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9.1 Introduction

The long-term evolution of ozone is influenced by 
a wide variety of factors that may be broadly separated 
into radiative, dynamical, transport, chemical and external 
forcing processes. Many of the processes are also coupled 
in the sense that, for example, dynamical changes lead to 
chemical changes, which feed back onto the dynamics. 
Therefore, although it is convenient to try to separate the 
effects of individual processes on ozone amounts, to some 
extent this can be a matter of definition and the stratosphere 

needs to be treated as a whole.
Radiative effects related to ozone were discussed in 

Chapter 3. Stratospheric temperature (and hence ozone 
chemistry) is influenced by radiative processes through 
changes in the long-lived greenhouse gases (GHGs) (Shine 
et al., 2003); primarily CO2, although CH4, H2O, and N2O 
are minor contributors. The stratospheric temperature 
also has an important influence on the formation of polar 
stratospheric clouds, which are implicated in polar ozone 
destruction. Ozone itself is a radiative gas. The radiative 
effects combined — due to GHGs and ozone — induce 
temperature changes. In turn this changes the planetary 
wave driving of the Brewer-Dobson (BD) circulation, 
which on climate time scales leads to increased transport 
(Butchart and Scaife, 2001).
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Dynamical effects related to ozone were discussed 
in Chapter 4. Ozone amounts are influenced by both re-
solved and parameterised wave forcing. Resolved waves 
include synoptic scale and planetary waves, which have in 
particular a direct effect on the polar vortex. Most models 
include parameterisations for both orographic and non-
orographic gravity waves (Chapter 2), which are crucial 
to simulate realistic polar vortex strength. For those mod-
els that have sufficient vertical resolution, there is the po-
tential to model a spontaneous Quasi-Biennial Oscillation 
(QBO) (Takahashi, 1996). The QBO is an important part of 
the tropical variability, but also contributes to interannual 
variability in high latitude stratospheric winds by the well-
known Holton-Tan effect (Holton and Tan, 1980). These 
processes have a direct effect on ozone amounts through 
transport. Dynamical processes also influence tempera-
tures which in turn affect the chemistry of ozone because 
of the temperature dependence of the reaction rates.

Transport effects were discussed in Chapter 5. The 
net ozone change is essentially the balance between trans-
port and chemistry, and small changes such as those due 
to the changes in the BD circulation (Shepherd, 2008) can 
have important direct changes on ozone as well as influ-
encing the concentrations of long-lived species, in particu-
lar Cly and NOy, which produce further chemical changes 
(Douglass et al., 2008).

Chemical effects related to ozone were discussed in 
Chapter 6. Chemical processes in recent decades have been 
dominated by the evolution of halogen loading (Eyring et 
al., 2006), which will also remain the focus of attention for 
several decades to come. While chlorine remains present 
in high concentrations in the atmosphere, volcanic erup-
tions will also play an important role through the supply of 
sites for heterogeneous reactions (Tie and Brasseur, 1995). 
Changes in water vapour concentration have a dual role; in 
changing the concentration of HOx radicals, and in chang-
ing the amount of polar stratospheric clouds (PSCs). HOx 
catalytically destroys ozone and changes the balance of 
other chemical species. Increases in PSC amounts lead to 
enhanced ozone destruction in the presence of high halo-
gen amounts. N2O increases lead to increased NOy, and 
future ozone loss (Portmann and Solomon, 2007).

The UTLS region (Chapter 7) is important to ozone 
since, for example, water vapour concentrations in the 
stratosphere depend on the tropical tropopause tempera-
ture. The tropical pipe (Plumb, 1996) is also a source of 
very short-lived species which contribute to ozone deple-
tion (WMO, 2007, Chapter 2).

Forcings external to the atmosphere also contribute to 
ozone change and were discussed in Chapter 8. At the top 
of the atmosphere, solar cycle variability leads to changes 
in ultraviolet (UV) flux which contributes to ozone vari-
ability via changes in photolysis rates (Austin et al., 2008). 
Unlike most other processes considered, though, this is 

cyclic rather than systematic, apart from historical periods 
such as the Maunder Minimum of several centuries ago. 
The lower boundary of the atmosphere is coupled to the sea 
surface, which will influence and be influenced by tropo-
spheric dynamics, which in turn can affect stratospheric 
wave propagation (Garnkel and Hartman, 2007). Volcanic 
aerosols also affect ozone through heterogeneous chemical 
effects and via radiative heating (Chapter 3). Finally, the 
extent to which sea-surface temperatures (SSTs) and the 
troposphere influence the stratosphere will be determined 
in small part by the effect of the stratosphere on climate 
(Chapter 10).

The degree to which all of these factors combined in-
fluence the future evolution of ozone is investigated using 
the simulations of CCMVal-2, described in Chapter 2. The 
two sets of results from experiments REF-B1 and REF-B2 
are used. In REF-B1, sea surface temperatures (SSTs) and 
external forcing parameters including the solar cycle, were 
specified from observations. In REF-B2, the greenhouse 
gas (GHG) scenario SRES A1b and the halogen scenario 
A1 from WMO (2007) were used to investigate the future 
behaviour of stratospheric ozone until the end of the 21st 
century. The results are found to depend broadly on lati-
tude and hence it is most natural to divide the results into 
tropical, mid-latitude, and polar regions. For each of these 
regions the goal of this Chapter will be:

• To review and update our understanding of the domi-
nant factors that affect ozone depletion and recovery 
in that region.

• To present the projected past and future ozone change 
from the new (CCMVal-2) CCM simulations and 
compare this with the projected ozone change from 
the previous (CCMVal-1) CCM simulations.

• To pull together “future-change” information for 
these factors from the relevant chapters of this report 
to understand the evolution of ozone and to estimate 
the relative importance of any competing factors.

• To identify outstanding modelling issues that are cen-
tral to the accurate prediction of long-term ozone in 
that region.

In addition, in Section 9.6 the results from the dif-
ferent regions are brought together to address the issue of 
ozone recovery and its timing. The 2006 Ozone assess-
ment (WMO, 2007) expressed ozone recovery in terms of 
ozone increase relating to a reduction in ozone depleting 
substances (ODSs). Here, we need to consider a more gen-
eralised ozone recovery, which takes account of changes 
in GHGs as well. In this respect ozone recovery can be 
considered in the same way as tropospheric temperature 
change, and attribution analyses can be undertaken to de-
termine the cause of ozone recovery, whether it is chemical 
(via ODS reduction for example), radiative (via tempera-
ture change on the reaction rates) or dynamical (via chang-
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es in transport). Hence, we use the term “ozone recovery” 
to imply the process of an increase in ozone. We avoid 
terms such as “full recovery” and “super-recovery”, which 
imply the need for an ozone or ODS benchmark. Instead, 
we refer to points along the path of ozone increase as “re-
covery to 1980 levels” or “return to 1980 levels”. We also 
consider other reference dates, such as 1960, reflecting the 
loss of ozone that likely occurred prior to the availability of 
extensive satellite measurements of ozone.

9.2 Analysis methods

The CCMVal results are investigated using two dis-
tinct analysis methods. In Section 9.2.1 we present a multi-
model time series analysis method which is used to doc-
ument the evolution of total column ozone and chlorine 
amounts. In Section 9.2.2 we summarize the multi-linear 
regression methodology that is used to attribute individual 
model sensitivities to chemistry and temperature.

9.2.1 Multi-Model Time Series Analysis

Ideally, a comparison between CCMVal-1 and 
CCMVal-2 projections would be based on analyses that 
produced quantitative predictions and uncertainty esti-
mates of ozone and ozone related indices. In previous stud-
ies, time series analysis of CCMVal simulations (WMO 
2007, Eyring et al., 2007) have provided mostly qualitative 
results making it difficult to formulate and utilize multi-
model projections. Instead, we formulate a new analysis 
procedure based on a statistical framework that employs a 
nonparametric additive model to estimate individual-mod-
el trends (IMT) and multi-model, trends (MMT). Here, the 
term “trend” refers to a smooth trajectory passing through 
the time series data representing the “signal”, leaving a 
“noise” field as the residual. The goal in this procedure is 
the definition of the simplest nonparametric additive model 
whose trend estimate produces residuals that satisfy as-
sumed properties of noise (e.g., that it be an independent 
normally distributed random variable). The use of a sta-
tistical framework based on a probabilistic model allows 
the trend estimates to be used to make formal inference 
(e.g., calculation of confidence and prediction intervals). 
We shall refer to this new time series additive-model analy-
sis as the “TSAM” analysis. Attractive properties of the 
TSAM analysis include: the production of smooth trend 
estimates out to the ends of the time series, the ability to 
model explicitly interannual variability about the trend es-
timate, and the ability to make rigorous probability state-
ments. Because the TSAM analysis is based on a testable 
probabilistic model, the suitability of the particular non-
parametric additive model used can be validated.

The TSAM analysis adopted here consists of three 
steps: estimation of individual model trends (IMT), base-

line adjustment of these trends, and the weighted combina-
tion of the IMT estimates to produce a multi-model trend 
(MMT) estimate. Much of the development effort of the 
TSAM analysis has gone into the final weighting step. The 
formulation allows the specication of prior model weights 
if this is desired (e.g., metric-based performance weight-
ing, although in the present application of the TSAM, this 
feature was not used) in the evaluation of the final MMT 
estimate. Two types of uncertainty intervals are constructed 
for the MMT estimate. The first is the point-wise 95% con-
fidence interval. This interval has a 95% chance of over-
lapping the true trend, representing the local uncertainty 
in the trend at each year. The second interval, larger by 
construction, is the 95% prediction interval. This interval 
is a combination of uncertainty in the trend estimate and 
uncertainty due to natural interannual variability about the 
trend. It gives an idea of where an ozone value for a given 
year might reasonably lie.

A complete description of the TSAM is provided in 
Appendix B. along with detailed examples of its applica-
tion. A supplement to the chapter has been created in which 
a more complete set of TSAM diagnostics are provided 
along with an analysis of its sensitivity to outliers and a 
comparison with the simpler methods of time series analy-
sis employed for CCMVal-1.

In the following sections, three types of figures will 
be presented that relate to the application of the TSAM 
analysis on ozone related time series. The first (e.g., Figure 
9.1 left-hand column) represents initial IMT estimates of 
the raw time series data. This initial smooth fit is used to 
define a baseline value for each model, and a multi-model 
mean baseline value for a specified reference year. Taking 
the reference year as 1980 for example, anomaly time se-
ries would be constructed by taking the raw time series and 
subtracting their respective 1980 baseline values. Finally, 
to each anomaly time series the multi-model mean 1980 
baseline value would be added. In this example, we would 
refer to these as “1980 baseline-adjusted” time series. The 
second type of figure (e.g., Figure 9.1 right-hand column) 
displays IMT estimates of the baseline-adjusted time series 
and it is these that are used to define the MMT estimate in 
the final step of the TSAM analysis. The third type of figure 
(e.g., Figure 9.2) shows the baseline-adjusted MMT esti-
mate (heavy dark-grey line) along with its 95% confidence, 
and 95% prediction intervals (light- and dark-grey shading 
respectively). Further details may be found in Appendix B 
and a complete set of these figures appears in Section 9S.1 
of the supplement to this chapter. The final MMT estimates 
are suitable for the production of multi-model estimates of 
return dates and this is discussed in Section 9.6.

9.2.2 Multi-linear regression analysis

Multiple linear regression (MLR) is used to deter-
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mine the relationship between ozone amounts and physical 
parameters to try to obtain the reasons for the modelled 
ozone trends. We concentrate on the middle and upper 
stratosphere, where the processes are more amenable to 
this analysis. The method used here is based on Oman et 
al. (2010) which separates the contributions of explanatory 
variables to changes in extra-polar ozone. As discussed 
in Oman et al. (2010), the MLR method focuses on the 
variables contributing to ozone change rather than the spe-
cific surface forcings (e.g., CO2, N2O, CH4, and Halogens). 
The explanatory variables are temperature, NOy, HOx and 
Cly + αBry. For those models which did not supply HOx 
(AMTRAC3 and UMUKCA-UCAM) this term was not in-
cluded in the analysis. Likewise, several models (CAM3.5, 
CNRM-ACM, UMSLIMCAT, and UMUKCA-UCAM) 
did not supply bromine, or bromine was not included in the 
simulations, and so the bromine component of Cly + αBry 
was set to zero.

The purpose of the analysis is to estimate the contri-
bution of the different chemical mechanisms to the simu-
lated changes in ozone. The principal analysis method used 
is multiple linear regression (MLR), which for a given lo-
cation is applied to determine the coefficients mx such that

ΔO3(t) =Σj mxj
Δxj(t) + ε(t) 

where the xj are the independent parameters of the regres-
sion and ε(t) is the residual. Four explanatory variables xj 
are used: Cly + αBry, NOy =NO + NO2 + NO3 + 2N2O5 + 
HNO3 + HNO4 + ClONO2 + BrONO2, HOx = OH + HO2, 
and temperature, T.  mxj

 is later referred to as the ‘sensitiv-
ity’ of O3 to the independent parameter xj. Each of the prod-
uct terms on the right hand side of Equation 9.1, mxj

Δxj(t), 
represents the contribution of xj to the ozone change. For 
the term Cly + αBry, α is taken to be 5, the appropriate val-
ue for the upper stratosphere (Daniel et al., 1999), which is 
the region of the atmosphere considered here.

The MLR analysis is more difficult to interpret in the 
lower stratosphere, where photochemical time scales are 
comparable to the dynamical time scales. Hence tempera-
ture changes can induce chemical changes in ozone as well 
as reflecting dynamical variations which induce transport 
changes in ozone. Since these effects are often opposed, 
the resulting regression fit is poorer.

9.3 Tropical Ozone

9.3.1 From the 2006 WMO assessment:

• A small (2%) increase in column ozone is expected 
from 2000 to 2020. 

• The 2050 column ozone is expected to be slightly 
lower than 1980 values. 

• Decreased ozone occurs in the lower stratosphere, 
due to the enhancement of the BD circulation, which 
is expected to bring up ozone-poor air from the tro-
posphere.

9.3.2 Further analysis of  the CCMVal-1 runs

The strength of the BD circulation is expected to in-
crease on climate time scales (Butchart and Scaife, 2001; 
Butchart et al., 2006; McLandress and Shepherd, 2009a), 
driven by increases in GHGs. Li et al. (2008) and Oman 
et al. (2009) show that the BD circulation is also driven 
in part by changes in ozone, with the circulation chang-
ing fastest during the last two decades when ozone deple-
tion was strongest. In the future, as ozone recovers, the BD 
circulation is expected to increase less rapidly (Li et al., 
2008; Oman et al., 2009). Model simulations agree well 
with calculations of upwelling derived from radiosonde 
observations (Yang et al., 2008), although it is not cur-
rently feasible to determine observed trends because of the 
quality of the data. An indirect way of estimating the trend 
in upwelling is via the age of air, which should decrease 
due to climate change (e.g., Austin and Li, 2006; Garcia 
et al., 2007). However, although measurements do not 
show a trend in age of air (Engel et al., 2009), because of 
their large uncertainties, they do not necessarily contradict 
CCM results (Waugh, 2009).

The change in the BD circulation gives rise to up-
ward transport of ozone and other constituents in tropical 
regions, leading to lower tropical ozone in particular (e.g., 
Shepherd, 2008). The decrease of column ozone due to 
transport is comparable to the increase in the upper strato-
sphere due to stratospheric temperature change (e.g., Li et 
al., 2009).

Recent work has also investigated trends in the posi-
tion of the tropopause (Son et al., 2008; Gettelman et al., 
2009; Austin and Reichler, 2008). These studies show that 
the tropopause height is expected to increase in the future 
at a similar rate as the increase of the past few decades. 
The tropopause pressure is also simulated to decrease at a 
similar rate in the future as in the past. Austin and Reichler 
(2008) also show that in AMTRAC, the BD circulation is 
closely related to tropopause pressure and that their model 
simulates larger tropopause pressure trends than observed. 
These studies combined indicate that models with larger 
trends in upwelling give rise to larger trends in tropopause 
pressure, and that the mean of the models considered by 
Son et al. (2008), which included both small BD trends as 
well as large trends, is in good agreement with observa-
tions. In independent calculations, Fomichev et al. (2007) 
also show that an increase in SSTs leads to a warmer and 
higher tropopause. A plausible physical mechanism for the 
tropical SST influence is the strengthening of tropical up-
welling via deep convection (Deckert and Dameris, 2008).

(9.1)
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The implication of the trend in tropopause pressure 
is to reduce ozone at a given pressure just above the tropi-
cal tropopause. This would also follow directly from the 
increased upwelling in that region. A reduction in ozone 
has been observed in that part of the atmosphere (Randel 
and Wu, 2007) exceeding 6%/decade since 1980, which is 
too large to be understood on the basis of known chemistry, 
as radical concentrations are considered too small to have 
had a significant impact. The trend in ozone in this region 
has an important radiative impact, which leads to tempera-
ture trends in the tropopause region that are in much better 
agreement with observations than the simulations of the 
Coupled Model Intercomparison Project 3 (Forster et al., 
2007). The advantage of a CCM is that ozone is reasonably 
accurate in the vicinity of the tropopause, whereas in mod-

els with specified ozone, the connection between the local 
tropopause and the ozone amount is lost, and this has a sig-
nificant impact on net heating rates (Forster et al., 2007).

9.3.3 Tropical TSAM analysis

The TSAM analysis is applied to both the CCMVal-1 
and current CCMVal-2 tropical total column ozone and 
50 hPa total inorganic chlorine to identify any changes or 
improvements in moving to the newer models. In the left-
hand column of Figure 9.1 we present the raw time series 
data and the initial TSAM individual-model-trend (IMT) 
estimates for the annual total column ozone in the latitude 
band 25°S-25°N for 11 CCMVal-1 models (top) and 15 
CCMVal-2 models (bottom). These initial IMT estimates 
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Figure 9.1: Raw time series data of annually averaged total ozone for the latitude range 25°S-25°N and ini-
tial individual model trend (IMT) estimates (left-hand panels), and 1980 baseline-adjusted time series data 
and 1980 baseline-adjusted IMT estimates (right-hand panels) for the TSAM analysis of CCMVal-1 (top) and 
CCMVal-2 (bottom). Observations are shown in black for four observational data sets (see text). A lowess fit 
(with smoother span f=0.4) to the observations appears as a black line in all panels. The observations are not 
baseline-adjusted in the right-hand panels.
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employ the nonparametric additive model discussed in 
Appendix B and were verified by an analysis of the residu-
als (e.g., see Appendix B.3). Observations of total ozone 
from four data sets are also presented in Figure 9.1 (black 
lines and symbols). These include ground-based measure-
ments (updated from Fioletov et al. (2002)), merged satel-
lite data (Stolarski and Frith, 2006), the National Institute 
of Water and Atmospheric Research (NIWA) combined to-
tal column ozone database (Bodeker et al., 2005), and from 
Solar Backscatter Ultraviolet (SBUV, SBUV/2) retrievals 
(updated from Miller et al. (2002)).

Both the CCMVal-1 and CCMVal-2 time series dis-
play a wide range of background total ozone values over 
the entire REF-B2 period, which extend significantly 
above and below the observed values in this region. While 
the biases of most models have remained unchanged be-
tween the two inter-comparison projects, two models show 
significant differences from CCMVal-1 to CCMVal-2: 
WACCM has changed from a positive bias to a negative 

bias and UMSLIMCAT has changed from a near zero bias 
to a signicant negative bias.

As described in Sections 9.2.1 and Appendix B, rela-
tive to a selected reference date, baseline-adjusted time 
series and IMT estimates are computed in the second step 
of the TSAM analysis to facilitate a closer comparison of 
the predicted evolution of ozone indices between mod-
els. Analogous to the analysis performed in Chapter 6 of 
WMO (2007) and Eyring et al. (2007), anomaly time series 
are created for each model about a baseline value prior to 
significant ozone loss. Here, the baseline value is taken to 
be the initial IMT estimate at a selected reference date for 
each model (e.g., 1980). 

The baseline-adjusted time series are then formed by 
adding a constant so that each anomaly time series goes 
through the multi-model average of the IMT estimates at 
the reference date. Since the multi-model average of the 
IMT estimates is a close approximation to the final mul-
ti-model trend (MMT) estimate derived in the third step 

Figure 9.2: 1980 baseline-adjusted multi-model trend (MMT) estimates of annually averaged total ozone for 
the latitude range 25°S-25°N (heavy dark grey line) with 95% confidence and 95% prediction intervals appear-
ing as light- and dark-grey shaded regions about the trend (upper panels). The baseline-adjusted IMT esti-
mates, and unadjusted lowess fit to the observations are additionally plotted. CCMVal-2 results appear on the 
left and CCMVal-1 results appear on the right. The lower panel shows the same analysis of CCMVal-2 data but 
for a baseline adjustment employing a 1960 reference date.
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of the TSAM analysis, the baseline adjustment may be 
viewed simply as forcing the anomaly time series to go 
roughly through the final MMT estimate at the reference 
date. The baseline-adjusted IMT estimates employing 
a reference date of 1980 are presented in the right-hand 
panels of Figure 9.1. Comparing the left- and right-hand 
panels of this figure it can be seen that the TSAM anal-
ysis has been very effective at providing a common ref-
erence for the total ozone time series allowing a clearer 
comparison of the predicted evolution between models. 
The baseline-adjusted time series employing a reference 
date of 1980 show improved agreement with observations 
for CCMVal-2 relative to CCMVal-1. From the left-hand 
panels of Figure 9.1 it can be seen that this improvement 
in CCMVal-2 is fortuitous in that it has not come from a 
reduction in the spread of models but rather through a more 
even spread about the observations.

In the two top panels of Figure 9.2 the 1980 baseline-
adjusted MMT estimates (thick grey line) computed in the 
final step of the TSAM analysis for the 25°S-25°N total 
column ozone in CCMVal-2 (left) and CCMVal-1 (right) 
are presented. The 95% confidence and 95% prediction in-
tervals for the MMT estimate are also displayed in these 
panels as the light and dark-grey shaded intervals respec-
tively and the IMT estimates are superposed on top of the 
MMT estimate. A comparison of the MMT estimates in this 

figure reveals a reduced uncertainty and closer agreement 
with the observations for CCMVal-2 relative to CCMVal-1. 
The tighter confidence intervals for the CCMVal-2 MMT 
estimate have two sources. The first is that more models 
in CCMVal-2 submitted data that extended over a greater 
portion of the requested period (1960-2100). The second is 
that several of the models (e.g., AMTRAC3 and WACCM) 
have improved. In AMTRAC3 the improvements have 
arisen from the reduction in lower stratospheric chlorine.

The MMT estimates in the upper panels of Figure 9.2 
indicate that the evolution of total ozone in the tropics is rel-
atively unchanged between the CCMVal-1 and CCMVal-2 
data sets. There is a general decline from the start of the 
integrations until about the year 2000. Following a gradual 
increase until about 2050, column ozone amounts decline 
slightly toward the end of the century. However, after the 
year 2000, the secular variation in annual mean tropical 
ozone is only about 10 DU. Increased transport by the BD 
circulation is likely one of the largest drivers (Shepherd, 
2008; Li et al., 2009), and chlorine only has a small influ-
ence. The corresponding TSAM analysis of the 50 hPa Cly 
in this latitude band may by found in Figures 9S.5.8 in the 
supplement to this chapter.

Finally, in the lower panel of Figure 9.2 we consider 
the impact of using the earlier reference date of 1960 for 
the baseline-adjustment of total column ozone time series. 
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Figure 9.3: Results of the MLR analysis for the CCMVal-2 models in the latitude band 25°S-25°N. (a) Sensitiv-
ity of the model ozone to halogen, (b) sensitivity of the model ozone amounts to temperature and (c) sensitivity 
of the model ozone amounts to NOy .
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This is only possible for the CCMVal-2 data. It can be seen 
that the use of an earlier reference date for the pre-ozone-
hole baseline causes a significant increase in the spread of 
the anomaly time series particularly at the time of maxi-
mum ozone depletion. Relative to using a 1980 reference 
date for the baseline adjustment, the use of 1960 causes the 
MRI and CNRM-ACM to be larger outliers having exces-
sive ozone depletion in all years. SOCOL is an outlier for 
both 1960 and 1980 baselines after about 2050. This is due 
to the BD circulation and trend being particularly large in 
that model, as indicated in Figure 9.6 (see also Chapters 
4 and 5). The use of reference dates spanning the range 
1970-1980 for both total column ozone and 50 hPa Cly is 
presented in Section 9S.1 of the supplement to this chapter.

9.3.4 Multiple linear regression analysis

Figure 9.3 shows the sensitivity of tropical (25°S - 
25°N) ozone to temperature, Cly + 5Bry and NOy. There 
is general agreement among models in the middle to upper 
stratosphere with the exception of MRI and CNRM-ACM, 
which show higher ozone sensitivities to Cly + αBry, and 
AMTRAC3 which has more sensitivity to NOy than most 
models. The MRI results are consistent with the findings 
of Chapter 6 showing a much higher than expected ClO/
Cly ratio. However, at this time it is not clear why CNRM-
ACM and AMTRAC3 show these higher sensitivities.

Figures 9.4a and b show the evolution of ozone and 
its change relative to 1980 at 5 hPa in the tropics (25°S - 
25°N). There is a large spread in the time-mean values of 

Figure 9.4: Results of the MLR analysis for the CCMVal-2 models in the latitude band 25°S-25°N. (a) Evolution 
of ozone at 5 hPa, (b) Change in 5 hPa ozone relative to 1980 levels, (c) Evolution of Cly + αBry , (d) Contribu-
tion of Cly + αBry to the ozone change. (e) and (f ) are the same as (c) and (d), except for temperature. Curves 
in this figure were smoothed with a 1:2:1 filter applied iteratively 30 times.

(a) Tropics, 5 hPa Ozone (b) Tropics, 5 hPa Ozone rel. to 1980

(c) Tropics, 5 hPa EESC rel. to 1980 (d) EESC Contrbution rel. to 1980

(e) Tropics, 5 hPa Temp. rel. to 1980 (f) Temp. Contribution rel. to 1980
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ozone, from 8 to 12 ppmv, and the change relative to 1980 
levels also varies substantially. Most models show a peak 
ozone loss of about 0.25 to 0.5 ppmv by the year 2000 and 
exceed 1980 levels around the year 2020, and 1960 levels 
by about 2040. MRI and CNRM-ACM have larger than 
average peak ozone loss, whereas AMTRAC3 has less than 
average. Generally, those models with a smaller ozone loss 
recover earlier, and those with a larger loss recover later.

Similar variations can be seen in the change in Cly 
+ αBry (Figure 9.4c), suggesting that differences in peak 
ozone loss and date of return to 1960 and 1980 levels can 
be explained partially by differences in contributions from 
Cly + αBry. However, this relationship is not the only 
relevant factor, as MRI and CNRM-ACM have the larg-
est peak ozone loss, but do not have the largest change in 

Cly + αBry. Upper stratospheric ozone is also influenced 
by temperature, with most models cooling by 7-9 K from 
1960-2100. Those models with the largest cooling, 10-11 K 
(CCSRNIES, CMAM, LMDZrepro, UMSLIMCAT) also 
have some of the largest temperature contributions to the 
ozone change. The contributions of Cly + αBry and temper-
ature to the ozone change, computed from the regression 
analysis, are shown in Figures 9.4d and f respectively. The 
term that dominates the trends in ozone at this level varies 
depending on the time period, but in general Cly + αBry 
dominates over the past and beginning of the 21st century, 
with temperature changes causing the largest ozone chang-
es during the 2nd half of the 21st century. The contributions 
from NOy and HOx under the chosen A1b GHG scenario 
are negligible in most cases and are not shown. 

Figure 9.5: Vertical profile results of the MLR analysis for the CCMVal-2 models in the latitude band 25°S-25°N. 
(a) Ozone in the year 2000, (b) Ozone change from 2000 to 2100, (c) Cly + αBry change from 2000 to 2100, (d) 
Contribution of the Cly + αBry change to the ozone change. (e) and (f ) are the same as (c) and (d), except for 
temperature, and (g) and (h) are the same as (c) and (d), except for NOy.
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The ClO/Cly ratio for MRI suggests that the model 
has much larger amounts of ClO than should be expected 
(Chapter 6) which leads to the high sensitivity of ozone to 
Cly + αBry noted here. The reason for the high sensitivity 
of CNRM-ACM is not clear. The low Cly + αBry contribu-
tion of AMTRAC3 is due to the parameterisation of Cly 
which is less realistic in the tropical middle stratosphere.

Figure 9.5 shows the results of the MLR analysis 
for the vertical profile of the ozone change for 2000-2100. 
The maximum ozone change since 2000 occurs typically 
at about 3 hPa, with a typical increase of about 1.5 ppmv 
(Figure 9.5b). Figure 9.5c indicates that in the upper strato-
sphere of most models, Cly + αBry decreases by 2 ppbv 
over this period. CCSRNIES and SOCOL have larger 
than average decreases in Cly + αBry, and AMTRAC3 has 
a smaller than average Cly + αBry change, with a quite 
different vertical structure for reasons noted previously. 
Again, MRI and CNRM-ACM have the largest ozone 
changes due to Cly + αBry (Figure 9.5d) and AMTRAC3 
has a smaller increase. The NOy increase in most models 
peaks in the range 1-2 ppbv (Figure 9.5g) and combined 
with the sensitivities shown in Figure 9.3 most models in-
dicate a very small overall impact on ozone, less than 0.2 
ppmv. AMTRAC3 is an exception in showing a much larg-
er impact for reasons that are not clear. Apart from these 
exceptions, most models show about equal contributions 

to ozone change from changes in Cly + αBry, temperature 
and NOy.

9.3.5 The effect of  upwelling on ozone

As indicated in Section 9.2.2, results from MLR are 
difficult to interpret in the lower stratosphere. Instead we 
show in Figure 9.6 the relationship between the change in 
tropical (25°S - 25°N) ozone at 50 hPa, and the change in 
the vertical residual velocity,w* , at 70 hPa, for the period 
1960-2100. All the models for which data were available 
show an increase in tropical upwelling and a decrease in 
ozone over this period. A linear regression line through the 
results goes through the origin, indicating that upwelling is 
the dominant contributor to ozone reduction at this level.  
Most models yield an increase in upwelling of 0.04-0.10 
mm/s during this period, corresponding to ozone reduc-
tions of 0.15-0.35 ppmv. SOCOL is significantly different 
from the other models in simulating larger increases in up-
welling (Chapter 9.3.3 and 4.2.3) and larger ozone losses 
which both lead to the large cooling seen in Figure 9.5e.

9.3.6 Brief  summary

The analysis has shown that the dominant factors that 
affect ozone evolution in the tropics in the upper strato-
sphere are changes in Cly + αBry and temperature. In the 
lower stratosphere the changes in the evolution of the BD 
circulation, as diagnosed by an increase in tropical up-
welling, are primarily responsible for the modelled ozone 
changes.

9.4 Mid-Latitude Ozone

9.4.1 From the 2006 WMO assessment:

• In the Northern Hemisphere (NH) column ozone re-
turns to 1980 values by about 2035, well ahead of the 
return of halogen loading to 1980 values (2035-2050). 
In the Southern Hemisphere (SH) column ozone re-
turns to 1980 values over the period 2025-2040. 

• There is a wide spread in peak Cly values simulated 
for the year 2000.

9.4.2 Further analysis of  the CCMVal-1 runs

One of the processes affecting mid-latitude ozone — 
the increase due to GHG-induced stratospheric cooling 
— has recently been confirmed as a major process for the 
mid-latitudes (Waugh et al., 2009). The ozone increase oc-
curs in the upper and middle stratosphere. Using the same 
model, Li et al. (2009) estimated that the climate effect led 

Figure 9.6: Scatter plot showing the differences 
(from 1960 to 2100) in 70 hPaw* and 50 hPa ozone 
for those CCMVal-2 models which supplied data. The 
values are annual averages over the latitude range 
25°S-25°N.
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Figure 9.7: As in Figure 9.2 but for the latitude range 35°N-60°N.
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Figure 9.8: As in Figure 9.2 but for the latitude range 35°S-60°S.
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to an increase in the extra-tropical ozone column by about 
6% in the NH, and about 3% in the SH. These hemispheric 
differences are likely related to differences in ozone trans-
port.

9.4.3 Mid-Latitude TSAM analysis

In Figures 9.7 and 9.8, the 1980 baseline-adjusted 
IMT and MMT estimates of total column ozone in the 
latitude bands 35°N-60°N and 35°S-60°S are respectively 
presented for CCMVal-2 (top left) and CCMVal-1 (top 
right). These indicate that the multi-model average of to-
tal ozone is generally larger than the observations for both 
CCMVal-1 and CCMVal-2 in these latitude bands with 
CCMVal-1 displaying the larger error. While the multi-
model average of CCMVal-2 more closely corresponds to 
observations, the raw time series data for both CCMVal-1 
and CCMVal-2 show a broad background of total ozone 
for both hemispheres which spans the range of observa-
tions (Figures 9S.9 and 9S.17 of the supplement to the 
chapter). In both hemispheres, the 1980 baseline-adjusted 
MMT estimates of ozone indicate that the ozone minimum 
is reached by roughly the year 2000 and that ozone increas-
es steadily and significantly thereafter. By 2050, northern 
mid-latitude ozone shows relatively greater increases than 
southern mid-latitude ozone, probably because of transport 
from lower latitudes. Other influences such as NOx- and 

HOx-catalysed ozone destruction are likely to have small 
impacts because the source molecules (N2O and H2O) have 
small trends (Chapter 6).

The 1980 baseline TSAM analysis provides some 
evidence that improvement has been realised in CCMVal-2 
relative to CCMVal-1 with respect to mid-latitude ozone 
in both hemispheres. Those models which were low out-
liers in CCMVal-1 for southern latitudes (AMTRAC and 
MRI) are now more consistent with the other models. The 
CCMVal-2 1980 baseline analysis in the northern latitudes, 
however, indicates that these models are at the low end of 
the range of model results (Figure 9.7), but are consistent 
with observations from 1980 onwards. The behaviour of 
the UMUKCA-METO near the end of its IMT estimate 
(lower panels of Figures 9.7 and 9.8) appears to be an end 
effect due to an anomalously low data value at the end of 
its time series in 2084.

In the lower panels of Figures 9.7 and 9.8 the TSAM 
analysis of mid-latitude ozone employing a 1960 base-
line adjustment is presented. The use of the earlier refer-
ence date significantly alters the occurrence of outliers in 
the trend estimates. For example, in both latitude bands, 
CNRM-ACM and MRI are signicantly low outliers while, 
in northern latitudes, ULAQ appears as a significant high 
outlier, with values that greatly exceed all models during 
the entire period.

In Figure 9.9 the TSAM analysis for NH mid-latitude 

Figure 9.9: As in Figure 9.2 but for 50 hPa Cly in the latitude range 35°N-60°N.
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50 hPa inorganic chlorine (Cly) is presented. The SH Cly 
appears very similar (see Figure 9S.22 of the supplement). 
Again, there is a large spread in Cly, which maximises near 
the year 2000. The spread between models in CCMVal-1 
and CCMVal-2 is roughly equivalent with each having sev-
eral outliers. The most significant outlier in the CCMVal-2 
set is UMUKCA-METO, which has excessive Cly in both 
hemispheres for all years. While the evolution of ozone 
generally follows that of chlorine (see Section 9.6.4), the 
specific behaviour of Cly for each model does not appear to 
account for the outliers of total column ozone identified in 
Figures 9.7 and 9.8.

9.4.4 Multiple linear regression analysis

The evolution of upper stratospheric ozone, and the 
contributions of the different chemical mechanisms is very 
similar in mid-latitudes as in the tropics. Figures 9.10a, b 
show the vertical profiles of ozone change in midlatitudes 
(35°S-60°S and 35°N-60°N) over the 21st century. The 
ozone increases are similar to those obtained in the trop-
ics, but without the loss in the lower stratosphere in most 
models. The contributions of Cly + αBry (Figure 9.10c, d) 
and temperature (Figures 9.10e, f) are also similar to the re-
sults obtained in the tropics. Again MRI and CNRM-ACM 
reveal much larger contributions of Cly + αBry to the ozone 
differences, although the AMTRAC3 parameterisation re-
veals no clear bias in this region. The contribution to ozone 
change from NOy (Figures 9.10g, h) is much smaller than 
the other terms, and the individual models do not show as 
wide a range.

9.4.5 Brief  Summary

The main factors that affect ozone in mid-latitudes 
are transport (Chapter 5), and the evolution of halogen 
amounts, particularly during periods of high aerosol load-
ing following volcanic eruptions (see Chapter 8). In addi-
tion, GHG cooling of the stratosphere slows chemical de-
struction rates leading to an increase in ozone, particularly 
in the upper stratosphere.

9.5 Polar Ozone

9.5.1 From the 2006 WMO assessment: 

• Antarctic ozone is strongly anti-correlated with Cly 
amounts. 

• Most models simulate a low bias in Antarctic Cly 
which gives rise to an early return of ozone back to 
1980 values.

• Arctic ozone returns to 1980 levels before halogen 

amounts return to 1980 values and ahead of Antarc-
tic ozone. The main influences on ozone include the 
enhancement of the BD circulation and the slowing 
of gas-phase ozone loss in the stratosphere by GHG 
cooling.

9.5.2 Further analysis of  the CCMVal-1 runs

Eyring et al. (2006) show that the area of the Antarctic 
ozone hole, based on the fixed 220 DU threshold, is simu-
lated by CCMs to be smaller than observed. Huck et al. 
(2007) propose an improved method for selecting an ozone 
threshold for delineating the ozone hole. The discrepancy 
between observations and models has been explained in 
part by Struthers et al. (2009) who show that some models 
poorly simulate the size of the polar vortex and confirm 
that the 220 DU contour is not necessarily appropriate for 
delineating the region of severe ozone depletion in mod-
els with systematic ozone biases. Also, according to WMO 
(2007, Chapter 2, Figure 2-10), the previous simulations 
(as well as the CCMVal-2 simulations) were completed 
with bromine concentrations that were probably too low, 
because of the neglect of very short-lived species.

Eyring et al. (2006) show that the interannual vari-
ability of the size of the simulated ozone hole was typically 
over twice that observed, despite the ozone hole being gen-
erally smaller. Comparison of AMTRAC experiments for 
a 15-year overlap period (Austin and Wilson, 2006), indi-
cated that the observed SSTs gave rise to a smaller, more 
variable ozone hole than calculations using model SSTs. 
Although this result is certainly model dependent, the like-
ly reason for the difference is that polar processes are af-
fected by El Niños (e.g., Manzini et al., 2006; Garnkel and 
Hartman, 2007) that may not be well simulated by coupled 
ocean-atmosphere models, particularly those with a sim-
plied stratosphere. The implication is that simulations of 
the ozone hole and the recovery of Antarctic ozone will 
depend on the performance of the underlying ocean.

The lower stratospheric temperature arises from the 
net effect of radiative cooling and heating due to GHGs 
and ozone respectively, and adiabatic warming from the 
BD circulation. Hence, the net trend in the lower strat-
ospheric temperature, especially in the Arctic will depend 
critically on the trend in the BD circulation. For a subset 
of the CCMVal-1 simulations, the orographic gravity wave 
drag typically contributed about half of the trend in annual 
mean tropical upwelling (Li et al., 2008; McLandress and 
Shepherd, 2009a; Garcia and Randel, 2008). However, it 
should be noted that for CCMVal-2 a wide range of re-
sults were obtained in examining the full set of simulations 
(Chapter 4.2.3).
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9.5.3 Polar TSAM analysis

The TSAM analyses of spring total column ozone 
over polar latitudes (60°N-90°N in March and 60°S-90°S 
in October) are respectively presented in Figures 9.11 and 
9.12. In Arctic spring, relative to CCMVal-1, CCMVal-2 
shows no tendency towards a reduction in model spread 
(Figure 9S.25 of the supplement). In Antarctic spring, how-
ever, the raw time series indicate that the spread of mod-
els has increased in CCMVal-2 (Figure 9S.33). This larger 
spread is associated with a slightly increased negative bias 
of CMAM relative to its CCMVal-1 contribution, and the 
inclusion of UMUKCA-UCAM and CAM3.5, which have 
large positive biases relative to the MMT estimate. This 
large CCMVal-2 inter-model difference in Antarctic spring 
background ozone is essentially eliminated in the 1980 

baseline-adjusted time series and IMT estimates (Figure 
9.12 upper panel and Figs. 9S.33-9S.34). A comparison 
of the 1980 baseline-adjusted IMT and MMT estimates 
between CCMVal-1 and CCMVal-2 shows a similar con-
vergence of the models’ evolution once the offset in back-
ground values of ozone is accounted for (top panels of 
Figures 9.11 and 9.12), aside from MRI in CCMVal-1.

As was the case for the other latitude bands, employ-
ing the earlier reference date of 1960 for the TSAM analy-
sis results in larger inter-model spread for both the Arctic 
and Antarctic column ozone (lower-left panel of Figures 
9.11 and 9.12). Similar to the behaviour in northern mid-
latitudes, in the Arctic MRI is a low ozone outlier during 
nearly the entire period (Figure 9.11 and  Figures 9S.27-
28). In the Antarctic, the use of the earlier 1960 refer-
ence date increases the low bias of GEOSCCM, MRI, and 

Figure 9.10: Vertical profiles of differences in midlatitude (35°S-60°S and 35°N-60°N) ozone over the the 21st 

century and the contributions of Cly + αBry, temperature, and NOy.
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Figure 9.12: As in Figure 9.2 but for the month of October and the latitude range 60°S-90°S.
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Figure 9.11: As in Figure 9.2 but for the month of March and the latitude range 60°N-90°N.



Chapter 9: Long-term projections of stratospheric ozone362

AMTRAC3 and the high bias of CAM3.5, CCSRNIES, 
and UMUKCA-METO near 2000. A comparison of the 
Arctic and Antarctic spring ozone in Figure. 9.11 and 9.12 
indicates the tendency for the Arctic ozone to recover ear-
lier than the Antarctic. This will be quantified from the 
MMT estimates in Section 9.6 of this chapter.

The results for polar regions, particularly Antarctica, 
are dominated by chlorine amounts. The IMT and MMT 
estimates of annual 50 hPa Cly over polar latitudes 
(60°N-90°N and 60°S-90°S) are presented in Figures 
9.13 and 9.14. Aside from the introduction of UMUKCA-
METO, and perhaps UMUKCA-CAM, the CCMVal-2 50 
hPa Cly at both poles shows less spread than CCMVal-1 
when a 1980 baseline is employed (upper panels of Figures 
9.13 and 9.14). This is primarily associated with improve-
ment in AMTRAC and the absence of MAECHAM4CHEM 
(see also Figure 5.11 of Chapter 5). These annual means 
are very similar to the spring means (not shown) in both 
the Arctic and Antarctic. Unlike ozone, the use of a 1960 
baseline in the derivation of the IMT and MMT estimates 
does not lead to a significant increase in model spread. The 
general improvement of Cly in CCMVal-2 means that in-
dividual model results can no longer be as clearly connect-
ed with chlorine amount, as was the case for CCMVal-1. 
Other processes, such as the strength of the circulation and 
the lower stratospheric temperature, are likely playing a 
greater role in the precise differences between model re-
sults.

9.5.4 Antarctic ozone hole diagnostics

As the Antarctic ozone hole is frequently used as a 
proxy for ozone depletion, we explore here in more detail 
its simulation in the CCMVal-2 models. The ozone hole 
area is investigated, and discussed in relationship to the 
cold areas simulated by the models as well as other features 
which affect model performance.

The perimeter of the Antarctic ozone hole has his-
torically been defined as the 220 DU contour, as values 
this low rarely occurred in measurements and the 220 DU 
contour was found to lie close to where ozone gradients 
across the vortex edge were steepest. Once the ozone hole 
became prominent, such low values became more common 
in spring. The problems associated with fixed thresholds 
for denoting the edge of the ozone hole in model simula-
tions has been discussed by other authors (e.g., Huck et al., 
2007; Tilmes et al., 2007; Struthers et al., 2009). Those 
authors supply algorithms for the reanalysis of the ozone 
hole which might allow for an improved comparison be-
tween different model simulations. Generally this requires 
the availability of extra data such as potential vorticity and 
also takes into account whether the temperatures in the 
vortex are low enough for the formation of PSCs, essen-
tial to drive the chemistry. Here we explore two particular 

diagnostics which investigate whether ozone hole differ-
ences might be related to ozone biases, or whether ozone 
hole differences might be related to dynamical representa-
tion of the polar vortex.

Figure 9.15a is the zonal-mean ozone over the 10 
year period 1996-2005, averaged over the 20 day period 
centred on the date of the seasonal Antarctic minimum. To 
reflect actual model characteristics accurately, this date var-
ies according to the model. While several models are close 
to that observed, several models (UMUKCA-METO, MRI 
and CCSRNIES) are biased high, although MRI is close to 
observations near the edge of the classical ozone hole. In 
Figure 9.15b the zonal average during the peak ozone hole 
season has been adjusted relative to the minimum daily 
value attained throughout 60°S-90°S region for the peri-
od 1960-1965. Prior to the introduction of satellite based 
instruments, there was only limited observational cover-
age of total ozone in high latitudes. Therefore, we take the 
value of 220 DU as an appropriate minimum for the 1960 
to 1965 period. In the case of AMTRAC3 the 1960-1965 
minimum poleward of 60°S was 199 DU. The bias is then 
taken to be 220 - 199 = 21 DU and the curve has been 
increased by 21 DU to correct for this bias. After applying 
an appropriate adjustment to each model, the spread in the 
model results actually increases, but CCSRNIES has im-
proved. This suggests that most models do not have a clear 
ozone bias which would impede comparison with observa-
tions based on a fixed 220 DU threshold. 

We now consider whether the location of the polar 
vortex might be having an influence on the simulated ozone 
holes. In observations, the maximum gradient in ozone oc-
curs approximately at the edge of the ozone hole, which 
is related to the edge of the polar vortex (Bodeker et al., 
2002; Newman et al., 2007). Figure 9.16 shows the merid-
ional gradient in total column ozone (1996-2005 average) 
for each model considered in comparison with observa-
tions and it is seen that the simulations place the maximum 
gradient in different locations. While several models agree 
well with observations over a wide latitude range, most 
models place the peak ozone column polewards of that 
observed (Figure 9.17) which may contribute to an ozone 
hole smaller than observed (as also found e.g., by Struthers 
et al., 2009). The latitude of the observed maximum gradi-
ent is 64.2°S, with a corresponding ozone value of 273 DU 
(Figure 9.17). By comparison UMUKCA-METO simu-
lates the position and ozone value at the maximum ozone 
gradient of 68.5°S and 329 DU respectively. Therefore, by 
reducing the UMUKCA-METO values by 329 - 273 = 56 
DU, an alternative estimate for the ozone hole can be de-
termined. Figure 9.15c shows this adjustment of the model 
results, and the model spread near the edge of the ozone 
hole has been reduced. 

Figure 9.18 shows the ozone hole area for the dif-
ferent definitions considered. Figure 9.18a shows for each 
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Figure 9.14: As in Figure 9.2 but for 50 hPa Cly in the latitude range 60°S-90°S.

Figure 9.13: As in Figure 9.2 but for 50 hPa Cly in the latitude range 60°N-90°N.
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year of the simulations the maximum area for the column 
ozone less than 220 DU. The agreement with observations 
is generally poor, with most models under-predicting the 
size of the ozone hole. If the ozone hole is considered rela-
tive to the 1960-1965 minimum, as described for Figure 
9.15b, the agreement with observations for several models 
improves, particularly CCSRNIES and MRI, but SOCOL 
results are now in poor agreement with observations from 
1980 onwards. The improvements arise from the fact that 
overall these models appear to have a high ozone bias. In 
comparison SOCOL results are worse under this measure 
since low ozone occurred in the 1960s due to the dynamics 
of the model. Figure 9.18c is a measure of the ozone hole 
relative to the steepest gradients, corresponding to Figure 
9.15c. The model simulations are more consistent with 
each other, primarily because of the substantial correction 
to the results for UMUKCA-METO. However, most mod-
els have ozone holes which remain significantly smaller 
than observed, by up to 30%. Some models also show very 
large ‘ozone hole’ areas prior to 1980 and after 2040 using 
the steepest gradient criterion. However, there is no impli-
cation that the low ozone is necessarily chemistry driven 
outside the period when halogen levels are expected to be 
high.

Model Antarctic ozone hole results obtained for the 
period 1990-2008 for CCMVal-2 (REF-B1) and some sta-
tistical comparisons are included in Tables 9.1 and 9.2. 

Compared with observations, most models under-predict 
the areas of low temperatures (Table 9.1) and therefore the 
regions of severe ozone depletion are already limited, as 
shown in Table 9.2. Many models also produce more ex-
treme local ozone loss than observed, since in these models 
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Figure 9.15: Total column ozone as a function of latitude, averaged for the period 1996-2005 for 10 days before 
and after the minimum column ozone. (a) No adjustments to the model results. (b) Model results have been 
adjusted relative to the 1960-1965 minimum (see text). (c) Model results have been adjusted relative to the 
ozone maximum meridional gradient (see text). The results have been obtained from the REF-B2 simulations.

Figure 9.16: Meridional gradient in total column 
ozone averaged for the period 1996-2005 for the 10 
days on either side of the ozone minimum.
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there is a tendency for the ozone hole to extend too high 
in the atmosphere (not shown). The combination of a low 
bias in both the ozone minimum and the ozone hole area 
tends to result in some compensation of errors in the ozone 
mass deficit, but other models have biases that compound 
in the ozone mass deficit calculation. Overall, the agree-
ment with observations in most models has not improved 
appreciably since WMO (2007), despite convergence to-

wards common values for the lower stratospheric Cly, and 
this picture likely remains true regardless of the complex-
ity of the diagnostics adopted. An illustration of the range 
of results obtained is given by Figure 9.19, which shows 
the mean low temperature (T < 195 K) area averaged for 
July and September in each of the years 1990-2008 (or 
the end of the simulation) compared with the area of the 
ozone hole, based on the 220 DU contour. Almost half the 
models (AMTRAC3, CMAM, LMDZrepro, NiwaSOCOL, 
SOCOL, ULAQ, UMSLIMCAT and WACCM) provide a 
consistent relationship between PSCs (represented by T < 
195 K) and the ozone hole, as occurs in the observations. 
The other models indicate strong biases of background 
ozone as well as difficulties in simulating sufficient PSCs.

Overall these results suggest that some models do not 
simulate well the vortex structure, including for example a 
delay in the final warming (Chapter 4, Pawson et al., 2008). 
With such a large spread in model results for both 1980 and 
2060, predictions of the disappearance of the ozone hole 
remain unreliable, and in any case, the upper and lower 
panels of Figure 9.18, indicate that these predictions are 
likely to be definition dependent.

9.5.5 Brief  Summary

The dominant factor which affects ozone evolution 
in the polar regions is the halogen loading. Although con-
siderable uncertainty still exists in the simulated column 
ozone trends in the Arctic, models are more consistent 
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with each other than in the CCMVal-1 comparisons. Over 
Antarctica, some models do not simulate well the vortex 
structure, leading to an ozone hole that is smaller than ob-
served. The ozone hole in many simulations continues to 
the end of the century.

9.6 Ozone recovery

9.6.1 From the 2006 WMO assessment:

•  Full ozone recovery is defined as occurring when 
ozone depleting substances (ODSs) no longer signi-
cantly affect ozone. 

• The return of ozone to 1980 levels is simulated to oc-
cur by about 2065 over Antarctica, and up to several 
decades earlier at other latitudes.

9.6.2 Further analysis of  the CCMVal-1 runs

Waugh et al. (2009) use simulations of GEOSCCM to 
examine the impact of climate change on ozone recovery. 
Waugh et al. (2009) conclude that the impact of climate 
change on ozone recovery depends on the recovery defini-
tion and is likely to vary in different atmospheric regions. 
In particular, for the tropics the total column ozone was 
found not to return to 1980 values, a commonly used re-
covery criterion. The results also indicated that full ozone 
recovery according to the WMO (2007) definition of a neg-
ligible impact on ozone due to ODSs would typically not 
occur before the end of this century.

Austin and Wilson (2006) refer to ozone recovery to 
1980 values and suggest that the recovery of the column 
ozone is advanced relative to Cly. This arises from the 
change in transport, which is larger in the Arctic than in the 
Antarctic (McLandress and Shepherd, 2009a). Shepherd 
(2008) and Hitchcock et al. (2009) also provide evidence 
for increased transport effects in the Arctic using tempera-
ture and heat flux as a model diagnostic. Possibly related 
to the increase in the strength of the Brewer-Dobson circu-
lation, simulations also show an increase in stratospheric 
sudden warmings during the period 1960-2100 of about 
50% or more (Charlton-Perez et al., 2008; McLandress 
and Shepherd, 2009b; Chapter 4). This could increase the 
transport of ozone into the Arctic during winter, as well as 
increase the interannual variability. Observations of strat-
ospheric sudden warmings are too infrequent and too vari-
able to verify the sudden warming trends obtained in model 
simulations. An alternative viewpoint is that the increase in 

Table 9.1: Mean low temperature areas (T < 195 K) for the period July to September for the years 1980-2007 
in comparison with observations for the models used in each group of experiments. The uncertainties indicated 
are approximate 95% confidence intervals for the random error, given by 2s/√(n − 1) ,where s is the standard 
deviation of the annual values and n is the number of years included. The WACCM values are for August and 
September only.

Model REF-B1 REF-B2 Model REF-B1 REF-B2
NCEP data 21.4 ± 0.8 — LMDZrepro 21.5 ± 0.8 —
AMTRAC3 19.8 ± 0.8 20.4 ± 0.6 MRI 22.6 ± 0.4 22.6 ± 0.5
CAM3.5 17.5 ± 1.5 14.0 ± 1.6 NiwaSOCOL 23.1 ± 0.6 —
CCSRNIES 25.8 ± 0.5 26.4 ± 0.6 SOCOL 21.6 ± 0.4 20.5 ± 0.5
CMAM 19.8 ± 0.6 20.2 ± 0.3 ULAQ 21.7 ± 1.6 21.8 ± 1.5
CNRM-ACM 19.1 ± 1.4 19.3 ± 1.3 UMSLIMCAT 18.9 ± 0.7 19.8 ± 0.9
EMAC 19.0 ± 1.4 — UMUKCA-METO 14.0 ± 0.8 —
E39CA 24.1 ± 0.7 24.0 ± 0.7 UMUKCA-UCAM 14.7 ± 0.7 16.0 ± 0.6
GEOSCCM 17.5 ± 0.4 — WACCM 23.9 ± 1.1 21.7 ± 1.6
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Figure 9.19: Ozone hole area (total column ozone < 
220 DU) versus cold area (50 hPa T < 195 K), aver-
aged for July to September for each model compared 
with observations. The results were calculated from 
the REF-B1 simulations, and are averaged for the pe-
riod 1990-2008.
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stratospheric sudden warmings seen in some models over 
century time scales is representative of a change in clima-
tological state and hence transport effects are relatively un-
affected by climate change, apart from the steady increase 
in the BD circulation (McLandress and Shepherd, 2009b).

9.6.3 Recovery based on TSAM analysis

The IMT and MMT estimates for total ozone and 50 
hPa Cly presented in Sections 9.3-9.5 may be used to pro-
vide individual model, and multi-model estimates of the 
return to levels associated with a specified reference date. 
Because the IMT and MMT estimates are smooth curves 
by construction, the value of ozone and Cly for any ref-
erence date prior to maximum ozone depletion may be 
mapped onto a future date based on the return of ozone or 
Cly to the reference date value. The TSAM analysis, there-
fore, allows the definition of return dates for a continuous 
set of reference dates. In order to compare recovery predic-

tions from CCMVal-1 with CCMVal-2, we first consider 
the commonly used reference date of 1980.

Summary diagnostics of total ozone and 50 hPa 
Cly 1980 return dates for the latitude bands discussed in 
Sections 9.3-9.5 are presented in Figures 9.20 and 9.21 re-
spectively. In each latitude band, CCMVal-1 return dates 
are shown on the left and CCMVal-2 return dates are shown 
on the right. The MMT estimate of return dates is indicated 
by large black triangles. Error bars on these estimates are 
associated with the 95% confidence intervals. These two 
figures provide a concise summary of the ozone and Cly 
discussed in the previous three sections. They allow an 
overall comparison of CCMVal-1 with CCMVal-2 through 
the MMT estimates, the change in individual model pre-
dictions to be tracked across the two inter-comparison 
projects, and the comparison of model predictions with the 
MMT estimates and with each other for each of CCMVal-1 
and CCMVal-2.

Initial inspection of these two figures reveals that re-
turn dates for Cly are more symmetric in latitude, and more 
certain, than ozone for both CCMVal-1 and CCMVal-2. 
In general, return dates for Cly are very similar between 
CCMVal-1 and CCMVal-2 being well within the uncer-
tainty bounds of each. Return dates for total ozone, on the 
other hand, are not symmetric in latitude and, in the trop-
ics not realised by the MMT estimate at all in CCMVal-2. 
While the CCMVal-1 and CCMVal-2 MMT estimates of 
return dates for spring polar and annual mid-latitude ozone 
are seen to be within each other’s uncertainty bounds, 
those for CCMVal-2 appear to be systematically earlier 
than CCMVal-1. For example, the spring Arctic ozone re-
covery to 1980 levels is predicted from the MMT estimate 
to occur near 2025 for CCMVal-2 (2039 for CCMVal-1) 
while the Antarctic recovery to 1980 levels is predicted 
to occur much later near 2052 for CCMVal-2 (2062 for 
CCMVal-1). The asymmetric structure of polar ozone re-
covery in Figure 9.20 is an indication that, in addition to 
Cly abundance, ozone is affected by dynamical and radia-
tive changes brought about by increased GHG forcing and 
these have been consistently reproduced in the MMT esti-
mates between CCMVal-1 and CCMVal-2.

In Figures 9.22 and 9.23 we compare estimates of 
the return dates to 1960 and 1980 levels for total ozone 
and 50 hPa Cly respectively. In general, the return date for 
ozone is longer when the earlier reference date of 1960 is 
used (Figure 9.22). In particular the Antarctic return date 
changes significantly, from roughly 2055 to nearly 2100. 
From Figure 9.23 it appears that 50 hPa Cly does not re-
turn to its 1960 value by the end of the 21st century outside 
the tropics. Appealing to the earlier reference date of 1960 
therefore has significant impact on return dates. However, 
it must be noted that the use of 1960 as a reference date for 
the CCMVal-2 comes at the beginning of the time series 
for many models and some of the sensitivity found here 

Table 9.2: Commonly used ozone hole diagnostics, 
averaged over the period 1990-2008, or to the end 
of the REF-B1 simulations, depending on the model. 
The uncertainties indicated are approximate 95% 
confidence intervals for the random error, given by 
2s/√(n − 1), where s is the standard deviation of the 
annual values and n is the number of years included. 

Model
Minimum 
Antarctic 

ozone 
(DU)

Maximum 
ozone 

hole area 
(106 km2)

Ozone 
mass 
deficit 
(Mt)

NIWA data 103 ± 6 26.1 ± 1.2 22.0 ± 2.7
AMTRAC3 74 ± 8 21.8 ± 1.8 24.4 ± 3.8
CAM3.5 187 ± 19 7.5 ± 2.5 1.1 ± 0.5
CCSRNIES 148 ± 10 16.9 ± 2.3 6.6 ± 2.1
CMAM 79 ± 6 23.2 ± 0.8 25.2 ± 2.2
CNRM-ACM 63 ± 4 38.2 ± 3.5 42.4 ± 4.1
EMAC 167 ± 16 10.6 ± 2.5 2.6 ± 1.6
E39CA 121 ± 12 11.7 ± 1.6 3.7 ± 1.1
GEOSCCM 139 ± 8 13.4 ± 1.3 4.6 ± 1.1
LMDZrepro 48 ± 3 22.9 ± 1.1 31.0 ± 2.5
MRI 97 ± 3 14.7 ± 0.6 14.2 ± 1.2
NiwaSOCOL 92 ± 6 26.0 ± 1.6 28.2 ± 3.7
SOCOL 95 ± 4 26.6 ± 0.8 28.7 ± 2.4
ULAQ 102 ± 7 22.5 ± 2.2 15.2 ± 3.4
UMSLIMCAT 79 ± 4 25.0 ± 1.3 34.8 ± 3.5
UMUKCA-METO 168 ± 16 6.2 ± 2.0 2.2 ± 1.1
UMUKCA-UCAM 172 ± 8 5.0 ± 0.8 0.9 ± 0.4
WACCM 101 ± 7 26.4 ± 2.3 22.9 ± 4.3
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may be associated with spin-up issues at the beginning 
of the simulations. For example, a number of the models 
display increasing ozone in the early 1960s prior to their 
initial decrease in the 1970s and 1980s (e.g., see Figures 
9.8 and 9.12). In these models ozone returns to 1960 val-
ues both prior to, and after the main loss near year 2000. 

In these cases the earlier return date was discarded and the 
later value used. This would appear to be a spin-up issue, 
or the effect of aerosols following the eruption of Agung 
(Chapter 8) in these models, suggesting that future experi-
ments should perhaps start even earlier than the period pre-
scribed for CCMVal-2.

Figure 9.21: Date of return to 1980 values for the annual average 50 hPa Cly derived from the IMT (coloured 
symbols) and MMT (large black triangles) estimates for CCMVal-1 and CCMVal-2 (left and right respectively 
in each latitude band). The error bars on the MMT estimate of return date is derived from the 95% confidence 
interval of the MMT estimates to the 1980 baseline-adjusted time series data.

Figure 9.20: Date of return to 1980 values for the annual average (tropical and mid-latitude) and spring (polar) 
total ozone column derived from the IMT (coloured symbols) and MMT (large black triangles) estimates for  
CCMVal-1 and CCMVal-2 (left and right respectively in each latitude band). The error bars on the MMT estimate 
of return date is derived from the 95% confidence interval of the MMT estimates to the 1980 baseline-adjusted 
time series data.
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9.6.4 The relationship between O3 and Cly 
return dates

Figure 9.24 shows the relationship between return 
date of 50hPa Cly and column ozone back to their 1980 
values using the MMT results of section 9.6.3. For the 
Antarctic spring, the models roughly scatter evenly about 
a similar date for the return of ozone and chlorine to 1980 
values (given by the black line), indicating that halogen 

chemistry is the dominant driver in determining ozone re-
covery. Several models (CCSRNIES, UMUKCA-UCAM) 
fall significantly above the line, implying ozone returns 
faster than Cly, and several others fall significantly below 
the line, implying that ozone returns more slowly than Cly. 
The reason for these differences has not been identified, 
but may reflect, in part, the fact that in most models ozone 
recovers slowly in the middle 21st century, and a small 
change in the reference date (for example 1980 to 1985) 

Figure 9.22: Date of return to 1960 (left) and 1980 (right) values for the annual average (tropical and mid-
latitude) and spring (polar) total ozone column derived from the IMT (coloured symbols) and MMT (large black 
triangles) estimates for CCMVal-2. Error bars are as in Figure 9.20.

Figure 9.23: Date of return to 1960 (left) and 1980 (right) values for the annual average 50 hPa Cly derived 
from the IMT (coloured symbols) and MMT (large black triangles) estimates for CCMVal-2. Error bars are as in 
Figure 9.21.
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Figure 9.24: Relationship between the date of return of Cly to the1980 value compared with the date of return 
of column ozone for the selected latitude ranges in Figure 9.20. Results are taken from the IMT and MMT fits.
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can cause a large change in ozone return date. A different 
picture is seen for the Arctic spring, and annual mean mid-
latitudes where most models return to 1980 column ozone 
values before Cly returns to 1980 values. As indicated in 
Section 9.6.3, only about half of the models indicate a re-
turn of tropical ozone to the 1980 values.

9.6.5 Ozone recovery as a function of   
latitude and reference year

A complementary view of ozone recovery is shown 
in Figure 9.25, which indicates the return date for the an-
nual mean column ozone appropriate to the reference date 
given on the abscissa. The column has been separated into 
two regions, above and below 20 hPa, and the analysis ex-
cludes the atmosphere below 500 hPa. For each year in the 

analysis, the first date after the year 2005 that the ozone 
partial column returned to the value on the reference date 
was determined for the mean model results. Above 20 hPa 
(Figure 9.25, upper panel), ozone recovery is simulated to 
occur steadily. In this region, the temperature and halogen 
effects on ozone dominate, as shown by the MLR analysis 
for the different regions described in the earlier sections. As 
suggested by this analysis, ozone change is approximately 
linearly dependent on Cly + αBry. Taking approximate val-
ues for Cly + αBry of 3, 1.5 and 0.75 for 2000, 1980 and 
1960 implies that the ozone recovery to 1960 levels should 
take about 50% longer than the recovery to 1980 levels. 
This is confirmed by Figure 9.25 (upper panel).

In the lower stratosphere (Figure 9.25, middle panel) 
a return date could not be established for the tropics due 
to the strengthening BD circulation which systematically 
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decreases tropical ozone as the simulations proceed (e.g., 
Waugh et al., 2009). The results also show a strong hemi-
spheric asymmetry discussed above, with Antarctic ozone 
recovering much more slowly than Arctic ozone. Again, 
this is largely due to the increased BD circulation, which 
for the models as a whole has much more influence in the 
northern than the southern hemisphere (Austin and Wilson, 
2006; Eyring et al., 2007; Shepherd et al., 2008). In high 
southern latitudes, the simulations on average do not return 
to the pre-1970 ozone levels before the end of the simula-
tions.

The results for the total column (Figure 9.25, low-
er panel) combine the results for the two regions. In the 
tropics, the total ozone column recovers until about 2050 
(Figure 9.2) due to decreasing halogen amounts and strat-
ospheric cooling, but thereafter ozone decreases due to the 
increasing BD circulation. This implies that in the tropics, 
the total ozone column does not return to pre-1985 values 
before the end of the simulations. Over Antarctica, recov-
ery to 1960s levels of total ozone does not occur in the 
mean model until shortly before the end of the simulations.

9.6.6 The Role of  transport in mid-latitude 
ozone recovery

Given the important effects that changes in the BD 
circulation can have on projected ozone recovery, changes 
in the seasonal cycle in the different CCMVal models have 
been analysed with an emphasis on how the spring buildup 
of ozone relates to ozone recovery. An eight-term harmonic 
function (plus an extra term for the annual average) was 
fitted to the zonally and monthly averaged ozone column 
over mid-latitude bands in each hemisphere for the periods 
1960-1979 and 2040-2059. The annual cycle derived from 
the fitting, with the annual mean for each model and time 
period removed, and the change in the seasonal cycle is 
shown in Figure 9.26. These results are outside the ozone 
hole period and show in both hemispheres a maximum in 
spring and a minimum in autumn. Several models (nota-
bly ULAQ, GEOSCCM, CMAM and, to a lesser extent, 
WACCM) show an increased build-up of ozone through 
the boreal spring between the 1960-1979 and 2040-2059 
periods (panel c). In contrast, other models (AMTRAC3, 
MRI and UMUKCA-METO) show little change in the am-
plitude of the seasonal cycle between these periods.

As shown in Figure 9.27, changes in the seasonal cy-
cle, as measured here by the change in the amplitude of the 
seasonal cycle averaged over January-April, show some 
correlation with the MMT estimate of 1980 recovery date 
for annual ozone derived from the TSAM analysis (Figure 
9.20). The models showing an increased build-up of ozone 
through the spring have ozone recovery dates for the 
35°N-60°N region before 2020. While the models showing 
little change in the amplitude of the seasonal cycle have 
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Figure 9.25: Date of return of the annual mean ozone 
to the value appropriate to the reference year indi-
cated on the abscissa. Results were taken from the 
models AMTRAC3, CAM3.5, CCSRNIES, CMAM, 
CNRM-ACM, GEOSCCM, LMDZrepro, MRI, SOCOL, 
ULAQ, UMSLIMCAT, UMUKCA-UCAM, UMUKCA-
METO and WACCM, which were first interpolated 
to a common latitudinal grid (AMTRAC3). The mean 
model result was then smoothed with an 11-year run-
ning mean filter. 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 simulations (nominally 2094). Results are 
shown for the total column above 500 hPa, for the 
range 500-20 hPa and for the column above 20 hPa.
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Figure 9.26: The average seasonal cycle of total column ozone over NH and SH mid-latitudes for two periods 
and its change. (a) 1960-1979, 35°N-60°N, (b) 2040-2059, 35°N-60°N, (c) Change from 1960-1979 to 2050-
2059. (d)-(f), as(a)-(c), but for the southern mid-latitudes. Note that the annual mean for each model and each 
time period is removed from the annual cycle before plotting and before taking the difference.
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recovery dates between 2040 and 2050. The UMUKCA-
METO model is an exception, showing little change in the 
amplitude of the seasonal cycle yet having a recovery date 
before 2020.

Several models (CNRM-ACM, MRI and 
UMSLIMCAT) show an increased buildup of ozone dur-
ing SH late-fall and winter (May, June and July) in the 
2040-2059 period (Figure 9.26f), but no coherent changes 
persist into the spring. The seasonal cycle is further per-
turbed with the breakup of the Antarctic vortex in October 
and November, mixing ozone depleted air from within the 
Antarctic vortex into mid-latitudes. As shown in Figure 
9.27, no clear relationship can be found between changes 
in the spring-time buildup of ozone and the recovery date. 
The lack of a clear signal in the amplitude of the season-
al cycle of column ozone is further evidence of a weaker 
change in the SH branch of the BD circulation.

Although chemistry is always a factor affecting the 
distribution of ozone, the spring-time build-up of ozone 
is a feature in the annual cycle driven by the transport of 
ozone from tropical to mid-latitudes by the BD circula-
tion (e.g., Fusco and Salby, 1999; Fioletov and Shepherd, 
2003). Analysing the spring-time buildup should, therefore, 
highlight the role of dynamics over chemistry. Further, we 
analyse changes in the seasonal cycle over 1960-1979 to 
2040-2059 to avoid the period of time when halogens are 
expected to have the largest effects on column ozone. For 

these reasons we believe that changes in the spring-time 
ozone column analysed here are indicative of changes in 
transport by the BD circulation in the models.

9.6.7 Brief  Summary

The main processes influencing total ozone recovery 
are the increasing strength of the BD circulation, the GHG 
induced stratospheric cooling and the halogen loading. 
Because of the lesser importance of the BD circulation in 
the SH, recovery approximately follows that of Cly, while 
in the NH, the BD circulation and cooling play important 
roles in speeding up recovery. CCMVal-2 results suggest 
in general an earlier recovery than the CCMVal-1 results. 
However, in the tropics, the impact of the BD circulation 
is such that column ozone does not recover to the values 
present prior to about 1985 regardless of the reduction in 
halogen amounts. Nonetheless, the model results continue 
to show a very wide range of results for the ozone recovery 
time scale. Finally, because ozone approximately follows 
Cly over the Antarctic, the disappearance of the ozone hole 
does not occur by the end of the simulation in some mod-
els.



Chapter 9: Long-term projections of stratospheric ozone 373

9.7 Summary

9.7.1 Summary by Model

Here, we provide a brief summary of the mean model 
ozone results. Summaries for each model are also provid-
ed, which identify differences from the multi-model mean, 
emphasizing where each model performs particularly well 
with respect to observations, or particularly poorly. For 
ozone recovery, comparisons are made with the multi-
model mean.

Multi-model mean: In the tropics, the total ozone column 
for the multi-model mean agrees reasonably well with ob-
servations whereas in mid-latitudes, models are generally 
biased high by 10-20 DU. In the polar regions although 
the depth of the ozone hole is well reproduced in the mul-
ti-model mean, there is a wide spread in results and most 
models simulate an ozone hole that is too small in area. 
Arctic ozone in the multi-model mean is close to that ob-
served, but there is a wide spread in results due to interan-
nual variability in the polar vortex. The recovery properties 
of the multi-model mean have been discussed at length in 
Section 9.6.

AMTRAC3 has one of the smallest ozone depletions 
for the upper stratosphere due to low Cly. In the column 
amount, the model is only slightly lower than observed 
in the tropics and mid-latitudes, but has one of the larg-
est losses in mid-latitudes. The model simulates the ozone 
hole reasonably well, but in the Arctic, the model column 
ozone is biased low. Ozone recovery is consistent with the 
multi-model mean in the SH, but tends to be late in the NH. 

AMTRAC3 O3 is much more sensitive to NOy change in 
the tropics than most models.

CAM3.5 has a large high bias in ozone in the tropical up-
per stratosphere and one of the smallest depletions. In the 
column amount, the model is only slightly lower than ob-
served in the tropics and mid-latitudes, but has one of the 
smallest depletions for the lower stratosphere and column 
ozone. This is likely due to the model Cly, which is one 
of the smallest. Polar ozone is biased high and the ozone 
hole is much smaller than observed due to a combination of 
high ozone bias and small area of PSCs (Chapter 4). Ozone 
recovery is consistent with the multi-model mean.

CCSRNIES has one of the largest cooling rates in the up-
per stratosphere, leading to a faster ozone recovery. The 
model has a high bias in the cold areas in the Antarctic late 
winter and spring, but the ozone hole is under-predicted in 
size and depth.

CMAM has a column ozone which is lower than observed 
in the tropics and northern mid-latitudes. The model has 
one of the largest tropical vertical ascent rates and corre-
sponding change in lower stratospheric tropical ozone. The 
model has generally less ozone reduction than the multi-
model mean, due to lower Cly levels. Ozone recovery in 
northern mid-latitudes is similar to the multi-model mean, 
but is early in the Arctic and in southern mid-latitudes. The 
simulated Antarctic ozone hole agrees reasonably well 
with observations, and the return to 1980 levels occurs at a 
similar year as the multi-model mean.

CNRM-ACM has a larger tropical and mid-latitude ozone 
reduction than observations due to chlorine and a corre-
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Figure 9.27: The relationship between the recovery date of mid-latitude (35°-60°) annual average ozone from 
the MMT analysis and the change in amplitude of the seasonal cycle of ozone averaged over the spring in each 
hemisphere. The change in the seasonal cycle is defined as the difference between 1960-1979 and 2040-2059 
and is shown in panels (b) and (d) of Fig. 9.26. The averages are calculated for January-April and July-October 
for the NH and SH, respectively.
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sponding larger recovery than most models. The ozone 
change is particularly notable in the SH. In polar re-
gions, past ozone loss and Cly are similar to that observed 
(Chapter 5). The Antarctic ozone hole, using a 220 DU 
theshold, is large in area, because of a low bias in the lower 
atmosphere.

EMAC has a small and shallow ozone hole, due in part to 
the region of low temperatures (T < 195 K) being smaller 
than observed.

E39CA has a high bias in ozone in the tropical upper strat-
osphere. In the column amount, the model has a high bias 
at all latitudes with the largest bias of all models in the 
tropics. The model has a small ozone hole area, based on a 
220 DU threshold, due to an overall ozone bias. For both 
ozone and Cly, E39CA generally has the earliest recovery 
dates, which are roughly one decade prior to those of the 
multi-model mean.

GEOSCCM is similar to observations in the tropics, but 
the total ozone column is higher than observed in middle 
and high latitudes. Cly is similar to the multi-model mean 
but reduces faster in the future. The ozone hole is smaller 
and more shallow than observed because of the ozone bias. 
The model has one of the earliest returns to 1980 polar 
ozone values.

LMDZrepro has the deepest ozone hole of CCMVal-2, 
which give rise to the steepest gradients in ozone column at 
the edge of the southern polar vortex. However, the ozone 
depletion due to chlorine is at the low end of the model 
range and the model cooling rate is the largest in the upper 
stratosphere.

MRI is biased high at all latitudes compared with meas-
urements of the total column ozone. The model has a large 
ozone column reduction due to chlorine increase, which is 
larger than most models. The model has a corresponding 
slower ozone recovery in the NH, but is near the model av-
erage for the SH. The depth of the ozone hole agrees well 
with observations, but the area of the ozone hole is much 
smaller than observed primarily because of the ozone high 
bias.

NiwaSOCOL is the same as SOCOL with a difference in 
the model lower boundary. Results are similar to SOCOL  
— no significant differences in the ozone hole diagnostics 
were seen.

SOCOL agrees with observations and the multi-model 
mean for tropical ozone for the first part of the simulation, 
but after about 2050, column ozone decreases substantially 
due to the large change in the BD circulation (Chapter 4). 

The circulation change gives rise to a strong cooling in 
the tropical lower stratosphere and a reduction of ozone. 
The model has a large reduction in Cly during the 21st cen-
tury compared with the model mean, leading to a faster 
recovery. The simulated Antarctic ozone hole is in good 
agreement with observations for the current atmosphere, 
although low column ozone values are simulated early in 
the REF-B1 simulation due to dynamical influences.

ULAQ has an ozone column that is higher than observed 
for the past due to low Cly. The model ozone return to 1980 
levels is near the multi-model mean in mid- and high lati-
tudes of the NH, but is later than the mean in southern po-
lar regions. After about 2040 ozone recovers faster than in 
most models. The simulated Antarctic ozone hole agrees 
reasonably well with observations, although low column 
ozone values are also simulated early in the REF-B1 simu-
lation.

UMETRAC did not supply data in time to be evaluated.

UMSLIMCAT has an ozone column in all latitudes that is 
biased low, possibly because of a low bias in tropospheric 
ozone. Ozone recovers faster than in most models, particu-
larly in the SH, due in part to Cly values being lower than 
the multi-model mean. The simulated Antarctic ozone hole 
is in reasonable agreement with observations.

UMUKCA-METO generally agrees with observations of 
the tropical and mid-latitude mean column ozone. In the 
tropical upper stratosphere, the model ozone change is 
similar to the multi-model mean, but the model is biased 
low due to very high chlorine. In southern mid-latitudes, 
the ozone column reduces unexpectedly after 2070. In the 
Arctic the simulated ozone column is reasonably consistent 
with observations, but in the Antarctic the model is biased 
high. The Antarctic ozone hole is small and shallow due to 
insufficient PSCs.

UMUKCA-UCAM is higher than observed for the total 
column ozone at all latitudes and is lower than most models 
in the upper stratosphere, due to higher Cly. Ozone recov-
ery to 1980 levels is similar to the multi-model mean in the 
NH, and southern mid-latitudes, but is late over Antarctica. 
Due to a combination of the ozone bias, and low PSCs, the 
Antarctic ozone hole is small and shallow.

WACCM simulates a tropical total column ozone which 
is lower than observed. Tropical upper stratospheric ozone 
is higher than most models. In mid-latitudes and polar re-
gions, the model agrees reasonably well with observation 
of the total column ozone. Column ozone recovers to 1980 
values at about the same time as the multi-model mean in 
the SH, but earlier than the mean in the NH. The Antarctic 
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ozone hole is well simulated by the model, but disappears 
faster than in other models which simulate the ozone hole 
well.

9.7.2 Overall Summary

In this Chapter we have introduced a time series addi-
tive model (TSAM) analysis to make individual- and multi-
model trend estimates, which may be used to make formal 
inference. One of the primary goals of this analysis was to 
produce more quantitative multi-model ozone projections 
with associated uncertainty estimates. Another goal was 
the careful comparison of ozone projections between the 
CCMVal-1 and CCMVal-2 data sets to identify areas where 
models have improved and areas that continue to require 
modelling effort. In the application of the TSAM analysis 
it is clear that a number of practical issues can influence 
this comparison (e.g., longer, more complete time series of 
the period of interest were submitted to CCMVal-2 com-
pared to CCMVal-1). Our findings are summarized below.

 Most of the conclusions of the last WMO assessment 
remain unchanged. Ozone recovery time scales are very 
similar to those previously deduced, and several models 
in particular have undergone several major changes that 
have tended to reduce the overall spread of results. This 
provides more confidence in model trends. One important 
change from WMO (2007) is that some models now indi-
cate that a small, residual ozone hole may still be present 
from 2060 until 2100 or later.

The results from CCMVal-2 have been analysed over 
broad latitudinal ranges. In the tropics, ozone does not 
change substantially in the simulations, and transport i.e., 
upward motion is likely to be the largest driver. As a result, 
ozone decreases in the past, and recovers slightly due to 
chlorine decreases. In the second half of the 21st century, 
column ozone is expected to reduce once more, primarily 
due to the transport effect dominating chlorine reduction, 
which is essentially complete.

In mid-latitudes, chlorine and bromine are likely play-
ing the most important role and consequently the narrower 
spread in simulated halogen amounts has led to a reduced 
spread in ozone simulations. In addition ozone transport is 
important in northern mid-latitudes.

In the Arctic ozone is very variable and difficult to 
simulate, due at least in part to the chaotic nature of dy-
namical processes. In addition there is no clear consensus 
on the trends in downwelling, and hence the amount of 
ozone transport is not clear compared with other impacts. 
In some cases models do not simulate well the Antarctic 
ozone hole, even when some allowance is made for the vor-
tex edge or for the PSC areas, at least as defined in Chapter 
4 by temperature threshold. No significant progress has 
been made on this since CCMVal-1 by most models. The 

large differences between the models could be due to dif-
ferences in model chemistry. Another possibility is that the 
cloud microphysics may be being treated inadequately by 
some models (Chapter 6). For example if particle fall rates 
are too large during June and July, there would be no mate-
rial surfaces in the warmer spring period for PSCs to form. 
While this would suggest that estimates of the date of dis-
appearance of the ozone hole are unreliable, there is some 
consistency in the group of models which reproduce best 
the current ozone hole. These models suggest that a small, 
residual ozone hole will still be present from 2060 until the 
end of the simulations in 2100.

There is a need for a range of simulations looking at 
all aspects of the atmosphere-ocean system to try to ad-
dress some of these issues. Uncertainties in net temperature 
changes, which arise from uncertainties in the increase of 
the strength of the BD circulation versus radiative changes, 
need to be reduced. Realistic bromine amounts need to be 
included in model simulations to allow for the short life-
time species known to be present (WMO, 2007, Chapter 
2). Finally, simulations with fixed halogens or fixed GHGs 
need to be completed to complement the realistic simula-
tions that have been completed to establish more rigorous-
ly the impact of climate and chemistry changes.
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