospheric distribution and trends of CO
were reviewed previously (WMO, 1992; IPCC, 1992).
CO mixing ratios in the troposphere present systematic
latitudinal and seasonal variations, ranging from around
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TABLE 2-7. Estimated sources and sinks of CO (Tg/yr)

Range Likely
Sources
Technological 300-900 500
Biomass Burning 400-700 600
Biogenics 60-160 100
Oceans 20-190 ?
Methane Oxidation 400-1000 600
NMHC Oxidation 300-1300 600
Sinks
OH Reaction 1400-2600 2100
Soil Uptake 250-640 250
Stratospheric Remotion ~100 100

40 to 200 ppbv. Annual mean CO levels in the high lati-
tudes of the Northern Hemisphere are about a factor of 3
greater than those at similar latitudes in the Southern
Hemisphere.

During the 1980s there was evidence that atmo-
spheric CO was increasing at ~1%/year in the Northern
Hemisphere, whereas no significant trend was observed
in the Southern Hemisphere (WMO, 1992). Recent mea-
surements indicate that global CO levels have fallen
sharply from the late 1980s. Novelli et al. (1994) found
that in the Northern Hemisphere, CO decreased at a spa-
tially and temporally average rate of 7.3 + 0.9 ppbv/yr
(6.1 %/yr) (June 1990 to June 1993), whereas in the
Southern Hemisphere it decreased at 4.2 *+ 0.5 ppbv/yr
(7.0 %l/yr). Khalil and Rasmussen (1994) for the period
1987 to 1992 reported a decrease of 1.4 + 0.9 %/yr in the
Northern Hemisphere and 5.2 + 0.7 %/yr in the Southern
Hemisphere. While the above results concern surface
levels of CO, total vertical column abundances of CO
above the Jungfraujoch station, Switzerland, also show a
mean rate of decrease equal to 1.15 £ 0.32 %/yr between
1985 and 1993 (Zander et al., 1994c¢). The causes of this
behavior have not been identified, but decreases in trop-
ical biomass burning and Northern Hemisphere urban
emissions have been suggested. The total amount of CO
in today’s atmosphere is less than it was a decade ago.

Preliminary global and seasonal variations of CO
between 30 and 90 km altitude have been reported by

Lopez-Valverde et al. (1993), based on ISAMS/UARS
infrared limb emission measurements. These are the first
global measurements of CO in the middle atmosphere,
with data validation being still in progress.

2.6.3.2 SOURCES

Estimated strengths of sources and sinks of CO are
summarized in Table 2-7.

Technological sources. Technological sources in-
clude transportation, combustion, industrial processes,
and refuse incineration. There are several evaluations
(Jaffe, 1973; Logan, 1980; Seiler and Conrad, 1987;
Cullis and Hirshler, 1989; Khalil and Rasmussen, 1990;
Miiller, 1992; Subak, et al., 1993) ranging from 300 to
900 TgCOlyr.

Biomass burning. Recent estimates for the tropics
range from 400-700 TgCO/yr (Lobert et al, 1991;
Miiller, 1992; Andreae, 1993; Subak et al., 1993). In-
cluding extratropical burning, Andreae (1993) derives a
global source equal to 621 TgCO/yr.

Terrestrial biogenic sources. These include vege-
tation, soils, and animals (i.e., termites). Based on the
emission rates found on higher plants of the temperate
region, Seiler and Conrad (1987) estimated a global
source of 75 + 15 TgCO/yr. Assuming CO emissions
proportional to net primary productivity (NPP) and us-
ing the flux reported by Kirchhoff and Marinho (1990)
for tropical forests, Miiller (1992) evaluated a global
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biogenic source at 165 TgCO/yr. Photoproduction of CO
from dead plant matter has been reported (Valentine and
Zepp, 1993; Tarr et al., 1994), however, no global evalu-
ation of this source has been made.

Oceans. Early estimates of CO emissions from the
oceans (IPCC, 1992) range from 20 to 190 TgCO/yr.
Using an atmospheric general circulation model, Erick-
son (1989) calculated a global ocean source equal to 165
+ 80 TgCOlyr.

Hydrocarbon oxidation. This is the most impor-
tant source of atmospheric CO. The production of CO
from methane oxidation ranges from 400 to 1000 TgCO/
yr, and 300 to 1300 TgCO/yr from NMHC (Zimmerman
et al., 1978; Logan, 1980; Khalil and Rasmussen, 1990;
Crutzen and Zimmerman, 1991).

2.6.3.3 SiNks

Reaction with the OH radical is the major sink for
CO. Soil uptake and removal in the stratosphere are mi-
nor sinks. In principle, the atmospheric removal rates for
CO can be calculated from the atmospheric CO distribu-
tion, the distribution of the OH radical concentration,
and the related reaction rate. Model calculations predict
a removal rate of about 2000 Tg(CO)/yr (WMO, 1986;
Seiler and Conrad, 1987; Khalil and Rasmussen 1990;
Crutzen and Zimmerman, 1991).

2.7 CARBON DIOXIDE (COy)

The change in atmospheric concentration of CO,,
from 280 ppmv pre-industrial to ~360 ppmv in 1993, is
the major contributor to the calculated increase in radia-
tive forcing since the pre-industrial period (i.e., 1.5 W
m-2). An updated review of the CO, budget has been
made in the 1994 IPCC report (IPCC, 1994b).

Observations of CO; since the 1950s show sys-
tematic upward trends, in both concentration and rate of
concentration increase, albeit with substantial variation
in the rate of increase from year to year. During the peri-
od 1991 to 1993, the rate of increase of CO, per year
slowed substantially (to as low as 0.5 ppmv/yr from the
long-term average of 1.5 ppmv/yr). There are numerous
examples in the record of short periods where growth
rates are higher or lower than the long-term mean. The
most recent observations indicate that growth rates are
now increasing again (IPCC, 1994b).
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CO, emission from industrial processes (mainly
fossil fuel combustion and cement production) in 1991 is
estimated at 6.2 GtC/yr (Andres et al., 1994), compared
with 6.0 + 0.5 GtC in 1990 (IPCC, 1992). The cumula-
tive input since the pre-industrial period is estimated at
230 GtC (Andres et al., 1994). Recent satellite remote
sensing measurements of land clearing rates in the Bra-
zilian Amazon have resulted in substantially reduced
estimates (by ~50%) for this area (INPE, 1992; Skole
and Tucker, 1993). However, deforestation rates for the
rest of the tropics remain poorly quantified. Current net
flux estimates (in GtC/yr) that include regrowth after de-
forestation are: 0.6 for Latin America, 0.7 for South and
Southeast Asia, 0.3 for Africa, and -0.3 to -1.1 for mid/
high latitudes, producing a global mean for the 1980s of
1.1 £ 1.2 GtC/yr (IPCC, 1994b). The oceans represent a
significant sink of atmospheric CO,, averaging 2.0 + 0.8
GtCl/yr over the decade 1980-89.

The imbalance between atmospheric concentra-
tion changes, estimated emissions, and estimated ocean
uptake, as well as the discrepancies between the ob-
served and calculated inter-hemispheric gradients of
CO,, indicate the existence of an unaccounted-for terres-
trial sink of 1.2 + 1.6 GtClyr, probably attributable to a
combination of CO,-induced plant growth (0.5-2.0 Gt/
yr), nitrogen fertilization (0.2-1.0 Gt/yr), and possible
climatic effects (0-1.0 Gt/yr) (IPCC, 1994b).

Climatic feedback appears to be positive, amplify-
ing the effect of anthropogenic emissions, although this
amplification may be reduced due to feedbacks and
compensating processes within the marine and terrestrial
systems. It is likely that the effect of CO; fertilization on
plant production will be substantially smaller than the
20-40% observed in most agricultural plants. An impor-
tant body of data supports the view that responses of
plant production to elevated CO, are restricted in nutri-
ent-limited ecosystems (e.g., Diaz et al., 1993); however,
it is possible that N deposition arising from the use of
fertilizers and fossil fuel combustion will reduce the in-
tensity or spatial distribution of nitrogen limitation.

Carbon cycle modeling studies of CO, concentra-
tions, under a range of emissions scenarios and for a
range of stabilized CO, concentrations up to 750 ppmv,
yield the following results (IPCC, 1994b): i) because of
the long residence time for carbon dioxide, stabilization
of anthropogenic emissions at projected 2000 levels
(from 1S92a scenario) leads to a nearly constant rate of




increase in atmospheric concentrations for at least two
centuries; modeled concentrations reach 480-540 ppbv
by 2100; ii) stable CO, concentration at values up to 750
ppmv can be maintained only with anthropogenic emis-
sions that eventually drop below 1990 levels; iii) there is
a close relationship between the eventual stabilized con-
centration and the integrated CO, emission from now
until the time of stabilization. Integrated emissions for
stabilization at levels lower than 750 ppmv are less than
those calculated for the IS92 a, b, e, and f scenarios.
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POLAR PROCESSES

SCIENTIFIC SUMMARY

Substantial new results have been obtained since the last assessment in the areas of observations, laboratory

measurements, and modeling. These new results reaffirm the key role of anthropogenic halocarbons as the cause of
ozone loss in polar regions and increase confidence in the processes associated with this loss: the formation of a polar
vortex in high-latitude winter, the growth of aerosol surfaces at low temperatures characteristic of the vortex, the conver-
sion of inactive chlorine to active forms on these surfaces, the subsequent chlorine-catalyzed loss of ozone, the return of
chlorine to inactive forms in the polar regions in spring, and the breakup of the vortex and its dispersal to lower latitudes.

Ozone

Results of observational and modeling studies since the last assessment reaffirm the role of anthropogenic halo-
carbon species in Antarctic ozone depletion. Satellite observations show a strong spatial and temporal correlation
of chlorine monoxide (ClO) abundances with ozone depletion in the Antarctic vortex. Photochemical model
calculations of ozone depletion are consistent with observed losses in the Antarctic.

Chlorine- and bromine-catalyzed ozone loss has been confirmed in the Arctic winter. Consistent with expecta-
tions, these losses are smaller than those observed over Antarctica. Photochemical model calculations constrained
with in situ and satellite observations yield results consistent with the observed ozone loss.

Interannual variability in the photochemical and dynamical conditions of the vortices continues to limit reliable
predictions of future ozone changes in polar regions, particularly in the Northern Hemisphere.

Chlorine species

Satellite measurements show that elevated ClO concentrations cover most of both polar vortex regions during
much of the winter. This is consistent with the picture that virtually all available chlorine becomes fully activated
in both winter vortices through heterogeneous reactions that occur on aerosol particles formed at low tempera-
tures.

In situ and remote measurements show that hydrochloric acid (HCI) and chlorine nitrate (CIONO;) concentra-
tions are markedly reduced in the vicinity of the elevated ClO concentrations. This anticorrelation is
quantitatively consistent with the picture that HCI and CIONO; are converted to reactive chlorine. Chlorine in the
stratosphere originates largely from anthropogenic halocarbons.

Aerosols

Laboratory studies reaffirm that surface reactions on aerosol particles efficiently produce active chlorine from
inactive forms. The rate of the principal reaction of HCl with CIONO; is a strong function of temperature and
relative humidity, and depends to a lesser extent on bulk aerosol composition.

Sulfate aerosol from the Mt. Pinatubo eruption reached high latitudes in the stratosphere, enhancing reactions
involving aerosol particles in and near the polar vortices. This led to chlorine activation over larger regions in the
high latitude stratosphere, especially near the vortex boundaries, and extended the spatial extent of halogen-
related ozone loss.

The formation and reactivity of aerosol particles within the vortex can be simulated, in part, by microphysical

models. Two- and three-dimensional photochemical transport models confirm observations that chlorine can be
activated efficiently throughout the entire vortex within days.
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. Aerosol particles in the polar stratosphere are known ternary condensates of nitric acid (HNO3), sulfuric acid
(HSO0y), and water (H,0). Important progress has been made in the characterization of these condensates in
theoretical and laboratory studies.

. Satellite measurements confirm that the sequestering and removal of HNOj3 by aerosol particles is a predominant
feature of the Antarctic vortex for much of the winter, whereas removal in the Arctic is generally less intense and
more localized.

. Despite extensive observational evidence for dehydration and denitrification, the underlying microphysical
mechanisms and necessary atmospheric conditions that control particle formation and sedimentation have not
been adequately described. This is an important limitation for reliably predicting ozone loss in polar regions,
particularly in the Northern Hemisphere.

Vortex

. New satellite observations of long-lived tracers and modeling studies confirm that air within the center of the
polar winter vortices is substantially isolated from extravortical air, especially in the Antarctic.

. Nearly all observational and modeling studies are consistent with a time scale of three to four months to replace a
substantial fraction of inner Antarctic vortex air.

. Models show that most mass transport out of the vortex in the lower stratosphere occurs below about 16 km
altitude.

. Erosion by planetary and synoptic wave activity transports air from the vortex edge region to lower latitudes. Data
and model studies provide conflicting interpretations of the magnitude of this transport and its effect on lower
latitudes. There is little evidence of significant lateral mixing into the vortex except during strong wave events in
the Arctic.

. Observed correlations of nitrous oxide abundances with those of inactive chlorine species, reactive nitrogen, and

ozone over broad regions at high latitudes in the lower stratosphere have proved useful for diagnosing ozone
destruction throughout the vortex.
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3.1 INTRODUCTION

Depletion of polar ozone in the winter seasons
continues to be an important scientific issue for both
hemispheres. While the “ozone hole” has become an an-
nual feature in the Southern Hemisphere, increased
losses have been noted in the Northern Hemisphere in
recent years. Increased losses at midlatitudes may be
connected to the more intense loss processes occurring
in polar regions. The World Meteorological Organiza-
tion (WMO) Scientific Assessment of Ozone Depletion:
1991 reaffirmed halogen chemistry as the cause of se-
vere ozone depletion in the Antarctic as well as of
smaller losses in the Arctic (WMO, 1992). The causes
for the observed year-to-year variability of such losses
and effects at midlatitudes were left as uncertain. For this
assessment, a wide variety of new evidence is available
to confirm the basic paradigm of ozone loss in polar re-
gions. This new evidence, which follows from a high
level of activity involving observational, laboratory, and
modeling studies that took place in the period 1991-
1994, has better defined a number of the photochemical
and dynamical aspects of polar ozone depletion.

The principal cause of ozone loss in the polar re-
gions is photochemistry involving the halogen species,
chlorine and bromine. Long-lived halogens species, pri-
marily chlorofluorocarbons, are released in the
troposphere from human activities. The photochemical
degradation of these organic source molecules in the
stratosphere leads to the formation of inorganic halogen
species, of which chlorine monoxide (ClO), chlorine ni-
trate (CIONQ;), hydrochloric acid (HCl), bromine
monoxide (BrO), and bromine nitrate (BrONQO,) are
most important. The release of chlorine from the more
stable reservoirs occurs in high-latitude winter in reac-
tions on surfaces of stratospheric aerosol particles. The
formation and reactivity of these particles are enhanced
at the low temperatures characteristic of the interior of
the polar vortices. This reactive processing maintains
high levels of active chlorine species that, along with
BrO, catalytically destroy ozone as this air encounters
sunlight. With sufficient insolation and warmer tem-
peratures, chlorine is returned to its reservoir forms
during a photochemical recovery period and ozone de-
struction slows. The removal of reactive nitrogen by
aerosol particle sedimentation in the vortex, a process
defined as denitrification, strongly regulates the rate of
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recovery by controlling the availability of active chlo-
rine. This paradigm, illustrated in Figure 3-1, has been
broadly supported by a wide variety of data and interpre-
tation in previous WMO assessments and has been
strengthened substantially in this assessment period.

This assessment period was marked by the launch
of the National Aeronautics and Space Administration
(NASA) Upper Atmosphere Research Satellite (UARS)
in late 1991, after more than a decade of preparation
(Reber, 1990; Reber et al., 1993). The satellite contains
four instruments for the measurement of trace species in
the stratosphere (Barath et al, 1993; Russell et al.,
1993a; Roche et al., 1993a; Taylor et al., 1993) and other
instruments for wind, solar radiation, and energetic par-
ticles. From an orbit of 600 km inclined 57° to the
equator, UARS provides broad coverage in both hemi-
spheres with a maximum latitude of 80°. The precession
of the orbit with respect to the Sun provides measure-
ments during all local solar times over a month-long
period. Of particular importance for this assessment are
the UARS observations at high latitudes of the chlorine
reservoir species CIONO, and HCI, active chlorine in
the form of CIO, the reactive nitrogen species nitric acid
(HNO3), water vapor, aerosol extinction, and the long-
lived tracers nitrous oxide (N,O), methane (CHy), and
hydrofluoric acid (HF). In addition, ozone measure-
ments show the distribution and evolution of ozone loss
in the polar regions. New aspects of the transport of air in
and near the vortex are evident from the observations of
long-lived tracers. The interpretation of UARS data will
remain an active research area as the data set continues
to grow.

The body of in situ observations in the strato-
sphere was greatly increased with aircraft and balloon
measurements made during the European Arctic Strato-
spheric Ozone Experiment (EASOE) (Pyle et al., 1994)
and the NASA Airborne Arctic Stratospheric Expedition
IT (AASE II) (Anderson and Toon, 1993), which were
both held during the Northern Hemisphere winter of
1991/92. Each included measurements of reactive nitro-
gen and chlorine species, long-lived tracers and reservoir
species, and aerosols, combined with modeling studies
of observed photochemical and dynamical changes. The
observation period extended from pre-vortex conditions
in fall, through the lowest temperature conditions
marked by chlorine activation, and into the photochemi-
cal recovery period in early spring. The breadth of
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Figure 3-1. Schematic of the photochemical and dynamical features of the polar regions related to ozone
depletion. The upper panel represents the conversion of chlorine from inactive to active forms in winter in the
lower stratosphere and the reformation of inactive forms in spring. The partitioning between the active chlo-
rine species Cl,, CIO, and Cl,O», depends on exposure to sunlight after polar stratospheric cloud (PSC)
processing. The corresponding stages of the polar vortex are indicated in the lower panel, where the temper-
ature scale represents changes in the minimum polar temperatures in the lower stratosphere (see Figure
3-3) (adapted from Webster et al., 1993a).
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instrumentation and period of measurements have re-
sulted in a unique data set for the examination of the
paradigm in Figure 3-1. In addition, ground-based obser-
vations during EASOE and separate efforts in Antarctica
have also yielded important insights into the evolution of
reactive chlorine and nitrogen during the winter season.

Modeling studies continue to advance with im-
provements in computational facilities and algorithms
and with new atmospheric data. Specifically, photo-
chemical models that incorporate observations of
long-lived tracers, reservoir species, new kinetic data,
and meteorological conditions are now able to make
more representative calculations of ozone loss in the po-
lar vortex. Studies of the fluid dynamics near the vortex
now provide more detailed descriptions of air parcel
motion in regions of high potential vorticity (PV) gradi-
ents, improving estimates of the transport into and out of
the vortex interior. The continued refinement of such
models is an essential component for future predictions
of ozone loss and its variability.

New laboratory studies have examined aspects of
the homogeneous and heterogeneous chemistry underly-
ing the kinetics of ozone loss. Specifically, new
photolysis cross section measurements have been made
for HNO3 and CIONO, under stratospheric conditions.
Photolysis of HNO3 is a limiting step for photochemical
recovery in early spring in the vortex. Significant ad-
vances have been made in the understanding of the
formation and growth of aerosols and the reactivity of
aerosol surfaces in polar regions. These advances build
on the extensive effort expended in recent years to devel-
op new laboratory techniques to characterize multiphase
surface growth under stratospheric conditions. At the
same time, the understanding of the thermodynamics of
aerosol growth has progressed to explain laboratory and
atmospheric observations.

Finally, the assessment period was marked by the
eruption of Mt. Pinatubo in the Philippines in June 1991,
months before the launch of the UARS satellite and the
start of the EASOE and AASE II campaigns. The in-
creased loading of stratospheric aerosol was predicted to
cause significant changes in ozone at midlatitudes as a
result of increased heterogeneous reactivity (Brasseur
and Granier, 1992; Prather, 1992; Hofmann and So-
lomon, 1989) (see Chapter 4). The aerosol did not reach
polar regions in abundance until the southern winter of
1992 and the northern winter of 1992-93. Observational
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and modeling evidence suggests the enhancement of
volcanic aerosol near the vortex will increase ozone loss
associated with heterogeneous processes in that region.
Studies have continued as the volcanic aerosol in the
stratosphere gradually diminished over a period of sever-
al years following the eruption.

3.2 VORTEX FORMATION AND TRACER
RELATIONS

The vortex that forms in each winter hemisphere
in the polar region sets the context of ozone depletion
(see Figures 3-1 and 3-2). The temporal as well as the
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Figure 3-2. Schematic of the circulation and mix-
ing associated with the polar vortex in the Arctic
midwinter or Antarctic early spring periods. The ver-
tical scale is shown in altitude (km) and pressure
(mb) units. The horizontal scale is latitude in de-

- grees. Arrows indicate mixing (double) and flow

35

(single), with longer arrows representing larger
rates. Other features are zonal wind contours (thin
lines), jet core (J), and long-lived tracer isopleths
(thick lines) (Schoeberl et al., 1992).
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Figure 3-3. A summary of the minimum polar vortex temperatures in the period 1978 to 1994 at 30 hPa, 50
hPa, and 100 hPa (1 hPa = 1 mb) in the lower stratosphere in the Northern (NH) and Southern (SH) hemi-
spheres (National Meteorological Center analysis). The range of observations between 1978 and 1992 is
given by the shaded region. The narrow white band is the average of the data set. The black dots represent
data for 1993 in the Antarctic and 1992-93 in the Arctic winter. Lines indicate approximate temperature
thresholds for Type | (upper) and Type Il (lower) PSC formation (adapted from Nagatani et al., 1990).

spatial scale of the activation of chlorine that catalytical- night jet, defines the polar vortex in each hemisphere
ly destroys ozone is associated with the extent of low (see Figure 3-2). The vortex edge region is characterized
temperatures inside the vortex. In addition, the dynami- by large gradients in PV and mixing and transport prop-
cal features of the vortex determine the distribution of air erties. Large differences in the wind and temperature
from the vortex to lower latitudes and the incorporation fields of the vortex exist between hemispheres (see Fig-
of lower latitude air into the vortex. Many features of ure 3-3) (Manney and Zurek, 1993). The vortex in the
vortex formation are understood from observational and Southern Hemisphere is stronger, develops lower tem-
modeling studies (Schoeberl and Hartmann, 1991; peratures, and persists longer than the northern vortex.
Schoeberl et al., 1992; Dritschel and Legras, 1993; Man- The cause is related to differences in planetary wave ac-
ney and Zurek, 1993; Strahan and Mahlman, 1994a, b). tivity that modifies the temperature and dynamical
After autumn equinox, increasing polar darkness and ra- structure of the vortex. Wave activity is more frequent
diative cooling of polar air lead to the formation of a and of larger amplitude in the north, owing to more dom-
circumpolar wind belt. This westerly wind belt, or polar inant orographic features and the greater land/sea
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Figure 3-4. Top panels: Mean N,O mixing ratios on potential temperature surfaces calculated from aircraft
flight data in high-latitude winter. Bottom panels: Same, except using the Geophysical Fluid Dynamics Lab-
oratory SKYHI model results from 24 days covering the same spatial and temporal region. Positive values on
the abscissa represent degrees of latitude poleward of the vortex edge. The internal four-point vertical scales
in each panel represent approximate pressure altitudes inside and outside the vortex. From top to bottom,
the points correspond to altitudes of 20, 18, 16, and 14 km, respectively (adapted from Strahan and Mahl-
man, 1994a). (See Garcia et al. [1992] for two-dimensional model results.)

contrast. Because ozone depletion depends on the inter-
action of the vortex wind field with local regions of low
temperatures and the resultant chemical processing, the
temperature differences represented in Figure 3-3 under-
lie the large differences in ozone depletion observed
between the hemispheres (see Section 3.4). Thus, pre-
dictions of future ozone losses and the role of climate
change in polar processes depend directly on factors that
change the temperature and wind fields during the win-
ter seasons.

An important diagnostic for the formation of the
polar vortices and subsequent ozone loss is the high-lat-

3.7

itude distribution of long-lived trace species such as
N,O, CHy4, and the chlorofluorocarbons CFC-11 and
CFC-113. All have large gradients in the stratosphere
(decreasing with altitude) resulting from photochemical
loss and transport. Air descending into the center of the
vortex reduces values of these traces species, thereby
creating horizontal gradients inside the vortex (see Fig-
ure 3-4). Balloon and aircraft measurements of N,O
beginning before vortex formation serve as a baseline for
documenting the temporal variation of the vertical struc-
ture within the vortex (Bauer et al., 1994; Podolske et
al., 1993). A comparison of the location of high PV from
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Figure 3-5. Pressure versus latitude cross section of CH4 from the UARS Halogen Occultation Experiment
(HALOE) satellite instrument. Data are from sunset scans over the period 21 September to 15 October 1992
analyzed with the version-17 algorithm. The pressure range corresponds to altitudes between about 16 and
65 km. Latitude is expressed in degrees, with negative latitude values corresponding to the Southern Hemi-

sphere (adapted from Russell et al., 1993b).

meteorological analyses and low N,O from satellite
fields shows excellent correspondence in the Arctic,
thereby increasing confidence in the analysis of vortex
structure (Manney et al., 1994a). Simulations using a
general circulation model and an improved two-dimen-
sional model successfully reproduce important features
of the observed N,O distributions in and near the north-
ern vortex (see Figure 3-4 and Section 3.5.5) (Strahan
and Mahlman, 1994a; Garcia et al., 1992).

3.8

Satellite observations of CH4 and HF reveal un-
mixed vertical descent taking place at the center of the
vortex in the Antarctic (see Figure 3-5) (Russell et al.,
1993b). The lack of vertical gradient indicates that air at
lower altitudes containing larger CH4 values has not
been mixed with the descending air. Although not ob-
served before, the strong descent implied by the
observations matches earlier predictions (Danielsen and
Houben, 1988). The observations are qualitatively simu-




lated with a mechanistic three-dimensional (3-D) model
(see Section 3.5.5), following many atmospheric air par-
cels as they undergo transport from the mesosphere as a
result of radiative cooling in winter and early spring
(Fisher et al., 1993). These results augment the depiction
of the vortex in Figure 3-2, further clarifying its dynam-
ical evolution.

Observations have established that simple, com-
pact relationships exist in the lower stratosphere
between N,O and other long-lived species that also are
photochemically destroyed in the stratosphere. These re-
lationships result when photochemical lifetimes are long
compared to transport and mixing times between low-
and high-latitude regions (Plumb and Ko, 1992; Mahl-
man et al., 1980). The compactness of the relationship
allows one of the species to be predicted confidently
from a measurement of the other. The distribution of
N0 in and near the vortex is often related to the distri-
bution of PV and potential temperature (Strahan and
Mahlman, 1994a, b). Thus, these relationships are useful
in predicting conditions throughout the vortex relevant
to the specific reactive processes that control ozone.
However, since the knowledge of these relationships is
based on limited data sets, assimilation of further data
must continue in order to establish the range of applica-
bility.

The first of three important examples of these rela-
tionships is that of N»O to organic and inorganic chlorine
reservoirs (see Figure 3-6) (Woodbridge et al., 1994;
Schmidt et al., 1991, 1994; Schauffler et al., 1993; Kawa
et al., 1992a). The principal species in the organic chlo-
rine reservoir, CCly,

CCly = CCI,F, (CFC-12) + CCI3F (CFC-11) +
CCL,FCCIF, (CFC-113) +
CCly (carbon tetrachloride) +
CH3CCl3 (CFC-140a) +
CHCIF, (CFC-22) + CH3Cl (methyl chloride)
(3-1a)

include those species that comprise over 95 percent of
the available organic chlorine in the stratosphere. Each
species displays a compact correlation with NO, where
the slope is related to the ratio of lifetimes in the strato-
sphere (see Chapter 2). As a consequence, CCly, as the
sum over organic species, also shows a compact relation
with N,O. The inorganic chlorine reservoir, Cly,
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Figure 3-6. Total available chlorine (upper line)
and total inorganic chlorine (Cly) (lower line) plotted
versus N,O from aircraft observations in the Arctic
winter of 1991/92. The vertical scale is in parts per
trillion by volume (pptv). Total organic chlorine
(CCly) is the difference between total available
chlorine and Cly. As the residence time of air in-
creases in the stratosphere, photochemical
reactions decrease N>O values in an air parcel and
convert CCly species to Cly species. The diamond
symbol represents the reference point for tropo-
spheric chlorine in 1991/92 of 3.67 ppbv. The
dashed lines represent estimated uncertainties
(Woodbridge et al., 1994).

Cly = Cl+2Cl; + ClO + OCIO + 2C1,0, + HOCl +
HCI + BrCl + CIONO, (3-1b)

is produced as CCly and N;O are destroyed in the strato-
sphere. Since Cly contains ClO, an effective reactant in
ozone destruction, the distribution of Cly in polar regions
is of great interest. The combination of the distribution
of N,O at high latitudes in Figure 3-4 and the compact
relations in Figure 3-6 indicates how CCly and Cly are
distributed throughout both vortices. Modeling of ozone
loss throughout the vortex can be usefully constrained by
knowledge of these distributions (Salawitch et al.,
1993).
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The second example is the linear relationship be-
tween N»O and the reactive nitrogen reservoir, NOy
(Fahey et al., 1990a; Loewenstein et al., 1993; Kondo et
al., 1994a). The primary source of NOy,

NOy = NO + NO; + NC; + 2N;05 + HONO +
HO,;NO; + HNO; + CH3C(O)OONO, +
CIONO; + BrONQ; + aerosol nitrate + ..., (3-2)

is the photochemica! desiiuction of N,O in the middle
stratosphere. In the polar lower stratosphere in winter,
the sequestering of active chlorine in the form of
CIONO; moderates ozone destruction. The NOy/N,O
correlation has been observed to be linear before vortex
formation in the Northern Hemisphere and outside the
vortex boundary in both hemispheres. Departures from
linearity at low N,O values have been observed as ex-
pected from the photochemical destruction of NOy in the
upper stratosphere. Departures from linearity at higher
N,O values demonstrate the irreversible removal of NOy
as a result of the sedimentation of aerosol particles con-
taining NOy species. This removal of NOy greatly
enhances the potential for ozone destruction in an air
parcel located in the polar vortex in spring (Brune et al.,
1991; Salawitch et al., 1993).

The third example is the correlation of ozone with
N0 that primarily follows from the production of ozone
in regions where N,O is photochemically destroyed. In
situ aircraft measurements, satellite observations, and
photochemical model simulations show linear correla-
tions during winter months at mid- and high latitudes in
the absence of significant polar ozone loss (Proffitt ez al.,
1990, 1992, 1993; Weaver et al., 1993). Since ozone also
has loss processes in the stratosphere at other latitudes
and during other seasons, deviations from a constant lin-
ear correlation cannot be attributed solely to vortex
chemistry, particularly during summer and early fall at
high latitudes (Perliski et al., 1989; Proffitt et al., 1992).
However, during the vortex lifetime, changes in the cor-
relation may be used to bound photochemical ozone loss
in air parcels inside or near the vortex boundary (see Fig-
ure 3-7). This is especially useful inside and outside the
Arctic vortex or outside the Antarctic vortex, where
ozone changes are generally small in comparison to the
natural variability.
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3.3 PROCESSING ON AEROSOL SURFACES

3.3.1 Polar Stratospheric Cloud Formation and
Reactivity

As shown in Figure 3-1, reservoir chlorine species
are converted beginning in early winter to form the ac-
tive chlorine species such as molecular chlorine (Cl,)
and, ultimately, C1O and its dimer Cl,O,. The conver-
sion is attributed to processing of polar air by surface
reactions involving both HCl and CIONO;. The reac-
tions occur on sulfate aerosol particles and polar
stratospheric cloud (PSC) particles that form at the low
temperatures and constituent concentrations characteris-
tic of the interior of the winter vortices. The body of
laboratory data on the formation thermodynamics and
reactivities of these surfaces and the body of atmospher-
ic observations of stratospheric aerosols and their
constituents have continued to grow in this assessment
period.

The basic features of the ternary condensation of
nitric acid (HNO3), sulfuric acid (H,SO4), and water
(H0) in the stratosphere are illustrated in Figure 3-8.
With an abundance ratio in the high-latitude lower
stratosphere of these species of approximately 10 ppbv/
1 ppbm/4 ppmv, respectively, H,O is always the pre-
dominant constituent (ppbv parts per billion by
volume, ppbm = parts per billion by mass, ppmv = parts
per million by volume). For volcanically perturbed con-
ditions, the range of H;SO4 abundance can reach 100
ppbm. Volcanic activity over the past 25 years has in-
creased the average H,SO4 abundance in the stratosphere
to near 5 ppbm. Confidence in the features of the ternary
system has been established in a wide variety of labora-
tory experiments and with the use of thermodynamical
constraints (Molina et al., 1993; Kolb et al., 1994). At
the highest temperatures, liquid aerosol particles com-
posed primarily of H,SO4 and H,O are present in the
lower stratosphere at all latitudes. At lower temperatures
(< 200 K), the H,SO4/H,0 liquid increasingly takes up
HNO3s. If the particles undergo freezing, HNO3 hydrates
become stable: nitric acid dihydrate (HNO3-2H,O =
NAD) and nitric acid trihydrate (HNO;3-3H,0 = NAT).
Liquid or frozen particles that contain appreciable
HNO3 at temperatures above the frost point are termed
Type I PSC particles. In the absence of HNOj, the
H,S04/H,0 liquid aerosol can freeze to form sulfuric
acid tetrahydrate (SAT) or other sulfate hydrates. Below
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aircraft observations. Top: Data from the Arctic po-
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or and exterior data, respectively (adapted from
Proffitt et al., 1992).
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the frost point, Type II PSCs are formed as the condensa-

tion of H,O predominates in the continued growth of the

particles, with condensation of HNO3 playing a lesser
role. Recent laboratory results that underlie the PSC for-
mation features in Figure 3-8 are the following:

. HNO3 is soluble in liquid H,SO4/H,0 aerosols as
temperatures approach the frost point where the
aerosol composition becomes 8 to 12 weight per-
cent (wt%) HNO3 and 35 to 40 wt% H,SOy4
(Molina et al., 1993; Reihs et al., 1990; Zhang et
al., 1993a, b). Thermodynamic models suggest
that dramatic changes take place when the frost
point is approached, rendering the aerosol into a
binary HNO3/H,O solution (Carslaw et al., 1994;
Tabazadeh et al., 1994).

. As temperatures are reduced in HNO3/H,SO4/
H;0 mixtures, NAD nucleates from the vapor
phase before NAT under some conditions (Mid-
dlebrook et al., 1992; Worsnop et al., 1993).

. HNO3/H,;SO4/H,0 solutions with compositions
similar to those estimated for the high-latitude
stratospheric aerosols yield NAT, SAT, and possi-
bly other hydrates upon freezing (Molina et al.,
1993).

. Solutions containing only H;SOy4 and H,O crystal-
lize with difficulty for compositions corresponding
to stratospheric abundances and temperatures
greater than but near the frost point (Molina et al.,
1993; Ohtake, 1993; Luo et al., 1994a).

. NAT crystallizes readily from HNO3/H;SO4/H,0
solutions at temperatures for which HNOj is su-
persaturated (> 10) with respect to NAT formation.
Typically, this occurs several degrees above the
frost point in the lower stratosphere (Molina et al.,
1993). The relationship of bulk solution properties
to those of stratospheric aerosols has not been de-
termined (Carslaw et al., 1994).

. SAT melts at 220 to 230 K when exposed to partial
pressures of HpO that are typical of the lower
stratosphere (Middlebrook et al., 1994; Zhang et
al., 1993a).

Both NAT and NAD may play a role in Type I PSC for-

mation when saturation ratios for HNOj are greater than

unity. However, the phase of Type I PSCs is not certain in
this temperature range, as illustrated in Figure 3-8 (Dye
et al., 1992). Once frozen, SAT within the particles may
remain a solid well above the initial freezing tempera-
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Figure 3-8. Schematic representation of the ternary condensation system for nitric acid (HNO3), sulfuric
acid (H2SOy4), and water (H>O) over a range of temperatures where growth of aerosols occurs to form Type
I and Il PSC particles in the stratosphere. The changes are represented for nominal abundances of condens-
ing species in the lower polar stratosphere as indicated. The shading in the horizontal arrows and circular
particle diagrams represents various binary and ternary compositions as indicated. In the lower part, the
chlorine activation rate on PSCs is represented as a function of temperature (adapted from J. E. Dye, private

communication, 1994).
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ture. The phase of the particles above the frost point af-
fects the rate of surface conversion for reactive nitrogen
and chlorine species (see Table 3-1).

The principal heterogeneous reactions of H,SOy4/
HNO3/H,0 aerosols in Figure 3-8 are listed in Table 3-1.
Reaction rates are considered fast if reaction probabili-

~ ties are in the range 0.01-0.1 for temperatures and

reactant abundances characteristic of the stratosphere.
Reactions involving HyO are influenced by its ubiqui-
tous presence in aerosol particles throughout the
stratospheric temperature range. Reactions with HC1 de-
pend on the solubility of HCl in an aerosol particle.
Laboratory studies of Reaction (3-3) reveal that the reac-
tion probability depends strongly on relative humidity
and, to a lesser extent, on aerosol composition. Specifi-
cally, the reaction probabilities for Reaction (3-3) are
similar on Type I PSCs, SAT, and liquid sulfuric acid
over a wide temperature range at stratospheric relative
humidity (see Figure 3-9) (Molina et al., 1993; Hanson
and Ravishankara, 1994). The probability for Reaction
(3-5) increases exponentially as the sulfate aerosol di-
lutes with H,O near 200 K and below (Cox et al., 1994),
as does the probability of Reaction (3-4) due to enhanced
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uptake of HCI (Hanson and Ravishankara, 1993; Luo et
al., 1994b). The increase suggests that Reactions (3-4)
and (3-5) may play a significant role in chlorine process-
ing when temperatures are low but do not reach Type I or
Type II temperatures (Solomon et al., 1993; Hanson et
al., 1994).

The growth of the ternary aerosol system from sul-
fate aerosols to Type I and II PSCs and the surface
reactions in Table 3-1 combine effectively to release ac-
tive chlorine in the polar regions. In Figure 3-8, the rate
of chlorine activation is qualitatively noted as a function
of temperature. Some activation occurs on background
aerosol particles prior to temperatures decreasing to
Type I formation temperatures. The rate increases signif-
icantly as more surface area containing HNOj3 hydrates
and ice forms. Inside the polar vortices, full activation
within an air parcel is estimated to occur within a day or
perhaps a few hours. Thus, the initial activation of the
entire vortex can occur in a matter of days (Newman et
al., 1993). When aerosol particle size and surface area
are increased by volcanic eruptions, the rate of activation
can be significantly enhanced at temperatures above
Type I formation.

Table 3-1. Rates of heterogeneous reactions on polar stratospheric cloud particles and sulfate aerosol

particles.
PSCs Sulfate Aerosols

Ice HNO; hydrates? Supercooled Frozen

(TypeIl)  (TypeD)

Fast Fast f(wt% HySO4)®  Fast
CIONO, + HCI — Cl, + HNO3 f(RH)® f(RH)P f(RH)® (3-3)

Fast Fast f(wt% HpSO4)®  Fast
HOCI + HCl - Cl, + H,0 f(RH)P f(RH)® f(RH)® (3-4)
CIONO; + H;O — HOCI + HNO; Fast Slow f(wt% H2$O4)b Slow - (3-5)
N,0s5 + HyO — 2HNO; Fast Slow Fast Slow (3-6)
N,0s5 + HCl1 — CINO; + HNO3 c c c c (3-7)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>