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EXECUTIVE SUMMARY

The provisions of the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer include the requirement
that the Parties to the Protocol base their future decisions on the current scientific, environmental, technical, and eco-
nomic information that is assessed through panels drawn from the worldwide expert communities.  To provide that input
to the decision-making process, advances in understanding on these topics were assessed in 1989, 1991, 1994, and 1998.
This information helped support discussions among the Parties that led to the subsequent Amendments and Adjustments
of the 1987 Protocol.  The 2002 Scientific Assessment summarized here is the fifth in that series.

RECENT MAJOR FINDINGS AND CURRENT SCIENTIFIC UNDERSTANDING

Since the Scientific Assessment of Ozone Depletion: 1998, numerous laboratory investigations, atmospheric
observations, and theoretical and modeling studies have produced new key findings and have strengthened overall under-
standing of the ozone layer and its effect on ultraviolet (UV) radiation.  These advances are highlighted in the following
summary of the current understanding of the impact of human activities and natural phenomena on the ozone layer and
the coupling of the ozone layer and the climate system.

Changes in Ozone-Depleting Compounds

• In the troposphere (i.e., lower atmosphere), observations show that the total combined effective abundance
of ozone-depleting compounds continues to decline slowly from the peak that occurred in 1992-1994. Total
chlorine is declining, while bromine from industrial halons is still increasing, albeit at a slower rate than was
occurring previously (and as reported in the 1998 Assessment). Total tropospheric chlorine from the long- and
short-lived chlorocarbons was about 5% lower in 2000 than that observed at its peak in 1992-1994, and the rate of
change in 2000 was about -22 parts per trillion (ppt) per year (-0.6% per year).  The once-dominant influence of
methyl chloroform (CH3CCl3) on this total decline is diminishing because the atmospheric abundance of methyl
chloroform is sharply decreasing.  Total chlorine from the major chlorofluorocarbons (CFCs) is no longer increasing,
in contrast to the slight increase that was occurring at the time of the 1998 Assessment.  Specifically, in 2000, the
atmospheric abundances of CFC-11 and CFC-113 continued to decrease, while the rate of increase of CFC-12
had slowed.  Total tropospheric bromine from halons continued to increase at about 3% per year, which is about
two-thirds of the rate for 1996 reported in the 1998 Assessment.  The observed abundances of CFCs, hydrochloro-
fluorocarbons (HCFCs), and methyl chloroform in the lower atmosphere continue to be consistent with reported
production and estimated emissions.

• Analyses of air trapped in snow since the late 19th century have confirmed that non-industrial sources of the
CFCs, halons, and major chlorocarbons were insignificant.  Since the previous Assessment, analyses of firn air
(i.e., air trapped in snow above glaciers) have revealed the abundance of long-lived atmospheric species at the time
the air became trapped.  As a result, trends in the atmospheric abundance for many ozone-depleting substances have
been traced over the past century, to well before significant industrial sources of the compounds existed.  These
records show that the mixing ratios of the CFCs, halons, carbon tetrachloride (CCl4), methyl chloroform, and
HCFCs in the oldest air sampled are negligible compared with the amounts measured in today’s background
atmosphere.  Further, the deduced 20th century records for these compounds are broadly consistent with calculated
histories based on records of industrial production.  The data suggest that substantial natural sources exist for
atmospheric methyl bromide (CH3Br).  They also show increases throughout the 20th century, but these increases do
not allow unambiguous quantification of the industrial fraction of methyl bromide emissions in recent years.  The
estimate of this fraction, based on an assessment of understanding of the budget of this gas, remains at 10-40%, as
given in the 1998 Assessment.
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• The abundances of HCFCs in the lower atmosphere continue to increase. HCFCs are among the gases used as
transition substitutes for CFCs, halons, and chlorinated solvents.  In the year 2000, HCFCs represented 6% of total
chlorine abundance from anthropogenic gases in the lower atmosphere.  The rate of increase in chlorine from
HCFCs was constant at 10 parts per trillion per year from 1996 to 2000.

• Observations in the stratosphere indicate that the total chlorine abundance is at or near a peak, while bromine
abundances are probably still increasing.  The sum of hydrogen chloride (HCl) and chlorine nitrate (ClONO2) is
an effective surrogate for the abundance of stratospheric chlorine.  An extended time series of ground-based meas-
urements shows that the total stratospheric column amounts of these species, which have grown steadily for decades,
have plateaued in recent years.  Further, space-based measurements of HCl in the upper stratosphere indicate a
broadly similar behavior.  There are indications that bromine abundances in the stratosphere increased during the
1990s, but changes in stratospheric bromine are not as well characterized as those of stratospheric chlorine.  These
stratospheric changes are consistent with expectations based on the understanding of trace-gas trends in the tropo-
sphere, stratospheric chemistry, and atmospheric transport from the troposphere to the stratosphere.

• Very short-lived organic chlorine-, bromine-, and iodine-containing source gases have the potential to deplete
stratospheric ozone, but quantitative estimation of their potentials is more challenging than for longer-lived
species like CFCs. The very short-lived compounds reside in the atmosphere for a few months or less because they
are rapidly decomposed chemically in the troposphere.  Yet, a fraction of their emissions and the products from
their tropospheric destruction can potentially reach the stratosphere.  For example, observations suggest that non-
anthropogenic bromoform (CHBr3) produced largely in the oceans does make a non-negligible contribution to the
total stratospheric bromine abundance.  The magnitude of the ozone depletion by very short-lived compounds will
depend critically on the location and season of their emissions and on the properties of their degradation products.
The traditional use of a single number for their Ozone Depletion Potential (ODP), which is possible for longer-lived
species, is therefore not directly applicable to the very short-lived species.  Three-dimensional model simulations
also suggest that very short-lived compounds emitted in the tropics would be more readily transported to the strato-
sphere than those emitted at higher latitudes, thus leading to greater ozone loss for tropical emissions.  ODP values
estimated by three-dimensional models are currently uncertain because of difficulties in modeling the complexities
of transport processes and the lack of data on the products of the tropospheric degradation.  A recent study on n-
propyl bromide, one of the compounds proposed for possible future use, showed that for emissions that are uniform
over the global land masses away from the poles, roughly 0.5% of the bromine emitted as n-propyl bromide reaches
the stratosphere, resulting in an ODP of 0.04.  Other ODP values reported in that study are up to 0.1 from tropical
emission, and values up to 0.03 and 0.02 for emissions restricted to north of 20°N and 30°N, respectively.  Therefore,
the impact of very short-lived compounds can be significant if their emissions are large.

Changes in the Ozone Layer over the Poles and Globally

• Springtime Antarctic ozone depletion due to halogens has been large throughout the last decade. Since the
early 1990s, the minimum total column (i.e., overhead) ozone amount has been ~100 Dobson units (DU).  The
monthly total column ozone amounts in September and October have continued to be about 40 to 50% below pre-
ozone-hole values, with up to a local 70% decrease for periods of a week or so.  During the last decade, the average
ozone hole area in the spring has increased in size, but not as rapidly as during the 1980s.  The area of the ozone
hole varies from one year to another, and it is not yet possible to say whether the area of the ozone hole has maxi-
mized.  In recent years, the ozone hole has also persisted into early summer, increasing its impact on ultraviolet
radiation.

• In some recent cold Arctic winters during the last decade, maximum total column ozone losses due to halo-
gens have reached 30%.  Arctic winter/spring ozone loss is highly variable due to changes in stratospheric
meteorological conditions from one winter to another, but it is now better understood because of numerous new
observations and model comparisons.  There is general agreement between analyses that quantify Arctic chemical
ozone loss for the 1999/2000 winter/spring season.  That well-studied year was distinguished by persistent low tem-
peratures, an ozone loss reaching 70% near 20 km, and total column ozone losses greater than 80 Dobson units
(~20-25%) by early spring.  In contrast, during the warmer, more disturbed Arctic winter of 1998/1999, the
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estimated chemical loss was very small.  Three of the last four Arctic winters have been warm, with little ozone
loss; six of the previous nine winters were cold, with larger ozone losses.

• Ozone remains depleted in the midlatitudes of both hemispheres. The global-average total column ozone
amount for the period 1997-2001 was approximately 3% below the pre-1980 average values.  Observed changes
occur primarily in midlatitudes and in polar regions; no significant trends in total column ozone have been observed
in the tropics (25°N-25°S).  There are differences in ozone behavior between the two hemispheres.  In particular,
the average amounts of total column ozone over the period 1997-2001 were 3% and 6% below the pre-1980 values
in the Northern Hemisphere midlatitudes (35°N-60°N) and the Southern Hemisphere midlatitudes (35°S-60°S),
respectively.  The seasonality of total column ozone changes (1997-2001 relative to pre-1980) is different in the
Northern Hemisphere and Southern Hemisphere.  Over Northern Hemisphere midlatitudes, the largest ozone
decreases are observed during winter/spring (~4%), with summer/autumn decreases approximately half as large.
Over Southern Hemisphere midlatitudes, long-term ozone decreases exhibit a similar magnitude (~6%) during all
seasons. 

• Models including observed changes in halocarbons, source gases, and aerosols (i.e., airborne fine particles)
capture the observed long-term ozone changes in northern and southern midlatitudes. The two-dimensional
assessment models also reproduce much of the interannual ozone variations in the midlatitudes of the Northern
Hemisphere, but do less well in the Southern Hemisphere.  For example, observations show different ozone behavior
in the Northern and Southern Hemispheres following the major eruption of the Mt. Pinatubo volcano in the early
1990s, whereas models that include aerosol-enhanced, halocarbon-ozone chemistry suggest hemispherically sym-
metric ozone loss during the post-eruption period.    Changes in dynamical processes help to explain some of the
ozone variations in Northern Hemisphere midlatitudes.  They have also contributed to winter/spring trends in the
Northern Hemisphere.  However, because chemical and dynamical processes are coupled, their contributions to
ozone changes cannot be assessed in isolation.

• Chemistry-climate models predict that springtime Antarctic ozone levels will be increasing by 2010 because
of projected decreases of halogens in the stratosphere.  A return to pre-1980 total column ozone amounts in the
Antarctic is expected by the middle of this century.

• Arctic ozone depletion is highly variable and difficult to predict, but a future Arctic polar ozone hole similar
to that of the Antarctic appears unlikely. Low ozone, as seen in some recent years, can however be expected
again, and the Arctic stratosphere will be most vulnerable to other perturbations (for example, if there were to be an
increase in the abundance of stratospheric aerosols from volcanic eruptions) during the next decade or so.  Sustained
very low Arctic ozone column amounts similar to those seen in the Antarctic are not predicted by the current
chemistry-climate models.  Such extreme ozone depletion during the next decade or so, when halogen abundances
should still be close to their maximum, would require conditions that are unprecedented in about 40 years of
Northern Hemisphere meteorological observations and, therefore, are considered highly unlikely to occur in the
future.  

• The global ozone layer recovery is expected to be linked mainly to decreasing chlorine and bromine loading,
but other factors are likely to contribute. The expected decrease in the amount of stratospheric chlorine and
bromine over the next 50 years is predicted to lead to an increase in the global amount of total column ozone,
although there are differences in the projected rate of this increase predicted by different models.  Stratospheric
cooling (due mainly to projected carbon dioxide (CO2) increases) is predicted to enhance the future ozone increase
in the upper stratosphere.  However, a reliable assessment of this effect on total column ozone is limited by uncer-
tainties in the lower stratospheric response to these changes.  Changes in atmospheric transport are difficult to pre-
dict, and their impact on stratospheric ozone could be either positive or negative.  Projected increases in methane
(CH4) and nitrous oxide (N2O) are predicted to have small chemical effects on the rate of increase of global total
column ozone in the next 50 years, but could become more significant later in the 21st century.  Future changes in
the ozone in the lower atmosphere are highly dependent upon the scenario adopted for future emissions of ozone
precursors, but all scenarios adopted by the 2001 report of the Intergovernmental Panel on Climate Change (IPCC)
lead to predicted increases in tropospheric ozone up to 2050.
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Changes in Ultraviolet Radiation

• Changes in the duration and spatial extent of the ozone hole are more important for Antarctic surface ultra-
violet (UV) radiation levels than the annual ozone minimum. Enhanced values of UV radiation continue to be
observed at high latitudes in the Southern Hemisphere under the Antarctic ozone hole.  The highest biologically
weighted UV doses under the ozone hole are typically not observed in October when maximum ozone depletion
occurs, but in November and early December when solar elevations are higher and low ozone values are still
prevailing.

• Additional measurements continue to confirm that decreases in ozone column amounts lead to increases in
UV radiation. Calculations of UV irradiance based on relationships with total ozone and total irradiance (from
pyranometers) suggest that UV irradiance has increased since the early 1980s by 6-14% at more than 10 sites
distributed over mid- and high latitudes of both hemispheres.  These results are consistent with spectral ultraviolet
irradiance measurements and with estimates from satellite measurements.  The complicated spatial and temporal
distributions of the predominant variables that affect ultraviolet radiation at the surface (for example, clouds, air-
borne fine particles, snow cover, sea ice cover, and total ozone) continue to limit the ability to describe fully surface
ultraviolet radiation on the global scale, whether through measurements or model-based approaches.  As was noted
in the previous Assessment, the spectral surface ultraviolet data records, which started in the early 1990s, are still
too short and too variable to permit the calculation of statistically significant long-term (i.e., multidecadal) trends.

The Ozone Layer and Climate Change

• The understanding of the impact of ozone depletion on climate change has been strengthened. There has been
a global and annual-mean cooling of the stratosphere over the past two decades, which can be largely attributed to
the observed stratospheric ozone depletion and increases in well-mixed greenhouse gases and water vapor.  As has
been noted in past assessments, cooling of the lower stratosphere leads to cooling of the Earth’s climate system.
The vertical profile of ozone depletion in the lowermost stratosphere, which is an important factor in the magnitude
of the radiative forcing, is now more accurately estimated from additional years of observations with reduced vol-
canic perturbations.  Averaged ozone depletion has remained close to that of the late 1990s over much of the world,
and therefore the recommended globally averaged radiative forcing of the climate system implied by this Assessment
is the same as that recommended by the 2001 IPCC Assessment.  The stratospheric radiative forcing due to ozone
decreases since 1980 offsets about 20% of the positive forcing due to the increases in abundances of well-mixed
greenhouse gases over that same time period.

• Other atmospheric changes influence both the ozone layer and the climate system. Observations have pro-
vided stronger evidence for a widespread increase in stratospheric water vapor, which plays a role both in cooling
the lower stratosphere and in depleting ozone through chemical interactions, thereby contributing to climate
processes.  However, the water vapor trends are not fully defined, nor are their cause understood.  Methane, nitrous
oxide, and carbon dioxide are all important greenhouse gases, and all exert some influence on ozone depletion.
Further, surface ultraviolet radiation may be directly affected, both positively and negatively, by the effects of cli-
mate change (for example, changing cloudiness), making prediction of long-term changes in surface radiation
arising from all causes quite uncertain.

• New research has begun to explore the coupling between climate change and the recovery of the ozone layer.
A number of models have been run to explore the feedback between climate and the ozone layer.  As noted earlier,
they have shown that past changes in ozone have contributed, together with well-mixed greenhouse gases, to a
cooling of the stratosphere.  Future changes in well-mixed greenhouse gases will affect the future evolution of
ozone through chemical, radiative, and dynamic processes.  In this highly coupled system, attribution is difficult;
studies are ongoing.  Stratospheric cooling (due mainly to projected carbon dioxide increases) is predicted to
enhance future ozone amounts in the upper stratosphere.  However, a reliable assessment of these effects on total
column ozone is limited by uncertainties in lower stratospheric response to these changes.
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ADDITIONAL SCIENTIFIC EVIDENCE AND RELATED INFORMATION

Halocarbon Abundances

• Trends of ozone-depleting substances in the atmosphere have been updated, and 20th century trends have been
deduced from firn air. In 2000, tropospheric mixing ratios of CFC-11 and CFC-113 declined faster than in 1996,
and mixing ratios of CFC-12 were still increasing, but more slowly.  The rapid drop in global methyl chloroform
emission has led to an exponential decay in its mixing ratio since 1998; mixing ratios of this gas in 2000 were less
than one-half of the peak observed in 1992.  The rate of decline observed for methyl chloroform during 2000 was
about two-thirds of what it was in 1996.

• The total effect of all ozone-depleting halogens in the atmosphere, as estimated by calculating chlorine equivalents
from atmospheric measurements of chlorine- and bromine-containing gases, continues to decrease.  As of mid-
2000, equivalent organic chlorine in the troposphere was nearly 5% below the peak value in 1992-1994.  The recent
decrease is slightly slower than in the mid-1990s, owing to the reduced influence of methyl chloroform on this
decline.

• Substantial reductions in the emissions of ozone-depleting substances during the 1990s as inferred from atmos-
pheric measurements are consistent with controls on production and consumption in the fully amended and adjusted
Montreal Protocol.  Consumption in developing countries is now a significant contributor to global emissions.  The
year 1999 was the first in which production and consumption of a class of ozone-depleting substances (the CFCs)
was restricted in all Parties to the Montreal Protocol.  Atmospheric measurements are consistent with emissions
derived from reported production data for CFCs.

• The updated, best-estimate scenario for future halocarbon mixing ratios suggests that the atmospheric burden of
halogens will return to the 1980 pre-Antarctic-ozone-hole levels around the middle of the 21st century, provided
continued adherence to the fully amended and adjusted Montreal Protocol.  Only small improvements would arise
from further reduced production allowances in the future.

• Discrepancies reported in past assessments between atmospheric observations and expectations based on industry-
reported production and emissions have narrowed substantially for HCFC-142b.  This improvement stems from a
better description of the functions relating emissions to usage in foam applications.

Halocarbon Lifetimes

• The global lifetime of carbon tetrachloride is estimated to be about 26 years, or about 25% shorter than in the pre-
vious (1998) Assessment.  This shorter lifetime stems from identification of an ocean sink that is inferred from
widespread observations of carbon tetrachloride undersaturation in surface waters of the ocean.  Emissions inferred
from atmospheric measurements and this lifetime are about 7 times greater than the limits to global production set
for 2005.  

• The lifetime of methyl chloroform has been revised from 4.8 years to 5.0 years based upon new observations.  The
implications of this change on estimates of atmospheric hydroxyl (OH) suggest lifetimes up to 5% longer for
HCFCs, hydrofluorocarbons (HFCs), methane, and all other gases removed from the atmosphere by this important
oxidant.  These changes affect the Global Warming Potentials (GWPs) and Ozone Depletion Potentials (ODPs) cal-
culated for these gases.

Methyl Bromide, Methyl Chloride, and Halons

• Atmospheric histories inferred from Southern Hemisphere air archives and Antarctic firn air suggest that, assuming
similar changes have occurred in both hemispheres, the sum of organic bromine from methyl bromide (CH3Br) and
halons has more than doubled since the mid-1900s.
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• A substantial imbalance remains in estimates of source and sink magnitudes for both methyl bromide and methyl
chloride (CH3Cl); known sinks outweigh sources for both of these gases.  New sources of methyl bromide from
individual crops and ecosystems have been identified, and new sources of methyl chloride from tropical plants have
been discovered.  These findings have narrowed the budget imbalances for both of these gases.

• The best estimate for the global lifetime of methyl bromide remains at 0.7 (0.5-0.9) years.  Additional studies
directly related to estimating loss processes for methyl bromide have narrowed the uncertainties slightly, but do not
suggest large revisions to this lifetime.  The fraction of emissions derived from industrially produced methyl bro-
mide is unchanged at 10-40% based upon the current understanding of source and sink magnitudes.

Very Short-Lived Ozone-Depleting Compounds

• Very short-lived natural and anthropogenic bromine and iodine source gases with surface concentrations of a few
parts per trillion (ppt) could make a non-negligible contribution to the current inorganic bromine and iodine budgets,
since the stratospheric concentrations of inorganic bromine and iodine are about 20 ppt and less than 1 ppt, respec-
tively.  The transport of inorganic bromine associated with very short-lived bromine source gases from the tropo-
sphere to the stratosphere may contribute to the stratospheric inorganic bromine budget.

• The most efficient route for transport of very short-lived substances and their degradation products from the surface
to the stratosphere is in the tropics.  In the tropics, the vertical transport times from the boundary layer to the upper
troposphere are short, and air that enters the stratosphere through the tropical tropopause may remain in the strato-
sphere for a year or longer.  A significant fraction of the emitted very short-lived substances can be expected to
reach the tropical tropopause layer because current estimates indicate that air at the base of the layer is replaced by
convection from the tropical boundary layer on a time scale of 10 to 30 days.  A few percent of the air in the tropical
tropopause layer is expected to enter the stratosphere through the tropical tropopause.  Other transport pathways
exist in the extratropics for the transfer of very short-lived substances and their degradation products to the extra-
tropical lower stratosphere.

• The main uncertainties in estimating the impact of very short-lived source gases lie in the physical and dynamical
processes transporting these substances into the stratosphere and in the chemistry of their degradation products.
Given the complexity, three-dimensional numerical models are the preferred tools to evaluate the Ozone Depletion
Potential for very short-lived source gases.  Significant uncertainties exist in the treatment of dynamical and phys-
ical processes in such models.

• Two model studies simulated the atmospheric distribution of bromoform (CHBr3), assuming a simplified ocean
source that is uniform over space and time.  The results indicate that the ocean source causes an average surface
mixing of 1.5 ppt for bromoform and maintains about 1 ppt of bromine in the stratosphere.  The simulation shows
that one-half to three-fourths of the bromine from bromoform enters the stratosphere in the form of inorganic degra-
dation products.

• The Ozone Depletion Potential was calculated from three separate model studies for n-propyl bromide (n-PB,
CH3CH2CH2Br).  Reaction with hydroxyl (OH) removes n-PB, with local photochemical lifetimes in the tropical
troposphere of about 10-20 days.  Laboratory data, particularly on bromoacetone, indicate that n-propyl bromide
degradation products have lifetimes shorter than a couple of days.  Two of the three modeling studies provided
values only for direct transport of n-PB to the stratosphere.  The third study computed contributions from direct
transport and the transport of degradation products to the stratosphere.  In the latter study, values of the Ozone
Depletion Potential are up to 0.1 for tropical emissions and 0.03 for emissions restricted to northern midlatitudes.
In both cases, about two-thirds of the effect is from the transport of degradation products to the stratosphere.

• Laboratory data on iodine chemistry have led to downward revision of the efficiency of iodine for depleting ozone
in the stratosphere.  The revised estimated efficiency factor (~150-300) is still higher than that of bromine (~45).
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Polar Ozone

ANTARCTIC

• Springtime Antarctic ozone depletion remains very large (with daily local total column values reaching 60-70%
less than pre-ozone-hole conditions), with minimum values of about 100 DU (Dobson units) seen every year since
the early 1990s.  These observations reflect the almost complete ozone loss in the 12-20 km range and do not imply
that ozone recovery has begun.  Such low ozone is consistent with current understanding of stratospheric chemistry
and dynamics.

• The area enclosed by the 220 DU contour (a measure of the severity of the ozone hole) shows an increase in recent
years, so that it is not yet possible to say that the ozone hole has reached its maximum.  Much of the change appears
to be associated with processes at the edge of the polar vortex and is consistent with meteorological variability and
the almost-constant halogen loading.

• Observations show that the Antarctic polar vortex and the associated ozone hole persist later than during the 1980s.
Over the last decade, the vortex has generally broken up in late November to early December, in contrast to breakup
in early November during the 1980s.

• Satellite and radiosonde observations show that the springtime Antarctic lower stratosphere has cooled.  During the
1979-2000 period, the linear cooling trend exceeded 1.5 K/decade at 70°S.  Modeling studies reaffirm that ozone
loss is the major cause of the springtime cooling and the increased persistence of the Antarctic polar vortex.  Well-
mixed greenhouse gas increases contribute to the annually averaged cooling.  Stratospheric water vapor increases
may also be contributing.

• Coupled chemistry-climate model simulations, which include the combined effects of the changes in halogens and
well-mixed greenhouse gases, broadly reproduce past trends in the total column ozone over the Antarctic.  These
models suggest that the minimum column ozone occurs prior to 2010 and that recovery to 1980 levels may be
expected in the middle of the 21st century.  The model response for the past and future changes is driven mainly by
the changes in stratospheric halogen loading, with ozone recovery occurring after the peak of halogen loading.

ARCTIC

• The magnitude of halogen-induced loss of ozone for all Arctic winters during the last decade has now been studied
with a variety of observationally based approaches.  There is generally good agreement between different analyses
that quantify the chemical loss.  In the 1999/2000 winter, for which the most comprehensive studies were con-
ducted, agreement was better than 20% in the Arctic stratosphere at about 20 km.

• The Arctic winter/spring total column ozone amounts continue to show a high interannual variability, reflecting the
variable meteorology of the Northern Hemisphere stratosphere.  Low column ozone amounts were present during
the cold winter of 1999/2000.  That year was distinguished by persistent low temperatures, a local loss reaching
70% at 20 km, and column losses greater than 80 DU (~20-25%).  In the warmer, more-disturbed winters of
1998/1999 and 2000/2001, very small ozone loss was observed.  Three of the last four Arctic winters have been
warm, with little ozone loss; six of the previous nine winters were cold, with larger ozone losses.

• Significant chemical loss of ozone (~0.5 parts per million) in the lower stratosphere during January has been
observed in several cold Arctic winters, contributing about 25% to the overall loss of ozone over the winter.  The
observations indicate that the loss occurred exclusively during periods when the air masses were exposed to sun-
light.  Nevertheless, these January ozone losses cannot be fully explained with the current understanding of the
photochemistry.

• Coupled chemistry-climate models capture the typical interannual variability of Arctic ozone levels.  Because
Arctic temperatures are often near the threshold for polar stratospheric cloud (PSC) formation and hence the
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initiation of perturbed chemistry, there is a strong sensitivity to model temperature biases of only a few degrees
Celsius.  This places severe limits on the ability of the models to simulate past and predict future Arctic ozone
behavior in winter.

• A number of coupled chemistry-climate models run for this Assessment suggest that minimum Arctic ozone would
occur within the next two decades, the timing of which will depend on the meteorology.  Low ozone, as seen in
some recent years, can be expected again, and the Arctic stratosphere will be most vulnerable to other perturbations
(e.g., aerosols from volcanic eruptions) during the next decade or so.  Total column ozone amounts in the Arctic
similar to the extreme lows seen in the Antarctic are not predicted by these models (in contrast to earlier simpler
calculations considered in the 1998 Assessment).  These extremely low values would require conditions that are
unprecedented in about 40 years of Northern Hemisphere meteorological observations.

• Satellite and radiosonde observations show that the springtime Arctic lower stratosphere has cooled.  However,
becuae of large variability in the Arctic spring, the magnitude of the trend is uncertain there.  A linear cooling trend
(exceeding 1.5 K/decade) is observed during the 1979-2000 period at 70°N.  Modeling studies now suggest that
stratospheric ozone depletion has exerted an important influence on the springtime cooling of the Arctic lower strat-
osphere over the 1979-2000 period, but the degree of attribution is hindered by the large dynamical variability in
that region.

• Observations of bromine monoxide (BrO) in the winter Arctic vortex by in situ and remote detection techniques are
in broad agreement and are consistent with a total bromine budget of ~20 ± 4 parts per trillion.  Modeling studies of
the latitudinal, seasonal, and diurnal variations in BrO column abundances agree well with observations from a
number of ground sites, indicating that the processes that govern bromine partitioning and its budget in the polar
regions are reasonably well understood.

• Bromine measurements now allow for more accurate assessment of the contribution of bromine to polar ozone loss.
At present, the fractional contribution of bromine to total ozone loss ranges between 30 and 60%, depending on
temperature and abundances of chlorine monoxide (ClO).  Considering the observed leveling off of the strength of
sources of chlorine, the role of bromine in polar ozone loss will continue to increase relative to that of chlorine until
the current upward trends of the bromine source gases reverse.

• Removal of nitrogen compounds (denitrification) has been observed to occur in the Arctic lower stratosphere in
several cold winters.  Removal of up to 70% of the total reactive nitrogen was observed at some levels of the lower
stratosphere in the winter of 1999/2000.  Observations and modeling results show that denitrification in the 1999-
2000 Arctic lower stratosphere increased ozone loss by as much as 30% at 20 km in spring.

• The understanding of what causes denitrification has been improved considerably by the discovery in 1999-2000 of
large nitric-acid-containing particles (with diameters of 10 to 20 micrometers) in the Arctic polar lower strato-
sphere.  Sedimentation of these particles can account for observed Arctic denitrification, although the mechanism
of formation of these sedimenting particles is uncertain.  Therefore, sedimentation of ice containing dissolved nitric
acid, which has been the generally assumed mechanism in global stratospheric models, is not the dominant mecha-
nism in the Arctic.

• The chemical composition of liquid and solid polar stratospheric cloud particles has been measured directly for the
first time.  Most of the measured compositions are in agreement with model calculations for liquid particles and
nitric acid trihydrate, which have been used in stratospheric models for many years.  These measurements improve
confidence in the particle types used in microphysical models that are central to simulations of polar ozone loss.
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Global Ozone

TOTAL COLUMN OZONE

• Global mean total column ozone for the period 1997-2001 was approximately 3% below the 1964-1980 average.
Since systematic global observations began, the lowest annually averaged global total column ozone occurred in
1992-1993 (about 5% below the pre-1980 average).  These changes are evident in each available global dataset.

• No significant trends in total column ozone have been observed in the tropics (25°N-25°S) for 1980-2000.  A
decadal variation of total column ozone (with peak-to-trough variations of ~3%) is observed in this region, approxi-
mately in phase with the 11-year solar cycle.  Total column ozone trends become statistically significant in the
latitude bands 25°-35° in each hemisphere.

• There are a number of differences in total column ozone behavior between the two hemispheres:

- Averaged over the period 1997-2001, total column ozone in the Northern Hemisphere and Southern
Hemisphere midlatitudes (35°-60°) were about 3% and 6%, respectively, below their pre-1980 average values.

- The seasonality of total column ozone changes (1997-2001 relative to pre-1980) is different in the Northern
Hemisphere and Southern Hemisphere extratropics.  Over Northern Hemisphere midlatitudes, larger ozone
decreases are observed during winter/spring (~4%), with summer/autumn decreases approximately half as
large.  Over Southern Hemisphere midlatitudes, long-term ozone decreases exhibit a similar magnitude (~6%)
during all seasons.

- Pronounced negative anomalies are observed in the Northern Hemisphere midlatitudes time series during
1992-1995 in the winter/spring seasons.  Similar anomalies are not seen in the Southern Hemisphere mid-
latitudes.

- There is a sharp drop in ozone at Southern Hemisphere midlatitudes during 1985-1986.  A similar drop is not
observed in the Northern Hemisphere.

VERTICAL OZONE DISTRIBUTION

• Ozone profile trends derived from the Stratospheric Aerosol and Gas Experiment (SAGE) satellite instrument show
significant negative trends over latitudes 60°N to 60°S for altitudes ~35-50 km (with extremes near 40 km).  Trend
maxima of –7 to –8%/decade over the period 1979-2000 are observed in the 35°-60° latitude bands of both hemi-
spheres, with no significant interhemispheric differences.  These satellite results are in good agreement with inde-
pendent Umkehr ozone measurements over the Northern Hemisphere midlatitudes.

• The updated SAGE data reveal significant negative trends extending throughout the tropics in the small amount of
ozone above 30 km, a feature not observed in previous assessments based on shorter time records.

• The observed ozone depletion in the upper stratosphere is consistent with observed changes in anthropogenic chlo-
rine.  The vertical and latitudinal profiles of trends in the upper stratosphere are reproduced by photochemical
models, but the magnitude of changes are sensitive to concurrent trends in temperature and methane (CH4).

• Long-term ozonesonde measurements are primarily available for the Northern Hemisphere midlatitudes.  Whereas
ozone between 20 and 27 km decreased continuously during 1980-2000, ozone between 10 and 20 km decreased
through the early 1990s and was relatively constant thereafter.  This behavior is consistent with observed changes in
Northern Hemisphere midlatitude column ozone.
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OZONE-RELATED CONSTITUENTS

• Stratospheric aerosol variability over the past 25 years has been dominated by the effects of episodic volcanic erup-
tions, with subsequent recovery.  Following the large eruption of Mt. Pinatubo in 1991, relaxation to a nonvolcanic
level continued to at least 1999.  There is currently no evidence of a trend in the nonvolcanic aerosol loading.

• Stratospheric water vapor measurements at a single location (Boulder, Colorado, U.S., 40°N) for the period 1981-
2000 show a statistically significant increase of approximately 1%/year over altitudes 15-28 km.  For the shorter
period 1991-2001, global satellite measurements covering latitudes 60°N-60°S show a similar trend of 0.6-0.8%/year
for altitudes ~25-50 km, but no significant trend at lower altitudes.  The increases in water vapor are substantially
larger than can be explained by tropospheric methane trends.  Characterization of stratospheric water vapor trends
is limited by the lack of global long-term measurements.

• Stratospheric column nitrogen dioxide (NO2) measurements from Lauder, New Zealand (45°S), for 1981-2000 and
Jungfraujoch, Switzerland (46°N), for 1985-2001 show  statistically significant positive trends of approximately
5%/decade.  There are also transient decreases observed after the El Chichón and Mt. Pinatubo eruptions, which are
broadly simulated by models that include heterogeneous chemistry on sulfate aerosols.

STRATOSPHERIC TEMPERATURE

• Observations indicate that, on an annual- and global-mean basis, the stratosphere has cooled over the last two
decades.  In the lower stratosphere, global and annual mean temperatures for the late 1990s are approximately 1 K
lower than values in the late 1970s.  Significant annual-mean cooling of the lower stratosphere over the past two
decades is found over midlatitudes of both hemispheres (approximately 0.6 K/decade), but no significant trends are
observed near the equator.  The annual-mean temperature trends in the upper stratosphere are larger, with an approx-
imately globally uniform cooling over 1979-1998 of about 2 K/decade near the stratopause (~50 km).

• Modeling studies indicate that changes in ozone, well-mixed greenhouse gases, and stratospheric water vapor can
explain the major features of the observed global and annual-mean stratospheric cooling over the past two decades.
Cooling due to ozone depletion dominates over the impact of well-mixed greenhouse gases in the lower strato-
sphere, while upper stratospheric temperature trends are due, roughly equally, to ozone and well-mixed greenhouse
gas changes.

ATTRIBUTION OF PAST CHANGES IN OZONE

• The vertical, latitudinal, and seasonal characteristics of changes in midlatitude ozone are broadly consistent with
the understanding that halogens are the primary cause, in line with similar conclusions from the 1998 Assessment.

• Assessment models forced by observed changes in halocarbons, source gases, and aerosols broadly reproduce the
long-term changes observed in midlatitude total column ozone (35°N-60°N and 35°S-60°S) from 1980 to 2000,
within the uncertainties of the observations and model range.  However, the range of model results is large over
Southern Hemisphere midlatitudes, which is at least partly due to their differing treatments of the Antarctic ozone
hole.  In addition, models suggest that the chemical signal of ozone loss following the major eruption of the Mt.
Pinatubo volcano in the early 1990s should have been symmetric between the hemispheres, but observations show
a large degree of interhemispheric asymmetry in midlatitudes.

• There is increased evidence that observed changes in atmospheric dynamics have had a significant influence on
Northern Hemisphere midlatitude column ozone on decadal time scales.  Natural variability, changes in greenhouse
gases, and changes in column ozone itself are all likely to contribute to these dynamical changes.  Furthermore,
because chemical and dynamical processes are coupled, their contributions to ozone changes cannot be assessed in
isolation.
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FUTURE OZONE CHANGES

• The expected decrease in stratospheric chlorine loading over the next 50 years is predicted to lead to an increase in
the global total column ozone, although there are differences in the rate of increase between different two-
dimensional assessment models.  Future ozone levels will also be influenced by other changes in atmospheric
composition and by climate change.  Because of year-to-year variability, it could take as long as a decade to demon-
strate a leveling of total column ozone.

• Stratospheric cooling (due mainly to projected CO2 increases) and the chemical influence of stratospheric methane
increases are predicted to enhance future ozone increases in the upper stratosphere.  However, a reliable assessment
of these effects on total column ozone is limited by uncertainties in lower stratospheric response to these changes.

• Projected increases in methane (CH4) and nitrous oxide (N2O) (from the scenarios of the Intergovernmental Panel
on Climate Change, 2001) are predicted to have small effects on the rate of increase of global column ozone in the
next 50 years, when chlorine changes are the dominant effect.  After that time, changes in CH4 and N2O become
relatively more important.

Ultraviolet Radiation

• Annually averaged erythemal irradiance, as reconstructed from pyranometer (total irradiance), total ozone, and
other meteorological measurements, increased by about 6-14% over the last 20 years at several mid- to high-
latitude sites.  Pyranometer and other meteorological data serve as proxies for parameters, other than ozone, that
affect ultraviolet (UV) radiation.  At some sites approximately half of the changes can be attributed to total ozone
changes.  These reconstructions are not UV measurements, and they contain several assumptions on the nature of
radiative transfer.  The reconstructions should be not be considered to be representative on a global scale.  It is
believed that the increases of UV irradiance derived from the ground-based reconstructed data are clear indicators
of the long-term changes that have occurred since the 1980s.

• There is clear evidence that the long-term UV changes are not driven by ozone alone, but also by changes in cloudi-
ness, aerosols, and surface albedo.  The relative importance of these factors depends on the local conditions.  Results
from studies using ground-based and aircraft instruments suggest that the influence of tropospheric aerosols on UV
irradiance may be larger than previously thought and may affect large areas of the globe.

• UV increases associated with the ozone decline have been observed by spectral measurements at a number of sites
in Europe, North and South America, Antarctica, and New Zealand.  Episodes of elevated UV irradiance associated
with low total column ozone amounts continue to occur in spring in mid-to-high latitudes.

• Satellite estimates of surface UV radiation from the Total Ozone Mapping Spectrometer (TOMS) dataset have been
compared with ground-based measurements at several more sites since the previous Assessment.  In general the
estimates capture short-term and long-term variability.  However, the estimates are systematically higher than
ground-based measurements at many sites.  The differences in monthly average erythemal UV irradiance range
from about 0% at some clean sites to 40% at one site in the Northern Hemisphere.  The fact that the agreement is
better at the cleaner sites suggests that the differences are caused by aerosols and/or pollutants near the ground.
New UV maps that include additional influencing parameters (e.g., cloud cover and albedo) derived from other
satellite data, when taken together with TOMS or Global Ozone Monitoring Experiment (GOME) ozone data, yield
better agreement with ground-based data.

• In the Antarctic, ozone depletion has been the dominant factor for increases in UV irradiance.  The future evolution
of UV radiation is therefore expected to follow the ozone recovery.  However, because of changes in other influ-
encing factors, such as changes in cloud cover, aerosols, or snow/ice cover, UV radiation may not return exactly to
pre-ozone-hole values.
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• Elsewhere, including the Arctic, the impact on UV radiation of other influencing factors can be comparable to the
impact of ozone depletion.  The large uncertainties in future changes of these other factors prevent reliable predic-
tions on the future evolution of UV irradiance.  Furthermore, climate-change-induced trends in cloudiness and
snow/ice cover are expected to be seasonally and geographically dependent, leading to differences in future UV
irradiance in different parts of the world.

• A reanalysis of TOMS satellite data with respect to the influence of changes in cloudiness over Europe has con-
firmed that UV increases due to ozone depletion are partly masked by the increased cloudiness in some regions.

IMPLICATIONS FOR POLICY FORMULATION

The results from over three decades of research have provided a progressively better understanding of the interac-
tion of humankind and the ozone layer.  New policy-relevant insights into the roles of ozone-depleting gases have been
conveyed to decisionmakers through the international state-of-understanding assessment process.  The research findings
in the Scientific Assessment of Ozone Depletion: 2002 that are summarized above are direct current scientific input to
governmental, industrial, and policy decisions associated with protection of the ozone layer.

• The Montreal Protocol is working, and the ozone-layer depletion from the Protocol’s controlled substances is
expected to begin to ameliorate within the next decade or so.  The effectiveness of the Protocol is and will be
shown by several indicators.  Global observations show that the total combined effective abundances of anthro-
pogenic chlorine-containing and bromine-containing ozone-depleting gases in the lower atmosphere (troposphere)
peaked in the 1992-1994 time period and are continuing to decline.  Furthermore, observations indicate that the
stratospheric abundances of ozone-depleting gases are now at or near a peak.  Thereafter, stratospheric ozone
should increase, all other influences assumed constant, but ozone variability will make detection of the onset of the
long-term recovery difficult. For example, based on assumed compliance with the amended and adjusted Protocol
by all nations, the Antarctic ozone “hole,” which was first discerned in the early 1980s, is predicted to disappear by
the middle of this century—again with all other influences assumed constant.

• The ozone layer will remain particularly vulnerable during the next decade or so, even with full compliance.
With the atmospheric abundances of ozone-depleting substances being near their highest, the human-influenced
perturbations will be at or near their largest.  Relative to the pre-ozone-hole abundances of 1980, the 1997-2001
losses in total column (i.e., overhead) ozone amounts are:
- about 4% at northern midlatitudes in winter/spring;
- about 2% at northern midlatitudes in summer/fall; and
- about 6% at southern midlatitudes on a year-round basis.

Calculations yield that such changes in ozone correspond to increases in surface erythemal radiation of at least 5, 2,
and 7%, respectively, if other influences such as clouds remain constant.  In Antarctica, the monthly total column
ozone in September and October has continued to be about 40 to 55% below the pre-ozone-hole values, with up to a
local 70% decrease for periods of a week or so.  Arctic ozone is highly variable.  Estimates of the cumulative
winter/spring losses in the total column ozone amounts during the last 4 years range up to about 25%.  Calculations
of corresponding increases in surface erythemal radiation are about 70 to 150% in the Antarctic springtime, with up
to 300% increases for the short-lived local ozone decreases.  In the Arctic winter/spring, the corresponding calcu-
lated increases are up to 40%.  Furthermore, if there were to be an increase in the abundance of stratospheric parti-
cles from a major volcanic eruption like that of Mt. Pinatubo in 1991, then the peak losses in total column ozone
and the increases in ultraviolet radiation could be larger.  In the highly variable Arctic, larger depletion would be
expected if an unusually and persistently cold Arctic stratospheric winter like that of the 1999/2000 winter/spring
were to occur; conversely, smaller depletions are expected in particularly warm years.
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• Approaches to accelerating the recovery of the ozone layer are limited. This Assessment has made hypothetical
estimates of the upper limits of improvements that could be achieved if global anthropogenic production of ozone-
depleting substances were to stop in 2003 or if global anthropogenic emissions of ozone-depleting substances were
to stop in 2003.  Specifically:  

Production.  Relative to the current control measures (Beijing, 1999) and recent production data, the equivalent
effective stratospheric chlorine loading above the 1980 level, integrated from 2002 until the 1980 level is reattained
(about 2050), could be decreased by the following amounts:
- 5%, if production of hydrochlorofluorocarbons (HCFCs) were to cease in 2003.
- 4%, if production of chlorofluorocarbons (CFCs) were to cease in 2003.
- 4%, if production of methyl bromide were to cease in 2003.
- 1%, if production of halons were to cease in 2003.
- 0.3%, if production of methyl chloroform were to cease in 2003.
These percentages would be about a factor of 2 smaller if the decreases were compared with the loading integrated
from 1980, which is when significant ozone depletion was first detected.  A hypothetical elimination of all anthro-
pogenic production of all ozone-depleting substances would advance the return of stratospheric loading to the pre-
1980 values by about 4 years.

Emissions.  Similarly, the equivalent effective stratospheric chlorine loading above the 1980 level, integrated from
2002 until the 1980 level is reattained (about 2050), could be decreased by the following amounts:
- 11%, if emissions of halons were to cease in 2003.
- 9%, if emissions of chlorofluorocarbons (CFCs) were to cease in 2003.
- 9%, if emissions of hydrochlorofluorocarbons (HCFCs) were to cease in 2003.
- 4%, if emissions of methyl bromide were to cease in 2003.
- 3%, if emissions of carbon tetrachloride were to cease in 2003.
- 2%, if emissions of methyl chloroform were to cease in 2003.
Again, these percentages would be about a factor of 2 smaller if the decreases were compared with the loading inte-
grated from 1980, which is when significant ozone depletion was first detected.  A hypothetical elimination of all
emissions derived from industrial production of all ozone depleting substances would advance the return of strat-
ospheric loading to the pre-1980 values by about 10 years.

• Failure to comply with the Montreal Protocol would delay or could even prevent recovery of the ozone layer.
For example, continued constant production of ozone-depleting substances at the 1999 amount would likely extend
the recovery of the ozone layer well past the year 2100.  The total atmospheric abundance of ozone-depleting gases
will decline to pre-Antarctic-ozone-hole amounts only with adherence to the Montreal Protocol’s full provisions on
production of ozone-depleting substances.

• Estimating the impacts of very short-lived ozone-depleting substances on depletion of the ozone layer requires
new approaches, and, as requested by the Parties, this Assessment has described one such scientific approach.
The traditional concept of a single-valued Ozone Depletion Potential (ODP) is not directly applicable for these very
short-lived ozone-depleting substances, because their impacts on the ozone layer will depend on the season and
location of their emissions.  These impacts would need to be assessed on a case-by-case basis, taking into account
how much, when, and where they are emitted.  Such estimates can provide insight into the stratospheric contribu-
tion of natural emissions of these very short-lived substances (for example, bromoform) and can provide scientific
input into decisions associated with their industrial production/uses (for example, n-propyl bromide).

• The issues of ozone depletion and climate change are interconnected.  The ozone-depletion phenomenon and
the greenhouse-warming phenomenon share many common chemical and physical processes.  For example, as the
atmospheric abundances of the CFCs decline because of the Montreal Protocol’s provisions, their greenhouse-
warming contributions will decline.  On the other hand, use of hydrofluorocarbons (HFCs) and HCFCs as substi-
tutes for CFCs would cause the greenhouse-warming contributions of these new compounds to increase.  Indeed,
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global observations of many HFCs and HCFCs, as well as of hydrogen fluoride, confirm that these contributions
are currently increasing.  As other examples, potential decisions associated with methane, nitrous oxide, and carbon
dioxide stemming from their greenhouse roles will also have direct and indirect effects on stratospheric ozone.
And, because ozone depletion acts to cool the climate system, recovery of the ozone layer over coming decades
would tend to warm the climate system.


