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Abstract. Projections of stratospheric ozone from a suite of
chemistry-climate models (CCMs) have been analyzed. In
addition to a reference simulation where anthropogenic halogenated ozone depleting substances (ODSs) and greenhouse
gases (GHGs) vary with time, sensitivity simulations with either ODS or GHG concentrations fixed at 1960 levels were
performed to disaggregate the drivers of projected ozone
changes. These simulations were also used to assess the
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two distinct milestones of ozone returning to historical values
(ozone return dates) and ozone no longer being influenced by
ODSs (full ozone recovery). The date of ozone returning to
historical values does not indicate complete recovery from
ODSs in most cases, because GHG-induced changes accelerate or decelerate ozone changes in many regions. In the
upper stratosphere where CO2 -induced stratospheric cooling
increases ozone, full ozone recovery is projected to not likely
have occurred by 2100 even though ozone returns to its 1980
or even 1960 levels well before (∼2025 and 2040, respectively). In contrast, in the tropical lower stratosphere ozone
decreases continuously from 1960 to 2100 due to projected

Published by Copernicus Publications on behalf of the European Geosciences Union.

9452

V. Eyring et al.: Stratospheric ozone return dates and ozone recovery

increases in tropical upwelling, while by around 2040 it is already very likely that full recovery from the effects of ODSs
has occurred, although ODS concentrations are still elevated
by this date. In the midlatitude lower stratosphere the evolution differs from that in the tropics, and rather than a steady
decrease in ozone, first a decrease in ozone is simulated from
1960 to 2000, which is then followed by a steady increase
through the 21st century. Ozone in the midlatitude lower
stratosphere returns to 1980 levels by ∼2045 in the Northern
Hemisphere (NH) and by ∼2055 in the Southern Hemisphere
(SH), and full ozone recovery is likely reached by 2100 in
both hemispheres. Overall, in all regions except the tropical
lower stratosphere, full ozone recovery from ODSs occurs
significantly later than the return of total column ozone to its
1980 level. The latest return of total column ozone is projected to occur over Antarctica (∼2045–2060) whereas it is
not likely that full ozone recovery is reached by the end of
the 21st century in this region. Arctic total column ozone
is projected to return to 1980 levels well before polar stratospheric halogen loading does so (∼2025–2030 for total column ozone, cf. 2050–2070 for Cly +60×Bry ) and it is likely
that full recovery of total column ozone from the effects of
ODSs has occurred by ∼2035. In contrast to the Antarctic,
by 2100 Arctic total column ozone is projected to be above
1960 levels, but not in the fixed GHG simulation, indicating
that climate change plays a significant role.

1

Introduction

Stratospheric ozone has been depleted by anthropogenic
emissions of halogenated species over the last decades of
the 20th century. In particular, emissions of anthropogenic
halogenated ozone depletion substances (ODSs) whose production is controlled under the Montreal Protocol and its
Amendments and Adjustments have increased stratospheric
chlorine and bromine concentrations as measured by an increase in equivalent stratospheric chlorine (ESC; Eyring et
al., 2007) and have dominated ozone loss in the recent past
(Shepherd and Jonsson, 2008). Observations show that tropospheric halogen loading peaked around 1993 and is now
decreasing (Montzka et al., 2003; WMO, 2007), reflecting
the controls on ODS production by the Montreal Protocol.
This slow decline is expected to continue through the 2st century in future emission projections that are consistent with
current restrictions imposed by the Montreal Protocol, and
ozone is expected to recover from the effect of ODSs as their
concentrations reach their unperturbed values (Eyring et al.,
2007; WMO, 2007). Atmospheric concentrations of longlived greenhouse gases (GHGs) have also increased and are
expected to increase further in the future (IPCC, 2000, 2007;
Moss et al., 2008) with consequences for the ozone layer.
As stratospheric ODS concentrations slowly decline, effects
of other processes such as CO2 -induced cooling of the upAtmos. Chem. Phys., 10, 9451–9472, 2010

per and middle stratosphere that leads to increases in ozone
due to slower gas-phase ozone loss cycles (Randeniya et al.,
2002; Rosenfield et al., 2002; Haigh and Pyle, 1982), the
acceleration of the Brewer-Dobson circulation or changes in
transport (Garcia et al., 2007; Shepherd, 2008; Li and Austin,
2008; Butchart et al., 2006, 2010) are likely to play a more
important role in the evolution of ozone through the 21st
century. In addition, increases in nitrous oxide (N2 O) and
methane (CH4 ) could also impact ozone by accelerating catalytic ozone destruction cycles (e.g., Chipperfield and Feng,
2003; Ravishankara et al., 2009). The importance of these
factors varies with region and time and thus the evolution of
stratospheric ozone in the 21st century also varies with region.
To project the future evolution of stratospheric ozone
and attribute its behavior to different forcings, ChemistryClimate Models (CCMs) are widely used (e.g. Eyring et al.,
2007; WMO, 2007). CCMs are three-dimensional atmospheric circulation models with fully coupled stratospheric
chemistry, i.e. where chemical reactions drive changes in
trace gas composition of the atmosphere which in turn
change the atmospheric radiative balance and hence dynamics. Similarly, changes in dynamics and radiation feedback
on chemistry. The pool of CCMs, and the number of simulations performed, has significantly deepened over the past
four years. In particular simulations from 17 CCMs that
participated in the second round of coordinated model intercomparison organized by the Chemistry-Climate Model Validation (CCMVal) Activity (Eyring et al., 2005) (hereafter
referred to as CCMVal-2) have been used to project the evolution of stratospheric ozone through the 21st century (Austin
et al., 2010). These CCMs have also been extensively evaluated as part of the Stratospheric Processes And their Role in
Climate (SPARC) CCMVal Report (SPARC CCMVal, 2010).
Following the completion of the SPARC CCMVal Report,
sensitivity simulations defined by Eyring et al. (2008) with
either ODSs or GHGs fixed at 1960 levels have been completed by a subset of 11 CCMs. To quantitatively disaggregate the drivers of the projected ozone changes and to assess
the full recovery of ozone from ODSs, these sensitivity simulations are analyzed here in addition to the future reference
simulations.
The focus of the analysis is on the assessment of the two
distinct milestones of ozone returning to historical values
(ozone return dates) and ozone being no longer influenced
by ODSs (full ozone recovery), following the definitions of
the 2006 WMO/UNEP Scientific Assessment of Ozone Depletion (WMO, 2007). It is important to note that the date
of ozone returning to historical values (e.g. mean 1960 or
1980 values) does not indicate complete recovery from ODSs
in most cases, because GHG-induced changes accelerate or
decelerate ozone changes in many regions. The first milestone (ozone return dates) can be evaluated directly from
time series of simulated ozone. Evaluating return dates is
relevant for gauging when the adverse impacts of enhanced
www.atmos-chem-phys.net/10/9451/2010/
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surface ultraviolet radiation on human health and ecosystems
caused by ozone depletion are likely to become negligible.
Identifying the second milestone (full ozone recovery) 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 CCM simulations with fixed ODSs or GHGs in combination with reference simulations that include all known forcings that affect
ozone. Full ozone recovery has to date only been studied
with a single model (Waugh et al., 2009), and it is important
to test these findings in a multi-model framework. In addition, the ‘no greenhouse-gas induced climate change’ simulations with fixed GHGs were performed by single models to
address the nonlinearity of ozone depletion/recovery and climate change (Garcia and Randel, 2008; Chapter 5 of WMO,
2007; Akiyoshi et al., 2010; McLandress et al., 2010).
The models and simulations are described in Sect. 2 and
the method to generate the multi-model time series and associated uncertainties is described in Sect. 3. Section 4 uses the
two sensitivity simulations with either ODSs or GHGs fixed
at 1960 levels to attribute changes in the long-term ozone
evolution to changes in ODSs and GHGs. Ozone return dates
and the timing of full recovery of ozone from the effects of
ODSs are discussed in Sect. 5. Section 6 closes with discussion and conclusions.

2

Models and model simulations

In the SPARC CCMVal Report on the evaluation of CCMs
(SPARC CCMVal, 2010), 16 CCMs contributed a future reference simulation (REF-B2) to the CCMVal-2 activity and
were used to project ozone through the 21st century. In this
study we have added a future reference simulation from the
EMAC-FUB model. As a result, some of the results derived
from the multi-model mean of the 17 reference simulations
shown here differ slightly from those presented in SPARC
CCMVal (2010). 11 CCM groups also performed additional
simulations with GHGs or ODSs fixed at 1960 values which
are used here to attribute changes in ozone to these two primary drivers and to assess the milestone of full ozone recovery. The participating CCMs are listed in Table 1 and are
described in detail in the cited literature as well as in Morgenstern et al. (2010) and Chapter 2 of SPARC CCMVal (2010).
It should be noted that only 1 of the 17 CCMs (CMAM)
is coupled to an ocean in CCMVal-2, whereas in all other
CCMs sea surface temperatures (SSTs) and sea ice concentrations (SICs) are prescribed. The CCMs have been extensively evaluated as part of the SPARC CCMVal Report. This
comprehensive process-oriented validation has improved understanding of the strengths and weaknesses of CCMs and
has been used to understand some of the source of the spread
in model projections.
In total, 17 CCMs provided reference simulations, 9 contributed a fixed ODS simulation (fODS), and 7 a fixed GHG
www.atmos-chem-phys.net/10/9451/2010/
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simulation (fGHG). The model simulation design by each
model group varied slightly. All are continuous simulations
from 1960 to 2100, except that the REF-B2 and fGHG simulations by E39CA ended in 2050, REF-B2 by UMUKCAMETO ended in 2083, and the simulations by GEOSCCM
combine a past (1960 to 2000) simulation forced by observed
SSTs with a future (2000–2100) simulation so are not continuous. Specifics of the sensitivity simulations for the individual CCMs are summarized in Table 2, and are further
detailed in Eyring et al. (2008). Their main characteristics
are summarized below:
– REF-B2 is the so-called reference simulation and is a
self consistent transient simulation from 1960 to 2100.
In this simulation the surface time series of halocarbons are based on the adjusted A1 scenario from WMO
(2007). The adjusted A1 halogen scenario includes the
earlier phase out of hydrochlorofluorocarbons (HCFCs)
that was agreed to by the Parties to the Montreal Protocol in 2007. The long-lived GHG surface concentrations are taken from the SRES (Special Report on Emission Scenarios) GHG scenario A1B (IPCC, 2000). Except for one model (CMAM), SSTs and SICs are prescribed from coupled ocean model simulations, either
from simulations with the ocean coupled to the underlying general circulation model, or from coupled oceanatmosphere models used in IPCC AR-4 simulations under the same GHG scenario. The reference simulation
without natural variability is identical to the REF-B2
simulation defined in Eyring et al. (2008), while the one
with forced natural variability is identical to SCN-B2d.
– fODS is a transient simulation from 1960 to 2100 similar to REF-B2, but with ODSs fixed at 1960 levels
throughout the simulation. The simulation is designed
to address the question of what are the effects of background halogens on stratospheric ozone and climate in
the presence of increasing GHGs alone. By comparing fODS with REF-B2, the impact of halogens can be
identified and, within the uncertainty associated with
unforced inter-annual variability in ozone, it can be
assessed at what point in the future the halogen impact on ozone is undetectable, i.e. when full recovery of ozone from the effects of ODSs occurs (WMO,
2007). The fODS simulation also permits an examination of how equivalent stratospheric chlorine (ESC)
is affected by climate change alone. This sensitivity simulation is identical to the SCN-B2b simulation
defined in Eyring et al. (2008). It should be noted
that most models fixed halogens in the radiation and
used GHGs and SSTs/SICs from REF-B2 (see Table 2).
This introduces an inconsistency since with the absence
of halogen-induced radiative forcing less near-surface
warming in this experiment should be expected such
that the SSTs/SICs from the REF-B2 simulations used
in fODS are likely too warm.
Atmos. Chem. Phys., 10, 9451–9472, 2010
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Table 1. A summary of the CCMs and simulations used in this study. REF-B2 is the future reference simulation, fODS is a simulation with
fixed ODSs and fGHG a simulation with fixed GHGs. Further details on the models can be found in Morgenstern et al. (2010) and SPARC
CCMVal (2010) as well as in the references given below. CCMs that contributed sensitivity simulations are highlighted in bold. N × REF-B2
means that the group provided N realizations of this simulation. T42 approximately corresponds to 2.8◦ ×2.8◦ , T30 to 3.75◦ ×3.75◦ .

CCM

Group and Location

Horiz. Res.

Uppermost
computational
level

REF-B2

fODS

fGHG

References

1
2
3
4

AMTRAC3
CAM3.5
CCSRNIES
CMAM

GFDL, USA
NCAR, USA
NIES, Tsukuba, Japan
MSC, University of Toronto,
York Univ., Canada

∼ 200 km
1.9◦ × 2.5◦
T42
T31

0.017 hPa
3.5 hPa
0.012 hPa
0.00081 hPa

REF-B2
REF-B2
REF-B2
3×REF-B2

–
–
fODS
3×fODS

–
–
fGHG
3×fGHG

Austin and Wilson (2009)
Lamarque et al. (2008)
Akiyoshi et al. (2009)
Scinocca et al. (2008);
deGrandpre et al. (2000)

5

CNRM-ACM

Meteo-France; France

T63

0.07 hPa

REF-B2

–

–

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

6

E39CA

DLR, Germany

T30

10 hPa

REF-B2 (with solar
cycle & QBO)

–

fGHG

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

7

EMAC-FUB

FU Berlin, Germany

T42

0.01 hPa

REF-B2 (with solar
cycle & QBO)

–

fGHG

Jöckel et al. (2006);
Nissen at al. (2007)

8
9
10
11

GEOSCCM
LMDZrepro
MRI
NIWA-SOCOL

NASA/GSFC, USA
IPSL, France
MRI, Japan
NIWA, NZ

2◦ ×2.5◦
2.5◦ ×3.75◦
T42
T30

0.015 hPa
0.07 hPa
0.01 hPa
0.01 hpa

REF-B2
REF-B2
2×REF-B2
REF-B2

fODS
fODS
fODS
–

–
–
fGHG
–

Pawson et al. (2008)
Jourdain et al. (2008)
Shibata and Deushi (2008a;b)
Schraner et al. (2008);
Egorova et al. (2005)

12

SOCOL

PMOD/WRC and IAC ETHZ,
Switzerland

T30

0.01 hPa

3×REF-B2

fODS

–

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

13

ULAQ

University of L’Aquila, Italy

R6/11.5◦ x 22.5◦

0.04 hPa

3×REF-B2

fODS

fGHG

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

14

UMSLIMCAT

University of Leeds, UK

2.5◦ ×3.75◦

0.01 hPa

REF-B2

fODS

–

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

15
16

UMUKCA-METO
UMUKCA-UCAM

MetOffice, UK
University of Cambridge,
UK and NIWA, NZ

2.5◦ x 3.75◦
2.5◦ ×3.75◦

84 km
84 km

REF-B2
REF-B2

–
–

–
–

Morgenstern et al. (2008, 2009)
Morgenstern et al. (2008, 2009)

17

WACCM

NCAR, USA

1.9◦ × 2.5◦

5.9603· 10−6 hPa

3×REF-B2

fODS

fGHG

Garcia et al. (2007)

– fGHG is a transient simulation from 1960 to 2100, similar to REF-B2, but with GHGs fixed at 1960 levels
throughout the simulation. To be consistent with the
GHG evolution, SSTs and SICs are prescribed with
the 1955–1964 average of the values used in REF-B2.
Whether or not the chemical effects of CH4 and N2 O
on ozone were also fixed at 1960 levels varied between
the different modeling groups (see Table 2). The intention of the fGHG simulation was that the ODSs (in particular the CFCs) should also not contribute to radiative
forcing. However, in a number of CCMs it was only the
radiative forcing for CO2 , CH4 and N2 O that was held
constant at 1960 values. The simulation is designed to
assess the impact of climate change on ozone through
the 21st century. By comparing the sum of fGHG and
fODS (each relative to the 1960 baseline) with REF-B2,
the linear additivity of the responses can be assessed.
This sensitivity simulation is identical to the SCN-B2c
simulation defined in Eyring et al. (2008).

3

Analysis method for multi-model time series

The same time series additive model (TSAM) as used in
Chapter 9 of SPARC CCMVal (2010) and described further
Atmos. Chem. Phys., 10, 9451–9472, 2010

in Scinocca et al. (2010) is used here to calculate multimodel trends and their confidence and prediction uncertainties. Here, the term ’trend’ does not denote the result of a linear regression analysis but rather it refers to a smooth trajectory passing through the model time series representing the
“signal” resulting from forced changes and leaving ‘noise’
as a residual resulting from internal unforced climate variability. The advantages of the TSAM approach are the production of smooth trend estimates out to the ends of the time
series, the ability to model explicitly inter-annual variability about the trend estimate, and the ability to make rigorous
probability statements (Scinocca et al., 2010).
The TSAM method consists of three different steps: (i)
nonparametric estimation of the individual model trends
(IMT), where the time series is additively modelled as the
sum of a smooth unknown model-dependent trend and irregular normally-distributed noise which represents natural
variability about the trend; (ii) baseline adjustment of these
individual model trends so that they equal zero in the reference year (here 1960 or 1980); (iii) average of the baselineadjusted IMT estimates over all models resulting in a multimodel trend (MMT) estimate for each simulation. Both the
IMT and MMT estimates pass through zero at the specified
reference year.

www.atmos-chem-phys.net/10/9451/2010/
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Table 2. Specifics of the sensitivity simulations with fixed ODSs (fODS) and fixed GHGs (fGHG).
CCM
Halogens fixed at 1960
levels for chemistry

fODS
Halogens fixed at 1960
levels for radiation

SSTs/SICs

GHGs fixed at 1960
levels for chemistry

fGHG
GHGs fixed at 1960
levels for radiation

SSTs/SICs

CCSRNIES

YES

YES

REF-B2

YES for CO2 ,
CH4 , and N2 O

YES for CO2 ,
CH4 , and N2 O

REF-B2 1955–1964
mean

CMAM

YES

NO

Coupled ocean

NO

YES for CO2 , CH4 ,
N2 O, F11, and F12

Coupled ocean

E39CA

–

–

–

YES for CO2 and CH4 ,
but NO for N2 O

YES for CO2 ,
CH4 , and N2 O

REF-B2 1955–1964
mean

EMAC-FUB

–

–

–

YES for CO2 ,
CH4 , and N2 OCH4 , and N2 O

YES for CO2 ,

REF-B2 1955–1964
mean

GEOSCCM
LMDZrepro
MRI

YES
YES
YES

YES
YES
Radiation code
does not treat
halogens

Hadley Obs/NCAR CCSM3
Same as REF-B2
Same as REF-B2

–
–
YES for CO2 ,
CH4 , and N2 O

–
–
YES for CO2 ,
CH4 , and N2 O

–
–
REF-B2 1955–1964
mean

SOCOL
ULAQ

YES
YES

YES
NO

Same as REF-B2
Same as REF-B2

–
NO

–
YES for CO2 ,
CH4 , and N2 O

–
REF-B2 1955–1964
mean

UMSLIMCAT
WACCM

YES
YES

YES
YES

Same as REF-B2
Same as REF-B2

–
YES for CO2 ,
CH4 , and N2 O

–
YES for CO2 ,
CH4 , and N2 O

–
REF-B2 1955–1964
mean

Two types of uncertainty intervals are constructed for the
MMT estimate. The first is the point-wise 95% confidence
interval. This interval has a 95% chance of overlapping the
true trend representing the local uncertainty in the trend at
each year. The second interval is the 95% prediction interval
which, by construction, is larger than the confidence interval.
This interval is a combination of uncertainty in the trend estimate and uncertainty due to natural inter-annual variability
about the trend and gives a sense of where an ozone value for
a given year might reasonably lie.
Some CCMs submitted more than one reference simulation (CMAM, MRI, SOCOL, ULAQ, and WACCM). In such
cases the nonparametric regression is applied to the raw time
series from all ensemble members to calculate a single IMT
which then contributes to the multi-model mean.
To illustrate the TSAM technique, the individual IMT and
MMT estimates of the global total column ozone anomaly
time series for the 17 reference simulations (REF-B2) are
shown in Fig. 1 (similar figures for individual regions are
shown in Figs. S1 and S2 in the supplementary online material). While the 1980 return date (red vertical lines) is the
same in both panels, the uncertainty (blue vertical lines) in
return dates derived from the 1960 baseline adjusted column
ozone anomalies is slightly larger (by up to 3 years). A summary of the dates when total column ozone returns to its 1980
values, calculated from the two different time series, is given
in Table 3. For consistency with the analysis presented in
WMO (2007), 1980 ozone return dates in the reference simulations (Sect. 5) were calculated from the 1980-baseline adjusted time series. However, when using the fixed ODS and
fixed GHG simulations to disentangle the effects of changes
in climate and ODSs on ozone (Sect. 4) and to calculate dates
www.atmos-chem-phys.net/10/9451/2010/

of full recovery of ozone from the effects of ODSs (Sect. 5),
the 1960-baseline adjusted time series are used since ODSs
and GHGs are fixed at 1960 values and thus the ozone time
series are already quite different from the REF-B2 simulations by 1980.

4

Long-term ozone evolution and attribution to
different forcings

To attribute long-term changes in ozone to GHGs and ODSs,
in this Section the evolution of ozone in the reference simulations (REF-B2) is compared to the fixed ODS (fODS)
and to the fixed GHG (fGHG) simulations. The evolution
from 1960 to 2100 is assessed in the context of the 1960
baseline-adjusted ozone, temperature, transformed Eulerian
mean vertical velocity (w*), and total column ozone time series (Figs. 2, 3, 5, 6, 8, and 9). In addition ozone and total column ozone are plotted against equivalent stratospheric
chlorine (ESC, Figs. 4 and 7) using the absolute values rather
than anomalies. The figures in the main paper show the 1960baseline adjusted multi-model trend estimates for the reference and sensitivity simulations, while the individual model
trend estimates are shown in the figures in the supplementary
online material (Figs. S3–13). The absolute values for each
model in various regions and altitudes are shown in Fig. S14
to S38 in the supplementary online material. The analysis
focuses on ozone in the upper (5 hPa) and lower stratosphere
(50 hPa) as well as on total column ozone. The 5 and 50 hPa
levels are representative for the upper and lower stratosphere,
respectively. They are chosen because of the difference
between chemical and dynamical control and because previous studies have shown that the ozone evolution differs
Atmos. Chem. Phys., 10, 9451–9472, 2010
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Table 3. Date of return to 1980 total column ozone in the reference simulations as derived from Fig. 10.
Region

Year of baseline
adjustment

Year when MMT ozone
returns to 1980 value

Year when lower bound
of error bar returns to 1980

Year when upper bound of
error bar returns to 1980

Global annual mean

1960
1980

2032
2032

2024
2027

2042
2038

Tropics annual mean

1960
1980

2043
2042

2023
2028

–
–

Midlatitude NH annual mean

1960
1980

2021
2021

2014
2017

2029
2026

Midlatitude SH annual mean

1960
1980

2035
2035

2027
2030

2043
2040

Antarctic October mean

1960
1980

2051
2051

2044
2046

2060
2057

Arctic March mean

1960
1980

2026
2026

2020
2023

2034
2031

significantly between the upper and lower stratosphere, with
mostly little change in between (e.g., Eyring et al., 2007).
4.1

Tropical ozone

In the tropical upper stratosphere, all REF-B2 simulations
indicate decreasing annual mean ozone between 1960 and
2000 followed by a steady increase until the end of the 21st
century, while in the tropical lower stratosphere continuous
ozone decreases from 1960 to 2100 are simulated in all models (black line and grey shaded area in Fig. 2a and b; see also
Chapter 9 of SPARC CCMVal, 2010; Austin et al., 2010 and
Oman et al., 2010b).
4.1.1

Tropical upper stratospheric ozone

The elevated ozone in the tropical upper stratosphere at 5 hPa
after 2000 (Fig. 2a) results from a continuous cooling caused
by increasing GHGs, in particular CO2 (Clough and Iacono, 1995). This continuous cooling is simulated in the
multi-model trend estimate of REF-B2 (Fig. 3a) and slows
gas-phase ozone loss cycles, thereby increasing ozone (e.g.,
Haigh and Pyle, 1982; Rosenfield et al., 2002; Jonsson et al.,
2004). The cooling is very similar in the fODS simulation,
whereas in the fGHG simulation temperature stay nearly constant over the simulated period because GHGs are fixed at
1960 levels and SSTs/SICs are forced to represent 1960 conditions (Fig. 3a). Consistently, the multi-model ozone trend
of the fGHG simulation in the tropical upper stratosphere
in Fig. 2a does not show the increase above 1980 values
that is simulated in REF-B2, confirming that the CCMs are
able to simulate the mechanism invoked above. In contrast,
in the fODS simulation, a steady increase in tropical upper
stratospheric ozone is simulated over the entire 1960 to 2100
period. At the end of the 21st century, upper stratospheric
Atmos. Chem. Phys., 10, 9451–9472, 2010

ozone in the fGHG simulation is significantly lower than in
the REF-B2 simulation, which in turn is only slightly smaller
than in the fODS simulation (Fig. 2a).
The model time series plotted in Figs. 2 and 3 can be presented in an alternative format by plotting ozone as a function of ESC rather than time. This provides a different view
on how past and future ozone changes respond to the primary driver of interest, i.e. changes in stratospheric halogen
loading. An attribution of ozone changes in the tropical upper stratosphere to changes in ODSs and GHGs is displayed
in this alternative format in Fig. 4a. The multi-model mean
shown in this panel is calculated from the CCSRNIES, MRI,
and WACCM models. CMAM was excluded from this multimodel mean since the CMAM fGHG simulation included the
transient chemical effects of CH4 and N2 O which cause the
2000 to 2100 fGHG trace to lie below the 1960 to 2000 trace
in contrast to the other models used in the multi-model mean
which show close concurrence between the 1960–2000 and
2000–2100 segments of the fGHG plot (see Figs. S14 to S18
in supplementary online material). Furthermore, ULAQ was
excluded from this multi-model mean since it too showed behavior quite different to the other four models, including disagreement between the 1960–2000 and 2000–2100 segments
in the fGHG simulation (see figures in the supplementary online material).
The multi-model mean REF-B2 simulation in Fig. 4a
shows that ozone decreases 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 1960–2000 path but shows systematically elevated
ozone 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. As discussed above, the
elevated ozone through the 21st century results from CO2 www.atmos-chem-phys.net/10/9451/2010/
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ODS) levels. The close agreement between the REF-B2 and
grey traces in Fig. 4a indicates that the system is close to being linearly additive. The system deviates most from linear
additivity in 2000 when the ozone depletion is largest. However, this deviation may result from the fODS simulation being forced by SSTs taken from a model simulation where the
radiative forcing effects of transiently changing ODSs were
included. As a result, even though the radiative effects of
ODSs are kept fixed in the fODS simulation, their effects are
felt to a lesser extent through the SSTs.
4.1.2

Fig. 1. (a) 1960 and (b) 1980 baseline-adjusted annual mean global
total ozone column from the 17 reference simulations (REF-B2).
The thick black line shows the multi-model mean and the light- and
dark-grey shaded regions show the 95% confidence and 95% prediction intervals, respectively. The red vertical dashed line indicates
the year when the multi-model mean returns to 1980 values and the
blue vertical dashed lines indicate the uncertainty in these return
dates. The green horizontal dashed line refers to the 1980 baseline,
which may differ from zero when referenced to another year, e.g.
1960 as in panel (a).

induced stratospheric cooling, shown by the red to blue transition from 1960 to 2100 in the REF-B2 trace in Fig. 4a.
The fixed ODS simulation shows ozone in the upper stratosphere slowly increasing with time under the influence of increasing CO2 and resultant stratospheric cooling. In contrast
to the REF-B2 simulation, the fixed GHG simulation shows
that the response of ozone to ESC through the 21st century
is almost identical to that through the 20th century. In this
simulation, because GHGs are fixed, temperature shows almost no trend from 1960 to 2100 (see also Fig. 3a). To
test whether the perturbations to ozone from ODS and GHG
changes are independent, the ozone changes due to the combined effect of ODSs and GHGs changes in REF-B2 are
compared to the sum of the ozone changes due to only the
effect of ODSs (fGHG) and due to only effects of GHGs
(fODS). The comparison is then used to test whether these
two effects on ozone are linearly additive, i.e. whether the
effect of ODSs (or GHGs) on ozone depends on GHG (or
www.atmos-chem-phys.net/10/9451/2010/

Tropical lower stratospheric ozone

In the tropical lower stratosphere, a robust feature simulated
by all CCMs is that ozone in the REF-B2 simulations shows
steadily declining values from 1960 to 2100 and ozone never
returns to its 1980 value (Fig. 2b). The primary mechanism causing this trend is the increase in tropical upwelling
through the 21st century, which is a robust result in CCM
simulations (see Fig. 5 as well as Butchart et al. , 2006,
2010; Oman et al., 2010b; Chapter 4 of SPARC CCMVal,
2010). 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 (Avallone and Prather, 1996). A faster transit of air
through the tropical lower stratosphere from enhanced tropical upwelling leads to less time for production of ozone and
hence to lower ozone levels in this region. The increase in
tropical upwelling in fODS is similar to that in REF-B2 in all
models and in the multi-model trend, confirming that changing halogens do not contribute to this trend which is caused
by climate change and in particular climate-change induced
SST changes. This is also evidenced by the increase in upwelling in a SOCOL fGHG simulation in which GHGs were
fixed but SSTs evolved as in REF-B2 (not shown), in agreement with previous findings (Fomichev et al., 2007; Deckert
and Dameris, 2008a, b; Oman et al., 2009). Correspondingly, the fGHG multi-model ozone trend in the tropical
lower stratosphere (50 hPa) stays nearly constant throughout
the 21st century, whereas the fODS multi-model ozone trend
is very similar to that in REF-B2 and does not respond to
ESC changes (red curve in Fig. 2b), indicating that this region is mainly controlled by changes in climate rather than
ODSs.
This is a consistent result which is simulated by nearly
all models (see Figs. S3 and S4). Only ULAQ has a higher
sensitivity of ozone to halogens than all other models (see
also Fig. 4 of Oman et al., 2010b) which could explain why
in this simulation the suppressed tropical ozone, unlike in
all other models, is mainly determined by halogen changes
until 2030. This is concluded from the fact that ozone in
the fGHG simulation in ULAQ is nearly identical to REF-B2
until 2030 (Fig. S4b). Only after 2030 does climate change
dominate halogen sensitivity in ULAQ. One reason for this
Atmos. Chem. Phys., 10, 9451–9472, 2010
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Fig. 2. Extra-polar, annual mean 1960 baseline-adjusted ozone projections and 95% confidence interval for the multi-model trend (MMT)
of REF-B2 which is derived from the models that performed the fODS simulation (MMT O3 REF-B2(fODS); black line and grey shaded
area) and from the models that performed the fGHG simulation (MMT O3 REF-B2(fGHG); black dashed-dotted line). Also shown is the
multi-model trend plus 95% confidence interval for fODS (black dotted line and orange shaded area), fGHG (black dashed line and blue
shaded area), and ESC (MMT ESC REF-B2(fODS) displayed with red solid line and light red shaded area). The different panels show (a)
5 hPa and (b) 50 hPa tropics (25◦ S–25◦ N), (c) 5 hPa and (d) 50 hPa northern midlatitudes (35◦ N–60◦ N), (e) 5 hPa and (f) 50 hPa southern
midlatitudes (35◦ S–60◦ S). The multi-model mean for REF-B2, fODS, and ESC is formed from 9 CCMs (CCSRNIES, CMAM, GEOSCCM,
LMDZrepro, MRI, SOCOL, UMSLIMCAT, ULAQ, and WACCM) and the one for fGHG from 7 CCMs (CCSRNIES, CMAM, EMAC-FUB,
E39CA, MRI, ULAQ, and WACCM). The red vertical dashed line indicates the year when the multi-model mean of the 9 CCMs in REF-B2
returns to 1980 values (green horizontal dashed line) and the blue vertical dashed lines indicate the uncertainty in these return dates. The
thin dotted black line in the bottom of each panel shows the results of the t-test’s confidence level that the multi-model means from fODS
and REF-B2 are from the same population (see Sect. 5 for details).The individual models are shown in figures in the supplementary material.
Note the differing Y-axis scales.

could be the coarse horizontal resolution in ULAQ or that
the model includes an explicit code for NAT and ice particle formation, growth and transport which can form not only
in the winter polar regions but also in the tropical UTLS. In
addition, ULAQ includes a parameterization for upper tropospheric cirrus ice particles (Kärcher and Lohmann, 2002).
Decreases in ozone in the lower stratosphere and total column ozone in the 2nd half of the 21st century in the REFB2 simulations of SOCOL are significantly larger than in all
other simulations (Figs. S3b and S12b) due to a particularly
large Brewer-Dobson circulation strength and trend (Oman et
al., 2010b). For total column ozone this is similar in the other
Atmos. Chem. Phys., 10, 9451–9472, 2010

ECHAM5 based models (EMAC-FUB and NIWA-SOCOL,
see Fig. S1b).
An attribution of ozone changes in the tropical lower
stratosphere to changes in ODSs and GHGs is shown in
Fig. 4b. In this panel the multi-model mean was calculated
using the CCSRNIES, CMAM, MRI and WACCM models
(see individual models in Figs. S14 to S18 in the supplementary material). ULAQ was also excluded for the reasons
outlined above (see also supplementary online material). In
the lower stratosphere in the tropics ozone shows little response to ESC through the 20th and 21st centuries as seen
from the fGHG trace. The ∼25% decrease in ozone from
www.atmos-chem-phys.net/10/9451/2010/
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Fig. 3. Same as Fig. 2, but for temperature.

1960 to 2100 in the reference scenario results from GHGinduced changes to stratospheric dynamics as evidenced by
the fixed ODS scenario. Note also that in the fODS 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 almost linearly additive as shown by
the close agreement between the REF-B2 and grey traces in
Fig. 4b. This indicates that ozone in the tropical lower stratosphere responds primarily to the underlying SSTs with only
a small contribution from the in situ effects of GHG radiative
forcing.
4.1.3

Tropical total column ozone

The evolution of tropical column ozone (Fig. 6b) depends
on the balance between the increase in upper stratospheric
concentrations and the decrease in lower stratospheric conwww.atmos-chem-phys.net/10/9451/2010/

centrations, and as a result the projected changes are in general small compared to extra-tropical regions in the REF-B2
simulation (∼7 DU, see Table 4). In the MMT calculated
from the 17 CCMs’ reference simulations, there is a general decline from the start of the integrations until the turn of
the century, followed by a gradual increase until about 2050
with 70% of the simulated ozone lost since 1980 recovered
by 2025 and 110% by 2050 in the multi-model mean (Table 4). After 2050, column ozone amounts decline slightly
again toward the end of the century. Increased tropical upwelling is one of the largest drivers of this (see Fig. 5 as
well as Shepherd, 2008 and Li et al., 2009). This is also
confirmed by the similarity of the REF-B2 and fODS simulations in Fig. 6b after 2050. In the fGHG simulation, upper stratospheric tropical ozone is consistently lower than in
REF-B2 (Fig. 2a) while tropical upwelling is not increasing
(Fig. 5), and lower stratospheric tropical ozone is higher than
Atmos. Chem. Phys., 10, 9451–9472, 2010
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Fig. 4. (a) Annual multi-model mean tropical ozone as a
function of ESC=Cly +5×Bry at 5 hPa and averaged between
25◦ S and 25◦ N. (b) as in panel (a) but at 50 hPa and where
ESC=Cly +60×Bry . In panels (a) and (b) the REF-B2, fODS, and
fGHG simulations are shown using traces colored according to
the multi-model-mean temperature using the scale shown in the
bottom left of each panel. The grey traces in these two panels show
the additive effects of the fODS and fGHG simulations calculated
from: GreyESC (t)=fGHGESC (t)+ fODSESC (t)− fODSESC (1960)
and Greyozone (t) = fGHGozone (t)+ fODSozone (t)− fODSozone
(1960). Differences between the grey and REF-B2 traces indicate
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 fODS+fGHG 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-B2 simulation. The multi-model means displayed in this
figure were derived from a subset of the 5 models that provided
both fGHG and fODS simulations (see text for details).

Fig. 5. Multi-model mean and 95% confidence interval of the
1960 baseline-adjusted annual mean w* between 20◦ S and 20◦ N
at 70 hPa for REF-B2 (solid black line and grey shaded area) and
fGHG (black dashed line and blue shaded area). The individual
models are shown in the supplementary material in Fig. S11.

terestingly, unlike ozone at 5 and 50 hPa in the tropics, total
column ozone shows deviations away from linear additivity
demonstrated by the lack of coincidence of the orange and
yellow traces in Fig. 4c. While the exact causes of such deviations in linear additivity are not yet known, it is possible that
the inclusion of the effects of ODS radiative forcing via the
SSTs used as boundary conditions in the fODS simulation
may be a contributing factor.
4.2
4.2.1

A comparison of the REF-B2, fODS and fGHG simulations for tropical total column ozone is also shown, using a
different format, in Fig. 4c with the multi-model mean calculated from CCSRNIES, CMAM, MRI, and WACCM. InAtmos. Chem. Phys., 10, 9451–9472, 2010

Midlatitude upper stratospheric ozone

In the midlatitude upper stratosphere, which is mainly photochemically controlled, ozone increases due to CO2 -induced
cooling of the stratosphere that slows chemical destruction
rates. Increases in N2 O and CH4 appear to play a minor
role in upper stratospheric ozone depletion under the SRES
A1B GHG scenario (Eyring et al., 2007, 2010; Oman et al.,
2010a).
Overall, the projected evolution of midlatitude upper
stratospheric ozone is very similar to that in the tropics. In
the SRES A1B GHG scenario the ozone evolution is characterized by increases throughout the 21st century (Fig. 2c, e)
due to CO2 -induced cooling (Fig. 3c, e).
4.2.2

in REF-B2 and remains nearly constant in the fGHG simulation (Fig. 2b). Consistently, the MMT of tropical column
ozone in fGHG is higher than REF-B2 at the end of the 21st
century and returns to its 1980 values around 2060 (Fig. 6b).

Midlatitude ozone

Midlatitude lower stratospheric ozone

In the lower stratosphere the evolution of midlatitude ozone
differs from that in the tropics (compare panel b in Fig. 2 with
panels d and f), and rather than a steady decrease in ozone,
first a decrease is simulated between 1960 and 2000, which is
then followed by a steady increase throughout the 21st century. As in the tropics, changes in transport also play a role
in the ozone evolution in midlatitudes but here the increase
in the meridional circulation is more likely to lead to an increase rather than a decrease in ozone. Inter-hemispheric
www.atmos-chem-phys.net/10/9451/2010/
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Fig. 6. 1960 baseline-adjusted total column ozone projections and 95% confidence interval for the multi-model REF-B2 trend which is in
the one case derived from the models that performed the fODS simulation (MMT O3 REF-B2(fODS); black line and grey shaded area) and
in the other case from the models that performed the fGHG simulation (MMT O3 REF-B2(fGHG); black dashed-dotted line). Also shown
is the multi-model trend plus 95% confidence interval for fODS (black dotted line and orange shaded area), fGHG (black dashed line and
blue shaded area), and ESC (MMT ESC REF-B2(fODS; red solid line and light red shaded area). The different panels show (a) global
(90◦ S–90◦ N annual mean), (b) tropics (25◦ S–25◦ N annual mean), (c) NH midlatitudes (35◦ N–60◦ N annual mean), (d) SH 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 red vertical dashed
line indicates the year when the multi-model mean in REF-B2 returns to 1980 values (green horizontal dashed line) and the blue vertical
dashed lines indicate the uncertainty in these return dates. The thin dotted black line shows the results of the t-test’s confidence level that the
multi-model means from fODS and REF-B2 are from the same population (see Sect. 5 for details). The individual models are shown in the
supplementary material. Note the differing Y-axis scales.

differences in changes in transport could explain the hemispheric difference in ozone evolution, since the increase
in stratospheric circulation transports more ozone into the
northern midlatitudes lower stratosphere than into the SH
(Shepherd, 2008; Li et al., 2009) and since in the SH the mixing of ozone poor air from the ozone hole into midlatitudes
could also contribute. Effects of inclusion of ozone depleted
over Antarctica, resulting from excursions of the Antarctic
polar vortex away from the pole, in the calculation of the
southern midlatitude (60◦ S–35◦ S) mean ozone likely also
contribute to the hemispheric differences in ozone evolution.

www.atmos-chem-phys.net/10/9451/2010/

Differences between the ozone evolution in the fGHG and
REF-B2 simulations in the midlatitude lower stratosphere are
generally small in both hemispheres (Fig. 2d, f), indicating
that changes in GHG do not play a large role in this region.
However, due to changes in transport discussed above, in
REF-B2 ozone in the lower stratosphere returns to 1980 levels around 15 years earlier in the northern than in the southern midlatitudes. The temperature evolution in the midlatitude lower stratosphere is similar to that in the tropics (compare panel b in Fig. 3 with panels d and f), though the temperature responds more to changes in ODSs through ODS
induced changes in ozone (concluded by the larger difference of fODS and REF-B2 in the midlatitudes), in particular
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in the southern midlatitudes, consistent with previous studies
(WMO, 2007; Shepherd and Jonsson, 2008).

480

2090
2100
2080
2070

460

4.2.3

Midlatitude total column ozone

Because ozone averaged over midlatitudes first decreases until around 2000 and then increases again in the upper and
lower stratosphere over the 21st century, a similar evolution
is projected for midlatitude total column ozone (Fig. 6c, d).
In both hemispheres the 1960 baseline-adjusted midlatitude
multi-model mean ozone indicates that the ozone minimum
is reached by ∼2000 followed by a steady and significant
increase. By 2025, Northern (Southern) Hemisphere column ozone is projected to have regained 130% (70%) of
the amount lost between 1980 and 2000 (2002) with 230%
(145%) of the loss regained by 2050 (see Table 4). By 2050,
midlatitude total column ozone in both hemispheres is projected to be above 1980 levels, but the return to historical
values in the northern midlatitudes is more advanced than
in the southern midlatitudes, caused by differences in return
dates in the lower stratosphere (see Fig. 2d, f), probably because of strengthened transport. By 2100, the column ozone
in the northern (southern) midlatitudes is projected to have
increased by 22 (19) DU compared to 1980 amounts. Other
influences such as NOx and HOx catalysed ozone destruction
have small impacts because the source molecules (N2 O and
H2 O) have small trends in the reference simulation which is
based on the SRES A1B GHG scenario (Chapter 6 of SPARC
CCMVal, 2010; Oman et al., 2010a). This is different in
other GHG scenarios (see further discussion in Oman et al.,
2010a and Eyring et al., 2010). In both hemispheres the total
column ozone MMT in the fGHG simulation is lower than
in REF-B2 (Fig. 6c, d) due to differences between these simulations mainly in the upper stratosphere (Fig. 2c, e) where
the GHG-induced effect on ozone is ∼10 times larger than in
the lower stratosphere, where differences are very small.
An attribution of total column ozone changes in the northern and southern midlatitudes to changes in ODSs and GHGs
is shown in panels (b) and (c) of Fig. 7 with the multimodel mean calculated from all the 5 CCMs that performed
both simulations (CCSRNIES, CMAM, MRI, ULAQ, and
WACCM). The REF-B2 simulation shows 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 while over southern
midlatitudes the sensitivity is −16 DU/ppb. This greater than
a factor of two difference in sensitivity of southern midlatitude ozone to ESC, and the slightly greater levels of ESC
reached over southern midlatitudes, results in a 3.6% total column ozone reduction over northern midlatitudes from
1960 to 2000 and an 7.7% total column ozone reduction over
southern midlatitudes over this period. In both hemispheres,
as ESC decreases, total column ozone does not simply retrace the 1960–2000 path, but shows systematically elevated
Atmos. Chem. Phys., 10, 9451–9472, 2010
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Fig. 7. As in Fig. 4, but for total column ozone in the midlatitudes (annual average) and polar regions (March mean in Arctic
and October mean in Antarctic). The multi-model mean is calculated from all models that performed both fODS and fGHG simulations in addition to REF-B2 i.e. CCSRNIES, CMAM, MRI, ULAQ
and WACCM. ESC is shown for 50 hPa. Blue traces show results
from simulations where prescribed ODSs are fixed at 1960 values (fODSs). Green traces show results from simulations where
prescribed GHGs are fixed at 1960 values (fGHG). Yellow traces
show the additive effects of the fODS and fGHG simulations
calculated from: Yellow ESC(t) = fGHGESC(t) + fODSESC(t)
– fODSESC(1960) and Yellow Ozone(t) = fGHGozone(t) +
fODSozone(t) − fODSozone (1960). Differences between the yellow and REF-B2 traces indicate a lack of linear additivity in the
system.

ozone through the 21st century. As a result, over northern
midlatitudes total column ozone returns to 1980 values in the
early 2020s, well before ESC returns to its 1980 value in the
late 2040s. Similarly, over southern midlatitudes total column ozone returns to 1980 values in the mid-2030s (a decade
later than in the Northern Hemisphere), and well before ESC
returns to its 1980 value in the late 2040s. It is clear from
the fODS scenario (blue traces in Fig. 7), that the elevated
ozone through the 21st century results from GHG-induced
www.atmos-chem-phys.net/10/9451/2010/
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Table 4. Summary of the extent to which ozone has returned to 1960 and 1980 levels from its absolute minimum, expressed as percentages
calculated from the 1980 baseline-adjusted timeseries of all 17 CCMs’ reference simulations. 0% denotes that ozone has not increased above
the minimum, 50% denotes that ozone at this date is halfway between the minimum observed 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.
Year when
minimum occurs; in
brackets DU
(a)

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

Reference
Year; in
brackets
DU
(a)

(DU)

(%)

(DU)

(%)

(DU)

(%)

(DU)

(%)

Global annual mean

1960
(312 DU)

2001
(296 DU)

−8

50%

−1

95%

3

115%

4

125%

−2

80%

5

150%

8

180%

10

190%

−4

45%

−2

70%

−3

60%

−6

25%

−1

70%

0

110%

−1

90%

−3

40%

−2

85%

7

155%

14

205%

18

240%

3

130%

11

230%

18

300%

22

355%

−15

45%

−2

90%

6

120%

9

130%

−5

70%

7

145%

16

190%

19

210%

−95

30%

−53

60%

−26

80%

−9

95%

−42

45%

−1

100%

25

130%

43

155%

−15

60%

6

115%

22

160%

33

190%

−1

95%

20

185%

36

255%

46

300%

Region

1980
(306 DU)
Tropics annual mean

1960
(272 DU)

2000
(265 DU)

1980
(270 DU)
Northern
midlatitude
annual
mean

1960
(357 DU)

2000
(344 DU)

1980
(353 DU)
Southern
midlatitude
annual
mean

1960
(349 DU)

2002
(322 DU)

1980
(339 DU)
Antarctic
October
mean

1960
(374 DU)

2003
(244 DU)

1980
(322 DU)
Arctic
March
mean

1960
(459 DU

2002
(422 DU)

1980
(445 DU)

stratospheric cooling and changes in circulation. The fODS
simulation also shows ESC decreasing with time even though
ODSs are fixed at 1960 values. This results from the increasing strength of the Brewer-Dobson circulation through the
21st century and a resultant decrease in the time available to
photolyze ODSs in the upper stratosphere and mesosphere. It
is also clear from the REF-B2 and fODS traces in Fig. 7 that

www.atmos-chem-phys.net/10/9451/2010/

by 2100 total column ozone over midlatitudes is still being
influenced by ESC. In both the northern and southern midlatitudes the effects of ODSs and GHGs on column ozone
are approximately linearly additive (agreement of black and
yellow traces in Fig. 7b and c).

Atmos. Chem. Phys., 10, 9451–9472, 2010

9464

V. Eyring et al.: Stratospheric ozone return dates and ozone recovery

Fig. 8. Same as Fig. 2, but ozone in polar regions in the Arctic (March mean, upper row) and in the Antarctic (October mean, lower row).
The upper stratosphere is shown for the 5 hPa level and the lower stratosphere for the 50 hPa level.

4.3
4.3.1

Polar ozone in spring
Antartic spring-time ozone

In the Antarctic (60◦ –90◦ S) in spring, the general characteristics of the ozone evolution in the CCMVal-2 reference simulations are similar in all CCMs and similar to the CCM projections shown in Eyring et al. (2007). Lower stratospheric
ozone (Fig. 8d) and total column ozone (Fig. 6f) are dominated by responses to ODSs, resulting in peak ozone depletion around 2000 (∼80 DU lower than its 1980 value, see
Table 4), followed by a slow and steady increase until 2100.
By the year 2025, 45% of the ozone loss since 1980 is projected to rebuild, and 100% by 2050. By the end of the 21st
century, Antarctic spring ozone will have higher concentrations than in 1980 (+43 DU, 155%), but still be lower than in
1960 (−9 DU, 95%). The dominant role of ODSs in affecting
Antarctic spring ozone is well known (Eyring et al., 2007;
Chapter 9 of SPARC CCMVal, 2010) and is further confirmed here by the large difference between the fODS simulation and the REF-B2 simulation (Figs. 8d and 6f) compared
to the relatively small difference between the REF-B2 and
the fGHG simulations. However, climate change also plays
a role in the Antarctic, and while the multi-model total column ozone trend estimate for the fGHG simulation returns to
1980 values around the time when ESC does (compare dotted
black line and red line in Fig. 6f), the MMT of REF-B2 returns earlier to 1980 levels by around 10 years (2045–2060)
resulting primarily from upper stratospheric cooling (Fig. 9c)
and resultant increases in ozone (Fig. 8c).
Atmos. Chem. Phys., 10, 9451–9472, 2010

Attribution of Antarctic column ozone changes to ODSs
and GHGs is shown in Fig. 7d with the multi-model mean
calculated as for midlatitude total column ozone (see individual models in Figs. S34 to S38 in the supplementary material). The reference simulation shows total column ozone
decreasing from 1960 to 2000 with a 52 DU/ppb sensitivity
to ESC, leading to a 35% decrease in total column ozone over
this period. Unlike the midlatitudes and Arctic (Fig. 7a–c),
the total column ozone evolution over Antarctica (Fig. 7d)
shows small sensitivity to changes in GHGs with the return
path (21st century) closely tracking the outbound path (20th
century). Since ozone shows only small response to GHGs
in this region, assessing the additivity of the simulations is
not appropriate.
4.3.2

Arctic spring-time ozone

In the Arctic (60◦ –90◦ N) in spring, lower stratospheric
ozone (Fig. 8b) and total column ozone (Fig. 6e) follow a
similar evolution to spring-time Antarctic ozone, but with
smaller ozone losses during the peak ozone depletion period
(∼23 DU smaller than its 1980 value, see Table 4) and with
ozone increasing significantly above 1980 and even 1960
values at the end of the century in the reference simulation. Most of the simulations using the fixed ODS scenarios
show a steady increase in Arctic ozone over the 21st century,
likely related to the increases in the strength of the BrewerDobson circulation and enhanced stratospheric cooling associated with increases in CO2 . In the fixed GHG simulation, depletion of ozone in the Arctic is much larger than in
www.atmos-chem-phys.net/10/9451/2010/
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Fig. 9. Same as Fig. 8, but for temperature.

REF-B2 (Fig. 6e), with a much later date of return of ozone
column amounts to 1980 values when the counterbalancing
effects of GHGs are excluded.
The attribution of Arctic ozone changes to GHG and ODS
changes is further illustrated in Fig. 7a, where an attribution
of total column ozone changes over the Arctic to changes
in ODSs and GHGs is shown for the multi-model mean calculated as for midlatitude total column ozone (see individual models in Figs. S29 to S33 in the supplementary material). The reference simulation shows total column ozone
decreasing from 1960 to 2000 with a −14 DU/ppb sensitivity
to ESC, less than the −16 DU/ppb sensitivity observed over
southern midlatitudes. The increase in ESC from 1.1 ppb in
1960 to 3.5 ppb in 2000 leads to a 8.0% decrease in total column ozone over this period. As for the midlatitudes, total
column ozone over the Arctic is elevated above what would
be expected from changes in ESC by stratospheric cooling
and changes to the Brewer-Dobson circulation induced by
increasing GHGs – see fixed ODS simulation. Through the
latter half of the century the system shows a high degree of
linear additivity (close agreement of black and yellow traces
in Fig. 7a). As discussed in Butchart et al. (2010) and Chapter 4 of SPARC CCMVal (2010), in the models the extra radiative cooling from growing amounts of GHGs is approximately balanced by a concomitant increase in the adiabatic
www.atmos-chem-phys.net/10/9451/2010/

warming through increased polar downwelling with the net
effect being a near zero temperature trend in the Arctic winter lower stratosphere. A small trend (−1 K from 2000 to
2100) is simulated in the extended set of CCMVal-2 models
in March (Fig. 9b). However, it is also important to note that
there is a very large spread between the fODS simulations,
with some models simulating a slight increase in temperature in the Arctic by 2100 (Fig. S10 in supplementary material). The large spread in the impact of GHG changes on
Arctic temperature is likely to be related to changes in dynamical heating of the Arctic linked to GHG changes. Previous studies using stratospheric climate models have shown
that the response to GHG changes can be very different between models with different horizontal resolution (Bell et al.,
2010) and that these changes are related to changes in Arctic dynamical heating. The impact of ozone depletion and
recovery on Arctic temperatures can be diagnosed from the
fGHG runs in Fig. 9a. Arctic temperatures are close to their
1960 values by 2100 in this simulation and the temperatures
from fODS and fGHG appear to be additive.

5

Ozone return dates and full ozone recovery

Two distinct milestones in the future evolution of ozone,
namely the return of ozone to historical values and the full
Atmos. Chem. Phys., 10, 9451–9472, 2010
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recovery of ozone from the effects of ODSs (WMO, 2007)
are assessed and compared in the reference simulations (see
also Introduction). Ozone return dates to 1980 values are
derived from the 1960 and 1980 baseline-adjusted reference
simulation (REF-B2) ozone time series. The selection of
baseline adjustment has little effect on 1980 return dates and
the uncertainty on that date increases by at most 3 years when
shifting from 1980 to 1960 baseline adjusted time series (see
Figs. 1, S1 and S2 for illustration as well as Table 3). The
robustness of the 1980 return date to baseline adjustment selection means that 1980 ozone return dates calculated from
the 1980 baseline-adjusted time series can be directly compared to the date of full ozone recovery which must be calculated from the 1960 baseline-adjusted time series. This is
necessary because full recovery of ozone from the effects of
ODSs is evaluated as when ozone is no longer significantly
affected by ODSs (WMO, 2007), i.e. as the fODS and REFB2 simulations converge.
Here, we apply the student’s t-test to test whether the
multi-model means calculated from the fODS and REF-B2
simulations are from the same population, and use this to
quantify the likelihood that full recovery has occurred. The
sample variance σ 2 for REF-B2 and fODS in the t-test is obtained from the TSAM 95% prediction interval I , following
the relation σ 2 =(I SQRT(n)/2 × 1.96)2 , where n is the number of models in the multi-model mean. The outcome of the
t-tests is discussed using the terminology of the IPCC (see
Box TS.1 of Solomon et al., 2007) to indicate the assessed
likelihood: if the confidence level from the t-test is >95%,
then it is extremely likely that full ozone recovery has occurred (within 2σ confidence), if it is >90% it is very likely
that it has occurred, while if it is >66% it is likely that it has
occurred (within 1σ confidence). For values between 33%
and 66% probability it is about as likely as not and for values
<33% it is unlikely that full recovery of ozone has occurred.
Figure 10 shows the date of return to 1960 (upper panel)
and 1980 (lower panel) total column ozone compared to the
return date of Cly at 50 hPa and ESC at 50 hPa for the annual
average (global, tropical and midlatitude) and spring (polar)
total ozone column derived from the MMT (large triangles)
of the CCMVal-2 reference simulations (17 CCMs) in each
latitude band. Note that the return dates differ slightly from
return dates derived from the MMT in Fig. 6 where in the
multi-model mean only a subset of the 17 CCMs are considered. They also differ from Chapter 9 of SPARC CCMVal (2010) that used only 16 out of the 17 CCMs used here.
The MMT ESC at 50 hPa is calculated as Cly + 60×Bry except for one model (E39CA) where Cly instead of ESC was
used. This model does not have available separate information about Bry , since it applies a bromine parameterisation
(see Appendix of Stenke et al., 2009).
There is no consensus between CCMs on whether tropical total column ozone will return to 1980 values, with some
models showing ozone increasing slightly above 1980 values
by the second half of the 21st century and others with ozone
Atmos. Chem. Phys., 10, 9451–9472, 2010

Fig. 10. Date of return to 1960 (upper panel) and 1980 (lower panel)
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 column ozone derived from the 1980 baselineadjusted CCMVal-2 reference simulations (17 CCMs) in each latitude band. The error bar shows the uncertainty in return dates as
calculated from the 95% confidence interval. ESC is calculated as
Cly + 60×Bry except for E39CA (see text). While a few models
project a return of tropical total column ozone to 1980 levels, most
do not with the result that the 95% TSAM confidence interval extends from 2030 to beyond the end of the century which explains
the large error bar in the tropical column ozone return dates in the
lower panel.

remaining below 1980 values through the 21st century (see
Austin et al., 2010; Chapter 9 of SPARC CCMVal, 2010).
This is reflected by the large error bar derived from the 95%
TSAM confidence interval which extends from around 2030
to beyond the end of the century. However, unlike in studies
mentioned above which included 16 out of the 17 CCM REFB2 simulations used here, the addition of one model (EMACFUB) in this study, a model which returns to 1980 values earlier than the MMT in the tropics, causes the MMT to return to
its 1980 value in 2041. Note also that tropical column ozone
derived from the subset of 9 CCMs in Fig. 6b does also not
return to its 1980 value, showing again that the tropical ozone
return date is not a robust quantity across the CCMs. However, there is a consensus in all CCMs that tropical column
ozone will not return to 1960 values, i.e. even when stratowww.atmos-chem-phys.net/10/9451/2010/
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spheric halogens return to historical (1960) values tropical
column ozone will remain below its historical values due to
the increase in tropical upwelling (see Fig. 10a and Chapter 9 of SPARC CCMVal, 2010). In contrast, Cly and ESC
in the tropical region return to 1980 values faster than in all
other regions (Fig. 10b) with only minor difference between
them. By the end of the century, it is likely (∼82%) that full
recovery of tropical column ozone from the effects of ODSs
will have occurred, while the 1σ confidence level (66%) is
projected to be reached already ∼2074 (see Table 5). Column ozone in the tropics is projected to decrease again in
the 2nd half of the 21st century due to climate change (see
Sect. 4.1). In the upper tropical stratosphere, ozone returns
to 1980 values at ∼2020 which is faster than in other regions
(see Fig. 2a), while it is about as likely as not (∼42%) that
full ozone recovery has occurred by the end of the 21st century (see Table 5). In the lower tropical stratosphere however,
ozone never returns to its 1980 values. That said, because
ozone in this region is little affected by ODSs, the recovery
of ozone from ODS effects is identified above the 1σ confidence level (66%) throughout the entire 21st century, and
above the 2σ confidence level (95%) from 2040 onwards.
In the northern midlatitudes, total column ozone returns to
1980 values around 2021 (within a bounded range of 2017 to
2026, see Fig. 10b and Table 3). This is the earliest return in
all regions considered here, in agreement with previous studies (e.g., Shepherd, 2008; Austin et al., 2010; Chapter 9 of
SPARC CCMVal, 2010). While the qualitative evolution is
the same in both hemispheres in the CCMs, the midlatitude
anomalies are larger in the SH and the return of midlatitude
column ozone to 1980 values therefore occurs later in the
SH (∼2035 within a bounded range of 2030 to 2040) than in
the NH. The difference in the date of return to 1980 values
appears to be due to inter-hemispheric difference in changes
in transport, see discussion in Sect. 4.2. In all CCMs the
return of total column ozone to 1980 values in the midlatitudes occurs before that of Cly and ESC (∼2050 in both
hemispheres). In contrast, in the northern midlatitudes it is
likely (71%) that full recovery of total column ozone has occurred by the end of the 21st century, while it is about as
likely as not (61%) in the southern midlatitudes (Fig. 6c, d
and Table 5). In both hemispheres, midlatitude column ozone
also returns to 1960 values, but significantly later than when
it returns to 1980 values (∼2055 in SH and ∼2030 in NH).
In the midlatitude upper stratosphere, ozone returns to 1980
values ∼2030 (see Fig. 2c, e), while in both hemispheres
full recovery of ozone from ODSs in this region of the atmosphere is projected to not likely have occurred by 2100
(see Table 5). In the midlatitude lower stratosphere, ozone
returns to its 1980 values ∼2055, while full ozone recovery
at the 1σ confidence interval is reached ∼2042 in the NH
and ∼2073 in the SH. By the end of the century, full ozone
recovery is projected to have likely occurred in the northern and southern midlatitude lower stratosphere (∼85% and
82%, respectively).
www.atmos-chem-phys.net/10/9451/2010/
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As discussed in Sect. 4.3, Antarctic spring ozone column
evolution is dominated by ODSs, and in this region ozone
return dates are very similar to Cly and ESC return dates
and occur later than in all other regions. Column ozone is
therefore projected to return to its 1980 values around 2051
(within a bounded range of 2046 to 2057, see Table 3 and
Fig. 10b). There is however a spread in the magnitude of
the changes among the CCMs which can also be seen by the
95% confidence interval of the MMT (Fig. 6f) and by the uncertainty in the time of return to 1980 values. This spread
is closely linked to the spread in simulated Cly (Chapter 9
of SPARC CCMVal, 2010). On the other hand, it is about
as likely as not (62%) that full ozone recovery in the reference simulations has occurred by the end of the 21st century
(compare fODS with REF-B2 in Fig. 6f, see also Table 5),
and column ozone has also not returned to its 1960 values by
then (Fig. 10a).
In contrast, in the Arctic, total column ozone is projected
to return to its 1980 values already around 2026 (within a
bounded range of 2023 to 2031), which is much earlier than
when Cly and ESC return to 1980 values in this region, and
it is also projected to return to its 1960 values (∼2041). Full
recovery of total column ozone at the 1σ confidence level
(66%) in the Arctic is reached earlier than in all other regions (∼2038) and it is likely that ozone has fully recovered (∼84%) by the end of the century (Fig. 6e and Table 5).
Global total column ozone returns to its 1980 values around
2032 (within a bounded range of 2027 to 2038), which is
earlier than global Cly or ESC at 50 hPa (Fig. 10b), while it
is about as likely as not (54%) that full ozone recovery has
occurred by the end of the century (Fig. 6a).
Overall, total column ozone returns to its 1980 values in
all regions, with largest uncertainty in the ozone return date
estimate in the tropics, while by 2100 it returns to its 1960
values only in the midlatitudes and in the Arctic, but not over
Antarctica and not in the tropics. Full recovery of ozone is
projected to not likely have occurred by the end of the century in any of the upper stratosphere regions. In the tropical lower stratosphere (50 hPa), however, it is projected to be
very likely that full ozone recovery from ODSs has occurred
by the end of the 21st century while it is likely that it occurred
also over midlatitudes. For total column ozone, full ozone recovery is not reached at the 2σ confidence level in any of the
regions, while at the 1σ level it is projected to occur ∼2038
in the Arctic, ∼2070 at northern midlatitudes, and ∼2074 in
the tropics, but not in the southern midlatitudes and not over
Antarctica. In the southern midlatitudes and in the Antarctic
it is still not likely that ozone has fully recovered from ODSs
by the end of the century (61% and 62%, respectively). The
larger set of models used here confirms the overall findings
of Waugh et al. (2009) who assessed ozone recovery within
GEOSCCM.
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Table 5. Level of confidence that full ozone recovery has already occurred at the end of the century (2090–2097) calculated from the student
t-test applied to the multi-model means of the fixed ODS simulation (fODS) and the reference simulation (REF-B2), see text for details. If
the confidence level is above 66%, then the year when the confidence level reaches 66% is also added, indicating that full ozone recovery
may have occurred within 1σ confidence.

6

Region

Total column ozone

Ozone at 5 hPa

Ozone at 50 hPa

Global annual mean
Tropics annual mean
Midlatitude NH annual mean
Midlatitude SH annual mean
Arctic March mean
Antarctic October mean

54%
82% (66% in 2074)
71% (66% in 2070)
61%
84% (66% in 2038)
62%

not assessed here
42%
25%
27%
49%
68%

not assessed here
93% (66% in all the years)
85% (66% in 2042)
82% (66% in 2073)
91% (66% in 2046)
56%

Discussion and conclusions

In this paper projections of stratospheric ozone throughout the 21st century have been examined from a suite of
chemistry-climate models (CCMs). In the future reference
simulations (REF-B2) that were provided by 17 CCMs, surface halogenated ozone depletion substances (ODSs) are prescribed according to the adjusted A1 halogen scenario of
WMO (2007) and long-lived greenhouse gases (GHG) according to the SRES (Special Report on Emission Scenarios)
GHG scenario A1B (IPCC, 2000). The reference simulations
were compared to sensitivity simulations with either ODS or
GHG concentrations fixed at 1960 levels, which were performed by a subset of models (9 and 7 CCMs, respectively) to
disaggregate the drivers of projected ozone changes. These
simulations were also used to assess the two distinct milestones of ozone returning to historical values (ozone return
dates) and ozone no longer being discernibly influenced by
ODSs (full ozone recovery). This study therefore extends the
analysis on ozone projections of Chapter 9 of SPARC CCMVal (2010) and Austin et al. (2010) and the study by Waugh
et al. (2009) who assessed full ozone recovery using a single
model.
In the tropical and midlatitude upper stratosphere ozone in
the reference simulations decreases between 1960 and 2000
in response to increasing equivalent stratospheric chlorine
(ESC), followed by a steady increase until the end of the 21st
century, in agreement with previous results (e.g. Waugh et
al., 2009; Oman et al., 2010b). However, as ESC decreases
from 2000 to 2100 ozone does not simply retrace the 1960–
2000 path but, as a result of CO2 -induced stratospheric cooling, shows systematically elevated ozone through the 21st
century such that ozone returns to 1980 values in the 2020s
well before ESC returns to its 1980 value in the mid-2050s.
By 2100 ozone is still being influenced by ESC and hence
full recovery of ozone from ODSs in this region of the atmosphere is projected to not likely have occurred by 2100. In
the tropical lower stratosphere, a robust result simulated by
CCMs is a steady decline of ozone from 1960 to 2100 due to
Atmos. Chem. Phys., 10, 9451–9472, 2010

increased tropical upwelling that has also been shown in previous studies using a smaller subset of CCMs (e.g. Eyring
et al., 2007; WMO, 2007; Butchart et al., 2010; SPARC
CCMVal, 2010). Ozone in the simulation with fixed ODSs
is nearly identical to REF-B2, confirming again that in the
tropical lower stratosphere ozone shows little response to
ODSs. Although ozone decreases continuously from 1960
to 2100, the tropical lower stratosphere is together with the
Arctic lower stratosphere the only region where ozone has
very likely fully recovered from the effects of ODSs. In the
lower midlatitude stratosphere the evolution differs from that
in the tropics, and rather than a steady decrease of ozone, first
a decrease of ozone is simulated between 1960 and 2000,
which is then followed by a steady increase throughout the
21st century. Ozone in the midlatitude lower stratosphere returns to its 1980 levels ∼2045 in the NH and ∼2055 in the
SH, and full ozone recovery is likely reached by 2100 in both
hemispheres.
Projected tropical total column ozone changes are in general small compared to extra-tropical regions (∼7 DU in the
reference simulations). Model uncertainty in tropical column evolution is high (see also Charlton-Perez et al., 2010),
mostly related to the large spread that is simulated in the
magnitude of tropical upwelling among the CCMVal-2 models (see also Butchart et al., 2010 and Chapter 4 of SPARC
CCMVal 2010). Unlike in Chapter 9 of SPARC CCMVal (2010) where 16 out of the 17 CCMs used here were
included, the addition of one CCM caused the multi-model
mean of the 17 CCMs to return to its 1980 value in the tropics, showing that the ozone return date is not a robust quantity
in the tropics, given the large spread that is simulated by the
individual models. Over northern midlatitudes total column
ozone returns to 1980 values in the mid-2020s in the reference simulations, well before ESC returns to its 1980 value
in the late 2040s. Similarly, over southern midlatitudes total column ozone returns to 1980 values in the mid-2030s (a
decade later than in the Northern Hemisphere), and well before ESC returns to its 1980 value in the early 2050s. By
2100 total column ozone over midlatitudes is still influenced
www.atmos-chem-phys.net/10/9451/2010/
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by ESC and full recovery of column ozone has likely occurred in the northern midlatitudes while it has not likely occurred in the southern midlatitudes.
Unlike the midlatitudes and Arctic, the total column ozone
evolution over Antarctica in October shows small sensitivity to changes in GHGs with the return path (21st century)
closely tracking the outbound path (20th century). By the
end of the century it is still unlikely that total column ozone
has fully recovered from ODSs. In the Arctic (60◦ –90◦ N)
in March, total column ozone follows a similar evolution to
spring-time Antarctic ozone, but with smaller ozone losses
during the peak ozone depletion period and with ozone increasing significantly above 1980 and even 1960 values at
the end of the century in the reference, but not in the fixed
GHG simulation, indicating that climate change plays a significant role. As for the midlatitudes, total column ozone
over the Arctic is elevated above what would be expected
from changes in ESC by CO2 -induced stratospheric cooling
and changes in transport. In the Arctic it is likely (>66%)
that full recovery of total column ozone from the effects of
ODS will have occurred by about 2038. However, at no time
before 2100 is it very likely (>90%) that full recovery will
have occurred.
It is important to note that the future ozone evolution as
well as the two milestones of ozone returning to its historical values and ozone recovering from the influence of ODSs
have been studied here using a single GHG scenario. However, the SRES A1B scenario that was used in the CCMVal-2
reference simulations is not the only plausible GHG scenario
for the future (IPCC, 2000; Moos et al., 2008). Given the importance of GHG-induced changes on stratospheric temperatures, chemistry, circulation and transport on the evolution of
ozone through the 21st century shown here and in previous
studies, it is likely that the importance of the factors affecting
ozone and the resulting future ozone evolution will be different under a different GHG scenario (see also Charlton-Perez
et al., 2010; Eyring et al., 2010; Oman et al., 2010a). Likewise, the future ozone evolution would be different for different ODSs scenarios (see for example the extreme “world
avoided” scenarios that were studied by Morgenstern et al.,
2008 and Newman et al., 2009). In addition, since all the
CCMs used here are forced by specifying mixing ratios of
ODSs at the surface rather than specifying emissions, the flux
of halogen source gases entering the stratosphere is highly
constrained and therefore the evolution of the ESC loading
is expected to be similar in the CCMs (see Chapter 6 of
SPARC CCMVal, 2010). In reality, surface source gas levels should be determined by emission fluxes and rates of loss
processes which could increase the spread in modeled halogen loadings and hence in stratospheric ozone losses (Douglass et al., 2008). Other uncertainties in the ozone projections could stem from prescribed sea surface temperatures
and sea ice concentrations, missing tropospheric chemistry,
model parameterizations, and model climate sensitivity as
well as from the neglect of additional bromine from very
www.atmos-chem-phys.net/10/9451/2010/
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short-lived substances (VSLS) (Sinnhuber et al., 2005; Chapter 2 of WMO, 2007). The neglect of VSLS could result in
a substantial fractional increase to the amount of bromine in
the lowermost stratosphere as upwelling changes (Gettelman
et al., 2009), with important consequences for ozone trends
and the photochemical budget of ozone.
Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/10/9451/2010/
acp-10-9451-2010-supplement.zip.
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Jonsson, A. I., de Grandpré, J., Fomichev, V. I., McConnell,
J. C., and Beagley, S. R.: Doubled CO2 -induced cooling in the middle atmosphere: Photochemical analysis of the
ozone radiative feedback, J. Geophys. Res., 109, D24103,
doi:10.1029/2004JD005093, 2004.
Jourdain, L., Bekki, S., Lott, F., and Lefèvre, F.: The coupled
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