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SCIENTIFIC SUMMARY

Globally averaged total column ozone has declined over recent decades due to the release of ozone-depleting sub-
stances (ODSs) into the atmosphere.  Now, as a result of the Montreal Protocol, ozone is expected to recover from the 
effects of ODSs as ODS abundances decline in the coming decades.  However, a number of factors in addition to ODSs 
have led to and will continue to lead to changes in ozone.  Discriminating between the causes of past and projected ozone 
changes is necessary, not only to identify the progress in ozone recovery from ODSs, but also to evaluate the effectiveness 
of climate and ozone protection policy options.

Factors Affecting Future Ozone and Surface Ultraviolet Radiation

•		 At least for the next few decades, the decline of ODSs is expected to be the major factor affecting the 
anticipated increase in global total column ozone. However, several factors other than ODS will affect the 
future evolution of ozone in the stratosphere.  These include changes in (i) stratospheric circulation and tem-
perature due to changes in long-lived greenhouse gas (GHG) abundances, (ii) stratospheric aerosol loading, and 
(iii) source gases of highly reactive stratospheric hydrogen and nitrogen compounds.  Factors that amplify the 
effects of ODSs on ozone (e.g., stratospheric aerosols) will likely decline in importance as ODSs are gradually 
eliminated from the atmosphere.

•		 Increases in GHG emissions can both positively and negatively affect ozone.  Carbon dioxide (CO2)-induced 
stratospheric cooling elevates middle and upper stratospheric ozone and decreases the time taken for ozone to 
return to 1980 levels, while projected GHG-induced increases in tropical upwelling decrease ozone in the tropi-
cal lower stratosphere and increase ozone in the extratropics.  Increases in nitrous oxide (N2O) and methane 
(CH4) concentrations also directly impact ozone chemistry but the effects are different in different regions.

•		 The Brewer-Dobson circulation (BDC) is projected to strengthen over the 21st century and thereby affect 
ozone amounts.  Climate models consistently predict an acceleration of the BDC or, more specifically, of the 
upwelling mass flux in the tropical lower stratosphere of around 2% per decade as a consequence of GHG abun-
dance increases.  A stronger BDC would decrease the abundance of tropical lower stratospheric ozone, increase 
poleward transport of ozone, and could reduce the atmospheric lifetimes of long-lived ODSs and other trace 
gases.  While simulations showing faster ascent in the tropical lower stratosphere to date are a robust feature of 
chemistry-climate models (CCMs), this has not been confirmed by observations and the responsible mechanisms 
remain unclear.

•		 Substantial ozone losses could occur if stratospheric aerosol loading were to increase in the next few 
decades, while halogen levels are high.  Stratospheric aerosol increases may be caused by sulfur contained in 
volcanic plumes entering the stratosphere or from human activities. The latter might include attempts to geoen-
gineer the climate system by enhancing the stratospheric aerosol layer.  The ozone losses mostly result from 
enhanced heterogeneous chemistry on stratospheric aerosols.  Enhanced aerosol heating within the stratosphere 
also leads to changes in temperature and circulation that affect ozone.

•		 Surface ultraviolet (UV) levels will not be affected solely by ozone changes but also by the effects of cli-
mate change and by air quality change in the troposphere.  These tropospheric effects include changes in 
clouds, tropospheric aerosols, surface reflectivity, and tropospheric sulfur dioxide (SO2) and nitrogen dioxide 
(NO2).  The uncertainties in projections of these factors are large.  Projected increases in tropospheric ozone are 
more certain and may lead to reductions in surface erythemal (“sunburning”) irradiance of up to 10% by 2100.  
Changes in clouds may lead to decreases or increases in surface erythemal irradiance of up to 15% depending 
on latitude.
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Expected Future Changes in Ozone

Full ozone recovery from the effects of ODSs and return of ozone to historical levels are not synonymous.  In this 
chapter a key target date is chosen to be 1980, in part to retain the connection to previous Ozone Assessments.  Noting, 
however, that decreases in ozone may have occurred in some regions of the atmosphere prior to 1980, 1960 return dates 
are also reported.

The projections reported on in this chapter are taken from a recent compilation of CCM simulations.  The ozone 
projections, which also form the basis for the UV projections, are limited in their representativeness of possible futures 
since they mostly come from CCM simulations based on a single GHG emissions scenario (scenario A1B of Emissions 
Scenarios.  A Special Report of Working Group III of the Intergovernmental Panel on Climate Change, Cambridge 
University Press, 2000) and a single ODS emissions scenario (adjusted A1 of the previous (2006) Ozone Assessment).

Throughout this century, the vertical, latitudinal, and seasonal structure of the ozone distribution will be different from 
what it was in 1980.  For this reason, ozone changes in different regions of the atmosphere are considered separately.

•		 The projections of changes in ozone and surface clear-sky UV are broadly consistent with those reported 
on in the 2006 Assessment.

•		 The capability of making projections and attribution of future ozone changes has been improved since the 
2006 Assessment.  Use of CCM simulations from an increased number of models extending through the entire 
period of ozone depletion and recovery from ODSs (1960–2100) as well as sensitivity simulations have allowed 
more robust projections of long-term changes in the stratosphere and of the relative contributions of ODSs and 
GHGs to those changes.

•		 Global annually averaged total column ozone is projected to return to 1980 levels before the middle of 
the century and earlier than when stratospheric halogen loading returns to 1980 levels.  CCM projections 
suggest that this early return is primarily a result of GHG-induced cooling of the upper stratosphere because the 
effects of circulation changes on tropical and extratropical ozone largely cancel.  Global (90°S–90°N) annually 
averaged total column ozone will likely return to 1980 levels between 2025 and 2040, well before the return of 
stratospheric halogens to 1980 levels between 2045 and 2060.

•		 Simulated changes in tropical total column ozone from 1960 to 2100 are generally small.  The evolution of 
tropical total column ozone in models depends on the balance between upper stratospheric increases and lower 
stratospheric decreases.  The upper stratospheric increases result from declining ODSs and a slowing of ozone 
destruction resulting from GHG-induced cooling.  Ozone decreases in the lower stratosphere mainly result from 
an increase in tropical upwelling.  From 1960 until around 2000, a general decline is simulated, followed by 
a gradual increase to values typical of 1980 by midcentury.  Thereafter, although total column ozone amounts 
decline slightly again toward the end of the century, by 2080 they are no longer expected to be affected by ODSs.  
Confidence in tropical ozone projections is compromised by the fact that simulated decreases in column ozone 
to date are not supported by observations, suggesting that significant uncertainties remain.

•		 Midlatitude total column ozone is simulated to evolve differently in the two hemispheres.  Over northern 
midlatitudes, annually averaged total column ozone is projected to return to 1980 values between 2015 and 2030, 
while for southern midlatitudes the return to 1980 values is projected to occur between 2030 and 2040.  The 
more rapid return to 1980 values in northern midlatitudes is linked to a more pronounced strengthening of the 
poleward transport of ozone due to the effects of increased GHG levels, and effects of Antarctic ozone depletion 
on southern midlatitudes.  By 2100, midlatitude total column ozone is projected to be above 1980 values in both 
hemispheres.

•		 October-mean Antarctic total column ozone is projected to return to 1980 levels after midcentury, later 
than in any other region, and yet earlier than when stratospheric halogen loading is projected to return to 
1980 levels.  The slightly earlier return of ozone to 1980 levels (2045–2060) results primarily from upper strato-
spheric cooling and resultant increases in ozone.  The return of polar halogen loading to 1980 levels (2050–2070) 
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in CCMs is earlier than in empirical models that exclude the effects of GHG-induced changes in circulation.  Our 
confidence in the drivers of changes in Antarctic ozone is higher than for other regions because (i) ODSs exert a 
strong influence on Antarctic ozone, (ii) the effects of changes in GHG abundances are comparatively small, and 
(iii) projections of ODS emissions are more certain than those for GHGs.  Small Antarctic ozone holes (areas of 
ozone <220 Dobson units, DU) could persist to the end of the 21st century.

•		 March-mean Arctic total column ozone is projected to return to 1980 levels two to three decades before 
polar halogen loading returns to 1980 levels, and to exceed 1980 levels thereafter.  While CCM simulations 
project a return to 1980 levels between 2020 and 2035, most models tend not to capture observed low tempera-
tures and thus underestimate present-day Arctic ozone loss such that it is possible that this return date is biased 
early.  Since the strengthening of the Brewer-Dobson circulation through the 21st century leads to increases in 
springtime Arctic column ozone, by 2100 Arctic ozone is projected to lie well above 1960 levels.

Uncertainties in Projections

•		 Conclusions dependent on future GHG levels are less certain than those dependent on future ODS levels 
since ODS emissions are controlled by the Montreal Protocol.  For the six GHG scenarios considered by a 
few CCMs, the simulated differences in stratospheric column ozone over the second half of the 21st century are 
largest in the northern midlatitudes and the Arctic, with maximum differences of 20–40 DU between the six 
scenarios in 2100.

•		 There remain sources of uncertainty in the CCM simulations.  These include the use of prescribed ODS mix-
ing ratios instead of emission fluxes as lower boundary conditions, the range of sea surface temperatures and sea 
ice concentrations, missing tropospheric chemistry, model parameterizations, and model climate sensitivity.

•		 Geoengineering schemes for mitigating climate change by continuous injections of sulfur-containing com-
pounds into the stratosphere, if implemented, would substantially affect stratospheric ozone, particularly 
in polar regions.  Ozone losses observed following large volcanic eruptions support this prediction.  However, 
sporadic volcanic eruptions provide limited analogs to the effects of continuous sulfur emissions.  Preliminary 
model simulations reveal large uncertainties in assessing the effects of continuous sulfur injections.

Expected Future Changes in Surface UV

While a number of factors, in addition to ozone, affect surface UV irradiance, the focus in this chapter is on the 
effects of changes in stratospheric ozone on surface UV.  For this reason, clear-sky surface UV irradiance is calculated 
from ozone projections from CCMs.

•		 Projected increases in midlatitude ozone abundances during the 21st century, in the absence of changes 
in other factors, in particular clouds, tropospheric aerosols, and air pollutants, will result in decreases in 
surface UV irradiance.  Clear-sky erythemal irradiance is projected to return to 1980 levels on average in 2025 
for the northern midlatitudes, and in 2035 for the southern midlatitudes, and to fall well below 1980 values by 
the second half of the century.  However, actual changes in surface UV will be affected by a number of factors 
other than ozone.

•		 In the absence of changes in other factors, changes in tropical surface UV will be small because changes in 
tropical total column ozone are projected to be small.  By the middle of the 21st century, the model projections 
suggest surface UV to be slightly higher than in the 1960s, very close to values in 1980, and slightly lower than 
in 2000.  The projected decrease in tropical total column ozone through the latter half of the century will likely 
result in clear-sky surface UV remaining above 1960 levels.  Average UV irradiance is already high in the tropics 
due to naturally occurring low total ozone columns and high solar elevations.
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•		 The magnitude of UV changes in the polar regions is larger than elsewhere because ozone changes in polar 
regions are larger.  For the next decades, surface clear-sky UV irradiance, particularly in the Antarctic, will 
continue to be higher than in 1980.  Future increases in ozone and decreases in clear-sky UV will occur at slower 
rates than those associated with the ozone decreases and UV increases that occurred before 2000.  In Antarctica, 
surface clear-sky UV is projected to return to 1980 levels between 2040 and 2060, while in the Arctic this is pro-
jected to occur between 2020 and 2030.  By 2100, October surface clear-sky erythemal irradiance in Antarctica 
is likely to be between 5% below to 25% above 1960 levels, with considerable uncertainty.  This is consistent 
with multi-model-mean October Antarctic total column ozone not returning to 1960 levels by 2100.  In contrast, 
by 2100, surface clear-sky UV in the Arctic is projected to be 0–10% below 1960 levels.
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3.1	INTR ODUCTION

The primary goal of the Montreal Protocol and its 
Amendments and Adjustments is to avoid depletion of 
the ozone layer.  Ozone depletion elevates surface ultra-
violet (UV) radiation, thereby posing a threat to Earth’s 
biosphere.  The mechanism used to achieve this goal is 
the control of the production and consumption of anthro-
pogenic ozone-depleting substances (ODSs: see Box 3-1).  
Chapter 5 in this Assessment describes the Montreal Pro-
tocol mechanism in more detail while Chapters 1, 2 and 5 
summarize the success of the Montreal Protocol to date.  
At present, throughout most of the stratosphere, equivalent 
stratospheric chlorine (ESC; see Box 3-1) is significantly 
elevated above natural levels due to the cumulative effect 

of historical emissions of ODSs.  Elevated ESC remains 
the most important anthropogenic perturbation to strato-
spheric ozone.  However, as halogen loading declines in 
the future, other factors are expected to displace ODSs as 
the dominant influence on ozone.  Perhaps the most im-
portant of these are continued and increasing emissions 
of long-lived greenhouse gases (GHGs).  For example, 
GHGs affect ozone directly because they act as strato-
spheric source gases for ozone-destroying radicals (e.g., 
methane (CH4) and nitrous oxide (N2O)) and indirectly 
because they change temperatures (predominantly carbon 
dioxide (CO2)).

This chapter builds on and extends Chapter 5 of the 
2006 Ozone Assessment (“Climate-Ozone Connections,” 
Baldwin and Dameris et al., 2007) by assessing the most 

Box 3-1.  Measures of Atmospheric Halogens

In this chapter, as in the 2006 Ozone Assessment (hereafter also cited as WMO (2007)), ozone-depleting sub-
stances (ODSs) are defined as those gases of anthropogenic origin controlled under the Montreal Protocol.  Principal 
ODSs are chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), halons, carbon tetrachloride, 1,1,1-trichlo-
roethane (methyl chloroform), and methyl bromide.  These gases are useful in meeting global application demands, for 
example, in refrigeration, air conditioning, insulating foams, and fumigation, but contain the halogens (chlorine and/
or bromine atoms) which, when released, react to destroy stratospheric ozone.  Other gases emitted in human activities 
(e.g., methane (CH4) and nitrous oxide (N2O)) also influence ozone (Section 3.2.2), but have not been considered ODSs 
under the Montreal Protocol.

When chlorine and bromine atoms are released from the degradation of ODSs in the stratosphere, they combine 
to form the inorganic chlorine- and bromine-containing compounds that belong to the chemical groups called total inor-
ganic chlorine (Cly) and inorganic bromine (Bry).  The combination of Cly and Bry amounts represents the potential for 
halogens to destroy ozone in a stratospheric air mass.  A measure of this potential is defined as equivalent stratospheric 
chlorine (ESC; Eyring et al., 2007), “equivalent” since it weights Bry with respect to Cly, according to

ESC = Cly + α × Bry 	 (1)

where the units are stratospheric mixing ratio and α is the weighting factor that accounts for the greater effectiveness of 
bromine in ozone destruction compared to the effectiveness of chlorine on a per-atom basis.  In general, α varies with al-
titude, latitude, and time, following changes in Cly and Bry which in turn follow total emissions of organic halogen gases 
at Earth’s surface.  In 2010, α is estimated to be ~60 in the lower stratosphere and ~5 in the upper stratosphere (Sinnhuber 
et al., 2009).  ESC can be calculated as a function of latitude, longitude, altitude, and time from distributions of Cly and 
Bry simulated with a chemistry-climate model (CCM).  Some ODSs, such as methyl chloride and methyl bromide, and 
a number of other halogen-containing gases, have natural sources.  These natural emissions are responsible for the low 
background level of ESC.

Deriving ESC directly from observations is hindered by the lack of direct measurements of Cly and Bry.  As an 
alternative, the spatial and temporal distributions of Cly and Bry can be approximated from time series measurements 
of ODS surface concentrations combined with estimated rates at which individual gases release their halogens into the 
stratosphere (so-called fractional release rates) and estimates of the age of air parcels (i.e., the time elapsed since air 
parcels entered the stratosphere at the tropical tropopause; see Box 8-1 of WMO (2007)).  Using these estimates in equa-
tion (1) yields equivalent effective stratospheric chlorine (EESC; see Section 1.4.4), which has been widely used before 
the availability of ESC from CCM outputs.  ESC and EESC are similar in that they both represent aggregate quantities 
that quantify the combined potential of Cly and Bry in a particular air mass to destroy ozone.  They differ in the way in 
which the Cly and Bry inputs are obtained.  For CCMs, ESC is calculated directly from the simulated fields of chlorine- 
and bromine-containing species.  In contrast, EESC is estimated from measured source gas surface concentrations and 
assumptions about their transport and conversion to Cly and Bry in the stratosphere.
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recent literature on the likely effects of increasing GHG 
emissions on future ozone amounts and resultant changes 
in climate parameters.  This chapter also builds on and 
extends Chapter 6 of the 2006 Ozone Assessment (“The 
Ozone Layer in the 21st Century,” Bodeker and Waugh et 
al., 2007) by assessing chemistry-climate model (CCM) 
projections of the evolution of ozone through the 21st 
century.  The number of available CCMs and CCM sen-
sitivity simulations has significantly increased since the 
previous Assessment.  In contrast to WMO (2007), which 
assessed two- and three-dimensional model simulations 
of future ozone, this chapter assesses ozone projections 
from the current generation of three-dimensional CCMs.  
The simulations used in this chapter are based on those 
from 17 CCMs that participated in the second round of 
a coordinated model intercomparison organized by the 
Chemistry-Climate Model Validation (CCMVal) Activ-
ity (Eyring et al., 2005) of WCRP’s (World Climate Re-
search Programme) SPARC (Stratospheric Processes And 
their Role in Climate) project (hereafter referred to as 
CCMVal-2).  The participating CCMs are listed in Table 
3-1 (see Section 3.3.1) and described in detail in the cited 
literature, in Chapter 2 of SPARC CCMVal (2010), and 
in Morgenstern et al. (2010).  An extensive assessment of 
these CCMs was made in the SPARC CCMVal Report 
(2010), which provides a strong foundation for this chap-
ter.  Results presented in that report are augmented here 
by including additional reference model simulations, as 
well as sensitivity simulations in which either greenhouse 
gas (GHG) or ODS levels are kept fixed at 1960 values or 
in which alternative GHG scenarios are used.  The refer-
ence simulations include the most important forcings of 
the long-term evolution of ozone and provide the primary 
data set of ozone projections used here.  The sensitivity 
simulations, by fixing a single forcing at a constant base-
line level, permit a quantitative separation of the effects of 
different factors on future ozone.  Thus details of the full 
recovery of ozone from the effects of ODSs (see Box 3-2) 
were determined by quantifying the contribution of ESC 
to future ozone changes and contrasting it with that from 
climate change.

Although interest in the factors affecting surface 
UV has focused primarily on ozone to date, other factors, 
some related to changes in climate, will play an increas-
ingly important role in modulating future surface UV lev-
els as the ozone layer recovers.  This chapter builds on 
and extends the prognostic aspects of Chapter 7 of the 
2006 Ozone Assessment (“Surface Ultraviolet Radiation: 
Past, Present, and Future,” Bais and Lubin et al., 2007), 
with a primary focus on the role of ozone in affecting the 
future evolution of UV.  While a brief discussion of the 
non-ozone factors affecting surface UV is included in this 
chapter, it primarily serves as a link to the UNEP (United 

Nations Environment Programme) Environmental Effects 
Assessment Panel report (UNEP, 2010).

While ESC is projected to return close to historical 
levels during the 21st century, global ozone amounts are 
not necessarily expected to return close to their respective 
historical levels over the same period because factors other 
than ESC will increasingly affect future ozone amounts.  
Therefore, this chapter reports both the dates when ESC, 
ozone, and UV return to some respective historical values, 
and the dates when ozone is no longer expected to be in-
fluenced by ODSs (Box 3-2).  Annual mean total column 
ozone and surface UV may not necessarily return to his-
torical levels at the same time.  Summertime ozone exerts a 
greater influence on annual mean surface UV than ozone in 
other seasons, and so it is the return of summertime ozone 
to historical levels that is more relevant for surface UV.

The scope of this chapter includes providing a dis-
cussion framework that accommodates a wide variety of 
factors beyond ODSs that affect ozone.  In some regions of 
the atmosphere, for example in the Antarctic lower strato-
sphere, the steep decline in springtime ozone until ~2000 
is projected to be followed by a slow increase back to 1980 
levels during the latter half of the 21st century, mirroring 
what is expected from changes in ESC over that period.  In 
the tropical upper stratosphere, where the effects of GHG-
induced cooling are significant, ozone concentrations 
could significantly exceed 1960 or 1980 values by the end 
of the 21st century.  These changes are necessarily larger 
than what would be expected from ESC declines alone.  In 
contrast, in the tropical lower stratosphere, ozone shows 
little sensitivity to stratospheric halogen loading and is 
more strongly influenced by long-term changes in atmos
pheric circulation.  This chapter, in addition to addressing 
the full recovery of ozone from ODSs, explores a suite 
of scenarios for future ozone in different regions of the 
atmosphere, and the impact of projected ozone changes 
on surface UV.

Section 3.2 details how future changes in strato-
spheric halogen loading will affect the future evolution 
of ozone (the primary focus in this chapter), describes 
other factors that will affect future ozone, and discusses 
how ozone and other factors will affect future surface UV.  
Section 3.3 begins by noting the recent improvements in 
ozone projections compared to those presented in WMO 
(2007) and by describing the CCMs, the emissions sce-
narios to which they were applied, and their evaluation.  
Section 3.3 focuses mainly on long-term CCM projec-
tions of stratospheric ozone based primarily on a common 
reference scenario.  In addition to this reference scenario, 
a number of sensitivity simulations allow the two most 
important factors affecting future ozone (i.e., ODSs and 
GHGs) to be quantitatively disentangled.  These results 
form the basis for statements regarding the milestones of 
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full ozone recovery from the effects of ODSs.  Section 3.4 
builds on the ozone projections in Section 3.3 to detail how 
future surface UV radiation will be affected by changes 
in ozone and provides a point of connection between this 
Ozone Assessment and the UNEP Environmental Effects 
Assessment Panel report (UNEP, 2010).

3.2	 FACTORS AFFECTING FUTURE OZONE 
AND SURFACE UV

This section discusses the factors that will affect the 
future evolution of stratospheric ozone and consequently 
UV reaching the surface.  While the primary focus remains 
on ODS emissions and the associated increase in strato-
spheric halogen loading (Section 3.2.1), developments 

since WMO (2007) have highlighted the potentially impor-
tant roles of nitrous oxide (N2O) emissions (Section 3.2.2) 
and anthropogenic enhancements of the stratospheric 
sulfate aerosol layer, from both increased surface sulfur 
emissions (Section 3.2.5) and possible geoengineering 
actions (Section 3.2.6).  New research has also advanced 
our understanding of how the Brewer-Dobson circulation 
(BDC) is likely to change (Section 4.2.2 of Chapter 4 of 
this Assessment) and affect future ozone (Section 3.2.4.1).  
The increase in GHG emissions and subsequent changes 
in climate, including cooling of the stratosphere (Section 
3.2.3), is an overarching theme linking many of the fac-
tors likely to affect ozone in the future.  Evaluating the 
recovery of ozone from ODSs involves all of these factors, 
in addition to ODSs.  As ESC levels decline in the future, 
the factors that act to amplify the effects of ESC on ozone 

Box 3-2.  Ozone Return Dates and Full Ozone Recovery

The context for the discussion of future ozone in this chapter is provided by defining two distinct milestones in the 
future evolution of ozone.  These quantitative milestones are motivated by the need to answer questions often put forth 
by policymakers and the public, viz.:

1.	 When do we expect ozone to return to levels typical of some earlier time?
2.	 When do we expect ozone to no longer be significantly affected by ozone-depleting substances (ODSs)?

Identifying the first milestone requires no attribution to the separate factors affecting ozone and, hence, can be 
evaluated directly from time series of observed or simulated ozone.  If ozone has already returned to levels typical of 
some target year, measurements alone can be used to address this milestone and answer the related question.  Since this 
is not the case for the target years considered here (i.e., 1960 and 1980), the expected return of ozone to these historical 
levels is evaluated here instead from multi-model mean chemistry-climate model (CCM) projections.  The selection of 
a target year, and its associated ozone level, should not be interpreted as selecting past states defined by the absence of 
significant ozone depletion from ODSs.

In this chapter a key target date is chosen to be 1980 in order to retain a connection to previous Ozone Assess-
ments.  Noting, however, that decreases in ozone may have occurred in some regions of the atmosphere prior to 1980, 
1960 return dates are also presented and discussed.  Evaluating return dates is relevant for gauging when the adverse 
impacts of enhanced surface ultraviolet radiation on human health and ecosystems caused by ozone depletion are likely 
to become negligible.  In addition, the return dates of ozone to historical levels in some regions are also valuable in dem-
onstrating the effectiveness of policies that have abated anthropogenic ODS emissions if ODSs have been the dominant 
driver of ozone changes in those regions.

Identifying the second milestone is equivalent to assessing when the third stage of ozone recovery, so-called “full 
ozone recovery from ODSs” as defined in WMO (2007), has or is expected to occur.  This, by definition, requires an 
attribution of projected changes in ozone to different factors, since ozone is not affected by ODSs alone.  The required 
attribution can be obtained using idealized CCM simulations that hold certain model forcings fixed in conjunction with 
reference simulations that include the most important forcings for the long-term evolution of ozone.  The reference and 
idealized simulations also provide a method, based on a subjective statistical test, for quantifying what is meant by “no 
longer significantly affected by ODSs” (Section 3.3.6).  When analyzing CCM simulations for full ozone recovery from 
ODSs as defined here, the choice of 1960 as the start date implicitly assumes that the contribution of anthropogenic emis-
sions of ODSs to equivalent stratospheric chlorine (ESC) prior to 1960 was negligible.  However, ESC in 1960 was not 
zero because of the contribution of natural sources of halogens (see Box 3-1).  If the sensitivity of ozone destruction to 
stratospheric halogen loading does not change with time, this milestone is equivalent to a return of ESC to 1960 levels.  
This definition has the advantage that it directly assesses the effectiveness of the Montreal Protocol in model projections 
of ozone but requires the additional step of attributing observed or modeled changes in ozone to ODS and other factors.

Both milestones defined above can be evaluated for total column ozone or vertically resolved ozone, averaged 
globally or averaged over some region of the atmosphere.
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(e.g., stratospheric aerosols) will decline in importance, 
while other factors, especially those related to GHGs and 
climate change, will emerge to dominate the long-term 
evolution of ozone.  Attributing past and future changes 
in ozone to these different factors is essential to identify 
the stages of ozone recovery.  Furthermore, because ozone 
protection policy governs only ESC (by limiting emissions 
of ODSs), evaluating the effectiveness of such policy re-
quires attributing observed and projected ozone changes 
to ESC and other factors.  While the discussion of UV in 
this section is primarily focused on the effects of future 
changes in stratospheric ozone on surface UV (Section 
3.2.7), research since WMO (2007) has mostly dealt with 
other factors affecting surface UV, which are summarized 
briefly in Section 3.2.8.

3.2.1	S tratospheric Halogen Loading

At present, and for much of the 21st century, elevat-
ed stratospheric halogen loading is expected to remain the 
most important factor affecting stratospheric ozone.  In the 
model simulations of 21st century ozone made in support 
of WMO (2007), ODSs were prescribed at the surface ac-
cording to the Ab “best guess” scenario of WMO (2003) 
(Eyring et al., 2007).  This scenario was superseded by the 
“baseline” halogen scenario A1 defined in WMO (2007), 
which prescribes halogen loadings higher than in Ab.  
There are notable differences between the two scenarios.  
The A1 scenario includes larger emissions of chlorofluo-
rocarbon-11 (CFC-11) and CFC-12 after 2010 due to their 
larger estimated banks.  Increases in projected hydrochlo-
rofluorocarbon-22 (HCFC-22) emissions, due to expecta-
tions of greater future use in A1 than in the Ab scenario, 
are also important.  However, at the 2007 Meeting of the 
Parties to the Montreal Protocol, the Parties agreed to an 
earlier phase-out of HCFCs, with nearly a full phase-out 
in developing countries (Article 5) by 2030.  Scenario A1 
does not include this phase-out.  Hence, a new scenario 
has been developed that includes this phase-out.  This 
adjusted A1 scenario has been used in the model simula-
tions performed in support of the present Assessment.  In 
this new scenario, only HCFCs have been adjusted, while 
emissions of CFCs, halons, and other non-HCFC species 
remain identical to the original A1 scenario.

Due to the uncertainty in their future trends, bro-
minated very short-lived substances (VSLS, atmospheric 
lifetime <0.5 year) are not considered in the standard sce-
narios.  As a result, the bromine loading in most CCMs 
used in support of the previous and current Assessments is 
only determined by the projected evolution of long-lived 
organic source gases methyl bromide (CH3Br) and halons 
(halon-1211, halon-1202, halon-1301, and halon-2402).  
However, observations suggest that the stratospheric bro-
mine loading is 5+

– 32  parts per trillion (ppt) higher than can 

be explained by tropospheric levels of CH3Br and the 
halons.  This additional bromine (~5 ppt out of the cur-
rent total of ~20 ppt) may likely come from short-lived 
bromine-containing compounds (see Chapter 1; WMO, 
2007).  The degradation of those species could release a 
substantial amount of bromine into the tropical tropopause 
layer (TTL) and lowermost stratosphere.  The average 
photochemical lifetime of VSLS is comparable with, or 
shorter than, the average transport time scales in the TTL, 
which vary from rapid in deep convection to slow outside 
of regions of deep convection.  This may lead to a highly 
variable distribution of bromine injections in the form of 
VSLS into the tropical lower stratosphere, as some sur-
face and balloon observations suggest (see Section 1.3.1 
and references therein).  There is also uncertainty in how 
dehydration and wet removal of degradation products of 
VSLS occur (Sinnhuber and Folkins, 2006).  Current and 
future trends in brominated VSLS are difficult to deter-
mine.  VSLS, and their rapid vertical transport through the 
troposphere, are also very difficult to describe in global 
models and are not explicitly treated in the CCMs used 
here.  Together, these gaps in our understanding of the 
stratospheric bromine budget are a source of uncertainty 
in long-term projections of stratospheric halogen loading 
and hence ozone.

3.2.2	S tratospheric Reactive Nitrogen and 
Hydrogen Levels

Natural ozone loss in the absence of chlorine is pri-
marily due to the chemical effects of nitrogen (NOx) and 
hydrogen (HOx) radicals.  NOx and HOx levels are con-
trolled by the amount of the long-lived source gases N2O, 
H2O, and CH4 which are also GHGs.  Since the levels of 
these source gases are affected by anthropogenic emis-
sions and/or climate change, their future evolution will 
influence ozone through changes in NOx and HOx.

The amount of NOx in the stratosphere is largely 
controlled by the amount of N2O entering at the tropical 
tropopause (of which approximately 10% is converted to 
NOx).  The preindustrial level of N2O was ~270 parts per 
billion (ppb) and the present level is ~320 ppb.  Future 
changes in ozone due to NOx increases have been evaluat-
ed using model simulations based on scenarios for the 21st 
century that include projected N2O emissions (Randeniya 
et al., 2002; Chipperfield and Feng, 2003; Portmann and 
Solomon, 2007).  It was shown that several percent of glob-
al total ozone loss is possible by 2100 due to increases in 
anthropogenic N2O.  The effects of increasing N2O levels 
on ozone depend on altitude.  The resulting NOx increase 
causes ozone losses in the middle stratosphere, centered 
just above the ozone concentration maximum, while chlo-
rine and hydrogen radicals destroy ozone predominately 
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in both the lower and upper stratosphere (see Figure 3-1).  
Interactions between halogen and nitrogen species cause 
nitrogen species to be less effective at destroying ozone 
in the lower stratosphere while halogen levels remain el-
evated.  In contrast, temperature decreases cause a faster 
chemical loss of total reactive nitrogen (NOy) and hence 
NOx (nitrogen oxides, NO + NO2) in the upper strato-
sphere (Rosenfield and Douglass, 1998).  Because of these 
effects, the changes in active nitrogen species levels and 
in the amount of ozone destroyed by those species are not 
expected to follow the change in N2O levels.

The efficiency of N2O emissions in destroying 
stratospheric ozone can also be compared to that of ODSs.  
Ravishankara et al. (2009) computed the Ozone Depletion 
Potential (ODP, see Chapter 5) of N2O in the same way 
that it is computed for halogen source gases.  Surprisingly, 
they found that the ODP-weighted anthropogenic emis-
sions of N2O were larger than those of any chlorine-
containing source gas emitted in 2008.  Moreover, they 
also found that the ODP-weighted anthropogenic emis-
sions of N2O were already significant in 1987 when CFC 
emissions were peaking.  This result is partly due to the 
long lifetime of N2O (approximately 125 years) since the 
ODP is weighted by the ozone depletion over the lifetime 
of the gas.  Further study is needed to characterize the 

effects of N2O emissions and carefully examine the 
tradeoffs with ODSs (see also Section 5.4.2.2).

Future levels of HOx will be mostly determined by 
changes in CH4 emissions and by the amount of H2O en-
tering the tropical stratosphere.  In terms of ozone deple-
tion, these two sources of HOx have differing effects on 
ozone.  Increasing H2O tends to enhance the chemical 
ozone loss in the upper stratosphere where H2O is con-
verted to HOx (HOx is the dominant ozone loss cycle in 
the upper stratosphere and mesosphere), whereas increas-
ing H2O leads to a reduction in ozone loss in the middle 
stratosphere because H2O enhances conversion of nitro-
gen dioxide (NO2), the ozone-destroying nitrogen radical, 
into HNO3.  However, when all the radiative and dynami-
cal feedbacks associated with the H2O increase are ac-
counted for in a CCM, the effects on column ozone ex-
hibit a strong hemispheric asymmetry, especially at high 
latitudes (Tian et al., 2009).  Changes in the abundance of 
H2O also have the potential to affect the sulfuric acid aero-
sol size distribution.  However, these H2O-driven aerosol 
changes have been estimated to be negligible (SPARC, 
2006).  Polar stratospheric cloud (PSC) formation and the 
heterogeneous reaction rates on liquid ternary aerosol are 
more sensitive to H2O changes.  H2O increases may be 
expected to enhance PSC formation and hence accelerate 
chemical polar ozone destruction as long as chlorine lev-
els are high enough.  CH4 increases also enhance H2O in 
the stratosphere but additionally cause ozone increases in 
the troposphere and lowermost stratosphere due to direct 
ozone production from methane oxidation.  The net effect 
of increases in CH4 levels on global ozone is expected to 
be ozone production (Randeniya et al., 2002).  Thus it 
is important to assess the sources of H2O changes in the 
stratosphere to predict the net effect on ozone.

H2O increased in the stratosphere in the latter part 
of the 20th century but showed a sustained decrease after 
2000 (Randel et al., 2006).  Increases in CH4 levels have 
caused part of this H2O increase in the middle and upper 
stratosphere but not in the lower stratosphere (Rohs et al., 
2006).  In addition, the separation of the climate change 
signal from natural variability has proved difficult (Garcia 
et al., 2007; Austin et al., 2007; Oman et al., 2008).

3.2.3	S tratospheric Temperatures

Because of the temperature dependence of gas-
phase chemical reaction rates and the formation of PSCs, 
stratospheric temperatures have a large impact on ozone 
abundances.  A cooling of the middle and upper strato-
sphere increases ozone by slowing gas-phase destruction 
rates.  In contrast, a cooling of the polar lower stratosphere 
is expected to enhance PSC formation which, when halo-
gen levels are elevated, favors ozone destruction.  In the 
Antarctic, where temperatures are already well below the 
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Figure 3-1.  The change in global average ozone 
concentrations (Dobson units per kilometer) due to 
a 100 ppt increase in CFC-11 and a 20 ppb increase 
in N2O for year 2000 levels of source gases and 
background aerosol conditions computed with the 
NOCAR 2-D model (Portmann et al., 1999).  The 
global average ozone profile for the same conditions 
is also shown.  Note that in order to illustrate differ-
ences in the ozone loss profiles, the relative sizes of 
the CFC-11 and N2O perturbations were chosen to 
achieve ozone loss peaks of the same magnitude.  
Adapted from Figure S1 of the supplementary mate-
rial from Ravishankara et al. (2009).
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thresholds of PSC formation, additional cooling is likely 
to have less of an effect than in the Arctic, where strato-
spheric temperatures are closer to the thresholds of PSC 
formation.  Predictions of future changes in ozone must 
therefore account for future changes in temperature.

Stratospheric temperatures are controlled by a com-
bination of radiative and dynamical processes (see also 
Section 4.3.1).  Since regional heating and cooling by dy-
namical processes tend to cancel out in the global mean, 
the global mean temperature is in radiative equilibrium to 
a good approximation (e.g., Fomichev et al., 2002).  Dy-
namical processes, on the other hand, lead to latitudinal 
variations in heating and cooling.  For example, the pro-
jected strengthening of the BDC in response to increasing 
GHG levels (Section 4.3.2) causes adiabatic cooling of 
the tropical lower and middle stratosphere, and adiabatic 
warming at high latitudes (Section 3.2.4).

Current CCMs are reasonably good at reproducing 
the Stratospheric Sounding Unit/Mesospheric Sounding 
Unit (SSU/MSU) record of observed changes in strato-
spheric temperature since 1979 (Figure 4-10, and Section 
4.3; Gillett et al., 2010).  The multi-model ensemble ap-
proximately captures the magnitude of observed global 
mean cooling in the upper and lower stratosphere, as well 
as the volcanic warming and the recent leveling off of 
lower stratospheric temperatures (Section 4.3.1).  None-
theless, discrepancies between individual models and the 
observations may still be significant, and there are some 
clear areas of disagreement between the models and obser-
vations, such as in SSU channel 26 after 1995.  However, 
the uncertainties in the observations remain poorly quan-
tified (Randel et al., 2009).  Thus it is possible that this 
discrepancy results from observational errors rather than 
from a common bias in the CCMVal models.  Over the 21st 
century CCMVal-2 models simulate a continued strong 
cooling of the middle to upper stratosphere of 4–10 K in 
the tropics, due to increasing GHG concentrations (Figure 
3-2(e)).  Weaker cooling is simulated lower down in the 
stratosphere, and little change in temperature is simulated 
in the lowermost stratosphere due to the competing effects 
of ozone recovery and continued GHG increases.

3.2.4	T ransport and Dynamics

3.2.4.1	 Brewer-Dobson Circulation

As described in Section 4.2.2, the BDC is the strato-
spheric overturning circulation that transports air upward 
in the tropics, poleward at midlatitudes, and downward 
at middle and high latitudes, and so plays a crucial role 
in determining the meridional distribution of ozone and 
long-lived trace gases.  Climate models and CCMs con-
sistently predict an acceleration of the BDC in response 

to climate change, producing a trend of ~2% per decade 
in net upward mass flux in the tropical lower stratosphere 
in the multi-model mean (Section 4.3.2).  An acceleration 
of the BDC would increase the rate at which ODSs are re-
moved from the stratosphere (Butchart and Scaife, 2001), 
thus advancing ozone recovery.  However, this removal 
mechanism is not represented in current CCMs as a conse-
quence of the lower boundary condition for ODSs where 
mixing ratios, not fluxes, are specified (Section 3.3.7).  An 
accelerated BDC would also increase the rate at which 
other gases such as N2O and CH4 get into the stratosphere, 
which would in turn affect the lifetimes of these gases and 
the evolution of ozone.  In addition, the projected increase 
in the strength of the BDC would decrease ozone in the 
tropical lower stratosphere where ozone-poor air of tropo-
spheric origin enters and rises slowly in relative isolation 
within this region.  During the transit through the tropi-
cal lower stratosphere, ozone is continuously produced 
by molecular oxygen (O2) photolysis within the rising air.  
As a result, tropical lower stratospheric ozone content is 
mostly determined by a balance between the rate of ozone 
production (i.e., from photolysis of O2) and the rate at 
which the air is transported through and out of the tropical 
lower stratosphere (essentially the rate of ascent and, to a 
lesser extent, mixing with the subtropics) (Avallone and 
Prather, 1996).  A faster transit of air through the tropi-
cal lower stratosphere from an enhanced BDC would ulti-
mately lead to less time for production of ozone and hence 
lower ozone levels in this region.  In contrast, ozone levels 
would increase in the extratropical lower stratosphere due 
to increased downward transport of ozone-rich air from 
above.  This latitudinal dependence is illustrated in Fig-
ure 3-3, which shows 1970 to 2090 changes in the resid-
ual vertical velocity w− * at 70 hPa and the corresponding 
changes in total column ozone from an ensemble of simu-
lations using one CCM, the Canadian Middle Atmosphere 
Model (CMAM) (McLandress and Shepherd, 2009a).  The 
close correspondence between changes in w− * and ozone (a 
negative correlation) highlights the potential importance 
of future changes in the strength of the BDC on ozone.  
However, the fact that the modest modeled increases in 
the strength of the BDC to date are difficult to detect in the 
currently available measurements (Section 4.2.2) suggests 
that some caution should be exercised when diagnosing 
projected future changes in ozone in the light of expected 
changes in the BDC.

3.2.4.2	 Vortex Integrity and Mixing

Future changes in the shape and strength of the polar 
vortex and in the frequency and strength of sudden strato-
spheric warmings (SSWs) will likely alter meridional trans-
port which will in turn affect polar ozone.  Charlton-Perez 
et al. (2008) diagnose a significant increase in major SSW 
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Figure 3-2.  Vertical profile results of the Multiple Linear Regression (MLR) analysis for the CCMVal-2 models 
(described in Table 3-1) in the latitude band 10°S–10°N.  (a) Ozone in the year 2000 (parts per million) versus 
pressure (hectoPascals), (b) Ozone change from 2000 to 2100, (c) ESC change (parts per billion) from 2000 to 
2100, (d) ESC-congruent ozone change.  (e) and (f) are the same as (c) and (d), except for temperature.  From 
Chapter 9 of SPARC CCMVal (2010), their Figure 9.4.
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frequency of 1 event per decade between 1960 and 2099 
in the Atmospheric Model with TRansport and Chemistry 
(AMTRAC) using a crossing method based on transition 
from westerlies to easterlies to detect major SSWs.  How-
ever, using a criterion for major SSW occurrence based on 
the amplitude of the Northern Annular Mode and simula-
tions from the CMAM, McLandress and Shepherd (2009b) 
showed that the future increase in the frequency of major 
SSWs in that model was a consequence of changes in the 
underlying climatology (i.e., mean vortex strength) and did 
not mean an increase in stratospheric variability.  A recent 
study by Bell et al. (2010), however, found an increase in 
both stratospheric variability and major SSW frequency in 
simulations using enhanced GHG concentrations. Clearly, 
a consensus on the impact of stratospheric climate changes 
on vortex variability has not yet been reached, and cleanly 
separating changes in vortex variability from changes in 
the mean vortex strength remains a challenge.

The isolation of the polar vortex in conjunction with 
mixing across the vortex edge is an important dynamical 
regulator for ozone amounts at high latitudes (e.g., Stra-
han and Polansky, 2006) and midlatitudes (Braesicke and 
Pyle, 2003; Hadjinicolaou and Pyle, 2004; Wohltmann et 
al., 2007).  Assessments of observed and modeled chang-
es in stratospheric mixing are sparse.  Garny et al. (2007) 
diagnosed recent trends in stratospheric mixing on select-
ed isentropic surfaces in the lower stratosphere and found 
substantial differences for different heights, horizontal 
regions and seasons, with, for example, long-term posi-
tive trends in mixing in southern midlatitudes at 450K 
nearly year-round and negative trends in southern high 
latitudes at 650K from May to August.  In models, the 
choice of vertical resolution (Rind et al., 2007) and ad-
vection algorithm (Stenke et al., 2008) plays an important 
role.  Modeling the 2002 major warming in the Southern 
Hemisphere, Konopka et al. (2005) diagnosed a larger de-
gree of isolation than for similar events in the Northern 
Hemisphere.  Changes in Antarctic vortex isolation at the 

end of the 21st century have been examined for a sub-
set of CCMs (Chapter 5 of the SPARC CCMVal Report, 
2010).  Some of the models analyzed indicate increased 
mixing between the vortex and midlatitudes above 1000K 
(~35 km) in the future, suggesting that winter planetary 
wave activity may have increased in the models.  In this 
model intercomparison, no consensus could be found as 
to how the Antarctic vortex size and depth may change 
toward 2100.  Note that the link between the modeled 
strengthening of the BDC and changes in mixing is not 
straightforward.  Therefore, based on current knowledge, 
we cannot judge with high confidence how mixing across 
vortex barriers will change in the future and how this will 
affect ozone.

3.2.5	 Background and Volcanic 
Stratospheric Aerosols

A layer of sulfuric acid aerosol is present at all 
latitudes in the lower stratosphere.  During volcanically 
quiescent periods (also called “background” conditions), 
the dominant source of this aerosol layer is thought to be 
carbonyl sulfide photolysis and, possibly, sulfur enter-
ing the stratosphere in the form of sulfur dioxide (SO2) 
(SPARC, 2006).  The other major source of sulfur to the 
stratosphere is volcanoes.  Chapters 3 and 6 of WMO 
(2007) (Chipperfield and Fioletov et al., 2007; Bodeker 
and Waugh et al., 2007) contain an in-depth discussion 
of volcanic aerosols and their effects on ozone.  Chap-
ter 8 of the CCMVal report (SPARC CCMVal, 2010) 
contains recent modeling intercomparisons of volcanic 
effects on ozone.

Volcanic eruptions can inject large amounts of 
sulfur directly into the stratosphere.  This can consider-
ably enhance the stratospheric aerosol layer (or Junge 
layer) for several years.  Such an effect was observed 
after the eruptions of El Chichón in 1982 and Mt. 
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Pinatubo in 1991.  The enhanced stratospheric aerosol 
loading can lead to very significant ozone depletion on 
a global scale, as was both observed and modeled after 
these eruptions.  The ozone depletion is mostly due to 
heterogeneous reactions on sulfuric acid aerosol parti-
cles that convert halogen reservoir species into more re-
active forms.  The overall chemical changes include an 
increase in halogen radicals at the expense of nitrogen 
radicals.  Thus, the net effect on ozone depends primar-
ily on the stratospheric halogen loading, changing for 
instance from ozone decreases when chlorine loading 
is high to small ozone increases when chlorine loading 
is low (Tie and Brasseur, 1995).  As a result, the po-
tential for ozone depletion from enhanced aerosol load-
ing is expected to decline as ESC decays toward natural 
levels late in the 21st century.  The future recovery of 
ozone would be temporarily interrupted by large vol-
canic eruptions, especially during the first half of the 
21st century.  Small volcanic eruptions can also influ-
ence ozone, as was found in aircraft measurements that 
probed the Hekla, Iceland, volcanic plume in the lower-
most stratosphere (Millard et al., 2006).  The volcanic 
plume contained high SO2 levels and very low ozone 
levels, near zero in places, and was still 30% depleted 
two weeks after.  Simulations using a three-dimensional 
(3-D) chemistry-transport model (Chipperfield, 2006) 
showed that increased heterogeneous activation of chlo-
rine due to elevated H2O and HNO3 from the volcanic 
plume was the likely cause of the ozone loss.  Events 
such as these would not be expected to cause widespread 
ozone loss because of both the small size of the erup-
tion and the short residence time of volcanic aerosols 
in the lowermost stratosphere.  The analyses of these 
events do, however, confirm the link between aerosols 
and ozone depletion.

By virtue of their optical properties, aerosols also 
impact the radiative balance of the atmosphere and, 
hence, can affect stratospheric temperatures and dynam-
ics substantially.  Since the previous Assessment, several 
studies have attempted to separate the chemical and dy-
namical signals in the ozone response following the Mt. 
Pinatubo eruption.  Using a two-dimensional model 
forced with meteorological analyses, Fleming et al. 
(2007) showed that, while the chemical ozone destruc-
tion due to halogen chemistry on volcanic aerosols took 
place in the lower stratosphere in both hemispheres, dy-
namical effects acted to decrease (increase) total column 
ozone in the Northern (Southern) Hemisphere.  This re-
sult was confirmed by Telford et al. (2009) using a CCM 
nudged toward meteorological analyses.  They found 
that, in addition to the ~10 Dobson unit (DU) chemical 
ozone loss in both hemispheres following the Mt. Pina-
tubo eruption, the quasi-biennial oscillation (QBO) (see 
Chapter 2) increased ozone by ~10 DU in the Southern 

Hemisphere and decreased ozone by ~10 DU in the 
Northern Hemisphere.  These two modeling studies con-
firm the earlier work of Hadjinicolaou et al. (1997) that 
demonstrated the existence of a large dynamical effect 
on ozone following the eruption.

From long-term aerosol measurements, it has been 
suggested that background stratospheric aerosol levels 
have been increasing in the last decade possibly due to en-
hanced tropospheric SO2 background (see Sections 2.4.3.3 
and 4.1.4 in Chapters 2 and 4 of this Assessment).  There 
are a few reasons why a change in background aerosol lev-
els could significantly affect ozone while chlorine levels 
remain elevated.  First, halogen radical levels (and thus 
ozone loss) increase more strongly with aerosol loading 
when the aerosol loading is small, because the halogen ac-
tivation saturates at high aerosol loadings due to the reduc-
tion of dinitrogen pentoxide (N2O5).  Second, depending 
on the cause of this observed aerosol increase, it is pos-
sible that the increases may be larger at lower altitudes, 
where halogen radicals impact ozone most strongly.  Thus, 
the potential for significant changes in background aerosol 
levels remains an uncertainty in predicting ozone changes 
in the coming decades.

3.2.6	 Geoengineering by Sulfate 
Aerosol Injection

Doubts regarding the effectiveness of current in-
ternational agreements to restrict emissions of GHGs to 
the atmosphere to mitigate climate change have led to a 
debate about the possibility of intentionally modifying 
climate through large-scale geoengineering actions; see 
Crutzen (2006) and a series of replies in a special issue 
of Climatic Change (vol. 77, no. 3-4, 2006).  Such cli-
mate engineering schemes, if ever applied, might impact 
stratospheric ozone (Royal Society, 2009).  Proposed 
schemes and uncertainties in their implementation are 
discussed in Chapter 5 of this Assessment (Section 
5.4.2.4).  Present knowledge strongly suggests that the 
addition of sunlight-reflecting sulfuric acid aerosols into 
the stratosphere would have large impacts on the future 
evolution of stratospheric ozone and as such should be 
considered alongside the other factors discussed in this 
chapter.

As discussed in the previous section, observations 
show a marked decrease in global ozone following the 
explosive volcanic eruptions of El Chichón in 1982 and 
Mt. Pinatubo in 1991.  The primary reason for this en-
hanced ozone loss is the enhanced activation of strato-
spheric chlorine on volcanic aerosol particles (Kinnison 
et al., 1994; Solomon et al., 1996; Portmann et al., 1996; 
Tilmes et al., 2008b).  Similar effects are expected for 
geoengineered stratospheric aerosol enhancements.  An 
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illustration of the impact of an enhanced stratospheric 
aerosol layer on chemical ozone loss is shown in Fig-
ure 3-4 (Tilmes et al., 2008a).  For large, geoengineered, 
stratospheric aerosol loadings that appear to be required 
for significant climate change mitigation, model esti-
mates suggest that chlorine activation could be more than 
doubled in the Arctic if it is implemented in the next 20 
years, resulting in Arctic ozone depletion of 200–230 DU 
during very cold winters (comparable to the total amount 
of available ozone in the Arctic lower stratosphere).  As 
stratospheric halogen levels decline over the 21st century, 
the impact of an enhanced aerosol layer on chlorine ac-
tivation would be reduced but would still be significant.  
The expected recovery of the Antarctic ozone hole could 
be delayed by between 30 to 70 years depending on the 
assumed geoengineered aerosol size distribution (Tilmes 
et al., 2008a).

Further understanding of the consequences of 
geoengineering for stratospheric ozone and climate has 
been gained from numerical model simulations initially 
using global climate models (Matthews and Caldeira, 
2007; Caldeira and Wood, 2008; Rasch et al., 2008; Rob-
ock et al., 2009) and, more recently, CCMs (Tilmes et 
al., 2009; Heckendorn et al., 2009).  The CCM investiga-
tions confirm the empirical results of Tilmes et al. (2008a) 
that stratospheric sulfate injection could enhance strato-
spheric ozone depletion in both the Arctic and Antarctic 
while the levels of halogens remain elevated.  Tilmes et 
al. (2009) quantified the impact of an enhanced burden of 
stratospheric sulfur on the ozone layer including the im-
pacts on stratospheric dynamics and transport during the 
period when the stratospheric halogen loading is projected 
to slowly decline (Newman et al., 2007).  Model calcula-
tions with a fixed enhanced sulfate aerosol loading (large 
enough to counteract the forcing generated by a doubling 
of CO2 abundance with respect to preindustrial values) 
predict a one- to two-fold increase in Arctic ozone deple-
tion due to a stronger polar vortex and lower temperatures 
(Rasch et al., 2008).  The impact on midlatitude ozone was 
calculated to be smaller for 2050 chlorine levels (Tilmes et 
al., 2009).  An additional risk is the possible occurrence of 
a large volcanic eruption, further increasing the amount of 
sulfur in the stratosphere (Tilmes et al., 2009).

Significant uncertainty remains regarding the be-
havior of artificially injected stratospheric aerosol, since 
the coagulation and settling of aerosol is strongly depen-
dent on the injection scenario.  Aerosol heating, in particu-
lar at the tropical tropopause, could also result in enhanced 
amounts of water vapor entering the stratosphere (Hecken-
dorn et al., 2009), which would cause stratospheric ozone 
loss.  According to CCM simulations of predicted 2050 
conditions (Tilmes et al., 2009; Heckendorn et al., 2009), 
a geoengineered enhanced aerosol loading would lead to 
substantial and coupled changes in stratospheric dynam-
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Figure 3-4.  An illustration of the possible impact of 
geoengineering by stratospheric injection of sulfate 
aerosols on Arctic chemical ozone loss.  The panels 
show estimates of the potential ozone loss (Dobson 
units) from chlorine activation as a function of time for 
different stratospheric aerosol loadings and for two 
types of Arctic winters.  The top panel corresponds 
to cold Arctic winters, conditions that are expected 
to lead to the maximum impact of geoengineering 
on ozone depletion.  The bottom panel is for mod-
erately cold Arctic winters, representative of about 
half of the past 15 Arctic winters.  In each panel, the 
solid and dotted black lines represent the ozone loss 
for a background stratospheric aerosol loading and 
observed stratospheric aerosol loading respectively.  
The red line shows the ozone loss estimated when 
2 teragrams per year (Tg/yr) of stratospheric sulfur 
are added to the stratosphere, starting in 2010 and 
reaching a saturation value of 5.3 Tg of sulfur in the 
form of large volcanic-sized aerosol particles.  The 
blue line corresponds to an alternative geoengineer-
ing scenario assuming the formation of smaller aero-
sol particles.  In this scenario, a smaller injection of 
1.5 Tg of sulfur per year would achieve the same ra-
diative effect necessary to counteract the impact of 
a doubling of atmospheric carbon dioxide concentra-
tions.  Adapted from Tilmes et al. (2008a).
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ics and ozone chemistry, especially in halogen heteroge-
neous chemistry.  To date there have been no investiga-
tions of the impact on ozone caused by a gradual ramp-up 
of the amount of SO2 injected, with the purpose of keep-
ing global average temperature nearly constant (Wigley, 
2006).  Overall, we caution that these ozone projections 
are based on simple scenarios, idealized conditions, and 
on only two CCMs, including one without any aerosol 
microphysics.  Because the ozone response depends on 
complex and competing interactions between chemical, 
aerosol microphysical, radiative, and dynamical processes 
that are represented differently in different models, more 
reliable ozone projections in a hypothetical geoengineered 
climate state require more realistic simulations with a 
range of models.

3.2.7	E ffects of Ozone on Future Surface 
UV

In the 1980s and 1990s, a number of theoretical and 
experimental studies were devoted to quantifying ozone 
effects on UV spectral irradiance reaching the ground (e.g., 
Brühl and Crutzen, 1989; Schwander et al., 1997; Tsay 
and Stamnes, 1992; Madronich et al., 1998; Lapeta et al., 
2000).  Figure 3-5 shows the dependence of erythemal ir-
radiance (СIE, 1993) on total ozone and other atmospheric 
parameters (cloud optical thickness, surface albedo, and 
aerosol optical thickness) within the range of values that 
can be observed in real atmospheric conditions.  To quan-
tify UV radiation, we use here the “erythemally weighted 
irradiance,” or simply “erythemal irradiance,” which is a 

measure of the biological effectiveness of solar UV radia-
tion incident per unit area of human skin and is commonly 
used for public information and awareness.  The effective 
wavelengths of erythemal irradiance lie between 307 and 
325 nm, depending mainly on solar zenith angle and total 
ozone.  Other effects on humans and ecosystems are more 
sensitive to shorter or longer wavelengths of UV radia-
tion, hence ozone-induced changes in the corresponding 
weighted irradiances would be either larger (e.g., for DNA 
damage) or smaller (e.g., for phytoplankton damage) com-
pared to erythemal irradiance.

To estimate the response of UV radiation to ozone 
variations, the radiation amplification factor (RAF) ap-
proach proposed by Booth and Madronich (1994) is 
widely used.  It provides simple but useful estimates of 
different biological weightings of UV irradiance response 
to ozone changes.  For erythemal irradiance, the RAF was 
shown to be about −1.1 (WMO, 1999).  At the same time, 
the influence of ozone on UV irradiance depends on solar 
elevation.  Recently, a simple equation was proposed by 
Madronich (2007) enabling the calculation of erythemal 
irradiance (or the UV Index) under cloud-free skies and 
low surface-albedo conditions as a function of total ozone 
(in the range 200–400 DU), taking into account also the 
effect of solar zenith angle.  The uncertainty of these es-
timates increases for solar zenith angles larger than ~60°.  
However, the application of these approaches can lead to 
random and/or systematic uncertainties in calculating the 
UV response to future total ozone changes because they 
do not account for possible changes in ozone and tempera-
ture profiles.  The influence of aerosols, clouds, and sur-
face albedo are also neglected.

Figure 3-5.  Relative changes (percent) in 
erythemal irradiance due to total ozone, 
cloud optical thickness, surface albedo and 
aerosol optical thickness (AOT) at 308 nm 
for two values of single scattering albedo 
(SSA), calculated for 50° solar zenith angle 
with the Tropospheric Ultraviolet-Visible 
(TUV) v.2 model (Madronich and Flocke, 
1999).  All parameters vary within the range 
observed in real atmospheric conditions.  
Except for the effect of cloud optical thick-
ness, all calculations refer to cloud-free 
skies.  For the calculation of erythemal ir-
radiance changes due to ozone, typical val-
ues were used for the aerosol optical thick-
ness, AOT = 0.31, (Kinne et al., 2006) and 
the single scattering albedo, SSA = 0.94 
(Chubarova, 2009).  For estimating the effects from aerosols, surface albedo, and cloud optical thickness, an 
ozone column of 300 DU was used in the model simulations.
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The effects of the vertical distribution of ozone in 
the troposphere and the stratosphere, as well as the tem-
perature profiles (which affect the ozone cross-sections) 
should be taken into account when calculating the UV 
response to ozone changes (Brühl and Crutzen, 1989; 
Schwander et al., 1997; McKenzie et al., 2003).  As dis-
cussed in Tsay and Stamnes (1992) and Brühl and Crutzen 
(1989), transport of ozone from the stratosphere to the tro-
posphere tends to decrease UV at the surface, but for low 
solar elevation angles an increase may occur.  Changes 
in ozone vertical distribution and temperature profile can 
modify erythemal irradiance by as much as 14%, accord-
ing to Lapeta et al. (2000).  In Kazantzidis et al. (2005) it 
was emphasized that the most significant effects of chang-
es in vertical ozone distribution on surface erythemal irra-
diance are observed at large solar zenith angles (up to 20% 
at 85° solar zenith angle).  However, UV levels are usually 
very small for these conditions.

The future evolution of ozone will determine to a 
great extent future levels of surface UV radiation and the 
date of return to the UV levels in the 1980s or 1960s.  How-
ever, in some regions UV radiation levels in the future may 
not return to historical levels due to influences from factors 
related to climate change (e.g., cloudiness, surface albedo, 
aerosols, UV-absorbing tropospheric gases; see Section 
3.2.8).  A detailed analysis of future UV levels due to ozone 
in different geographical areas is given in Section 3.4.

3.2.8	 Factors Other Than Stratospheric 
Ozone Affecting Surface UV

In addition to ozone, UV radiation is affected by 
other atmospheric parameters, for example, changes in 
cloudiness, aerosols, surface albedo, and, to some extent, 
by other mineral and organic gas species.  Since WMO 
(2007) a number of publications have discussed and quan-
tified the factors other than ozone that affect surface UV 
irradiance (e.g., Kazadzis et al., 2007; Tanskanen and 
Manninen, 2007; Lindfors and Arola, 2008; Staiger et al., 
2008; Badosa et al., 2007; Chubarova, 2008; Rieder et al., 
2008; McKenzie et al., 2008; Chubarova et al., 2009).  A 
comparison of the relative effects of changes in ozone and 
in other atmospheric parameters on surface erythemal ir-
radiance is shown in Figure 3-5.  Changes in cloud optical 
thickness, typically between 0 and 40, are the most impor-
tant driver of day-to-day and long-term changes in surface 
UV irradiance, generally dominating the effect of changes 
in total column ozone.  Aerosols, and in particular high-
ly absorbing aerosols, also affect surface UV irradiance.  
However, for typical values of aerosol optical thickness 
(~0.3), the effect is small compared to clouds.  Increases 
in surface albedo, for example due to changes in snow 
or ice cover, can significantly enhance surface UV.  The 

sensitivity of surface UV to the changes in atmospheric 
parameters shown in Figure 3-5 does not account for more 
complicated, nonlinear interactions in their effects (for 
example, the interaction of clouds and inhomogeneous 
surface albedo, or cloud and aerosol interactions) or for 
spatial inhomogeneities in the atmosphere.

Since surface UV is appreciably sensitive to a num-
ber of factors other than ozone, projections of these fac-
tors, in addition to ozone, are required to make reliable and 
robust projections of surface UV irradiance.  However, 
at present, projections of atmospheric factors other than 
ozone have large uncertainties, making accurate projec-
tions of surface UV elusive.

3.2.8.1	 Clouds

Because climate change is likely to affect future 
cloudiness, and given the sensitivity of surface UV to 
changes in cloudiness (Figure 3-5), understanding poten-
tial future changes in cloud cover is essential to quanti-
fying future changes in UV.  To this end, projections of 
changes in cloudiness obtained from the Third Coupled 
Model Intercomparison Project (IPCC, 2007) and indi-
rectly from Chapter 10 of SPARC CCMVal (2010) have 
been used.  Climate models forced according to the Spe-
cial Report on Emissions Scenarios (SRES) A1B scenario 
from IPCC (2000) (which is the standard scenario of the 
stratospheric ozone projections discussed here; see Sec-
tion 3.3.1) predict with some consistency that by the end 
of the 21st century cloud cover would have decreased over 
most of the low and middle latitudes, and substantially in-
creased at high latitudes.  Trenberth and Fasullo (2009) 
examined top-of-atmosphere radiation changes in climate 
model projections and also found decreases in cloudiness 
through the 21st century predominantly after 2040.  Cov-
erage of optically thick low-level clouds is projected to 
also decrease over low and middle latitudes (Trenberth 
and Fasullo, 2009), in agreement with the tendency for 
low-level clouds to dissipate as the ocean warms (Clement 
et al., 2009).  In Chapter 10 of SPARC CCMVal (2010), 
cloud projections were used to estimate future changes 
in surface erythemal irradiance by converting shortwave 
cloud transmittance to erythemal UV cloud transmittance.  
Shortwave cloud transmittances evaluated from the IPCC 
(2007) climate models and from Chapter 10 of SPARC 
CCMVal (2010) CCMs agree reasonably well.  However, 
these projections are highly uncertain as the cloud re-
sponse to climate change appears to be the primary source 
of spread between climate model simulations (Dufresne 
and Bony, 2008).

Projections of surface UV irradiance that include 
the effects of cloud changes result in more complex pat-
terns in projected UV compared to clear-sky UV projec-
tions.  Increases in erythemal irradiance of 10–15% by the 
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end of 21st century due to changes in cloudiness are pro-
jected for the tropical regions of South-East Asia and Cen-
tral America, with more moderate increases over South-
ern Europe in summer (Chapter 10 of SPARC CCMVal, 
2010).  A UV reduction of 10–15% is projected by 2100 
due to increases in cloudiness over some northern high-
latitude regions and over Antarctica.

3.2.8.2	A erosols

The effect of atmospheric aerosols on surface UV 
radiation depends on their optical and microphysical prop-
erties and total atmospheric loading.  While the tropo-
spheric burden of sulfate aerosols is generally projected to 
decrease in the future, projections for black carbon (soot) 
are less certain (IPCC, 2007).  Projections of aerosol prop-
erties have been aided by recent modeling studies (Kinne et 
al., 2006, Schulz et al., 2006).  However, at present, despite 
general agreement on projections of annual mean aerosol 
optical thickness, the disparity of aerosol absorption in 
various models leads to large uncertainties in surface UV, 
precluding robust assessments of future aerosol effects on 
UV irradiance.  There are also large uncertainties in the 
methods used to generate emissions scenarios as well as in 
assessing the present-day emissions, especially for black 
carbon and organic carbon (IPCC, 2007).  Furthermore, it 
remains unresolved whether emissions of soil dust aerosols 
will increase or decrease in response to changes in the at-
mospheric state and circulation (Tegen et al., 2004).  Dif-
ferences in emission regulation strategies between coun-
tries result in large spatial variability in aerosol trends.

Climate model simulations project increases in 
aerosol optical thickness of ~1.4% by 2030 for the A1B 
scenario but decreases of ~5% for the SRES B1 scenario, 
a lower emission scenario (IPCC, 2000; Jacobson and 
Streets, 2009).  Resultant changes in surface UV radiation 
are estimated to be smaller than −0.5% for the A1B sce-
nario, and about 0.1–1.5% for the B1 scenario, depending 
on the aerosol properties and solar elevation.

3.2.8.3	S urface Albedo and Sea Ice Cover

The effects of surface albedo on UV irradiance 
are well documented (WMO, 1999; WMO, 2003; WMO, 
2007).  Under clear-sky conditions, the presence of snow/
ice may increase UV by up to 50%, while in overcast or 
close to overcast conditions with optically thick clouds, 
the UV increase due to high snow/ice surface albedo can 
reach several hundred percent because of effective mul-
tiple scattering.  On the other hand, sea ice cover signifi-
cantly reduces penetration of harmful UV-B irradiance in 
the underwater environment.  As a result, possible climate 
warming-induced changes in snow and sea ice cover may 
affect both terrestrial and aquatic ecosystems.

Reductions in sea ice extent through the 21st cen-
tury in both the Arctic and Antarctic have been projected 
by a number of models, albeit with a rather large range of 
model responses in the Northern Hemisphere sea ice ex-
tent, ranging from very little change to a strong and accel-
erating reduction over the 21st century (Zhang and Walsh, 
2006).  According to Overland and Wang (2007), the pro-
jected summer loss in sea ice extent would be greater than 
40% by 2050 for the marginal seas of the Arctic basin.  
Stroeve et al. (2007) reported that sea ice in the Arctic 
is melting faster than projected in IPCC (2007) under all 
SRES emissions scenarios.  The accelerated decrease in 
Arctic sea ice extent has also been documented in satel-
lite data (Comiso et al., 2008).  This sea ice melting is 
projected to decrease the surface albedo and increase UV 
irradiance in the underwater environment.  In the 20th- and 
21st-century simulations, Antarctic sea ice cover is pro-
jected to decrease more slowly than in the Arctic (Stroeve 
et al., 2007), particularly in the vicinity of the Ross Sea, 
where most models predict a local minimum in surface 
warming (Meehl, et al., 2007).

It is well established that mountain glaciers and 
snow cover have declined on average in both hemispheres 
(IPCC, 2007).  They are expected to continue declining 
in the future (Bradley et al., 2004).  This would result in 
considerable local reductions in surface albedo and UV in 
the corresponding regions.

3.2.8.4	T ropospheric Gases

Several tropospheric gases, such as SO2, NO2, and 
ozone, can efficiently absorb UV-B radiation.  Their influ-
ence depends mainly on their total column amount, which 
can be especially high over industrial areas and over areas 
influenced by forest fires.  Their impact is also determined 
by the effectiveness of UV absorption discussed in Chapter 
7 of WMO (2007) (Bais and Lubin et al., 2007).  The aver-
age effect of increasing NO2 on erythemal irradiance has 
been shown to be about −2% in industrial areas (Chubarova, 
2008).  However, on some days the influence can be much 
stronger.  For example, in Tokyo the amount of NO2 can 
be 20 times higher than the average, decreasing UV-B 
irradiance by about 15% (McKenzie et al., 2008).  Similar 
effects from NO2 have been observed during intense forest 
fires, when erythemal irradiance has been attenuated by 
10–15% (Chubarova et al., 2009).  SO2 column amounts 
can easily reach 2 DU over areas affected by high volcanic 
activity or over regions close to coal burning industries, 
resulting in ~2% attenuation of erythemal irradiance.  At 
some UV wavelengths, the reduction by SO2 can exceed 
20% (McKenzie et al., 2008).

The amounts of these gases in the troposphere 
depend strongly on their emissions.  In industrialized 
regions, such as North America and Europe, emissions 
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of NOx and volatile organic compounds are decreasing, 
while in regions dominated by developing countries, sig-
nificant growth in emissions is observed (IPCC, 2007).  
Since 1980, SO2 emissions in 25 countries in Europe have 
been reduced by more than a factor of 4, while in the USA 
they have been halved (IPCC, 2007).  However, over the 
same period, SO2 emissions from Asia and from develop-
ing countries in other regions have been increasing.  There 
is a clear positive trend in tropospheric ozone concentra-
tions projected by models under the A2p scenario, with 
increases between 11.4 and 20.5 DU by 2100 (Gauss et 
al., 2003).  Taking into account that ozone absorbs UV 
radiation more effectively in the lower troposphere due to 
enhanced scattering, these increases in tropospheric ozone 
may result in approximately a 5–10% reduction in surface 
erythemal irradiance.  The modeling study of Jacobson 
and Streets (2009) also projects by 2030 an increase in 
surface ozone of ~14% under the A1B scenario and ~4% 
under the B1 scenario.

3.3	PR OJECTIONS OF OZONE THROUGH THE 
21ST CENTURY

Since the 2006 Assessment (WMO, 2007), a new 
suite of 17 chemistry-climate model (CCM) simulations 
coordinated through the SPARC CCMVal activity has be-
come available.  These simulations, from the second phase 
of CCMVal (referred to as CCMVal-2), form the basis for 
this section and improve on the CCMVal-1 simulations 
reported in WMO (2007) by:

•	 Starting in 1960 rather than in 1980.  In most regions 
of the atmosphere, ozone depletion occurs prior to 
1980 in nearly all of the CCMs assessed here.  By 
starting the simulations in 1960 at a time when ozone 
was not expected to be significantly affected by ODSs, 
and including sensitivity simulations, the CCMs can 
now be used to project the timing of the third stage of 
ozone recovery, i.e., the full recovery of ozone from 
the effects of ODSs.  Stage-three ozone recovery was 
not reported on in WMO (2007).  Furthermore, the 
availability of pre-1980 model data permits a more 
robust calculation of the 1980 ozone threshold and 
hence a more accurate determination of when ozone 
returns to 1980 levels.

•	 Having available almost all simulations from 1960 
to 2100.  In WMO (2007) only one CCM provided 
simulations beyond 2050.  The extension to 2100 now 
permits more robust conclusions to be drawn regard-
ing the expected evolution of ozone through the latter 
half of the 21st century.

•	 Applying a more rigorous statistical analysis.  The 
larger number of models, the availability of con-
tinuous simulations from 1960 to 2100 by nearly all 
CCMs, and a new method for calculating and ana-
lyzing multi-model time series (described in Section 
3.3.2.2) have allowed a more robust analysis than was 
presented in WMO (2007).

•	 Having available a number of sensitivity simula-
tions with fixed forcings.  In addition to the refer-
ence simulations as reported in WMO (2007), simu-
lations where either surface concentrations of ODSs 
or GHGs are held fixed at their 1960 levels (Section 
3.3.1) permit a more in-depth analysis of the factors 
affecting ozone through the 21st century than previ-
ously possible and allow the assessment of full ozone 
recovery from ODSs.

•	 Having available simulations based on different GHG 
emissions scenarios.  WMO (2007) reported only on 
simulations based on the SRES A1B scenario.

3.3.1	M odel Descriptions and Scenarios

In this chapter the focus is on “future” simulations 
to 2100, whereas the “past” simulations (from 1960 up to 
2006) are discussed in Chapter 2.  Ozone projections and 
the attribution of ozone changes to ODSs and GHGs are 
based on the recently completed CCMVal-2 multi-model 
ensemble.  These simulations have been extensively ana-
lyzed in SPARC CCMVal (2010), as well as in a variety 
of individual model studies.  In addition to this large en-
semble of future reference simulations from 17 CCMs, 
in which realistic scenarios of ODSs and GHGs are used, 
several more specialized sensitivity simulations by a sub-
set of CCMs (Waugh et al., 2009; Eyring et al., 2010a; 
Eyring et al., 2010b; Charlton-Perez et al., 2010; Oman 
et al., 2010) are assessed here.

The CCM simulations are all transient simulations 
in which ozone responds interactively to the secular 
trends in GHGs, ODSs, and in other boundary conditions.  
They are commonly separated into “past” (or “histori-
cal”) transient reference simulations that are driven by 
observed forcing and “future” transient reference simula-
tions that are forced by trace gas projections and gener-
ally use modeled sea surface temperatures (SSTs) and 
sea ice concentrations (SICs).  The CCMVal-2 “past” 
reference simulation (REF-B1) is designed to reproduce 
ozone changes from 1960 to the recent past (2006) when 
global ozone observations are available.  It includes solar 
and volcanic forcings, and SSTs/SICs from observations.  
It allows a detailed investigation of the role of natural 
variability and other atmospheric changes important for 
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ozone trends (see Chapter 2).  The CCMVal-2 “future” 
reference simulation (REF-B2) is a self-consistent simu-
lation from the past into the future.  In this simulation 
the surface time series of halocarbons is based on the 
adjusted A1 halogen scenario (WMO, 2007, see also 
Section 3.2.1).  The long-lived GHG concentrations are 
taken from the SRES A1B scenario (IPCC, 2000).  SSTs 
and SICs are generally prescribed from coupled ocean 
model simulations.  Of the 17 CCMs that provided ozone 
projections analyzed in this chapter, only CMAM was 
coupled to an interactive ocean model (see Table 3-1).  
Some CCMs generated an ensemble of future simula-
tions with the same boundary conditions but different 
initial conditions (see Table 3-1).  In general, the ozone 
variability between ensemble members from a single 
model is much smaller than the inter-model differences 
(Chapter 6, WMO, 2007; Austin et al., 2008).

Additional sensitivity simulations based on dif-
ferent emissions scenarios were also performed by some 
CCM groups to attribute the future evolution of strato-
spheric ozone to ODS and GHG forcings and to study the 
coupled chemistry-climate system under a variety of GHG 
scenarios (see Tables 3-1 and 3-2).  These include sensi-
tivity simulations with ODSs fixed at 1960 levels (fODS) 
to assess the milestone of full ozone recovery (Waugh et 
al., 2009; Eyring et al., 2010a) (see Section 3.3.6).  In ad-
dition, sensitivity simulations with GHGs fixed at 1960 
levels (fGHG) were performed, for example, to address 
the issue of the linear additivity of the effects of GHGs 
and ODSs on ozone.  By comparing the sum of the ozone 
responses in the fixed GHG and ODS simulations (each 
relative to the 1960 baseline) with the ozone response in 
the REF-B2 reference simulation, the linear additivity of 
the responses can be assessed (McLandress et al., 2010; 
Eyring et al., 2010a).  A subset of four CCMs also pro-
vided future projections under GHG scenarios different 
to SRES A1B (Oman et al., 2010; Eyring et al., 2010b).  
These GHG sensitivity simulations (GHG-x) include sim-
ulations forced with the SRES A2 and B1 GHG scenario 
from IPCC (2000) and with the new Representative Con-
centration Pathways (RCPs; Moss et al., 2008) that form 
the basis for the climate simulations of the Coupled Model 
Intercomparison Project, Phase 5 (CMIP5, Taylor et al., 
2009), in support of the Fifth IPCC Assessment Report.  
They are generated by integrated assessment models and 
harmonized with the historical emissions from Lamarque 
et al. (2010) in both amplitude and geographical distribu-
tion.  The RCP simulations performed by CAM3.5 are 
RCP 8.5 (Riahi et al., 2007), RCP 4.5 (Clarke et al., 2007), 
and RCP 2.6 (van Vuuren et al., 2007), where the num-
ber after “RCP” indicates the radiative forcing in W/m2 
reached by 2100 in each scenario.  By 2100, for example, 
CO2 in the RCP 8.5 and SRES A2 scenarios is ~200 ppm 
and ~100 ppm higher than in SRES A1B, while in the 

SRES B1/RCP 4.5 and RCP 2.6 scenario it is ~150 ppm 
and ~250 ppm lower, respectively.  The different levels of 
GHGs lead to differences in ozone projections (see Sec-
tion 3.2 on factors affecting future ozone).

3.3.2	M odel Evaluation and Multi-Model 
Mean Analysis

3.3.2.1	 Model Evaluation

Confidence and guidance in interpreting CCM pro-
jections of future changes in atmospheric composition 
can be gained by first ensuring that the CCMs are able 
to reproduce key processes for stratospheric ozone (e.g., 
Eyring et al., 2005; SPARC CCMVal, 2010).  Limitations 
and deficiencies in the models can be revealed through 
inter-model comparisons and through comparisons with 
observations.  An improvement over the approach used in 
CCMVal-1 and WMO (2007) is that for the current As-
sessment, a more extensive set of ozone-related processes 
was evaluated in the CCMs (SPARC CCMVal, 2010).  In 
this chapter the evolution of ozone and inorganic chlorine 
(Cly) is shown for individual CCMs in several figures to 
portray the full distribution of model simulations.  How-
ever, the discussion and conclusions are based on the time 
series of the multi-model mean and associated statistical 
confidence and prediction intervals (see Section 3.3.2.2).

A detailed summary of the key findings of SPARC 
CCMVal (2010) on the evaluation of CCMs against observa-
tions is presented for chemical composition in Chapter 2, and 
for the Brewer-Dobson circulation (BDC) and temperature 
in Chapter 4.  This section briefly summarizes relevant con-
clusions from these chapters, with a focus on processes and 
results that are important for long-term ozone projections.

•	 BDC and Temperature.  Both are important drivers 
of the evolution of ozone.  Most CCMs are capable 
of reproducing the amplitude and vertical structure 
of the observed trends in global-mean stratospheric 
temperatures, although the model spread is high in 
some regions.  Tropical upwelling is well simulated 
in the lower stratosphere compared to meteorological 
analyses.  Models consistently predict a strengthen-
ing of the BDC and hence a decrease in mean age of 
air as a result of climate change, but they disagree on 
the relative role of resolved and parameterized wave 
drag.  This strengthening of the BDC is partly sup-
ported by several lines of observational evidence (see 
Section 4.2.2) but not by recent estimates of the age 
of air inferred from tracers observations in the north-
ern midlatitude lower stratosphere, which indicate a 
statistically insignificant trend (Engel et al., 2009).  
However, the small model-simulated trends in the 
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BDC lie within the large uncertainties of the strato-
spheric age-of-air measurements.

•	 Tropical and Midlatitude Ozone.  In the tropics, cli-
mate change and halogen loading influence total col-

umn ozone through dynamical processes in the lower 
stratosphere and chemical processes in the upper strato-
sphere.  Over the historical period, the CCMs simulate 
negative trends in tropical upper stratospheric ozone, in 
agreement with observations (see Section 2.4.5.3).  The 

Table 3-1.  A summary of the CCMs and the simulations used in this chapter.  REF-B2 is the future refer-
ence simulation, fODS is a simulation with fixed ODSs, fGHG a simulation with fixed GHGs, and GHG-x are 
simulations with a GHG scenario different to SRES A1B; see details in Section 3.3.1 and Table 3-2.  N × REF 
means that the group provided N realizations of this simulation.  Further details on the models can be found 
in Morgenstern et al. (2010) and in Chapter 2 of SPARC CCMVal (2010) as well as in the references given 
below.  EMAC-FUB and NIWA-SOCOL did not contribute a REF-B2 simulation for SPARC CCMVal (2010), but 
provided simulations later (Austin et al., 2010b; Eyring et al., 2010a).

CCM * Group and
Location **

Horizontal 
Resolution

Upper
Level

Reference 
Simulation fODS fGHG GHG-x References

AMTRAC3 GFDL, USA ~200 km 0.017 hPa REF-B2 --- --- --- Austin and 
Wilson (2010)

CAM3.5 NCAR, USA 1.9° ×
2.5° 3.5 hPa REF-B2 --- ---

RCP2.6
RCP4.5
RCP8.5

Lamarque et al. 
(2008)

CCSRNIES NIES, Tokyo, 
Japan T42 0.012 hPa REF-B2 fODS fGHG SRESB1

SRESA2
Akiyoshi et al. 
(2009)

CMAM
MSC, Univ. of
Toronto, York 
Univ., Canada

T31 0.00081 
hPa

3 × 
REF-B2

3 × 
fODS

3 ×
fGHG ---

Scinocca et 
al. (2008); de 
Grandpré et al. 
(2000)

CNRM-ACM Meteo-France, 
France T63 0.07 hPa REF-B2 --- --- ---

Déqué (2007); 
Teyssèdre et 
al. (2007)

E39CA DLR, Germany T30 10 hPa

REF-B2 
(with solar 
cycle and 
QBO)

--- fGHG ---
Stenke et al. 
(2009); Garny 
et al. (2009)

EMAC-FUB FU Berlin, 
Germany T42 0.01 hPa

REF-B2 
(with solar 
cycle and 
QBO)

--- fGHG ---
Jöckel et al. 
(2006); Nissen 
et al. (2007)

GEOSCCM NASA/GSFC, 
USA 2° × 2.5° 0.015 hPa REF-B2 fODS --- SRESA2 Pawson et al. 

(2008)

LMDZrepro IPSL, France 2.5° × 
3.75° 0.07 hPa REF-B2 fODS --- --- Jourdain et al. 

(2008)

MRI MRI, Japan T42 0.01 hPa 2 × 
REF-B2 fODS fGHG ---

Shibata and 
Deushi (2008a; 
2008b)

NIWA-
SOCOL

NIWA, New
Zealand T30 0.01 hPa REF-B2 --- --- ---

Schraner et 
al. (2008); 
Egorova et al. 
(2005)
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SOCOL
PMOD/WRC; 
ETHZ,
Switzerland

T30 0.01 hPa 3 × 
REF-B2

fODS fGHG ---

Schraner et 
al. (2008); 
Egorova et al. 
(2005)

ULAQ Univ. of 
L’Aquila, Italy

R6 / 11.5°
× 22.5° 0.04 hPa REF-B2 fODS fGHG ---

Pitari et al. 
(2002); Eyring 
et al. (2006; 
2007)

UMSLIMCAT Univ. of
Leeds, UK

2.5° ×
3.75° 0.01 hPa REF-B2 fODS ---

Tian and 
Chipperfield 
(2005); Tian et 
al. (2006)

UMUKCA-
METO MetOffice, UK 2.5° ×

3.75° 84 km REF-B2 --- --- ---
Morgenstern 
et al. (2008; 
2009)

UMUKCA-
UCAM

Univ. of 
Cambridge, UK

2.5° ×
3.75° 84 km REF-B2 --- --- ---

Morgenstern 
et al. (2008; 
2009)

WACCM NCAR, USA 1.9° ×
2.5°

5.9603 ×
10−6 hPa 

3 × 
REF-B2 fODS fGHG SRESB1 Garcia et al. 

(2007)

*   CCM acronyms are defined in Appendix B of this Assessment.

** GFDL, Geophysical Fluid Dynamics Laboratory (NOAA); NCAR, National Center for Atmospheric Research; NIES, National Institute for Envi-
ronmental Studies; MSC, Meteorological Service of Canada; DLR, Deutschen Zentrum für Luft- und Raumfahrt; FU, Freie University; NASA, 
National Aeronautics and Space Administration; GSFC, Goddard Space Flight Center; IPSL, Institut Pierre-Simon Laplace; MRI, Meteorological 
Research Institute; NIWA, National Institute of Water and Atmospheric Research; PMOD, Physical-Meteorological Observatory-Davos; WRC, 
World Radiation Center; ETHZ, Swiss Federal Institute of Technology-Zürich. 

Table 3-1, continued.

Table 3-2.  Summary of CCMVal-2 reference and sensitivity simulations used in this chapter.

Simulation 
Name Period GHGs ODSs SSTs/SICs Background & 

Volcanic Aerosol
Solar 
Variability QBO

REF-B2

Transient 
simulation 
1960–
2100

SRES A1B 
(medium)
(from IPCC, 
2000)

OBS + 
adjusted 
A1 scenario 
(WMO 2007, 
Table 8-5)

Modeled SSTs 
and SICs

OBS 
Background
surface area 
density from 
2000

No
Only 
internally 
generated

fODS
Fixed ODSs

1960–
2100

Same as in 
REF-B2

ODSs fixed at 
1960 levels

Same as in 
REF-B2

Same as in 
REF-B2

Same as in 
REF-B2

Same as in 
REF-B2

fGHG 
Fixed GHGs

1960–
2100

GHG fixed
at 1960
levels

Same as in 
REF-B2

1955–1964 
average of REF-
B2, repeating 
each year

Same as in 
REF-B2

Same as in 
REF-B2

Same as in 
REF-B2

GHG-x
(SRES A2 and 
B1, RCP 2.6, 
4.5, and 8.5

2000–
2100

GHG scenario 
different from 
SRES A1B

Same as in 
REF-B2

SSTs/SICs dis-
tribution consis-
tent with GHG 
scenario

Same as in 
REF-B2

Same as in 
REF-B2

Same as in 
REF-B2
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multi-model mean over the historical period indicates 
a small negative trend in tropical total column ozone, 
with a rather large model range.  This small negative 
modeled trend is difficult to verify against observations 
since their length is limited and natural variability is 
high.  Over midlatitudes, the multi-model mean ade-
quately reproduces the negative trends in total column 
ozone although there is significant model spread.

•	 Polar Ozone.  Both models and observations indicate 
that Antarctic stratospheric ozone loss, together with 
increasing GHG concentrations, has led to a poleward 
shift and strengthening of the Southern Hemisphere 
westerly tropospheric jet during summer.  Most CCMs 
adequately represent lower stratospheric Antarctic vor-
tex isolation, although some have deficiencies with re-
spect to specific chemical or dynamical polar processes.  
Overall, they tend to reproduce well the Antarctic ozone 
losses inferred from observations; however it should be 
noted that many models show a late final warming in the 
Southern Hemisphere.  This will extend chemical ozone 
loss later into the Antarctic spring.  In the Arctic, while a 
few models represent the chemical ozone loss observed 
over the past three decades, most underestimate the loss, 
mainly because they tend not to capture the low tem-
peratures observed in the Arctic lower stratosphere.

The multi-model mean estimates of past ozone 
changes simulated by CCMs under the REF-B1 scenario 
are generally consistent with the observed changes (see 
Chapter 2 of SPARC CCMVal, 2010).  Overall, there 
is sufficient agreement among the CCMs, and between 
CCMs and observations, on the underlying causes of the 
ozone changes so that general conclusions can be drawn 
and some confidence placed in the CCM projections.

3.3.2.2	A nalysis Method for Multi-Model Time 
Series

Chapter 9 of SPARC CCMVal (2010) introduced 
a time series additive model (TSAM) to analyze the             
CCMVal-2 multi-model projections.  This method is used 
to calculate baseline-adjusted anomaly time series relative 
to the values at a particular reference year (here 1960 and 
1980) for ozone and other species for each model simula-
tion.  The values at the reference year are obtained from 
a smooth fit to the model time series calculated with the 
TSAM method.  This smooth fit is referred to as the indi-
vidual model trend estimate.  Note that the term “trend” 
does not denote the result of a linear regression analysis 
but rather refers to a smooth trajectory passing through the 
data.  The multi-model trend estimate is the average of the 
individual model trend estimates.  By definition, both the 
individual model trends and the multi-model trends pass 

through zero at the specified reference year.  Two types 
of uncertainty intervals are constructed.  The first is the 
point-wise 95% confidence interval.  This interval has a 
95% chance of overlapping the true trend and represents 
the local uncertainty in the trend at each year.  The second 
interval is the 95% prediction interval which, by construc-
tion, is larger than the confidence interval.  The 95% pre-
diction interval is a combination of the local uncertainty in 
the trend and uncertainty due to natural interannual vari-
ability about the trend; it gives a sense of where an ozone 
value for a given year might reasonably lie.  Both the con-
fidence and prediction intervals are time varying. 

The credibility of simulated ozone projections is 
linked to a realistic representation of processes that drive 
stratospheric ozone.  Process-based performance metrics 
have been used to assess the ability of CCMs to reproduce 
key processes for stratospheric ozone and its impact on 
climate (SPARC CCMVal, 2010).  While it could be pref-
erable to use metric-based weightings when calculating 
multi-model means, SPARC CCMVal (2010) concluded 
that more analysis is needed to assess the robustness and 
interpretation of performance metrics, and their possible 
use in assigning relative weights to ozone projections.  For 
this reason, and to remain consistent with the multi-model 
mean time series presented in SPARC CCMVal (2010), 
the multi-model mean ozone projections from the 
CCMVal-2 simulations are shown here without applying 
weights.  The robustness of the CCMVal-2 multi-model 
mean ozone projections and uncertainties is demonstrated 
by the fact that it is generally insensitive to whether out
liers are included or not (Waugh and Eyring, 2008; Chapter 
9 of SPARC CCMVal, 2010).  Indeed, the multi-model 
means of total column ozone calculated from simulations 
of the 4 CCMs selected in Chapter 2 as the highest-scoring 
models are found to be very close to the multi-model 
means calculated from all 17 CCMs.

3.3.3	T ropical Ozone

3.3.3.1	L ong-Term Projections of Tropical 
Ozone

The 1960 to 2100 annual mean tropical (25°S–25°N) 
total column ozone time series are shown in Figure 3-6(a) 
for the REF-B2 simulations (Table 3-2).  The simulated de-
crease in annual mean total column ozone of 8 DU from 
1960 to 2000 is larger than observed.  Following the simu-
lated minimum in tropical ozone around 2000, by 2025 
about 70% of the ozone lost since 1980 is projected to have 
been replenished and by 2050 ozone levels are projected to 
be at or very slightly above 1980 values (see Table 3-3).  In 
the latter half of the 21st century, the annual mean tropical 
column ozone is projected to decline despite the projected 



3.23

Future Ozone and UV

Table 3-3.  Summary of the extent to which total column ozone is projected to have returned to 1960 and 1980 lev-
els from its absolute minimum.  A value of 0% denotes that ozone has not increased above the minimum, 50% denotes 
that ozone at this date is halfway between the simulated minimum and the 1960 or 1980 level, 100% denotes that ozone 
has returned to the 1960 or 1980 level, and >100% denotes that ozone exceeds the 1960 or 1980 level at this date.  The 
reference year and the total column ozone in that year are listed in the second column.  The year in which the minimum 
ozone occurred and the total column ozone at the minimum are listed in the 3rd column.  In each of the cells in subsequent 
columns, the value obtained from the multi-model trend estimate is listed in boldface on the center line, with the 95% confi-
dence intervals extracted from the TSAM statistics listed on the lines above and below.  All ozone values have been rounded 
to the nearest DU and all percentage values to the nearest 5%.

Region

Reference 
Year; 
Total 

Column 
Ozone (DU) 

Year When 
Minimum 
Occurs; 
Total 

Column 
Ozone (DU) 

Difference to
Reference 

Year, in 2025

Difference to
Reference 

Year, in 2050

Difference to
Reference 

Year, in 2075

Difference to
Reference 

Year, in 2100

Unit (DU) (%) (DU) (%) (DU) (%) (DU) (%)

Global 
annual 
mean

1960
(312 DU) 2001 

(296 DU)

−10
−8
−6

40%
50%
65%

−2
−1
1

90%
95%
105%

1
3
5

105%
115%
130%

2
4
6

115%
125%
140%

1980
(306 DU)

−4
−2
0

60%
80%
100%

3
5
7

130%
150%
170%

7
8
10

170%
180%
200%

8
10
11

180%
190%
210%

Tropics 
annual 
mean

1960
(272 DU)

2000
(265 DU)

−5
−4
−3

30%
45%
55%

−3
−2
−1

55%
70%
85%

−4
−3
−2

45%
60%
70%

−7
−6
−4

0%
25%
45%

1980
(270 DU)

−3
−1
0

40%
70%
100%

−1
0
2

80%
110%
140%

−2
−1
1

60%
90%
120%

−4
−3
−2

20%
40%
60%

Northern
midlatitude 
annual 
mean

1960
(357 DU)

2000
(344 DU)

−4
−2
−1

70%
85%
90%

5
7
10

140%
155%
175%

11
14
16

185%
205%
225%

15
18
21

215%
240%
260%

1980
(353 DU)

0
3
5

100%
130%
155%

9
11
14

200%
230%
255%

15
18
21

265%
300%
335%

19
22
25

310%
355%
380%

Southern 
midlatitude 
annual 
mean

1960
(349 DU)

2002
(322 DU)

−18
−15
−12

35%
45%
55%

−5
−2
1

80%
90%
105%

3
6
9

110%
120%
135%

6
9
12

120%
130%
145%

1980
(339 DU)

−8
−5
−2

55%
70%
90%

5
7
11

130%
145%
165%

13
16
19

175%
190%
210%

16
19
22

195%
210%
230%

Antarctic 
October 
mean

1960
(374 DU)

2003
(244 DU)

−100
−95
−85

20%
30%
35%

−61
−53
−44

55%
60%
65%

−35
−26
−18

75%
80%
85%

−18
−9
1

85%
95%
100%

1980
(322 DU)

−50
−42
−34

35%
45%
55%

−10
−1
8

85%
100%
110%

17
25
34

120%
130%
145%

33
43
52

140%
155%
165%

Arctic 
March 
mean

1960
(459 DU)

2002
(422 DU)

−19
−15
−10

50%
60%
75%

2
6
11

105%
115%
130%

18
22
27

150%
160%
175%

27
33
38

175%
190%
205%

1980
(445 DU)

−6
−1
3

75%
95%
115%

15
20
24

165%
185%
205%

31
36
40

235%
255%
275%

41
46
52

290%
300%
325%
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monotonic decline in 50 hPa tropical Cly through the 21st 
century (Figure 3-6(b)), with 1980 Cly values reached 
around 2040.  Over the entire 1960 to 2100 period, secular 
variations in tropical column ozone are only ~10 DU.

Austin et al. (2010a, see also Chapter 9 of SPARC 
CCMVal, 2010) compared these future projections with 
those assessed in WMO (2007) and noted that there was 
little change, at least up to 2050.  However, they found 
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reduced uncertainty in the projections, mainly because of 
a greater number of simulations covering the whole pe-
riod from 1960 to 2100.  Nonetheless, as with the CCM 
projections considered in WMO (2007), there was a wide 
spread among the tropical ozone amounts simulated by 
the individual models and these extended significantly 
above and below the observed values.  Apart from two 
models, there were no notable changes in the model total 
column ozone biases in this region (Chapter 9 of SPARC 
CCMVal, 2010).  WMO (2007) did not report on the 
projected behavior of tropical total column ozone after 
2050, as only one CCM simulated that period (Bodeker 
and Waugh et al., 2007).  On the other hand, the projec-
tions from that single model, shown in Figure 6-10 of 
WMO (2007), do not show the late 21st century decline 
in total column ozone found in the latest multi-model 
projections.

Oman et al. (2010) found that using the SRES A2 
scenario rather than the SRES A1B in the GEOSCCM 
significantly increased the abundance of reactive nitrogen 
and hydrogen in the upper stratosphere.  However, any 
increased chemical ozone destruction from the additional 
NOy and HOx was largely mitigated by the additional GHG 
cooling in the SRES A2 scenario, which slows gas phase 
ozone destruction.  As a result, the ozone evolution in the 
upper stratosphere was similar for both scenarios.  Results 
from the CCSRNIES model confirm this finding (Eyring 
et al., 2010b).  In general, Eyring et al. (2010b) found that 
the projected behavior of tropical total column ozone was 
not very sensitive to the range of different GHG scenarios 
(SRES A1B, A2, and B1; RCP 2.6, 4.5 and 8.5; see Sec-
tion 3.3.1).  By 2100 the differences among scenarios was 
only ~4 DU, which is small compared to the differences 
found in the extratropics (see Section 3.3.4).

3.3.3.2	P rocesses Determining Future Tropical 
Ozone

Chapter 9 of SPARC CCMVal (2010) performed 
a multiple linear regression on the time series of tropical 
ozone in the current CCMs and found that between 2000 
and 2100 the change in ozone was quite different above and 
below ~20 hPa (see Figure 3-2(b)).  In the upper stratosphere 
ozone is projected to increase, with the largest increase of 
around 1.5 ppm occurring near 3 hPa for the multi-model 
mean.  In contrast, lower stratospheric ozone is projected 
to decrease, consistent with earlier studies (WMO, 2007; 
Eyring et al., 2007).  In both regions the rate of change in 
ozone is fairly constant through the 21st century (see for ex-
ample Figure 9.4 of SPARC CCMVal, 2010).  The projected 
increase in upper stratospheric ozone was found to be relat-
ed mainly to a decrease in halogen concentrations (see Fig-
ures 3-2(c) and (d)) and GHG-induced cooling (see Figures 
3-2(e) and (f)).  These two mechanisms made roughly equal 
contributions to the ozone increase over the 21st century un-
der the SRES A1B GHG and A1 adjusted halogen scenarios 
(Chapter 9 of SPARC CCMVal, 2010).  In WMO (2007) 
and in the studies of Shepherd and Jonsson (2008), Jonsson 
et al. (2009), and Waugh et al. (2009), similar conclusions 
were reached based on single models.  Figure 3-7 shows the 
results of a regression of global mean ozone concentration 
onto changes in ODS and CO2 heating rates in simulations 
of the CMAM (Jonsson et al., 2009).  Note that the change 
in ozone associated with future changes in GHG amounts is 
expected to be somewhat larger than that associated with fu-
ture temperature changes, since some future GHG-induced 
cooling is balanced by ozone-induced warming (Shepherd 
and Jonsson, 2008).  In the tropical lower stratosphere, the 
primary mechanism causing long-term changes in ozone is 
the increase in tropical upwelling through the 21st century, 
which is a robust feature in the CCM simulations (Chapters 

Figure 3-6 (at left).  1980 baseline-adjusted multi-model trend estimates of annually averaged total column ozone 
(DU; left) and Cly at 50 hPa (ppb; right) for the tropics (25°S–25°N, upper row) and midlatitudes (middle row: 35°N–
60°N, lower row: 35°S–60°S) (thick dark gray line) with 95% confidence and 95% prediction intervals appearing as 
light- and dark-gray shaded regions, respectively, about the trend (note the different vertical scale among the panels).  
The baseline-adjusted individual model trends are also plotted (colored lines).  The red vertical dashed line indicates 
the year when the multi-model trend in total column ozone (left) and Cly at 50 hPa (right) returns to 1980 values and 
the blue vertical dashed lines indicate the uncertainty in these return dates.  The black dotted lines in the left panels 
show observed total column ozone, where a linear least squares regression model was used to remove the effects 
of the quasi-biennial oscillation, solar cycle, El Niño-Southern Oscillation, and volcanoes from four observational data 
sets.  2σ uncertainties on the observations were derived by applying the regression model to 10,000 statistically 
equivalent time series obtained from Monte Carlo resampling of the regression model residuals.  The observations 
include ground-based measurements (updated from Fioletov et al., 2002), merged satellite data (Stolarski and Frith, 
2006), the National Institute of Water and Atmospheric Research (NIWA) combined total column ozone database 
(Bodeker et al., 2005), and Solar Backscatter Ultraviolet (SBUV, SBUV/2) retrievals (updated from Miller et al., 2002).  
The observational time series is shifted vertically so that it equals 0 in 1980.  See Table 3-1 for model descriptions.  
Redrawn from Figures 9.2, 9.7, 9.8, and 9.9 of SPARC CCMVal (2010) and updated with two new CCM simulations.
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4 and 9 of SPARC CCMVal 2010; Eyring et al., 2010a).  
This increase in upwelling in the tropics ultimately leads to 

a decrease in ozone levels in the tropical lower stratosphere, 
where ozone levels are mostly determined by a balance be-
tween the rate of ozone production and the ascent rate (see 
Section 3.2.4.1).  Because GHG increases are projected to 
increase ozone in the tropical upper stratosphere, but de-
crease ozone in the tropical lower stratosphere, if or when 
ozone returns to historical levels (e.g., to the amounts of 
ozone observed in 1960 or 1980) will vary between these 
altitudes (see Section 3.3.6).

The attribution of ozone changes in the tropical up-
per and lower stratosphere, as well as in the total column, 
to changes in ODSs and GHGs from four CCMs analyzed 
by Eyring et al. (2010a) is shown in the correlative time 
series plots (i.e., plots showing the temporal evolution of 
the correlation between ozone and ESC) in Figure 3-8.  
The construction and evaluation methods for this figure 
and Figure 3-10 are described in Appendix 3A.  The ref-
erence simulations show ozone decreasing from 1960 to 
2000 in the upper stratosphere in response to increasing 
ESC.  However, as ESC decreases from 2000 to 2100 
ozone does not simply retrace the 1960 to 2000 path but is 
systematically elevated through the 21st century such that 
ozone returns to 1980 values in the late 2020s, well before 
ESC returns to its 1980 value in the mid-2050s.  The el-
evated ozone through the 21st century results from GHG-
induced stratospheric cooling (see Section 3.2.3) indicated 
by the red to blue transition from 1960 to 2100 in the ref-
erence trace in Figure 3-8(a), with a possible contribution 
from GHG-induced changes in transport.  The fixed ODS 
simulation shows ozone in the upper stratosphere slowly 
increasing with time under the influence of GHG-induced 
stratospheric cooling.  In contrast to the reference simula-
tion, the fixed GHG simulation shows that the response 
of ozone to ESC through the 21st century is almost identi-
cal to that through the 20th century.  In this simulation, 
because GHGs are fixed, temperatures show almost no 
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Figure 3-7.  Attribution of future (2010–2040) global 
mean ozone changes over 50–0.5 hPa using simula-
tions from the Canadian Middle Atmosphere Model 
(CMAM).  The simulated ozone mixing ratio trend 
(%/decade) is shown in black while the contributions 
from CO2 and ODSs changes to the ozone trend are 
shown in green and blue, respectively (note the ODS 
contribution is estimated from the upper stratospheric 
Cly).  The gray shaded areas indicate the 99% con-
fidence intervals for the linear fits to the ensemble 
average time series.  The green and blue shaded re-
gions indicate the uncertainty in the CO2 and ODS 
attribution estimates, derived from the 99% confi-
dence intervals for the fitted CO2, ODS, ozone and 
temperature linear trends.  Adapted from Jonsson et 
al. (2009).

Figure 3-8 (at right).  Correlative time series plots for 5 hPa, 50 hPa, and column ozone amounts (parts per mil-
lion or Dobson units, left axis; ppm or DU change with respect to 1960, right axis) averaged between 25°S and 
25°N as extracted from the CCM multi-model trend time series (see Appendix 3A-1).  (a) Annual mean tropical 
ozone as a function of ESC = Cly + 5×Bry (in parts per billion) at 5 hPa. (b) As in panel (a) but at 50 hPa and 
with ESC = Cly + 60×Bry.  In panels (a) and (b) the REF, fixed ODSs (fODS), and fixed GHGs (fGHG) simula-
tions (see Table 3-2) are shown using traces colored according to the multi-model-mean temperature using the 
scale shown in the bottom left of each panel.  The gray traces in these two panels show the additive effects of 
the fODS and fGHG simulations calculated from: GrayESC(t) = fGHGESC(t) + fODSESC(t) – fODSESC(1960) and 
Grayozone(t) = fGHGozone(t) + fODSozone(t) - fODSozone(1960).  Differences between the gray and REF traces in-
dicate a lack of linear additivity in the system.  Panel (c), as in (b) but for total column ozone and without color 
coding by temperature.  In this panel the linear additivity test trace is shown in yellow (yellow = blue + green).  
In all three panels, on each trace, reference years are shown every 10th data point with year labels shown for 
the REF and fODS simulations.  The multi-model mean is derived from three CCMs in panel (a) (CCSRNIES, 
CMAM, and MRI) and four CCMs in panel (b) and (c) (CCSRNIES, CMAM, MRI, and WACCM).  See Table 3-1 
for model descriptions.  From Eyring et al. (2010a), their Figure 4.
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trend from 1960 to 2100.  The close agreement between 
the REF and gray traces (the sum of the ozone changes 
due to only the effect of ODSs (fGHG) and due to only the 
effects of GHGs (fODS)) in Figure 3-8(a) indicates that 
the system is close to being linearly additive (i.e., the two 
effects can be considered separately).  The system deviates 
most from linear additivity around the turn of the century 
when ODS abundances and ozone depletion are close to 
their maximum.  This may result from the fact that the 
fODS simulations are forced by SSTs taken from coupled 
climate model simulations where the radiative forcing ef-
fects of the varying ODS levels were included.  As a result, 
even though ODS levels are kept fixed at 1960 values in 
the fODS simulations, the radiative effects of the varying 
ODSs could be partly felt through the SSTs.

Eyring et al. (2010a) found that in the tropical lower 
stratosphere (Figure 3-8(b)), ozone shows little response 
to ESC through the 20th and 21st centuries, as seen from 
the fGHG trace.  The ~25% decrease in ozone from 1960 
to 2100 in the reference simulation results from GHG-
induced changes to stratospheric dynamics as discussed 
above and confirmed by the fixed ODS simulation.  Note 
also that in the fixed ODS simulation, ESC decreases with 
time in response to these circulation changes.  As in the 
upper stratosphere, the response of ozone to ODSs and 
GHGs is again almost linearly additive as shown by the 
close agreement between the REF and gray traces in Fig-
ure 3-8(b).  The ozone decreases simulated in the tropical 
lower stratosphere dominate the increases in the tropical 
upper stratosphere such that tropical total column ozone 
(Figure 3-8(c)) remains suppressed below what would be 
expected from changes in ESC from 2000 onwards.  Inter-
estingly, unlike ozone at 5 and 50 hPa in the tropics, total 
column ozone shows deviations away from linear additiv-
ity demonstrated by the lack of coincidence of the orange 
and yellow traces in Figure 3-8(c).

3.3.4	M idlatitude Ozone

3.3.4.1	L ong-Term Projections of Midlatitude 
Ozone

Figure 3-6 panels (c) to (f) show projections of 21st 
century midlatitude (35°N–60°N and 60°S–35°S) column 
ozone and Cly at 50 hPa (Austin et al., 2010a; Eyring et al., 
2010a; Chapter 9 of SPARC CCMVal, 2010).  The 50 hPa 
level was chosen as a representative level of future ozone 
changes in the lower stratosphere in the tropics, midlati-
tudes, and polar regions (see for example Figure 3-2(b) 
and Figure 3-9(b)).  In the multi-model trend, in both hemi-
spheres, minimum total column ozone is reached around 
the turn of the century, followed by a steady and signifi-
cant increase.  By 2025, northern (southern) midlatitude 

total column ozone is projected to have regained 130% 
(70%) of the amount lost between 1980 and 2000 (2002) 
and 230% (145%) of this loss regained by 2050 (see Table 
3-3).  In other words, by 2050, midlatitude total column 
ozone in both hemispheres is projected to lie above 1980 
levels.  By 2100, the column ozone in the northern (south-
ern) midlatitudes is projected to have increased by 22 DU 
(19 DU) compared to 1980 amounts (Table 3-3).

As noted by Austin et al. (2010a), the midlatitude 
column ozone broadly follows the behavior of Cly at 50 
hPa (compare left and right panels of Figure 3-6) but with 
the ozone returning, on average, to 1980 levels 28+

–
5
4   and 

15 ± 5 years in advance of the chlorine for the northern 
and southern midlatitudes, respectively.  For chlorine, 
there is, on average, no significant interhemispheric dif-
ferences in the timing of the return to 1980 levels.  Austin 
et al. (2010a) concluded that the earlier return of ozone 
to 1980 amounts in the Northern Hemisphere was mainly 
due to stronger transport from low latitudes, which was 
also noted in the independent studies of Shepherd (2008) 
and Li et al. (2009).

3.3.4.2	P rocesses Determining Future 
Midlatitude Ozone

Chapter 9 of SPARC CCMVal (2010) found in all 
simulations analyzed that the increase in the midlatitude 
total column ozone resulted from ozone increases through-
out the stratosphere.  The increase in the upper stratosphere 
peaks in volume mixing ratio at ~3 hPa in both hemispheres 
(see Figures 3-9(a) and (b)).  This in turn was the result of 
the combined effects of (i) a decline in Cly (Figures 3-9(c) 
and (d); see also Figures 3-6(d) and (f)) and Bry and, (ii) 
the GHG-induced cooling of the middle and upper strato-
sphere (Figures 3-9(e) and (f)).  The relative importance of 
the factors affecting ozone can be different under a differ-
ent GHG scenario (see Section 3.3.6).  In a separate single 
model study, Waugh et al. (2009) also found that GHG-
induced cooling of the middle and upper stratosphere was 
an important process for midlatitude ozone evolution in 
the 21st century under the SRES A1B scenario.  For the 
northern midlatitudes, Li et al. (2009) estimated that by 
the 2060s stratospheric cooling, together with increased 
poleward transport by the BDC, increased the extratropi-
cal column ozone in the model analyzed by Waugh et al. 
(2009) by up to 6% compared to 1980 amounts.  A smaller 
increase of 3% in the southern midlatitudes resulted from 
the smaller increase in transport in that hemisphere, con-
sistent with the findings of Austin et al. (2010a).  In both 
hemispheres the largest increase occurred at 60°.  Chap-
ter 9 of SPARC CCMVal (2010) found that the projected 
evolution of midlatitude middle and upper stratospheric 
ozone was very similar to that in the tropics in terms of 
the magnitude of the changes (compare Figures 3-2(b) and 
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Figure 3-9.  Vertical profiles of differences in midlatitude (30°–50°) ozone (parts per million) over the 21st cen-
tury based on a Multiple Linear Regression (MLR).  Leftmost panels are for southern midlatitudes and rightmost 
panels for northern midlatitudes.  (a) and (b) net change in the ozone profile from 2000 to 2100.  (c) and (d) 
ozone changes congruent with changes in ESC.  (e) and (f) ozone changes congruent with changes in tem-
perature.  See Table 3-1 for model descriptions.  From Chapter 9 of SPARC CCMVal (2010), their Figure 9.10 
(a)-(f).
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3-9).  In the lower stratosphere the evolution of midlati-
tude ozone differed from that in the tropics.  However, in 
midlatitudes the increase in the residual meridional circu-
lation leads to an increase in ozone rather than a decrease 
(Shepherd, 2008; Li et al., 2009).

An attribution of total column ozone changes in the 
northern and southern midlatitudes to changes in ODSs and 
GHGs from five CCMs analyzed by Eyring et al. (2010a) 
is shown in the correlative time series plot in panels (b) and 
(c) of Figure 3-10.  The reference simulations show that 
total column ozone decreases from 1960 to 2000, but at a 
greater rate over southern midlatitudes than over northern 
midlatitudes.  Over northern midlatitudes, ozone shows a –7 
DU/ppb sensitivity to ESC over the 1960 to 2000 period, in 
general agreement with the results reported in Guillas et al. 
(2004).  Over southern midlatitudes the sensitivity is −16 
DU/ppb.  The heightened sensitivity of total column ozone 
to ESC in the Southern Hemisphere most likely does not 
result from differences in the in situ contribution of ESC to 
southern midlatitude ozone destruction, but rather from the 
effects of export of ozone-depleted air from the Antarctic 
ozone hole.  Because the multi-model trends shown in Fig-
ure 3-10 include fewer models than the multi-model trends 
displayed elsewhere, the quantitative values listed above 
are less certain than would be the case otherwise.  A com-
parison of the reference and fixed GHG simulations for the 
midlatitudes shows that increasing GHGs have elevated 
ozone throughout the period.  In both hemispheres, as ESC 
decreases, total column ozone does not simply retrace the 
1960–2000 path, but shows systematically elevated ozone 
through the 21st century.  As a result, over northern mid-
latitudes, total column ozone returns to 1980 values in 
the mid-2020s, well before ESC returns to its 1980 value 
around 2050.  Similarly, over southern midlatitudes total 
column ozone returns to 1980 values in the mid-2030s (a 
decade later than in the northern midlatitudes), and well 
before ESC returns to its 1980 value around 2050.  From 
the fixed ODS simulation (blue traces in Figure 3-10), it is 
clear that the elevated ozone through the 21st century re-
sults from GHG-induced stratospheric cooling and chang-
es in transport, in particular changes in the strength of the 
BDC (see Figure 3-3).  These simulations also show ESC 
decreasing with time even though ODSs are fixed at 1960 
values.  This likely results from the increasing strength of 
the BDC through the 21st century (Section 3.2.4.1) and a 
resultant decrease in the time available to photolyze ODSs.  
It is also clear from the reference and fixed ODS simula-
tion traces in Figure 3-10 that by 2100, total column ozone 
over midlatitudes is still influenced by ESC.  In both the 
northern and southern midlatitudes the effects of ODSs and 
GHGs on ozone are approximately additive (agreement of 
black and yellow traces in Figures 3-10(b) and (c)) in the 
multi-model trend.

3.3.5	P olar Ozone

3.3.5.1	L ong-Term Projections of Polar Ozone

The largest ozone depletion seen in CCM simulations 
based on the SRES A1B GHG and A1 adjusted halogen 
scenarios occurs in the polar lower stratosphere, especially 
over Antarctica where large modeled ozone losses give rise 
to a springtime Antarctic ozone hole, consistent with obser-
vations.  As a result, a major focus is the projected evolution 
of polar lower stratospheric ozone during spring.

Figure 3-11 shows the evolution of the individual 
model and multi-model trend estimates of total column 
ozone (left panels) and lower stratospheric inorganic chlo-
rine (Cly) (right panels), for March in the Arctic (60°N–
90°N) and October in the Antarctic (60°S–90°S) from the 
17 CCMs analyzed by Eyring et al. (2010a).  In both polar 
regions, the long-term evolution of total column ozone is 
qualitatively the same as in other regions.  There is a broad 
minimum around 2000 followed by a slow increase un-
til the end of the 21st century.  There are, however, as in 
the extrapolar regions, significant quantitative differences 
among the models, including a wide spread in minimum 
values over Antarctica around 2000.  Austin et al. (2010a) 
and Chapter 9 of SPARC CCMVal (2010) indicate that 
the spread between the individual model simulations of 
Antarctic total column ozone increased from CCMVal-1 
to CCMVal-2, while no change was seen for the Arctic.  
However, when adjusting the raw data to a common 1980 
baseline by removing the individual offset values with the 
TSAM method (Section 3.3.2.2), the model spread is con-
siderably reduced.

In the Antarctic, the strongest ozone depletion in 
the October mean multi-model trend is simulated in 2003 
(see Table 3-3).  The minimum in the October multi-
model trend total column ozone is about 80 DU lower 
than the 1980 value.  For the Arctic, the largest total col-
umn ozone depletion simulated in March 2002 is ~30% of 
the Antarctic depletion simulated in October 2003 (Figure 
3-11, left panels).  Arctic spring ozone returns earlier to 
historical values than Antarctic spring ozone.  Arctic total 
column ozone is projected to regain 95% (75–115%)1 of 
the amount lost between 1980 and 2002 by 2025.  Arctic 
column ozone is simulated to increase to 46 DU above 
1980 values by the end of the 21st century, which is equiv-
alent to an increase in column ozone of twice the amount 
lost between 1980 and 2002 (see Table 3-3).  In Antarctica, 
45% (35–55%) of the ozone lost since 1980 is projected to 
be replenished by 2025, and 100% (85–110%) by 2050.  
By the end of the 21st century, Antarctic October ozone 

1  All quoted ranges are 95% confidence intervals.
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Figure 3-10.  Correlative time series plots for total column ozone (Dobson units) averaged over different latitude 
ranges (Appendix 3A).  (a) March means for the Arctic, (b) annual means for northern midlatitudes, (c) annual 
means for southern midlatitudes, and (d) October means for the Antarctic.  ESC values are defined as ESC = 
Cly + 60×Bry at 50 hPa.  The black trace shows the reference simulation with time-varying GHGs and ODSs with 
reference years shown every 10th data point.  The blue trace shows results from a simulation where prescribed 
ODSs are fixed at 1960 values.  The green trace shows results from a simulation where prescribed GHGs are 
fixed at 1960 values.  The yellow traces show the additive effects of the fixed ODS and fixed GHG simulations 
(yellow = blue + green) as in Figure 3-8.  Differences between the black and yellow traces indicate a lack of 
linear additivity in the system.  The multi-model trend estimate is derived from five CCMs (CCSRNIES, CMAM, 
MRI, ULAQ, and WACCM; see Table 3-1).  From Eyring et al. (2010a), their Figure 7.
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is projected to be 43 DU above 1980 levels (compare to 
78 DU decrease from 1980 to 2003).  However, by 2100, 
October mean ozone is still projected to be 9 DU lower 
than in 1960 (95% of the 1960–2003 loss replenished) 
consistent with slightly enhanced ESC in 2100 compared 
to 1960.

Several different indices have been defined and 
applied in previous assessments to quantify variations in 
Antarctic ozone, in terms of the area of the ozone hole, the 
polar cap average ozone, the ozone mass deficit (Bodeker 
et al., 2005), or the daily minimum total column ozone in 
spring (WMO, 2007).  Figure 3-12 (upper panel) shows 
the simulated and observed ozone hole areas, based on the 

size of the area with column ozone less than 220 DU, from 
17 CCMVal-2 simulations (Austin et al., 2010b; Chapter 9 
of SPARC CCMVal, 2010).  While a few models capture 
the observed size of the Antarctic ozone hole reasonably 
well, the models on average underestimate the observed 
ozone hole area by about 20% (Austin et al., 2010b).  This 
value is similar to that found for the CCMVal-1 simula-
tions (Eyring et al., 2006).  It reveals that, although some 
of the CCMs have been improved since CCMVal-1, oth-
ers have become worse, and no fundamental improvement 
was achieved for the majority of the models.  The pro-
jected date when the Antarctic ozone hole will disappear 
varies from the 2020s in models with small ozone holes to 
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Figure 3-11.  As in Figure 3-6, but for the latitude range 60°N–90°N in March (upper row) and the latitude 
range 60°S–90°S in October (lower row).  The red vertical dashed line indicates the year when multi-model 
trend in total column ozone (DU; left) and Cly at 50 hPa (ppb; right) returns to 1980 values and the blue vertical 
dashed lines indicate the uncertainty in these return dates.  Note the different vertical scale among the panels.  
Redrawn from Figures 9.11, 9.12, 9.13, and 9.14 of SPARC CCMVal (2010) and updated with two new CCM 
simulations.
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the end of the simulation period in 2100 for those models 
that agree best with the observed ozone hole areas in the 
past.  Even with some outliers removed, Antarctic spring 
ozone depletion below 220 DU is projected to still oc-
cur in a broad range between 2060 to 2100, or later.  As 
discussed in Austin et al. (2010b), the representation of 
the ozone hole area in individual models depends on the 
definition used.  For example, the use of an ozone isoline 
to define the ozone hole area (e.g., the 220 DU contour) 
in models that have a high or low ozone bias results in 
ozone hole areas that are systematically low or high, re-
spectively, even if the models have realistic interannual 
and long-term variations.  Calculating total column ozone 
changes relative to the 1960–1965 ozone mean leads to 
an improvement of the simulated ozone hole area in some 
models.  These models have a general high ozone bias.  
Other models perform better when the steepest ozone gra-
dient is used to define the edge of the ozone hole.  This 
diagnostic identified some models where the simulated 
Antarctic polar vortices are too small in area compared 
to observations, which would also limit the size of their 
ozone holes (Bodeker et al., 2002).  In general, most con-
sistent results among the models are achieved when the 
steepest gradients are used.  However, independent of the 
applied index for the ozone hole area, most CCMs have 
ozone holes that are significantly smaller than observed, 
by up to 30%.  With the large spread between the individ-
ual CCM simulations of the Antarctic ozone hole and its 
likely dependence on the applied definition for the ozone 
hole, quantitative projections of the disappearance of the 
ozone hole remain uncertain.

The minimum spring ozone, calculated from Ant-
arctic daily mean ozone from September to November 
(Figure 3-12, middle panel), shows a wide range of ozone 
values, from one model that does not fall below the 220 
DU ozone hole threshold value to models with lower than 
observed ozone minima.  Most models simulate the lowest 
ozone minima for the most recent years and suggest an 
increase of minimum ozone starting around 2010, which 
agrees well with projections in WMO (2007).  Only mod-
els with a high ozone bias exceed the 220 DU limit by the 
end of the 21st century, while models that represent well 
or underestimate past ozone compared to observations, do 
not predict a return to minimum ozone values above 220 
DU before 2100.

The ozone mass deficit, defined as the mass of 
ozone required to elevate column ozone everywhere over 
Antarctica to 220 DU, averaged over the months of Sep-
tember and October (Bodeker et al., 2005) (Figure 3-12, 
lower panel) is a sensitive diagnostic as it reflects how 
well the CCMs simulate the ozone hole area and the mini-
mum ozone.  Austin et al. (2010b) show that models that 
capture the observed size of the ozone hole area typical-
ly simulate lower than observed Antarctic ozone spring 
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Figure 3-12.  Simulated and observed ozone hole 
areas, based on a fixed 220 DU amount (upper 
panel), minimum Antarctic spring total ozone column 
(middle panel), and ozone mass deficit (lower pan-
el) for the period 1960–2100, calculated from the 
CCMVal-2 REF-B2 simulations.  The curves indi-
cate 11-year running means of the data for individual 
years.  See Table 3-1 for model descriptions.  From 
Austin et al. (2010b), their Figures 4(a), 6, and 9.
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minima, in contrast to models with smaller ozone holes 
that typically show higher than observed Antarctic ozone 
spring minima.  Both errors contribute to a large spread 
in the ozone mass deficit of the models for the past and 
future.  The models suggest that the ozone mass deficit 
should not increase any longer after about 2010; however, 
due to the sensitivity of this diagnostic, future projection 
of the ozone mass deficit is highly unreliable.

3.3.5.2	P rocesses Determining Future Polar 
Ozone

In both hemispheres, multi-model total column 
ozone in polar spring follows the evolution of Cly (Figure 
3-11).  Ozone starts to increase in the first decade of the 
21st century at about the same time as the Cly abundances 
in the polar lower stratosphere have reached their maxi-
mum and begin to decline.  Compared to CCMVal-1, the 
simulation of Cly, on average, has improved in the 
CCMVal-2 models due to improvements in individual 
CCMs (Austin et al., 2010a; Austin et al., 2010b; Chapter 
9 of SPARC CCMVal, 2010); however, differences in Cly 
of up to 1 ppb in the polar lower stratosphere in October 
remain.  These Cly differences, together with differences 
in the dynamical processes determining the strength of the 
stratospheric polar vortices and temperatures, cause the 
spread in simulated polar ozone.

The Cly concentrations in Figure 3-11 return to his-
torical levels almost simultaneously in both hemispheres, 
while the ozone return dates show interhemispheric dif-
ferences of more than two decades.  As expected from the 
discussion in Section 3.2, this result implies that processes 
other than halogen chemistry affect the future evolution of 
polar ozone and that the relative impact of these processes 
varies with location.  The relative contributions of ESC 
or increasing GHGs to the projected ozone change can 
be estimated by comparing the reference simulation with 
sensitivity simulations that use prescribed fixed histori-
cal abundances of GHGs or ODSs (Eyring et al., 2008).  
Waugh et al. (2009) compare a “climate change” simula-
tion (i.e., using fixed ODS abundances for 1960) of the 
GEOSCCM with a reference simulation that accounts for 
GHG and ODS changes from 1960 to 2100.  They find 
that in much of the stratosphere, the annual mean GHG-
induced ozone increase from 1960–2100 is comparable to 
the ODS-induced ozone decrease for the period with high-
est ODS concentration (1995–2005).  However, ozone 
in the Antarctic lower stratosphere is clearly dominated 
by ODS-induced destruction, and increases in GHG con-
centrations do not have a significant impact on Antarctic 
polar temperatures or ozone in their CCM.  It should be 
noted that most studies of Antarctic ozone recovery focus 
on changes in October means.  The effects of an extended 
polar vortex persistence, due to future GHG-induced cool-

ing and an associated seasonal delay of ozone recovery 
to November, on UV exposure has not been thoroughly 
assessed in multi-model studies.

Eyring et al. (2010a) found similar results in a 
multi-model framework using additional CCMVal-2 
sensitivity simulations.  As illustrated in Figure 3-10(d), 
reference simulations in the Antarctic show multi-model 
total column ozone decreasing from 1960 to 2000 with an 
average 53 DU/ppb sensitivity to ESC, leading to a 38% 
decrease in total column ozone over this period.  Unlike 
the midlatitudes and Arctic, the total column ozone evolu-
tion over Antarctica in October shows almost no sensitiv-
ity to changes in GHGs, with the return path (21st cen-
tury) closely tracking the outbound path (20th century).  
This is corroborated by the fixed ODS simulation, which 
shows almost no change in Antarctic ozone in October 
in response to increasing GHGs.  If anything, increasing 
GHGs have slightly elevated Antarctic total column ozone 
in the model simulations.  This updates earlier studies 
that predicted that increasing radiative cooling generated 
by increasing levels of GHGs or by GHG-induced strato-
spheric water vapor enhancements would worsen polar 
ozone depletion by increasing the likelihood for PSC for-
mation, and might even create an ozone hole in the Arctic 
(Austin et al., 1992; Shindell et al., 1998; Kirk-Davidoff et 
al., 1999; Waibel et al., 1999).  More recent research sug-
gests that in the Arctic, GHG-induced changes in dynam-
ics are expected to dominate the effects of GHG-induced 
radiative cooling on the formation of PSCs (Eyring et al., 
2010a).  In comparison, in the Antarctic, where the winter-
time polar temperatures typically fall below the threshold 
for PSC formation, stratospheric cooling due to increas-
ing GHGs does not strongly enhance October total column 
ozone depletion.

The multi-model trend of the reference simulations 
in the Arctic (Figure 3-10(a)) shows total column ozone 
decreasing from 1960 to 2000 with a −14 DU/ppb sensi-
tivity to ESC, somewhat smaller than the −20 DU/ppb re-
ported in observations (Dhomse et al., 2006).  The increase 
in ESC from 1.1 ppb in 1960 to 3.5 ppb in 2000 leads to 
a 7.4% decrease in total column ozone over this period.  
In contrast to the Antarctic, total column ozone over the 
Arctic is elevated above what would be expected from 
changes in ESC.  This most likely does not result from the 
effects of GHG-induced upper stratospheric cooling as in 
the tropics (Figure 3-8(a)) since, as discussed in Butchart 
et al. (2010), in the models the extra radiative cooling from 
increasing GHGs is approximately balanced by a concom-
itant increase in the adiabatic warming through increased 
polar downwelling.  The net effect is a near-zero tempera-
ture trend in the Arctic winter lower stratosphere (Butchart 
et al., 2010; Figure 4.4 of SPARC CCMVal, 2010).  The 
more likely cause is the strengthening of the BDC (Sec-
tion 3.2.4.1), which more effectively advects ozone into 
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the Arctic than the Antarctic stratosphere (Austin and 
Wilson, 2006; Shepherd, 2008).  The effects of ODSs and 
GHGs on Arctic total column ozone appear to be largely 
independent and therefore add linearly as evidenced by the 
close agreement of the black and yellow traces in Figure 
3-10(a).

Li et al. (2009) analyzed in more detail the effects 
of climate change on annual mean ozone by comparing 
the post-CFC era (2060–2069) with the period 1975–1984 
in two simulations with the GEOS CCM.  They found a 
uniform increase in ozone mixing ratio in the upper strato-
sphere (Figure 3-13(a)) that they ascribe to a slowing of 
photochemical ozone loss rates due to GHG-induced cool-
ing (Figure 3-13(d)).  However, the simulated changes in 
ozone column and their latitudinal structure are controlled 

by changes in the lower stratosphere, where significant 
increases of column ozone are simulated at middle and 
high latitudes, specifically in the Northern Hemisphere 
(Figures 3-13(b) and (c)).  They are associated with an ac-
celeration of the Brewer-Dobson circulation in the model 
with increased tropical upwelling and extratropical down-
welling (Figure 3-13(e)), leading to enhanced advective 
transport of ozone (Figure 3-13(f)).  Although, in the an-
nual mean, these dynamical effects are stronger at midlati-
tudes than at polar latitudes, the Li et al. (2009) study dem-
onstrates that changes in ozone abundance and the mean 
advective transport have a qualitatively similar pattern in 
the lower stratosphere, and emphasizes the important role 
of changes in the mean advection for lower stratospheric 
ozone changes.

Figure 3-13.  Annual mean, decadal differences between 2060–2069 and 1975–1984 from a simulation of the 
GEOS CCM with ODSs fixed at 1960 values.  (a) Ozone concentrations in ppm, (b) ozone concentrations in 
DU/km, (c) total column ozone (DU) and contributions from the upper (above 15 hPa) and lower (below 15 hPa) 
stratosphere, (d) temperature (K) (e) Vertical residual velocity w− * in mm/s, and (f) mean ozone advection (10–6 

DU/km/s).  From Li et al. (2009), their Figure 2.
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3.3.6	 Ozone Return Dates and Ozone 
Recovery

In this section, ozone return dates to levels typical 
of 1960 and 1980, derived from the CCM projections, are 
presented.  These are complemented by quantitative state-
ments about the expected date for full recovery of ozone 
from the effects of ODSs based on CCM simulations as 
described in Box 3-2.  Specifically, a set of reference sim-
ulations and a set of fixed ODS simulations (as described 
in Section 3.3.1) are analyzed for the future date when the 
two sets of ozone projections are no longer statistically 
distinguishable within internal and inter-model variability 
(Eyring et al., 2010a).  A Student t-test is applied to quan-
tify the likelihood that, at some specified date, the ozone 
values taken from the two sets of simulations come from 
the same statistical population.  The outcome of such tests 
is discussed using the terminology of the IPCC (see Box 
TS.1 of Solomon et al., 2007).  For example a t-test result 
of >95% suggests that it is “extremely likely” that, within 
model variability, full ozone recovery from the effects of 
ODSs is projected to have occurred, if >90% it is “very 
likely” while if >66% it is “likely” that it is projected to 
have occurred.  For values between 33% and 66% prob-
ability, it is “about as likely as not” and for values <33% 
it is “unlikely” that full recovery of ozone is projected to 
have occurred.

The response to the question of when stratospheric 
ozone will return to undisturbed levels depends on the se-

lected target year.  Figure 3-14 and Table 3-4 summarize 
1960 and 1980 return dates of total column ozone in dif-
ferent latitude zones derived from the multi-model trend.  
Return dates generally occur later when referenced to 
1960 and later at higher latitudes (Chapter 9 of SPARC 
CCMVal, 2010).  However the increase is not symmetric 
about the equator, i.e., return dates are later in the Antarc-
tic than in the Arctic.

CCM projections suggest that it is as likely as not 
that tropical total column ozone will return to 1980 val-
ues, since there is no consensus among the CCMs on a 
return to 1980 values by the end of the century (Austin 
et al., 2010a; Eyring et al., 2010a; Chapter 9 of SPARC 
CCMVal, 2010).  Correspondingly, the uncertainty on 
tropical column ozone return dates derived from the 95% 
TSAM confidence interval extends from 2030 to beyond 
the end of the century in Figure 3-14.  However, if in-
stead of a return to 1980 values, a return to 1960 values is 
considered, models consistently predict that tropical total 
column ozone remains below values typical of 1960 due 
to the increase in tropical upwelling.  In contrast, Cly and 
ESC (Table 3-5) in the tropics return to 1980 values faster 
than in all other regions with only minor differences be-
tween them.  Full recovery of tropical column ozone from 
the effects of ODSs is not reached at the 95% confidence 
level by the end of the 21st century, while it is likely at 
the 65% level that total column ozone has fully recovered 
by ~2070 in the tropics (see Figure 3-15).  In the tropical 
upper stratosphere, although ozone is influenced by ODSs 
throughout the 21st century, ozone returns to 1980 values 

Figure 3-14.  Date of return to 1980 total 
column ozone (black triangle and error 
bar), Cly at 50 hPa (red triangle and error 
bar), and ESC at 50 hPa (blue triangle 
and error bar) for the annual average 
(global, tropical, and midlatitude) and 
spring (polar) total ozone column derived 
from the multi-model trend of the 
CCMVal-2 reference simulations (17 
CCMs) in each latitude band.  The error 
bars on the multi-model trend estimate of 
return date are derived from the 95% 
confidence intervals.  ESC is calculated 
as Cly + 60×Bry except for E39CA where 
Cly instead of ESC was used.  While a 
few models project a return of tropical 
total column ozone to 1980 levels, most 
do not with the result that the 95% confi-
dence interval extends from 2030 to 
beyond the end of the century which explains the large error bar in the tropical column ozone return dates.  
Redrawn from Figures 9.20 and 9.21 of SPARC CCMVal (2010) and updated with two new CCM simulations 
(from Eyring et al. (2010a), their Figure 10b).
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in the late 2020s (Figure 3-8(a)), which is earlier than in 
other regions.  Although ozone decreases continuously 
from 1960 to 2100 in the tropical lower stratosphere, to-
gether with the Arctic lower stratosphere, they are the only 
regions where ozone has very likely (i.e., more than 90% 
confidence level) fully recovered from the effects of ODSs 
by the end of the 21st century (Eyring et al., 2010a).  How-

ever, in percentage terms, changes to the tropical ozone 
column over the 21st century are much smaller than those 
in other regions.

Of the five regions considered (see Table 3-4), 
total column ozone returns to 1980 values earliest over 
northern midlatitudes, around 2021 (2017–2026).  While 
the total column ozone evolution is qualitatively similar 

Table 3-4.  Date of return to 1960 and 1980 total column ozone calculated from the multi-model trend 
estimate of the 17 CCMs’ reference simulations.

Region Date of 
Return

Year When Multi-
Model Mean Total 
Column Ozone 

Returns 

Year When Lower 
Bound of Error
Bar Returns

Year When Upper 
Bound of Error
Bar Returns

Global annual mean
1960 2053 2046 2064
1980 2032 2027 2038

Tropics annual mean
1960 ---- ---- ----
1980 2042 2028 ----

Northern midlatitude 
annual mean

1960 2029 2024 2036
1980 2021 2017 2026

Southern midlatitude 
annual mean

1960 2055 2049 2064
1980 2035 2030 2040

Antarctic October mean
1960 ---- 2100 ---
1980 2051 2046 2057

Arctic March mean
1960 2041 2036 2048
1980 2026 2023 2031

Table 3-5.  Date of return to 1960 and 1980 ESC at 50 hPa calculated from the multi-model trend estimate 
of the 17 CCMs’ reference simulations.

Region Date of 
Return

Year When Multi-
Model Mean ESC 

Returns 

Year When Lower 
Bound of Error Bar 

Returns

Year When Upper 
Bound of Error Bar 

Returns

Global annual mean
1960 --- 2092 ---
1980 2050 2045 2057

Tropics annual mean
1960 2087 2073 ---
1980 2044 2036 2051

Northern midlatitude 
annual mean

1960 --- --- ---
1980 2052 2047 2060

Southern midlatitude
annual mean

1960 --- --- ---
1980 2053 2048 2060

Antarctic October mean
1960 --- --- ---
1980 2060 2053 2069

Arctic March mean
1960 --- --- ---
1980 2060 2053 2069
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over the midlatitudes of both hemispheres in the CCMs, 
southern midlatitude total column ozone returns to 1980 
values later than over northern midlatitudes, i.e., around 
2035 (2030–2040) (see Figure 3-14).  The difference in 
the date of return to 1980 values appears to be due to in-
terhemispheric differences in changes in transport.  The 
increase in stratospheric circulation transports more ozone 
into the northern midlatitude lower stratosphere than into 
the southern midlatitudes (Shepherd, 2008).  In addition, 
over southern midlatitudes, ozone is also influenced by 
ozone loss in the Antarctic, where the return to 1980 lev-
els occurs much later.  In all CCMs the return of ozone to 
1980 values in the midlatitudes occurs 10 to 30 years ear-
lier than that of Cly and ESC (around 2050 in both hemi-
spheres).  Nonetheless, by 2100 total column ozone over 
midlatitudes is still influenced by ODSs.  Full recovery 
of total column ozone from ODSs has likely occurred in 
northern midlatitudes but not likely to have occurred over 
southern midlatitudes (Figure 3-15).

The Antarctic spring total column ozone evolution 
is dominated by the evolution of ODSs.  Therefore, ozone, 
Cly, and ESC return dates are very similar in most models 
(Figure 3-14).  The latest return of total column ozone to 
1980 values is projected to occur over Antarctica which, 
for October means, occurs around 2051 (2046–2057), 
while 1960 values are not reached again before 2100 since 
Cly remains elevated above 1960 levels in 2100 (Figure 
3-11(d)).  In the Arctic, the sensitivity of the return date to 
the chosen baseline year (1960 or 1980) is small, with a re-
turn to 1980 ozone values around 2026 (2023–2031), and 
to 1960 values around 2041 (2036–2048).  In contrast to 
the Antarctic, Arctic spring ozone returns earlier to 1980 
values than Arctic chlorine, indicating that other effects 
such as changes in transport are more important for future 
ozone in the Arctic as is the case for northern midlatitudes 

(Section 3.3.4.2).  A return of stratospheric chlorine to the 
low values of 1960 does not happen in the polar regions 
before the end of the 21st century.  It is unlikely that full 
ozone recovery from ODSs will be reached by the end of 
the 21st century over Antarctica, while it is likely that it 
will occur in the Arctic by ~2035 (Waugh et al., 2009; 
Eyring et al., 2010a) (see also Figure 3-15).

Global total column ozone is projected to return 
to its 1980 value around 2032 (2027–2038), which is 15 
years earlier than when global Cly at 50 hPa returns to its 
1980 value and 18 years earlier than when global ESC re-
turns to its 1980 value.  CCM projections suggest that this 
early return is primarily a result of GHG-induced cooling 
of the upper stratosphere, because the effects of circulation 
changes on tropical and extratropical ozone largely cancel 
in the global mean.  Figure 3-16 summarizes return dates 
as a function of latitude for annual mean total column 
ozone to a value appropriate to reference years between 
1965 and 2000 (Austin et al., 2010a; Chapter 9 of SPARC 
CCMVal, 2010).  The figure shows results for the partial 
ozone column above 20 hPa (upper panel), the partial col-
umn between 500 and 20 hPa (middle panel) and for the 
combined column above 500 hPa.  Tropospheric ozone be-
low 500 hPa is excluded.  Above 20 hPa, where changes in 
halogens and temperature dominate the ozone evolution, 
the return of ozone to historical levels is projected to occur 
steadily.  In the lower stratosphere (Figure 3-16, middle 
panel) a return date could not be determined for the tropics 
due to the strengthening BDC which systematically de-
creases tropical ozone as the simulations proceed (Waugh 
et al., 2009).  The results also show a strong hemispheric 
asymmetry, with Antarctic ozone returning to historical 
levels much later than Arctic ozone.  Again, this is largely 
due to the increased BDC, which for the models, on aver-
age, has much more influence in the Northern Hemisphere 

Figure 3-15 (at left).  1960 baseline-adjusted total column ozone projections in the reference simulations 
(thick black solid line) compared to the fixed halogen simulation (fODS, thick black dashed line): (a) global 
(90°S–90°N annual mean), (b) tropics (25°S–25°N annual mean), (c) northern midlatitudes (35°N–60°N an-
nual mean), (d) southern midlatitudes (35°S–60°S annual mean), (e) Arctic (60°N–90°N March mean), and (f) 
Antarctic (60°S–90°S October mean).  The colored lines show individual models for the subset that submitted 
fODS (see Table 3-1 for model descriptions).  The horizontal green line shows the level of the multi-model trend 
estimate in 1980.  The red vertical dashed line indicates the year when the multi-model trend estimate in the 
reference simulation returns to 1980 values and the blue vertical dashed lines indicate the uncertainty in these 
return dates.  The black solid circles with vertical bars show the observations and their 2σ errors processed as 
in Figures 3-6 and 3-11.  Nine CCMs are included in the multi-model mean (CCSRNIES, CMAM, GEOSCCM, 
LMDZrepro, MRI, SOCOL, UMSLIMCAT, ULAQ, and WACCM).  In all regions except the tropics, the milestone 
of full ozone recovery occurs significantly later than when ozone returns to its 1980 values.  The milestone of 
full ozone recovery is derived from the period when the fixed halogen simulation is not statistically distinguish-
able from the reference simulation (black dotted line in the bottom of each panel plotted against the percentage 
scale at the bottom right).  For clarity, only the 95% confidence intervals are shown.  Adapted from Eyring et al. 
(2010a), their Figure SM12.



3.40

Chapter 3

than in the Southern Hemisphere (Austin and Wilson, 
2006; Shepherd, 2008).  The combination of the lower and 
upper stratospheric columns (Figure 3-16, lower panel) 
shows that in the tropics the total ozone column increases 
until about 2050 due to decreasing halogen amounts and 
stratospheric cooling, but thereafter ozone decreases due 
to the increasing BDC and does not return to pre-1985 
values before the end of the simulations.

The ozone return dates discussed above apply to a 
single GHG scenario, the SRES A1B scenario.  However, 
this scenario represents only one plausible future and it is 
therefore important to also assess the ozone return dates 
under different GHG evolutions.  Ideally, all models that 
performed the reference simulations would have also per-
formed all sensitivity simulations.  However, the various 
GHG scenarios were only performed by a small subset 
of models (see GHG-x simulations in Table 3-1).  Dif-
ferences in stratospheric column ozone among six GHG 
scenarios (SRES A1B, A2, and B1; RCP 2.6, 4.5, and 
8.5; see also Section 3.3.1) assessed from four CCMs by 
Eyring et al. (2010b) are found to be largest over northern 
midlatitudes and in the Arctic with divergence mainly in 
the second half of the 21st century.  In the midlatitudes, the 
return of stratospheric column ozone to 1980 values var-
ies by up to 10 years among the GHG scenarios, while in 
polar regions differences of 15–20 years are found.  Over-
all, the differences of ozone return dates among the GHG 
scenarios simulated by the four individual models is of the 
same order as the uncertainty in ozone return dates derived 
from the multi-model mean of the 17 CCMs in Eyring et 
al. (2010a) in the midlatitudes, while it is smaller in the 
tropics and larger in the Arctic and Antarctic.  The results 

suggest that effects of GHG emissions on future strato-
spheric ozone should be considered in climate change mit-
igation policy, and ozone projections should be assessed 
under more than a single GHG scenario.  However, more 
CCMs will need to perform the GHG sensitivity simula-
tions to arrive at more robust conclusions.  Furthermore, to 
assess full recovery of ozone from ODSs under different 
GHG scenarios, simulations with fixed ODSs under each 
scenario would be required.

2035

2025 2015

2045

2035 2025
2015

2005

2065 2045

20152055 2035
2025

2025
2015

20552065

2005

2035

Figure 3-16.  Date of return of the annual mean col-
umn ozone to the value appropriate to the reference 
year indicated on the abscissa.  The mean model 
result was smoothed with an 11-year running mean 
filter.  Contour interval is 5 years; red values indicate 
later dates and blue values indicate earlier dates.  
Data prior to 1965 (which limits the definition of the 
reference year data) or after 2094 (which limits the 
data for the return year) do not exist because of the 
need for an accurate time-smoothed field.  The white 
region in the figure indicates where the mean model 
ozone has not recovered by the end of the simula-
tions (nominally 2094).  Results are shown for the 
total column above 500 hPa (bottom panel), for the 
range 500–20 hPa (middle panel), and for the col-
umn above 20 hPa (top panel).  From Chapter 9 of 
SPARC CCMVal (2010), their Figure 9.25.
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3.3.7	U ncertainties in Model Projections 
and Open Questions

3.3.7.1	U ncertainty in Future Emissions 
Scenarios

Uncertainty in projections of stratospheric ozone 
can usefully be broken into four sources (Charlton-Perez 
et al. (2010) using an approach based on Hawkins and 
Sutton (2009)): (a) internal variability of the chemistry-
climate system, (b) model uncertainty due to differences in 
the design and parameters of CCMs and missing or poorly 
represented processes in CCMs, (c) uncertainty in future 
emissions scenarios for GHGs, and (d) uncertainty in fu-
ture emissions scenarios for ODSs, which is likely smaller 
than (a) to (c).

Figure 3-17 shows estimates of uncertainty in each 
of the three uncertainty components (a)–(c) for CCMVal-2 
projections of total column ozone in six geographical re-
gions of the globe.  Note that the GHG scenario uncer-
tainty was estimated using only a small subset of models.  
In total, four runs of three CCMs forced with SRES GHG 
scenarios (solid green lines) and three runs of a single 
CCM forced with RCP GHG scenarios (dashed green 
lines) provide the estimates shown (see Charlton-Perez et 
al. (2010) for more details).

In either case, it is clear that, for most geographical 
regions, model uncertainty is the dominant contributor to 
the total uncertainty in projections of future ozone column 
amount at least up to the mean estimate of ozone return 
to 1980 values.  In the tropical band, internal variability 
is comparable in size to scenario uncertainty, but in other 
regions internal variability is generally a small contribu-
tor to total uncertainty in future ozone column amount.  
Charlton-Perez et al. (2010) therefore suggest that con-
tinued investment and development of CCMs could lead 
to a refinement of ozone projections for the period up to 
and including ozone return to 1980 values, assuming that 
CCM developments lead to a reduction in model uncer-
tainty.

There remain other uncertainties associated with 
ozone prediction that are difficult to quantify, particularly 
the mean biases present in the ozone climatology of many 
of the CCMs (see Chapter 9 of SPARC CCMVal, 2010) 
and missing or poorly represented processes in the entire 
ensemble of CCMVal models (for example the quasi-
biennial oscillation).  The effects of solar variability were 
not considered in the CCM simulations assessed in this 
chapter.  No CCM studies have yet assessed the effects of 
a long-term sustained change in solar output, such as the 
Maunder minimum, on stratospheric ozone.  Other uncer-
tainties, related to major changes in future human behavior 
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Figure 3-17.  Uncertainty in the predicted total-
column decadal-mean ozone amounts relative to 
1980 values estimated for different geographic re-
gions.  Uncertainty is expressed as the one standard 
deviation estimate for internal variability (orange), 
model uncertainty (blue), and the total uncertainty 
(black) all shown in solid lines.  Solid green lines 
show an estimate of the one standard deviation es-
timate for scenario uncertainty calculated from inte-
grations of CCSRNIES, GEOSCCM, and WACCM 
forced with alternative SRES greenhouse gas sce-
narios.  Dashed green lines show an alternative es-
timate of scenario uncertainty calculated using inte-
grations of the CAM3.5 model forced with alternative 
RCP greenhouse gas scenarios.  Total uncertainty 
estimates are derived from the SRES scenario in-
tegrations only.  From Charlton-Perez et al. (2010), 
their Figure 3.
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that are not considered in the scenarios used in this chap-
ter, are discussed in Chapter 5 (Section 5.4) and include 
geoengineering of the climate system, increases in N2O 
emissions from automotive biofuels, and enhanced emis-
sions from aviation and rockets.

3.3.7.2	F uture CCM Development

Following this Assessment, CCMs are likely to 
undergo significant further development that could have 
impacts on their projections of future ozone and could ei-
ther increase or decrease the spread between models.  The 
executive summary of SPARC CCMVal (2010) recom-
mends that “Development should continue toward com-
prehensive troposphere-stratosphere CCMs, which include 
an interactive ocean, tropospheric chemistry, a naturally 
occurring QBO, spectrally resolved solar irradiance, and a 
fully resolved stratosphere.”  The impact of some of these 
processes on ozone projections was partially assessed in 
multiple CCMs by CCMVal.

Other than in CMAM, sea surface temperatures and 
sea ice concentrations were prescribed in all other CCM 
simulations used in this chapter.  Important couplings 
between the atmosphere, the oceans, and the cryosphere 
are currently not represented in CCMs. Inclusion of these 
couplings in the CCMs will lead to a more complete rep-
resentation of the climate system and climate feedbacks, 
which could be important for simulations of stratospheric 
ozone and its impact on tropospheric climate.  Several 
recent studies have shown that changes in global mean 
climate will have a significant, regionally dependent influ-
ence on future ozone concentrations and the correspon-
dence between the return of ozone to pre-1960 or 1980 
levels and the return of ESC amounts to pre-1960 or 1980 
levels (Waugh et al., 2009; Shepherd and Jonsson, 2008).  
The impact of coupling CCMs to interactive ocean models 
remains to be assessed since the number of CCMs able to 
perform this coupling remains small.

Future assessments should also consider brominated 
very short-lived species (VSLS, see Section 3.2.1), as 
well as the uncertainty in how the organic halogen lower 
boundary condition is prescribed in CCMs.  Currently, 
projections of future organic halogen loadings are based 
on projected emission rates and an estimate of the global 
atmospheric lifetime of each organic halogen.  These fac-
tors are used to create time-dependent volume mixing ratio 
lower boundary conditions that are then used to force the 
CCMs.  However, the destruction of each halogen in the 
CCMs is dependent on the tropical upwelling and meridi-
onal mixing (both linked to the strength and structure of 
the BDC), and chemical loss rates (e.g., photolysis rates).  
The CCM-derived halogen lifetimes can be very different 
from the lifetimes assumed for the given projection sce-
nario.  Some studies (Douglass et al., 2008) suggest that 

the use of fixed mixing ratio lower boundary conditions 
provides an artificial constraint on model-derived ozone 
return dates.  Furthermore, multi-model studies are neces-
sary to fully evaluate the impact of ODS flux boundary 
conditions on ozone projections.

3.4	PR OJECTIONS OF UV CHANGES RELATED 
TO OZONE CHANGES THROUGH THE 21ST 

CENTURY

Future changes in stratospheric ozone will cause 
changes of opposite sign in solar UV radiation received 
at the surface.  However, UV radiation is also affected by 
a number of other factors (see Section 3.2.8), which are 
likely to change in the future.  In this section only changes 
due to ozone are addressed.  Simulations of future UV are 
based on ozone projections by CCMs, which take into ac-
count the effects of climate change on ozone (see Section 
3.3).  The effect of changes in ozone on erythemal irradi-
ance can be quantified either with empirical relationships, 
such as the radiation amplification factor (RAF) concept 
(Booth and Madronich, 1994; Madronich, 2007), or, more 
accurately, with radiative transfer models.

3.4.1	M idlatitude and Tropical UV

Calculations with a radiative transfer model were 
used by Tourpali et al. (2009) to simulate the noontime 
erythemal solar irradiance received at the Earth’s surface 
under cloud-free conditions.  These simulations were 
based only on total ozone columns, and vertical profiles of 
ozone and temperature, derived from 11 CCMs (CCMVal-1 
models) simulating the evolution of stratospheric ozone 
(Eyring et al., 2006; Eyring et al., 2007).  Following a peak 
between the late 1990s and early 2000s, erythemal irradi-
ance was projected to decrease at all latitudes and in all 
seasons during the 21st century.  Since erythemal irradi-
ance changes were mostly driven by changes in total 
ozone, they tended to follow the pattern of the strato
spheric ozone changes.  The weakest changes, of the order 
of a few percent, were found in the tropics.  At midlati-
tudes, the decreases ranged from 5–15% between 2000 
and 2100, while at southern high latitudes the decrease 
was a factor two stronger because of the projected recov-
ery of Antarctic ozone layer there.

A follow-up study (Kazantzidis et al., 2010) pro-
vided quantitative estimates for the effect of the projected 
ozone changes on different biological weightings of UV 
irradiance (doses), such as DNA damage and vitamin D 
production, which have different sensitivities to ozone 
changes.  For example, in some cases, changes in doses 
relevant to DNA damage can exceed those for erythema 
by a factor of two.
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Ozone recovery will be affected by climate change 
(see also Section 3.2) and this will in turn affect the lev-
els of UV radiation at the surface.  Hegglin and Shepherd 
(2009) reported that the effects of a strengthened BDC 
on stratospheric ozone, which they entirely attributed to 
changes in GHG concentrations (assuming that the effect 
of ODSs on ozone were negligible in 1965 and 2095 in 
their simulations), would result in decreases in erythemal 
irradiance from 1965 to 2095 by about 9% at northern high 
latitudes.  This change was found to be about three times 
larger than the change attributed to stratospheric ozone re-
covery from ODSs only, as estimated from the change in 
erythemal irradiance from 1965 to 2000.

More robust ozone projections can improve the 
accuracy of the estimated changes in surface UV irradi-
ance.  A new subset of simulations from 15 CCMs has 
become recently available through the CCMVal-2 activity 
of SPARC (see SPARC CCMVal (2010) and Section 3.3), 
and are used to repeat the erythemal irradiance calcula-
tions reported by Tourpali et al. (2009).  More realistic and 
spatially varying climatological values for aerosols (Kinne 
et al., 2006) and surface reflectivity (Herman et al., 2001) 
are prescribed in the present calculations.  Although cloud 
and aerosol fields are expected to change in the future 
(IPCC, 2007), they are kept constant here.  For the period 
covered by the CCM simulations (1965–2100) and over a 
global grid of 10° × 15° respectively, solar UV irradiance 
spectra (280–400 nm) at the surface are calculated with  
the radiative transfer model package libRadtran (Mayer 
and Kylling, 2005) for the 15th of each month.

These new simulations, shown in Figure 3-18, re-
sult in lower inter-model spread compared to the results 
of Tourpali et al. (2009), allowing a more robust estima-
tion of the dates when erythemal irradiance is projected 
to return to 1980 values.  At midlatitudes, erythemal irra-
diance is projected to decrease for all models throughout 
the 21st century.  The return of the multi-model mean to 
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Figure 3-18.  Annual means of surface erythemal 
irradiance changes (in %, relative to 1975–1985) 
under cloud-free conditions for three latitude belts 
representative for Northern Hemisphere midlatitudes 
(upper panel), tropics (middle panel), and Southern 
Hemisphere midlatitudes (lower panel), calculated 
with a radiative transfer model using projections of 
ozone and temperature from 15 CCMs.  See Table 
3-1 for model descriptions.  For the models provid-
ing multiple runs, the average change of irradiance 
is shown.  The black thick line represents the multi-
model mean.  All lines have been smoothed with a 
1:2:1 filter.  Note the different scale for the tropical 
belt.  Updated from Tourpali et al. (2009) using pro-
jections from 15 CCMVal-2 models.
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1980 values is projected to occur in 2023 for the Northern 
Hemisphere and in 2035 for the Southern Hemisphere; 
for individual models, the return date ranges from 2016 
to 2055 and from 2038 to 2055, respectively.  The large 
range on the erythemal irradiance return date reflects the 
large inter-model differences in total column ozone used 
as inputs in the surface UV calculations.  The projected 
increases in column ozone above its levels in 1980 after 
the mid-21st century, especially in the Northern Hemi-
sphere, result in decreases in erythemal irradiance of up 
to 5% below its levels in 1980 (Figure 3-18, upper panel), 
with important implications for ecosystems at high lati-
tudes (UNEP, 2010).  For example, such decreases may 
contribute to further deficiency in the vitamin D levels of 
humans (Edvardsen et al., 2007; Kazantzidis et al., 2009; 
Kimlin et al., 2007; Webb and Engelsen, 2006), unless 
other factors, such as a possible decrease in cloudiness, 
would counteract these changes.  In the event of increas-
ing cloudiness due to climate change, or increasing aero-
sol load (likely over inhabited areas), the adverse effects 
concerning vitamin D production would be even larger.

The simulations for the tropics (Figure 3-18, mid-
dle panel) show a steady increase in surface erythemal 
irradiance up to the late 1990s and then a slow decrease 
until ~2050, when it reaches a minimum that is still high-
er than 1980 levels for most models.  Thereafter, sur-
face UV is projected to slowly increase toward the end 
of the 21st century, in response to the projected decreases 
in tropical column ozone due to the acceleration of the 
BDC.  The tropical changes are small (at most 5% with 
respect to 1980 values) in comparison to the changes 
projected for the higher latitudes.  This temporal behav-
ior of tropical erythemal irradiance is common to most 
models and agrees with the simple estimates of Hegglin 
and Shepherd (2009).  UV-B radiation in the tropics is 
high due to naturally occurring low total ozone columns 
and high solar elevation angles.  Assuming no variations 
from other factors, if UV-B radiation remains above its 
values in 1980, the adverse effects on ecosystems from 
UV exposure might be enhanced in this region during the 
21st century.

The uncertainty of the surface UV projections pre-
sented here could be much larger than the model range 
indicates.  Indeed, more realistic projections of future UV 
radiation should include not only ozone, but also clouds, 
aerosols, and surface reflectivity.  All these will likely be 
affected by climate change.  In addition, anthropogenic 
tropospheric ozone and aerosols in the lower troposphere 
are likely to change as well (see Section 3.2.8).  Clouds 
are the main modulator of UV radiation and current work 
shows that they may introduce considerable variability 
to the future UV time series and modify, or even reverse, 
the ozone-related trends in UV radiation.  The evolution 
of these factors in the future, with patterns exhibiting 

strong spatial variations (e.g., Trenberth and Fasullo, 
2009), may modify accordingly the projected return date 
of UV irradiance to its 1980 levels.

3.4.2	P olar UV

In polar regions, the UV signatures of ozone reduc-
tions have been more pronounced compared to midlati-
tudes (see Chapter 2), resulting in measurable changes and, 
in some cases (e.g., in Antarctica), detectable increases in 
surface UV radiation (Bernhard et al., 2006).

In Tourpali et al. (2009), the ozone recovery pro-
jected by CCMs for the southern polar latitudes resulted 
in large reductions in erythemal irradiance under cloud-
less conditions of more than 30% between 2000 and 2095.  
When, instead of the annual mean, monthly means are 
considered, reductions of ~50% are found in the austral 
spring.  The sign of the erythemal irradiance changes is 
reversed for polar regions, when its levels in the 1960s are 
taken as reference.  Hegglin and Shepherd (2009) estimat-
ed increases in erythemal irradiance of up to 20% between 
1965 and 2095 over the same region in late spring and 
early summer.  This increase is nearly half of that gen-
erated by the Antarctic ozone hole from the increase in 
ODS levels since the 1960s.  The increase is not so large in 
the new calculations, with the multi-model mean in 2100 
being just above the 1960 level, though the range in the 
model estimates is large (see Figure 3-19).  Some CCMs 
even report small decreases in erythemal irradiance for the 
same period.

The new UV simulations show that increases in 
clear-sky erythemal irradiance reach a rather broad maxi-
mum centered over the 2000s (Figure 3-19).  The magni-
tude of this maximum varies between models, ranging, for 
the spring months, from ~5 to 15% in the Arctic, and from 
~30 to 110% in Antarctica.  This spread in the model es-
timates is a measure of the uncertainty of the simulations, 
which, together with their large year-to-year variability, 
makes it difficult to assess more accurately the magnitude 
and timing of the UV maximum.  After the 2000–2010 
decade, erythemal irradiance is projected to decrease at 
different rates for the two regions.  In the Arctic, it is pro-
jected to return to its 1980 value between 2020 and 2030, 
while in Antarctica the return occurs only in the 2nd half of 
the 21st century.  The rather slow decline in UV levels over 
Antarctica may have important biological consequences 
for Antarctic ecosystems, which will continue to be ex-
posed to excess UV for most of the 21st century.

The expected increase in stratospheric ozone lev-
els at southern polar latitudes is projected to accelerate 
surface warming over Antarctica (Son et al., 2009).  This 
may accelerate ice and/or snow melting and, ultimately, 
may lead to exposure of organisms under the ice to UV 
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Figure 3-19. As in Figure 3-18 but for April in the Arctic (upper) and October in Antarctica (lower). The legend 
of Figure 3-18 applies also here. Note the different scales in the two panels. Updated from Tourpali et al. (2009) 
using projections from 15 CCMVal-2 models.
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radiation and to a decrease of surface reflectivity.  The re-
duction in surface reflectivity would reinforce the effect 
of rising stratospheric ozone levels by decreasing further 
surface UV irradiance over this region.

3.4.3	 Link to UNEP Environmental Effects 
Panel Assessment

Changes in solar UV radiation at the surface are im-
portant due to the biological consequences—both negative 
and positive—for humans and for different ecosystems.  
The adverse effects of UV radiation on human health have 
dominated the public awareness during the last three 
decades because of ozone depletion.  In recent years, 
though, much attention has been drawn to the benefits of 
solar UV radiation with respect to its involvement in the 
production of vitamin D, an important agent for human 
health (Edvardsen et al., 2007; Kazantzidis et al., 2009; 
McKenzie et al., 2009; Webb et al., 1988).  As the spectral 
characteristics of solar UV radiation at the surface depend 
on the changes in ozone, the recovery of the stratospheric 
ozone layer will reduce the harmful biological doses 
received by humans, but will reduce also the rate of pro-
duction of vitamin D, especially in the winter months at 
high latitudes.  Ozone depletion has also influenced other 
communities, terrestrial and marine, as well as biological 
and chemical processes in the environment (UNEP, 2007).  
Therefore, the recovery of stratospheric ozone and the 
timing of this recovery are important for both.  The im-
pacts of ozone depletion and recovery, and of the resulting 
changes in UV radiation on the environment and the eco-
systems, will be focal points for discussion in the forth-
coming assessment report of the Environmental Effects 
Assessment Panel (EEAP) of UNEP (UNEP, 2010).

Ozone depletion has shown seasonal and latitudinal 
variations.  The projections of surface UV irradiance in the 
21st century based on ozone changes projected by CCMs 
(as described in Section 3.4.1) reveal the importance of 
ozone variations in different regions.  This can be seen in 
Figure 3-20, which shows the average change in daily ery-
themal irradiance between 1975–1985 and 2089–2099 for 
different seasons.  Evidently there is a strong meridional 
gradient in the UV changes, which are small and positive 
in the tropics (up to 4%) and become negative with increas-
ing magnitude at the middle and high latitudes.  Although 
small in percentage, this increase in the tropics may be 
important for ecosystems living in this region, where ir-
radiance levels are already high.  As discussed above, the 
changes over Antarctica exceed −30% and are rather zon-
ally symmetric.  Such large decreases will have implica-
tions for the Antarctic ecosystems.  Overall, the changes in 
UV radiation are fairly zonal over the middle and tropical 
latitudes and for all seasons, with longitudinal variations 

of a few percent.  In the winter/spring period of the North-
ern Hemisphere these longitudinal variations are slightly 
larger due to more regional changes in column ozone.

In the present report, the future UV radiation has 
been simulated only in terms of ozone variations.  How-
ever, climate change may significantly impact surface UV 
levels either directly through changes in clouds, albedo, 
and aerosols, or indirectly through interaction with ozone, 
as discussed in Section 3.2.8.  Clear-sky UV simulations, 
calculated from changes in ozone and changes in cloudi-
ness and surface reflectivity taken from climate models, 
will be discussed in more detail in the forthcoming assess-
ment report of the EEAP/UNEP (UNEP, 2010).

Because ozone depletion has been most severe in 
the southern high and polar latitudes, the effects on the 
ecosystems would likely be most pronounced and detect-
able over these regions.  Antarctic communities have been 
exposed to alterations in the surface conditions of tem-
perature, moisture, and ultraviolet radiation resulting from 
climate change and stratospheric ozone depletion (Solo-
mon et al., 2005).  After three decades of ozone depletion 
and enhanced UV exposure, communities may already be 
undergoing adaptation, species selection, and changes in 
species assemblages, communities, and distributions, with 
effects on ecosystem function (Wall, 2007).  For the Ant-
arctic terrestrial communities, the timing of exposure in 
early spring might be more important than the magnitude 
of UV-B exposure, since, in early spring, organisms may 
be in a physiologically inactive state and unaccustomed 
to these levels (Wall, 2007).  Terrestrial organisms are 
also living under the snow cover that may provide protec-
tion from UV radiation (Cockell and Cordoba-Jabonero, 
2004).  Climate changes may result either in prolonga-
tion (through cooling) or in shrinking (through increases 
in sublimation and strengthening of katabatic winds) of 
periods with snow cover (Wall, 2007).

3.5	C ONCLUSIONS

The focus of this chapter has been to assess and dis-
cuss projections of future ozone and its impact on surface 
UV.  Future ozone will be mostly determined by changes 
in stratospheric halogen loading (ESC) and changes in cli-
mate parameters.  Thus, the chronology of the third and 
last stage of ozone recovery from ODSs as defined in 
WMO (2007), and employed here, depends critically on 
the combination of these two factors.  Separately evalu-
ating the role of halogens in ozone depletion is of great 
interest because it is the primary concern of the Parties to 
the Montreal Protocol.  Section 3.2 describes the primary 
factors controlling future ozone and surface UV.  Strato-
spheric halogen loading has been the strongest influence 
on ozone in the last decades since the onset of the Ant-
arctic ozone hole and midlatitude depletion.  Stratospheric 
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halogen loading has peaked in all regions of the strato-
sphere in the last two decades and is now diminishing at 
a rate primarily controlled by the atmospheric lifetimes 
of individual chlorine and bromine gases.  Global and re-
gional projections for the removal of halogens have very 
similar time dependences as shown in Figure 3-21 and in-
dicate that the return of halogen amounts to 1960 values 
will not be achieved before 2100, except in the tropical 
lower stratosphere.  A prominent feature of the halogen 
time series is that regional peak values are quite different.  
Because of the long average lifetimes of ODSs, the highest 
values are found in polar regions, where the average age of 
stratospheric air is greatest.

Other leading factors discussed in Section 3.2 are 
stratospheric levels of key ozone-destroying hydrogen and 
nitrogen species, stratospheric temperatures, the Brewer-
Dobson circulation, dynamics of the polar vortex, and 
stratospheric aerosols.  Many of these factors, which al-
ready influence ozone to some degree, are coupled such 
that the effects of an initial perturbation may be ampli-
fied to result in a larger effect on ozone than would have 
been the case otherwise.  Links between components of 
the chemistry-climate system are indicated in Figure 3-22 
with arrows representing chemistry, radiation, transport 
and other mechanisms.  Many of these factors are influ-
enced by anthropogenic emissions of GHGs and ODSs.  
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For example, the increase in stratospheric CO2 abundanc-
es is the main cause of the cooling trend in the stratosphere 
(see Section 4.2).

These multiple drivers of ozone changes and their 
interactions will create more diverse regional behavior in 
stratospheric ozone than would be expected from aver-
age global behavior or from the evolution of ODSs alone.  
This point is illustrated schematically in the time series 
shown in Figure 3-21, where an anticorrelation between 
the evolutions of ESC and total column ozone can be 
seen for the global average, for the Antarctic lower strato-

sphere, and for the tropical upper stratosphere.  However, 
the influence of other drivers, in particular GHGs, is mani-
fest in the global and tropical upper stratosphere, where 
ozone amounts return to 1960 levels in the middle of 21st 
century, although ODSs are still enhanced during this pe-
riod.  It is only in the Antarctic lower stratosphere, where 
the sensitivity of ozone to ESC maximizes, that ESC ap-
pears to remain the dominant driver until the end of the 
21st century.  In other regions, ozone changes are not well 
correlated with ESC.  For example, in the tropical lower 
stratosphere, ozone amounts decrease steadily from 1960 
to 2100 whereas in the northern midlatitude lower strato-
sphere, ozone shows a small negative response to ESC 
until 2020 before increasing throughout the 21st century.  
In these regions, GHG changes are the dominant driver of 
ozone changes.

The multiple interactions between the components 
of the chemistry-climate system (Figure 3-22) complicate 
a clean attribution of changes in ozone to changes in ODSs 
and other factors as required by the definition of full ozone 
recovery employed in this Assessment.  For example, de-
creases in polar stratospheric ozone, resulting from in-
creases in ESC, cool the stratosphere since heating from 
UV absorption by ozone is also reduced.  This cooling in 
turn enhances the effectiveness of ESC by promoting the 
formation of polar stratospheric clouds.  Increases in GHG 
concentrations drive additional radiative stratospheric 
cooling, but at the same time strengthen the BDC, which 
adiabatically warms the polar stratosphere and enhances 
mixing with lower latitudes.  Sensitivity simulations us-
ing CCMs can be used to disentangle the effects of differ-
ent drivers to ozone changes.  Model results indicate that 
changes in ODSs and GHGs appear to affect ozone nearly 
independently.

The primary drivers of ozone changes, and their 
interactions, are largely described in the CCMs that have 
been used to make the ozone and UV projections pre-
sented in this chapter.  To identify the causes of simulated 
future ozone changes, CCMs were also used to conduct 
sensitivity simulations in which one particular driver of 
ozone changes (e.g., ODSs or GHGs) was held constant.  
There are, however, processes that are not yet fully real-
ized in models, such as potential changes in the quasi-
biennial oscillation and coupling to the ocean.  There are 
additional processes and associated potential feedbacks 
in the ocean-climate-stratosphere system (e.g., changes 
in marine biogenic emissions of halocarbons induced by 
changes in climate and surface UV) and in the terrestrial 
biosphere-climate-stratosphere system (e.g., emissions of 
ozone precursors) that are also currently absent in CCMs.  
Therefore, as progress is made toward the development of 
full Earth Systems Models that include a wider variety of 
processes and feedbacks, more comprehensive and robust 
future projections of ozone will become possible.

Figure 3-21.  A schematic contrasting global and 
vertically resolved changes in ozone (blue) and ESC 
(red).  In all cases changes with respect to the 1960 
value are shown. Panel (a) shows the most common 
framework in which future projections of ozone are 
considered (compare to Figure 6-1 of WMO, 2007) 
while the other panels show the greater variety of re-
sponses of ozone to ESC in different regions of the 
atmosphere resulting from non-ESC drivers of ozone 
changes and their feedbacks and interactions (see 
Figure 3-22).  The schematic is generated from multi-
model means (solid lines) and 95% prediction inter-
vals (shading) of REF-B2 simulations (Table 3-2) 
from the suite of CCMs used in this chapter.
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Figure 3-22.  Schematic of ozone-
focused stratospheric chemistry-
climate interactions.  Links between 
elements of the chemistry-climate 
system are indicated with arrows rep-
resenting chemistry (blue), radiation 
(red), transport (green), and other 
mechanisms (black).  Simple and 
more complex feedback cycles can 
be constructed following the linking 
mechanisms.  A simple example is 
ozone depletion in the upper strato-
sphere leading to lower temperatures.  
Lower temperatures slow the gas-
phase destruction of ozone, thereby 
reducing the amount of ozone deple-
tion.  The feedback loops involving 
stratospheric aerosol are currently 
not important, but they might become 
important again after a large volca-
nic eruption or in the context of some 
geoengineering proposals.
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Appendix 3A
Constructing Correlative Time Series Plots

The correlative time series plots shown in Figures 3-8 and 3-10 were constructed to illustrate how the rise and fall of 
ESC correlates with stratospheric ozone changes over multi-decadal time periods in scenarios that include and exclude the 
effects of GHGs and ODSs.  This appendix describes how these plots are constructed and evaluated.

Calculated global or regional stratospheric ozone values typically are shown as time series and qualified by the cor-
responding time series of temperature and ESC because of the strong influence these parameters have in controlling ozone 
amounts.  As an example, Figure 3A-1(a) shows multi-model area weighted ozone mixing ratios from 25°S to 25°N at 5 
hPa from 1960 to 2100 for the reference (black), ODSs fixed at 1960 values (blue), and GHGs fixed at 1960 values (green) 
simulations (Table 3-2).  The combination of the fixed ODS and fixed GHG simulations (detailed below), used to test for 
linear additivity, is shown in yellow.  The CCSRNIES, MRI, and WACCM chemistry-climate models were used to form 
the multi-model trend and all time series were subjected to the TSAM smoothing described in Section 3.3.2.2.  The results 
for temperature and ESC in the same model runs are shown in Figure 3A-1(b) and (c).

To test the linear additivity of the ozone responses to changes in ODSs and GHGs, the sum of the individual ozone 
responses in the fixed ODS and fixed GHG simulations was evaluated as a function of time (t) as

Ozonesum(t) = fGHGozone(t) + fODSozone(t) − fODSozone(1960)

where fODSozone(1960) is the ozone 
value in 1960 in all simulations (dashed 
line in Figure 3A-1(a)).  This Ozonesum 
time series is shown as a yellow trace in 
Figure 3A-1(a) and (d).  As for ozone, 
the linear additivity of the effects of 
changes in ODSs and GHGs on ESC is 
tested by calculating 

ESCsum(t) = fGHGESC(t) + fODSESC(t) 
− fODSESC(1960)

where the ESC terms correspond to 
those defined above for ozone and 
fODSESC(1960) is the ESC value in 
1960 in all simulations.  The ESCsum 
time series is shown as a yellow trace in 
Figure 3A-1(c) and (d).  In the interests 
of clarity, the linear additivity of the ef-
fects of changes in ODSs and GHGs on 
temperature were not investigated and 
are therefore not shown in panel (b). 

A correlative time series plot cor-
responding to the ozone, temperature, 

Figure 3A-1. Time series for (a) 
ozone (ppm), (b) temperature (K), 
and (c) ESC (ppb) from CCM simu-
lation results for 5 hPa between 
25°S and 25°N (area-weighted) 
and corresponding correlative time 
series plot (d).  The traces in (d) are 
color-coded by temperature, and 
decade year markers are shown 
with symbols and labels.
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and ESC time series is shown in Figure 3A-1(d) with a separate line for each of the scenarios discussed above.  Ozone is 
plotted on the ordinate and ESC on the abscissa because ESC is the expected main driver in the long-term ozone evolution.  
Symbols are used to mark decade years along each time series line and temperature is indicated with a color scale.  A correla-
tive time-series plot is of value because it highlights in a single panel the sensitivity and response of ozone to ESC and other 
variables in the CCMs over a multi-decadal period in a specific region or globally.

There are several important features of this plot type.  For example, in this case, the fODS simulation appears in 
Figure 3A-1(d) as a nearly vertical line, the length of which indicates the overall effect of non-ODS factors on ozone.  The 
fODS line may also deviate from the vertical indicating that non-ODS factors affect the conversion of ODSs to ESC.  If 
the non-ODS factors had no influence on ozone and ESC, the fODS result would appear as a point on the plot.  The tem-
perature gradient along the line indicates a systematic change in this controlling factor.  Apart from the fODS simulation, 
all simulations trace a broad path along the ESC axis from very low concentrations of ESC in 1960, through the peak in 
ESC around 2000 on the far right of the plot, and back to lower ESC concentrations by the end of the 21st century.  In these 
cases, if ozone was controlled solely by ESC, the increasing and decreasing legs of this time series would trace the same 
path.  Any deviation between the increasing and decreasing legs is indicative of a systematic influence of non-ODS factors.  
Finally, the separation at each point between the reference and linear additivity test traces indicates the degree to which the 
influence of ODS and GHG changes on ozone do not act independently, assuming that the uncertainties in these projec-
tions are small compared to this separation (McLandress et al., 2010).  Thus, the time series displays and the correlative 
time series plot offer complementary views and insights into the evaluation of the CCM results.


