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Abstract. Projections of stratospheric ozone from a suite of two distinct milestones of ozone returning to historical values
chemistry-climate models (CCMs) have been analyzed. In(ozone return dates) and ozone no longer being influenced by
addition to a reference simulation where anthropogenic haloODSs (full ozone recovery). The date of ozone returning to
genated ozone depleting substances (ODSs) and greenhousistorical values does not indicate complete recovery from
gases (GHGs) vary with time, sensitivity simulations with ei- ODSs in most cases, because GHG-induced changes accel-
ther ODS or GHG concentrations fixed at 1960 levels wereerate or decelerate ozone changes in many regions. In the
performed to disaggregate the drivers of projected ozoneupper stratosphere where giduced stratospheric cooling
changes. These simulations were also used to assess threases ozone, full 0zone recovery is projected to not likely
have occurred by 2100 even though ozone returns to its 1980
or even 1960 levels well before-025 and 2040, respec-

Correspondence tov. Eyring tively). In contrast, in the tropical lower stratosphere ozone
BY (veronika.eyring@dlr.de) decreases continuously from 1960 to 2100 due to projected
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increases in tropical upwelling, while by around 2040 it is al- per and middle stratosphere that leads to increases in ozone
ready very likely that full recovery from the effects of ODSs due to slower gas-phase ozone loss cycles (Randeniya et al.,
has occurred, although ODS concentrations are still elevate@002; Rosenfield et al., 2002; Haigh and Pyle, 1982), the
by this date. In the midlatitude lower stratosphere the evolu-acceleration of the Brewer-Dobson circulation or changes in
tion differs from that in the tropics, and rather than a steadytransport (Garcia et al., 2007; Shepherd, 2008; Li and Austin,
decrease in ozone, first a decrease in ozone is simulated fro2008; Butchart et al., 2006, 2010) are likely to play a more
1960 to 2000, which is then followed by a steady increaseimportant role in the evolution of ozone through the 21st
through the 21st century. Ozone in the midlatitude lowercentury. In addition, increases in nitrous oxide;( and
stratosphere returns to 1980 levelsbg8045 in the Northern  methane (Cl) could also impact ozone by accelerating cat-
Hemisphere (NH) and by 2055 in the Southern Hemisphere alytic ozone destruction cycles (e.g., Chipperfield and Feng,
(SH), and full ozone recovery is likely reached by 2100 in 2003; Ravishankara et al., 2009). The importance of these
both hemispheres. Overall, in all regions except the tropicafactors varies with region and time and thus the evolution of
lower stratosphere, full ozone recovery from ODSs occursstratospheric ozone in the 21st century also varies with re-
significantly later than the return of total column ozone to its gion.
1980 level. The latest return of total column ozone is pro- To project the future evolution of stratospheric ozone
jected to occur over Antarctica-045—-2060) whereas it is and attribute its behavior to different forcings, Chemistry-
not likely that full ozone recovery is reached by the end of Climate Models (CCMs) are widely used (e.g. Eyring et al.,
the 21st century in this region. Arctic total column ozone 2007; WMO, 2007). CCMs are three-dimensional atmo-
is projected to return to 1980 levels well before polar strato-spheric circulation models with fully coupled stratospheric
spheric halogen loading does s82025-2030 for total col- chemistry, i.e. where chemical reactions drive changes in
umn ozone, cf. 2050-2070 for 3160xBry) and it is likely ~ trace gas composition of the atmosphere which in turn
that full recovery of total column ozone from the effects of change the atmospheric radiative balance and hence dynam-
ODSs has occurred by2035. In contrast to the Antarctic, ics. Similarly, changes in dynamics and radiation feedback
by 2100 Arctic total column ozone is projected to be aboveon chemistry. The pool of CCMs, and the number of simu-
1960 levels, but not in the fixed GHG simulation, indicating lations performed, has significantly deepened over the past
that climate change plays a significant role. four years. In particular simulations from 17 CCMs that
participated in the second round of coordinated model inter-
comparison organized by the Chemistry-Climate Model Val-
idation (CCMVal) Activity (Eyring et al., 2005) (hereafter
1 Introduction referred to as CCMVal-2) have been used to project the evo-
lution of stratospheric ozone through the 21st century (Austin
Stratospheric ozone has been depleted by anthropogengt al., 2010). These CCMs have also been extensively evalu-
emissions of halogenated species over the last decades afed as part of the Stratospheric Processes And their Role in
the 20th century. In particular, emissions of anthropogenicClimate (SPARC) CCMVal Report (SPARC CCMVal, 2010).
halogenated ozone depletion substances (ODSs) whose préollowing the completion of the SPARC CCMVal Report,
duction is controlled under the Montreal Protocol and its sensitivity simulations defined by Eyring et al. (2008) with
Amendments and Adjustments have increased stratospherigither ODSs or GHGs fixed at 1960 levels have been com-
chlorine and bromine concentrations as measured by an inpleted by a subset of 11 CCMs. To quantitatively disaggre-
crease in equivalent stratospheric chlorine (ESC; Eyring egate the drivers of the projected ozone changes and to assess
al., 2007) and have dominated ozone loss in the recent pashe full recovery of ozone from ODSs, these sensitivity sim-
(Shepherd and Jonsson, 2008). Observations show that tradations are analyzed here in addition to the future reference
pospheric halogen loading peaked around 1993 and is nowimulations.
decreasing (Montzka et al., 2003; WMO, 2007), reflecting The focus of the analysis is on the assessment of the two
the controls on ODS production by the Montreal Protocol. distinct milestones of ozone returning to historical values
This slow decline is expected to continue through the 2st cen{ozone return dates) and ozone being no longer influenced
tury in future emission projections that are consistent withby ODSs (full ozone recovery), following the definitions of
current restrictions imposed by the Montreal Protocol, andthe 2006 WMO/UNEP Scientific Assessment of Ozone De-
ozone is expected to recover from the effect of ODSs as theipletion (WMO, 2007). It is important to note that the date
concentrations reach their unperturbed values (Eyring et al.pf ozone returning to historical values (e.g. mean 1960 or
2007; WMO, 2007). Atmospheric concentrations of long- 1980 values) does not indicate complete recovery from ODSs
lived greenhouse gases (GHGs) have also increased and aremost cases, because GHG-induced changes accelerate or
expected to increase further in the future (IPCC, 2000, 2007decelerate ozone changes in many regions. The first mile-
Moss et al., 2008) with consequences for the ozone layerstone (ozone return dates) can be evaluated directly from
As stratospheric ODS concentrations slowly decline, effectdime series of simulated ozone. Evaluating return dates is
of other processes such as £i@duced cooling of the up- relevant for gauging when the adverse impacts of enhanced
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surface ultraviolet radiation on human health and ecosystemsimulation (fGHG). The model simulation design by each
caused by ozone depletion are likely to become negligible model group varied slightly. All are continuous simulations
Identifying the second milestone (full ozone recovery) re-from 1960 to 2100, except that the REF-B2 and fGHG sim-
quires an attribution of projected changes in ozone to dif-ulations by E39CA ended in 2050, REF-B2 by UMUKCA-
ferent factors since ozone is not affected by ODSs aloneMETO ended in 2083, and the simulations by GEOSCCM
The required attribution can be obtained using CCM simu-combine a past (1960 to 2000) simulation forced by observed
lations with fixed ODSs or GHGSs in combination with refer- SSTs with a future (2000-2100) simulation so are not con-
ence simulations that include all known forcings that affecttinuous. Specifics of the sensitivity simulations for the in-
ozone. Full ozone recovery has to date only been studiediividual CCMs are summarized in Table 2, and are further
with a single model (Waugh et al., 2009), and it is important detailed in Eyring et al. (2008). Their main characteristics
to test these findings in a multi-model framework. In addi- are summarized below:

tion, the ‘no greenhouse-gas induced climate change’ simu-
lations with fixed GHGs were performed by single models to
address the nonlinearity of ozone depletion/recovery and cli-
mate 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 asso-
ciated un_c_ertain_ties is_descri_bed i_n Sect. 3. Section 4 Uses the  tocol in 2007. The long-lived GHG surface concentra-
two sensitivity S|mulat_|ons with elther_ ODSs or GHGs fixed tions are taken from the SRES (Special Report on Emis-
at 19§O levels to attnbute changes in the long-term ozone sion Scenarios) GHG scenario ALB (IPCC, 2000). Ex-
evqutlon_to_changes in ODSs and GHGs. Ozone return dates cept for one model (CMAM), SSTs and SICs are pre-
and the timing of full recovery of ozone from the effects of
ODSs are discussed in Sect. 5. Section 6 closes with discus-
sion and conclusions.

— 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 halocar-
bons are based on the adjusted Al scenario from WMO
(2007). The adjusted Al halogen scenario includes the
earlier phase out of hydrochlorofluorocarbons (HCFCs)
that was agreed to by the Parties to the Montreal Pro-

scribed from coupled ocean model simulations, either
from simulations with the ocean coupled to the under-
lying general circulation model, or from coupled ocean-
atmosphere models used in IPCC AR-4 simulations un-
der 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.

2 Models and model simulations

In the SPARC CCMVal Report on the evaluation of CCMs
(SPARC CCMVal, 2010), 16 CCMs contributed a future ref-
erence simulation (REF-B2) to the CCMVal-2 activity and — fODS is a transient simulation from 1960 to 2100 sim-
were used to project ozone through the 21st century. In this  ilar to REF-B2, but with ODSs fixed at 1960 levels
study we have added a future reference simulation from the  throughout the simulation. The simulation is designed
EMAC-FUB model. As a result, some of the results derived to address the question of what are the effects of back-
from the multi-model mean of the 17 reference simulations ground halogens on stratospheric ozone and climate in
shown here differ slightly from those presented in SPARC the presence of increasing GHGs alone. By compar-
CCMVal (2010). 11 CCM groups also performed additional ing fODS with REF-B2, the impact of halogens can be
simulations with GHGs or ODSs fixed at 1960 values which identified and, within the uncertainty associated with
are used here to attribute changes in ozone to these two pri-  unforced inter-annual variability in ozone, it can be
mary drivers and to assess the milestone of full ozone re-  assessed at what point in the future the halogen im-
covery. The participating CCMs are listed in Table 1 and are pact on ozone is undetectable, i.e. when full recov-

described in detail in the cited literature as well as in Morgen- ery of ozone from the effects of ODSs occurs (WMO,
stern et al. (2010) and Chapter 2 of SPARC CCMVal (2010). 2007). The fODS simulation also permits an exami-
It should be noted that only 1 of the 17 CCMs (CMAM) nation of how equivalent stratospheric chlorine (ESC)
is coupled to an ocean in CCMVal-2, whereas in all other is affected by climate change alone. This sensitiv-

CCMs sea surface temperatures (SSTs) and sea ice concen- ity simulation is identical to the SCN-B2b simulation
trations (SICs) are prescribed. The CCMs have been exten-  defined in Eyring et al. (2008). It should be noted
sively evaluated as part of the SPARC CCMVal Report. This that most models fixed halogens in the radiation and
comprehensive process-oriented validation has improved un-  used GHGs and SSTs/SICs from REF-B2 (see Table 2).
derstanding of the strengths and weaknesses of CCMs and  This introduces an inconsistency since with the absence
has been used to understand some of the source of the spread of halogen-induced radiative forcing less near-surface
in model projections. warming in this experiment should be expected such

In total, 17 CCMs provided reference simulations, 9 con- that the SSTs/SICs from the REF-B2 simulations used
tributed a fixed ODS simulation (fODS), and 7 a fixed GHG in fODS are likely too warm.

www.atmos-chem-phys.net/10/9451/2010/ Atmos. Chem. Phys., 10, 94522010
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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
CCMvVal (2010) as well as in the references given below. CCMs that contributed sensitivity simulations are highlighted inbBIEFNB2

means that the group provided N realizations of this simulation. T42 approximately correspondxt®.&.8T30 to 3.75x3.75.

Uppermost
computational
CCM Group and Location Horiz. Res. level REF-B2 fODS fGHG References
1 AMTRAC3 GFDL, USA ~200 km 0.017 hPa REF-B2 - - Austin and Wilson (2009)
2 CAM3.5 NCAR, USA 19x 2.5 3.5hPa REF-B2 - - Lamarque et al. (2008)
3 CCSRNIES NIES, Tsukuba, Japan T42 0.012 hPa REF-B2 fODS fGHG Akiyoshi et al. (2009)
4 CMAM MSC, University of Toronto, T31 0.00081 hPa xBREF-B2 XfODS 3xfGHG Scinocca et al. (2008);
York Univ., Canada deGrandpre et al. (2000)
5 CNRM-ACM Meteo-France; France T63 0.07 hPa REF-B2 - - éeq (2007);
Teys®dre et al. (2007)
6 E39CA DLR, Germany T30 10hPa REF-B2 (with solar  — fGHG Stenke et al. (2009);
cycle & QBO) Garny et al. (2009)
7 EMAC-FUB FU Berlin, Germany T42 0.01hPa REF-B2 (with solar — fGHG  ockkl et al. (2006);
cycle & QBO) Nissen at al. (2007)
8 GEOSCCM NASA/GSFC, USA 2x2.5° 0.015hPa REF-B2 fODS - Pawson et al. (2008)
9 LMDZrepro IPSL, France 25x3.75 0.07 hPa REF-B2 fODS - Jourdain et al. (2008)
10 MRI MRI, Japan T42 0.01hPa XREF-B2 fODS fGHG Shibata and Deushi (2008a;b)
11 NIWA-SOCOL NIWA, NZ T30 0.01 hpa REF-B2 - - Schraner et al. (2008);
Egorova et al. (2005)
12 SOCOL PMOD/WRC and IAC ETHZ, T30 0.01hPa xREF-B2 fODS - Schraner et al. (2008);
Switzerland Egorova et al. (2005)
13 ULAQ University of L'Aquila, Italy R6/11.8 x22.5 0.04hPa XREF-B2 fODS fGHG Pitari et al. (2002);
Eyring et al. (2006, 2007)
14  UMSLIMCAT University of Leeds, UK 2.5x3.7% 0.01hPa REF-B2 fODS - Tian and Chipperfield (2005);
Tian et al. (2006)
15 UMUKCA-METO MetOffice, UK 2583 x3.7% 84 km REF-B2 - - Morgenstern et al. (2008, 2009)
16 UMUKCA-UCAM University of Cambridge, 25x3.758 84 km REF-B2 - - Morgenstern et al. (2008, 2009)
UK and NIWA, NZ
17  WACCM NCAR, USA 19x25 5.9603 10 6hPa  3<REF-B2 fODS fGHG Garcia et al. (2007)

— fGHG is a transient simulation from 1960 to 2100, sim- in Scinocca et al. (2010) is used here to calculate multi-
ilar to REF-B2, but with GHGs fixed at 1960 levels model trends and their confidence and prediction uncertain-
throughout the simulation. To be consistent with the ties. Here, the term 'trend’ does not denote the result of a lin-
GHG evolution, SSTs and SICs are prescribed withear regression analysis but rather it refers to a smooth trajec-
the 1955-1964 average of the values used in REF-B2tory passing through the model time series representing the
Whether or not the chemical effects of gldnd NO “signal” resulting from forced changes and leaving ‘noise’
on ozone were also fixed at 1960 levels varied betweeras a residual resulting from internal unforced climate vari-
the different modeling groups (see Table 2). The inten-ability. The advantages of the TSAM approach are the pro-
tion of the fGHG simulation was that the ODSs (in par- duction of smooth trend estimates out to the ends of the time
ticular the CFCs) should also not contribute to radiative series, the ability to model explicitly inter-annual variabil-
forcing. However, in a number of CCMs it was only the ity about the trend estimate, and the ability to make rigorous
radiative forcing for CQ, CHs and NO that was held  probability statements (Scinocca et al., 2010).
constant at 1960 values. The simulation is designed to The TSAM method consists of three different steps: (i)
assess the impact of climate change on ozone throughonparametric estimation of the individual model trends
the 21st century. By comparing the sum of fGHG and (IMT), where the time series is additively modelled as the
fODS (each relative to the 1960 baseline) with REF-B2, sum of a smooth unknown model-dependent trend and ir-
the linear additivity of the responses can be assessedegular normally-distributed noise which represents natural
This sensitivity simulation is identical to the SCN-B2c variability about the trend; (ii) baseline adjustment of these
simulation defined in Eyring et al. (2008). individual model trends so that they equal zero in the refer-

ence year (here 1960 or 1980); (iii) average of the baseline-
adjusted IMT estimates over all models resulting in a multi-
3 Analysis method for multi-model time series model trend (MMT) estimate for each simulation. Both the
IMT and MMT estimates pass through zero at the specified
The same time series additive model (TSAM) as used inreference year.
Chapter 9 of SPARC CCMVal (2010) and described further

Atmos. Chem. Phys., 10, 9453472 2010 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 foODS fGHG
Halogens fixed at 1960 Halogens fixed at 1960 SSTs/SICs GHGs fixed at 1960 GHGs fixed at 1960 SSTs/SICs
levels for chemistry levels for radiation levels for chemistry levels for radiation
CCSRNIES YES YES REF-B2 YES for GO YES for CQp, REF-B2 1955-1964
CHg, and NO CHy, and NO mean
CMAM YES NO Coupled ocean NO YES for GOCH,, Coupled ocean
N»O, F11, and F12
E39CA - - — YES for CQ and CHj, YES for CQ, REF-B2 1955-1964
but NO for N,O CHjg, and NO mean
EMAC-FUB - - - YES for CQ, YES for CQ, REF-B2 1955-1964
CHg, and NOCHy, and NO mean
GEOSCCM YES YES Hadley Obs/NCAR CCSM3  — - -
LMDZrepro YES YES Same as REF-B2 - - -
MRI YES Radiation code Same as REF-B2 YES forLO YES for CQ, REF-B2 1955-1964
does not treat Cll and NO CHg, and NO mean
halogens
SOCOL YES YES Same as REF-B2 - - -
ULAQ YES NO Same as REF-B2 NO YES for GO REF-B2 1955-1964
CHyg, and NO mean
UMSLIMCAT  YES YES Same as REF-B2 - - -
WACCM YES YES Same as REF-B2 YES for GO YES for CQ, REF-B2 1955-1964
CHy, and NO CHjg, and NO mean

Two types of uncertainty intervals are constructed for theof full recovery of ozone from the effects of ODSs (Sect. 5),
MMT estimate. The first is the point-wise 95% confidence the 1960-baseline adjusted time series are used since ODSs
interval. This interval has a 95% chance of overlapping theand GHGs are fixed at 1960 values and thus the ozone time
true trend representing the local uncertainty in the trend aseries are already quite different from the REF-B2 simula-
each year. The second interval is the 95% prediction intervations by 1980.
which, by construction, is larger than the confidence interval.

This interval is a combination of uncertainty in the trend es-
timate and uncertainty due to natural inter-annual variability4 Long-term ozone evolution and attribution to
about the trend and gives a sense of where an ozone value for different forcings

a given year might reasonably lie.
S CCM bmitted h ‘ il To attribute long-term changes in ozone to GHGs and ODSs,
ome S submitted more than one reference simulag, ;g section the evolution of ozone in the reference sim-

tion (CMAM, MR, SOC.OL’ ULAQ.’ ar_1d WAC.:CM)' In such ._ulations (REF-B2) is compared to the fixed ODS (fODS)
cases the nonparametric regression is applied to thg rawtimg. - the fixed GHG (fGHG) simulations. The evolution
Series from all er_13emble member_s to calculate a single IM from 1960 to 2100 is assessed in the context of the 1960
which then contributes to the multi-model mean. baseline-adjusted ozone, temperature, transformed Eulerian
To illustrate the TSAM technique, the individual IMT and mean vertical velocityy*), and total column ozone time se-

MMT estimates of the global total column ozone anomaly ries (Figs. 2, 3, 5, 6, 8, and 9). In addition ozone and to-
time series for the 17 reference simulations (REF-B2) aretal column ozone are plotted against equivalent stratospheric
shown in Fig. 1 (similar figures for individual regions are chlorine (ESC, Figs. 4 and 7) using the absolute values rather
shown in Figs. S1 and S2 in the supplementary online mathan anomalies. The figures in the main paper show the 1960-
terial). While the 1980 return date (red vertical lines) is the baseline adjusted multi-model trend estimates for the refer-
same in both panels, the uncertainty (blue vertical lines) inence and sensitivity simulations, while the individual model
return dates derived from the 1960 baseline adjusted columirend estimates are shown in the figures in the supplementary
ozone anomalies is slightly larger (by up to 3 years). A sum-online material (Figs. S3-13). The absolute values for each
mary of the dates when total column ozone returns to its 198@nodel in various regions and altitudes are shown in Fig. S14
values, calculated from the two different time series, is givento S38 in the supplementary online material. The analysis
in Table 3. For consistency with the analysis presented irfocuses on ozone in the upper (5 hPa) and lower stratosphere
WMO (2007), 1980 ozone return dates in the reference sim{50 hPa) as well as on total column ozone. The 5 and 50 hPa
ulations (Sect. 5) were calculated from the 1980-baseline adlevels are representative for the upper and lower stratosphere,
justed time series. However, when using the fixed ODS andespectively. They are chosen because of the difference
fixed GHG simulations to disentangle the effects of changedetween chemical and dynamical control and because pre-
in climate and ODSs on ozone (Sect. 4) and to calculate dategious studies have shown that the ozone evolution differs

www.atmos-chem-phys.net/10/9451/2010/ Atmos. Chem. Phys., 10, 94522010
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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  Year when MMT ozone Year when lower bound Year when upper bound of
adjustment returns to 1980 value of error bar returns to 1980  error bar returns to 1980
Global annual mean 1960 2032 2024 2042
1980 2032 2027 2038
Tropics annual mean 1960 2043 2023 -
1980 2042 2028 -
Midlatitude NH annual mean 1960 2021 2014 2029
1980 2021 2017 2026
Midlatitude SH annual mean 1960 2035 2027 2043
1980 2035 2030 2040
Antarctic October mean 1960 2051 2044 2060
1980 2051 2046 2057
Arctic March mean 1960 2026 2020 2034
1980 2026 2023 2031

significantly between the upper and lower stratosphere, wittbzone in the fGHG simulation is significantly lower than in
mostly little change in between (e.g., Eyring et al., 2007). 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 pre-
In the tropical upper stratosphere, all REF-B2 simulations,s.ented in an alternative format by plott_lng 0zONe as a f_unc-
- . t|é)n of ESC rather than time. This provides a different view
indicate decreasing annual mean ozone between 1960 an

2000 followed by a steady increase until the end of the 2150 how past and future ozone changes respond to the pri-

century, while in the tropical lower stratosphere continuous, Y driver of interest, i.e. changes in stratospheric halogen

ozone decreases from 1960 to 2100 are simulated in all moq]_oading. An attribution of ozone changes in the tr_opigal up-
els (black line and grey shaded area in Fig. 2a and b; see aldd stratosphere to changes in ODSs and GHGs is displayed

) . In this alternative format in Fig. 4a. The multi-model mean
Chapter 9 of SPARC CCMVal, 2010; Austin et al., 2010 and shown in this panel is calculated from the CCSRNIES, MRI,
Oman et al., 2010b).

and WACCM models. CMAM was excluded from this multi-
model mean since the CMAM fGHG simulation included the
transient chemical effects of GHand NbO which cause the
P%OOO to 2100 fGHG trace to lie below the 1960 to 2000 trace
. . . in contrast to the other models used in the multi-model mean
after 2000 (Fig. 2a) results from a continuous cooling causecsNhich show close concurrence between the 1960—2000 and

by increasing GHGs, in particular GQClough and la- .
cono, 1995). This continuous cooling is simulated in the .2000_2100 segments of the fGHG plot (see Figs. S14 to S18

multi-model trend estimate of REF-B2 (Fig. 3a) and slows 'nxillﬁrggrfr:ﬁzﬁgso;mie rr:(?ézlﬁ?e.aiusr;rr:sgx?;%erjwlz)ﬁv(g dwk?es
gas-phase ozone loss cycles, thereby increasing ozone (e.

Haigh and Pyle, 1982; Rosenfield et al., 2002; Jonsson et alééwor qmttedeferentttr(]) tq(;gct)hezrofggr m(;)gggélgciléglng dis- t
2004). The cooling is very similar in the fODS simulation, greement between the - an N segments

whereas in the fGHG simulation temperature stay nearly con!" the fGHG simulation (see figures in the supplementary on-

stant over the simulated period because GHGs are fixed 6{1[ne material).

1960 levels and SSTs/SICs are forced to represent 1960 con- The multi-model mean REF-B2 simulation in Fig. 4a
ditions (Fig. 3a). Consistently, the multi-model ozone trend shows that ozone decreases from 1960 to 2000 in the up-
of the fGHG simulation in the tropical upper stratosphere per stratosphere in response to increasing ESC. However, as
in Fig. 2a does not show the increase above 1980 valueESC decreases from 2000 to 2100 ozone does not simply re-
that is simulated in REF-B2, confirming that the CCMs are trace the 1960-2000 path but shows systematically elevated
able to simulate the mechanism invoked above. In contrastpzone through the 21st century such that ozone returns to
in the fODS simulation, a steady increase in tropical upperl1980 values in the late 2020s well before ESC returns to
stratospheric ozone is simulated over the entire 1960 to 210@s 1980 value in the mid-2050s. As discussed above, the
period. At the end of the 21st century, upper stratosphericelevated ozone through the 21st century results from-CO

4.1 Tropical ozone

4.1.1 Tropical upper stratospheric ozone

The elevated ozone in the tropical upper stratosphere at5h
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(a) 1960 baseline-adjusted annual mean global total column ozone column ODS) levels. The close agreement between the REF-B2 and

grey traces in Fig. 4a indicates that the system is close to be-
ing linearly additive. The system deviates most from linear
additivity in 2000 when the ozone depletion is largest. How-
ever, this deviation may result from the fODS simulation be-
ing 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.

Total Column Ozone [DU]

-30

40
1960 1980 2000 2020 2040 2060 2080 2100 . .
Year 4.1.2 Tropical lower stratospheric ozone

(b) 1980 baseline-adjusted annual mean global total column ozone column In the tropical lower stratosphere, a robust feature simulated
e - 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 mecha-
nism 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 produc-
1960 1980 2000 2020 2040 2060 2080 2100 tion (i.e. from photolysis of @ and the rate at which the air
Year is transported through and out of the tropical lower strato-
sphere (Avallone and Prather, 1996). A faster transit of air
Fig. 1. (a)1960 andb) 1980 baseline-adjusted annual mean global throgh the tropical lower stratosphere from enhanced tropi-

tTor:altg'zinbel C(th‘,mn f|:°m t:f 17 Ttgferegcre Sim“'atigr:ﬁ ('l?'zh'?Bzgcal upwelling leads to less time for production of ozone and

e thick black fine shows the multi-modelmean and the Ight- and o e 14 ower ozone levels in this region. The increase in
dark-grey shaded regions show the 95% confidence and 95% pre- " . | lina in fODS is similar to that in REE-B2 in all
diction intervals, respectively. The red vertical dashed line indicates ropical upwetling in IS Simifarto that in -bsina

the year when the multi-model mean returns to 1980 values and th_@nOdQIS and in the mult|-mpdel trend_, CO”f'fm'”Q thé_lt chang-
blue vertical dashed lines indicate the uncertainty in these returrid halogens do not contribute to this trend which is caused
dates. The green horizontal dashed line refers to the 1980 baselin®y Climate change and in particular climate-change induced
which may differ from zero when referenced to another year, e.g.SST changes. This is also evidenced by the increase in up-
1960 as in panel (a). welling in a SOCOL fGHG simulation in which GHGs were
fixed but SSTs evolved as in REF-B2 (nhot shown), in agree-
ment with previous findings (Fomichev et al., 2007; Deckert
induced stratospheric cooling, shown by the red to blue tranand Dameris, 2008a, b; Oman et al., 2009). Correspond-
sition from 1960 to 2100 in the REF-B2 trace in Fig. 4a. ingly, the fGHG multi-model ozone trend in the tropical
The fixed ODS simulation shows ozone in the upper stratodower stratosphere (50 hPa) stays nearly constant throughout
sphere slowly increasing with time under the influence of in-the 21st century, whereas the fODS multi-model ozone trend
creasing C@ and resultant stratospheric cooling. In contrastis very similar to that in REF-B2 and does not respond to
to the REF-B2 simulation, the fixed GHG simulation shows ESC changes (red curve in Fig. 2b), indicating that this re-
that the response of ozone to ESC through the 21st centurgion is mainly controlled by changes in climate rather than
is almost identical to that through the 20th century. In this ODSs.
simulation, because GHGs are fixed, temperature shows al- This is a consistent result which is simulated by nearly
most no trend from 1960 to 2100 (see also Fig. 3a). Toall models (see Figs. S3 and S4). Only ULAQ has a higher
test whether the perturbations to ozone from ODS and GHGsensitivity of ozone to halogens than all other models (see
changes are independent, the ozone changes due to the coalso Fig. 4 of Oman et al., 2010b) which could explain why
bined effect of ODSs and GHGs changes in REF-B2 arein this simulation the suppressed tropical ozone, unlike in
compared to the sum of the ozone changes due to only thall other models, is mainly determined by halogen changes
effect of ODSs (fGHG) and due to only effects of GHGs until 2030. This is concluded from the fact that ozone in
(fODS). The comparison is then used to test whether theséhe fGHG simulation in ULAQ is nearly identical to REF-B2
two effects on ozone are linearly additive, i.e. whether theuntil 2030 (Fig. S4b). Only after 2030 does climate change
effect of ODSs (or GHGs) on ozone depends on GHG (ordominate halogen sensitivity in ULAQ. One reason for this

Total Column Ozone [DU]
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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 simulatviT O3 REF-B2(fODS)black line and grey shaded

area) and from the models that performed the fGHG simulafidMT 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 ESBIMT ESC REF-B2(fODSJisplayed with red solid line and light red shaded area). The different panels(ahow

5hPa andb) 50 hPa tropics (255-2% N), (c) 5hPa andd) 50 hPa northern midlatitudes (3B-6C° N), (e) 5 hPa andf) 50 hPa southern
midlatitudes (38 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 f{GHG 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 ECHAMS5 based models (EMAC-FUB and NIWA-SOCOL,
the model includes an explicit code for NAT and ice parti- see Fig. S1b).

cle formation, growth and transport which can form notonly  An attribution of ozone changes in the tropical lower
in the winter polar regions but also in the tropical UTLS. In stratosphere to changes in ODSs and GHGs is shown in
addition, ULAQ includes a parameterization for upper tro- Fig. 4b. In this panel the multi-model mean was calculated
pospheric cirrus ice particles @tcher and Lohmann, 2002). ysing the CCSRNIES, CMAM, MRI and WACCM models
Decreases in ozone in the lower stratosphere and total coksee individual models in Figs. S14 to S18 in the supple-
umn ozone in the 2nd half of the 21st century in the REF-mentary material). ULAQ was also excluded for the reasons
B2 simulations of SOCOL are significantly larger than in all outlined above (see also supplementary online material). In
other simulations (Figs. S3b and S12b) due to a particularifthe lower stratosphere in the tropics ozone shows little re-
large Brewer-Dobson circulation strength and trend (Oman etponse to ESC through the 20th and 21st centuries as seen
al., 2010b). For total column ozone this is similar in the otherfrom the f{GHG trace. The-25% decrease in ozone from
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(a) Tropical Upper Stratosphere (b) Tropical Lower Stratosphere
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Fig. 3. Same as Fig. 2, but for temperature.

1960 to 2100 in the reference scenario results from GHG-centrations, and as a result the projected changes are in gen-
induced changes to stratospheric dynamics as evidenced tgral small compared to extra-tropical regions in the REF-B2
the fixed ODS scenario. Note also that in the fODS simula-simulation 7 DU, see Table 4). In the MMT calculated
tion ESC decreases with time in response to these circulatiofrom the 17 CCMs’ reference simulations, there is a gen-
changes. As in the upper stratosphere, the response of ozoreeal decline from the start of the integrations until the turn of
to ODSs and GHGs is almost linearly additive as shown bythe century, followed by a gradual increase until about 2050
the close agreement between the REF-B2 and grey traces with 70% of the simulated ozone lost since 1980 recovered
Fig. 4b. This indicates that ozone in the tropical lower strato-by 2025 and 110% by 2050 in the multi-model mean (Ta-
sphere responds primarily to the underlying SSTs with onlyble 4). After 2050, column ozone amounts decline slightly

a small contribution from the in situ effects of GHG radiative again toward the end of the century. Increased tropical up-

forcing. welling is one of the largest drivers of this (see Fig. 5 as
well as Shepherd, 2008 and Li et al., 2009). This is also
4.1.3 Tropical total column ozone confirmed by the similarity of the REF-B2 and fODS simu-

lations in Fig. 6b after 2050. In the fGHG simulation, up-

The evolution of tropical column ozone (Fig. 6b) depends Per stratospheric tropical ozone is con_sist_ently Iqwer thr?m in
on the balance between the increase in upper stratospherfREF-B2 (Fig. 2a) while tropical upwelling is not increasing
concentrations and the decrease in lower stratospheric codFig. 5), and lower stratospheric tropical ozone is higher than
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Tropical Lower Stratosphere
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1458 § 035 § at 70 hPa for REF-B2 (solid black line and grey shaded area) and
e 04 < fGHG (black dashed line and blue shaded area). The individual
'%e 05 08 07 08 08 1 11 12 13 14 models are shown in the supplementary material in Fig. S11.
276 ESC at 50 hPa (ppb)
= =)
a a . . . .
o 3 terestingly, unlike ozone at 5 and 50 hPa in the tropics, total
§ = column ozone shows deviations away from linear additivity
E 5 demonstrated by the lack of coincidence of the orange and
8 261 |- s—— Reference smuiation - yellow traces in Fig. 4c. While the exact causes of such devi-
® [ #=—s Fixe simulation N . . . e . . .
B 258 o+ Foed oo smusin B ations in linear additivity are not yet known, it is possible that
Lo ol the inclusion of the effects of ODS radiative forcing via the

¢4 08 08 0T eCatsonpagpny - M SSTs used as boundary conditions in the fODS simulation

may be a contributing factor.
Fig. 4. (a) Annual multi-model mean tropical ozone as a ) )
function of ESC=GJ+5xBry at 5hPa and averaged between 4.2 Midlatitude ozone
25°S and 28N. (b) as in panel (a) but at 50hPa and where ) _ )
ESC=C}+60xBry. In panels (a) and (b) the REF-B2, fODS, and 4.2.1 Midlatitude upper stratospheric ozone
fGHG simulations are shown using traces colored according to
the multi-model-mean temperature using the scale shown in thdn the midlatitude upper stratosphere, which is mainly photo-
bottom left of each panel. The grey traces in these two panels showhemically controlled, ozone increases due to,@@luced
the additive effects of the fODS and fGHG simulations calculated cooling of the stratosphere that slows chemical destruction
from: Greyesc(t)=fGHGEs(1)+ fODSes(r)— fODSgsc (1960)  rates. Increases ind® and CH appear to play a minor
and Greyzond?) =fGHGozond?)+fODSozond?)—fODSozone  role in upper stratospheric ozone depletion under the SRES

(1960). Differences between the grey and REF-B2 traces indicat%lB GHG scenario (Eyring et al., 2007, 2010; Oman et al.
a lack of linear additivity in the system. Par(e), as in (b) but 2010a) ' ' ' '

for total column ozone and without color coding by tempera- Overall. th roiected evolution of midlatitud ;
ture. In this panel the fODS+GHG trace is shown in yellow erall, the projected evolution o atituge uppe

(yellow=blue+green). In all three panels, on each trace, referencétratOSphe”C ozone Is very ;lmllar to that in thg trPP'CS- In
years are shown every 10th data point with year labels shown foth€ SRES A1B GHG scenario the ozone evolution is charac-
the REF-B2 simulation. The multi-model means displayed in this t€rized by increases throughout the 21st century (Fig. 2c, e)
figure were derived from a subset of the 5 models that provideddue to CQ-induced cooling (Fig. 3c, €).
both fGHG and fODS simulations (see text for details).

4.2.2 Midlatitude lower stratospheric ozone

) _ ) _ In the lower stratosphere the evolution of midlatitude ozone
in REF-B2 and remains nearly constant in the fGHG simu- jitters from that in the tropics (compare panel b in Fig. 2 with
lation (Fig. 2b). Consistently, the MMT of tropical column  haneis d and f), and rather than a steady decrease in ozone,
ozone in fGHG is higher than REF-B2 at the end of the 21stg¢; 4 decrease is simulated between 1960 and 2000, which is
century and returns to its 1980 values around 2060 (Fig. 6b)ihan followed by a steady increase throughout the 21st cen-
A comparison of the REF-B2, fODS and fGHG simula- tury. As in the tropics, changes in transport also play a role
tions for tropical total column ozone is also shown, using ain the ozone evolution in midlatitudes but here the increase
different format, in Fig. 4c with the multi-model mean cal- in the meridional circulation is more likely to lead to an in-
culated from CCSRNIES, CMAM, MRI, and WACCM. In- crease rather than a decrease in ozone. Inter-hemispheric
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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 simuldidi O3 REF-B2(fODS)black line and grey shaded area) and

in the other case from the models that performed the fGHG simulatidtil{ 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 ESRINIT ESC REF-B2(fODSed solid line and light red shaded area). The different panels gapglobal

(90° S-90 N annual mean)b) tropics (25 S—25 N annual mean),c) NH midlatitudes (38 N-60° N annual mean),d) SH midlatitudes

(35° S-60 S annual mean)g) Arctic (60° N-9C° N March mean), anf) 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 hemi- Differences between the ozone evolution in the fGHG and
spheric difference in ozone evolution, since the increaseREF-B2 simulations in the midlatitude lower stratosphere are
in stratospheric circulation transports more ozone into thegenerally small in both hemispheres (Fig. 2d, f), indicating
northern midlatitudes lower stratosphere than into the SHthat changes in GHG do not play a large role in this region.
(Shepherd, 2008; Li et al., 2009) and since in the SH the mix-However, due to changes in transport discussed above, in
ing of ozone poor air from the ozone hole into midlatitudes REF-B2 ozone in the lower stratosphere returns to 1980 lev-
could also contribute. Effects of inclusion of ozone depletedels around 15 years earlier in the northern than in the south-
over Antarctica, resulting from excursions of the Antarctic ern midlatitudes. The temperature evolution in the midlati-
polar vortex away from the pole, in the calculation of the tude lower stratosphere is similar to that in the tropics (com-
southern midlatitude (605—35 S) mean ozone likely also pare panel b in Fig. 3 with panels d and f), though the tem-
contribute to the hemispheric differences in ozone evolution perature responds more to changes in ODSs through ODS
induced changes in ozone (concluded by the larger differ-
ence 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). 40 (@) Arctic (60°N to S0°N)

4.2.3 Midlatitude total column ozone w0

Because ozone averaged over midlatitudes first decreases un- ¥
til around 2000 and then increases again in the upper and <o
lower stratosphere over the 21st century, a similar evolution [ e
is projected for midlatitude total column ozone (Fig. 6¢, d). (0) NH mid-latitudes (35°N to 60°N)
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 col-
umn 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 pro-
jected to be above 1980 levels, but the return to historical 34
values in the northern midlatitudes is more advanced than 3%
in the southern midlatitudes, caused by differences in return 32
dates in the lower stratosphere (see Fig. 2d, f), probably be- a1
cause 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 s
influences such as N@nd HQG, catalysed ozone destruction 280
have small impacts because the source molecule® @nd 240
H»0) have small trends in the reference simulation which is 20 =
based on the SRES A1B GHG scenario (Chapter 6 of SPARC 20 L bl oo bbbt b b
CCMvVal, 2010; Oman et al., 2010a). This is different in ESC (ppb)
other GHG scenarios (see further discussion in Oman et al.,
2010a and Eyring et al., 2010). In both hemispheres the totaFig. 7. As in Fig. 4, but for total column ozone in the midlati-
column ozone MMT in the fGHG simulation is lower than tudes (annual average) and polar regions (March mean in Arctic
in REF-B2 (Fig. 6c, d) due to differences between these sim—""rt‘O'd(?ct"belrI meznli”t tf\r:tarc;ic). Tdhﬁ Th“;gg‘gde'd”;gaH”Gis _Ca"l:“'
: H H : ateda rrom all models that perrorme (o) an Simula-
;JrllitggSGTr?clirl:Zelg gf]_fi;popnegzsgr?g;;%hgrrﬁe(sﬁlagr'gze?’ﬂ,?;r:,vi:ere]tions in addition to REF-B2 i.e. CCSRNIES, CMAM, MRI, ULAQ

the | tratosph h diff I and WACCM. ESC is shown for 50 hPa. Blue traces show results
€ lower stratosphere, where difierences are very Small. o simulations where prescribed ODSs are fixed at 1960 val-

An attribution of total column ozone changes in the north- yes (foDSs). Green traces show results from simulations where
ern and southern midlatitudes to changes in ODSs and GHGgrescribed GHGs are fixed at 1960 values (fGHG). Yellow traces

is shown in panels (b) and (c) of Fig. 7 with the multi- show the additive effects of the fODS and fGHG simulations
model mean calculated from all the 5 CCMs that performedcalculated from: Yellow ESG) = fGHGESC¢) + fODSESCY)
both simulations (CCSRNIES, CMAM, MRI, ULAQ, and - fODSESC(1960) and Yellow Ozong(= fGHGozone() +
WACCM). The REF-B2 simulation shows that total column fODSozone() — fODSozone (1960). Differences between the yel-
ozone decreases from 1960 to 2000 but at a greater rate ovigw and REF-B2 traces indicate a lack of linear additivity in the
southern midlatitudes than over northern midlatitudes; over’YStem-

northern midlatitudes ozone shows-& DU/ppb sensitivity

to ESC over the 1960 to 2000 period while over southern

midlatitudes the sensitivity is 16 DU/ppb. This greater than ozone through the 21st century. As a result, over northern
a factor of two difference in sensitivity of southern midlati- midlatitudes total column ozone returns to 1980 values in the
tude ozone to ESC, and the slightly greater levels of ESCearly 2020s, well before ESC returns to its 1980 value in the
reached over southern midlatitudes, results in a 3.6% tolate 2040s. Similarly, over southern midlatitudes total col-
tal column ozone reduction over northern midlatitudes fromumn ozone returns to 1980 values in the mid-2030s (a decade
1960 to 2000 and an 7.7% total column ozone reduction ovetater than in the Northern Hemisphere), and well before ESC
southern midlatitudes over this period. In both hemispheresreturns to its 1980 value in the late 2040s. It is clear from
as ESC decreases, total column ozone does not simply rahe fODS scenario (blue traces in Fig. 7), that the elevated
trace the 1960-2000 path, but shows systematically elevatedzone through the 21st century results from GHG-induced
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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 abov
the minimum, 50% denotes that ozone at this date is halfway between the minimum observed and the 1960 or 1980 level, 100% denotes tha
ozone has returned to the 1960 or 1980 level, at80% denotes that ozone exceeds the 1960 or 1980 level at this date.

Region Reference Year when Difference to Difference to Difference to Difference to
Year; in minimum oc- reference year reference year reference year reference year
brackets curs; in in 2025 in 2050 in 2075 in 2100
DU brackets DU

Unit (@) (a) (bu) (%) (bu) (%) (bu) (%) (bu) (%)

Global an- 1960 2001 -8 50% -1 95% 3 115% 4 125%

nual mean (312 DU) (296 DU)

1980 -2 80% 5 150% 8 180% 10 190%
(306 DU)
Tropics an- 1960 2000 —4 45% -2 70% -3 60% -6 25%
nual mean (272 DU) (265 DU)
1980 -1 70% 0 110% -1 90% -3 40%
(270 DU)
Northern 1960 2000 -2 85% 7 155% 14 205% 18 240%
midlatitude (357 DU) (344 DU)
annual
mean
1980 3 130% 11 230% 18 300% 22 355%
(353 DU)
Southern 1960 2002 -15 45% -2 90% 6 120% 9 130%
midlatitude (349 DU) (322 DU)
annual
mean
1980 -5 70% 7 145% 16 190% 19 210%
(339 DU)
Antarctic 1960 2003 —-95 30% —-53 60% —26 80% -9 95%
October (374 DU) (244 DU)
mean
1980 —42 45% -1 100% 25 130% 43 155%
(322 DU)
Arctic 1960 2002 -15 60% 6 115% 22 160% 33 190%
March (459 DU (422 DU)
mean
1980 -1 95% 20 185% 36 255% 46 300%
(445 DU)

stratospheric cooling and changes in circulation. The fODSby 2100 total column ozone over midlatitudes is still being

simulation also shows ESC decreasing with time even thougtinfluenced by ESC. In both the northern and southern mid-
ODSs are fixed at 1960 values. This results from the increaslatitudes the effects of ODSs and GHGs on column ozone
ing strength of the Brewer-Dobson circulation through the are approximately linearly additive (agreement of black and
21st century and a resultant decrease in the time available tgellow traces in Fig. 7b and c).

photolyze ODSs in the upper stratosphere and mesosphere. It

is also clear from the REF-B2 and fODS traces in Fig. 7 that
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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 Polar ozone in spring Attribution of Antarctic column ozone changes to ODSs
and GHGs is shown in Fig. 7d with the multi-model mean
4.3.1 Antartic spring-time ozone calculated as for midlatitude total column ozone (see indi-

vidual models in Figs. S34 to S38 in the supplementary ma-
In the Antarctic (60-90° S) in spring, the general character- terial). The reference simulation shows total column ozone
istics of the ozone evolution in the CCMVal-2 reference sim- decreasing from 1960 to 2000 with a 52 DU/ppb sensitivity
ulations are similar in all CCMs and similar to the CCM pro- to ESC, leading to a 35% decrease in total column ozone over
jections shown in Eyring et al. (2007). Lower stratospheric this period. Unlike the midlatitudes and Arctic (Fig. 7a—c),
ozone (Fig. 8d) and total column ozone (Fig. 6f) are domi-the total column ozone evolution over Antarctica (Fig. 7d)
nated by responses to ODSs, resulting in peak ozone deplghows small sensitivity to changes in GHGs with the return
tion around 200080 DU lower than its 1980 value, see path (21st century) closely tracking the outbound path (20th
Table 4), followed by a slow and steady increase until 2100.century). Since ozone shows only small response to GHGs
By the year 2025, 45% of the ozone loss since 1980 is proin this region, assessing the additivity of the simulations is
jected to rebuild, and 100% by 2050. By the end of the 21stnot appropriate.
century, Antarctic spring ozone will have higher concentra-
tions than in 1980 (+43 DU, 155%), but still be lower thanin 4.3.2  Arctic spring-time ozone
1960 9 DU, 95%). The dominant role of ODSs in affecting
Antarctic spring ozone is well known (Eyring et al., 2007; In the Arctic (60—90C° N) in spring, lower stratospheric
Chapter 9 of SPARC CCMVal, 2010) and is further con- ozone (Fig. 8b) and total column ozone (Fig. 6e) follow a
firmed here by the large difference between the fODS simulasimilar evolution to spring-time Antarctic ozone, but with
tion and the REF-B2 simulation (Figs. 8d and 6f) comparedsmaller ozone losses during the peak ozone depletion period
to the relatively small difference between the REF-B2 and(~23 DU smaller than its 1980 value, see Table 4) and with
the f{GHG simulations. However, climate change also playsozone increasing significantly above 1980 and even 1960
a role in the Antarctic, and while the multi-model total col- values at the end of the century in the reference simula-
umn ozone trend estimate for the fGHG simulation returns totion. Most of the simulations using the fixed ODS scenarios
1980 values around the time when ESC does (compare dotteshow a steady increase in Arctic ozone over the 21st century,
black line and red line in Fig. 6f), the MMT of REF-B2 re- likely related to the increases in the strength of the Brewer-
turns earlier to 1980 levels by around 10 years (2045-2060Pobson circulation and enhanced stratospheric cooling as-
resulting primarily from upper stratospheric cooling (Fig. 9¢) sociated with increases in GO In the fixed GHG simula-
and resultant increases in ozone (Fig. 8c). tion, depletion of ozone in the Arctic is much larger than in
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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 warming through increased polar downwelling with the net
column amounts to 1980 values when the counterbalancingffect being a near zero temperature trend in the Arctic win-
effects of GHGs are excluded. ter lower stratosphere. A small trend 1 K from 2000 to

o ) 2100) is simulated in the extended set of CCMVal-2 models

The attribution of Arctic ozone changes to GHG and ODS iy Mmarch (Fig. 9b). However, it is also important to note that

changes is further illustrated in Fig. 7a, where an attributionthere is a very large spread between the fODS simulations,
of total column ozone changes over the Arctic to changesyjith some models simulating a slight increase in tempera-
in ODSs and GHGs is shown for the multi-model mean cal-yre in the Arctic by 2100 (Fig. S10 in supplementary ma-
culated as for midlatitude total column ozone (see i”diVid'teriaI). The large spread in the impact of GHG changes on
ual models in Figs. S29 to S33 in the supplementary ma-rctic temperature is likely to be related to changes in dy-
terial). The reference simulation shows total column ozone,gmical heating of the Arctic linked to GHG changes. Pre-
decreasing from 1960 to 2000 with-d.4 DU/ppb sensitivity  yjjous studies using stratospheric climate models have shown
to ESC, less than the 16 DU/ppb sensitivity observed over nat the response to GHG changes can be very different be-
southern midlatitudes. The increase in ESC from 1.1 ppb inyyeen models with different horizontal resolution (Bell et al.,
1960 to 3.5 ppb in 2000 leads to a 8.0% decrease in total col2010) and that these changes are related to changes in Arc-
umn ozone over this period. As for the midlatitudes, total 4jc dynamical heating. The impact of ozone depletion and
column ozone over the Arctic is elevated above what wouldrecovery on Arctic temperatures can be diagnosed from the
be expected from changes in ESC by stratospheric coolingGHG runs in Fig. 9a. Arctic temperatures are close to their

and changes to the Brewer-Dobson circulation induced by; 960 values by 2100 in this simulation and the temperatures
increasing GHGs — see fixed ODS simulation. Through thefom fODS and fGHG appear to be additive.

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 Chap5  Ozone return dates and full ozone recovery

ter 4 of SPARC CCMVal (2010), in the models the extra ra-

diative cooling from growing amounts of GHGs is approxi- Two distinct milestones in the future evolution of ozone,
mately balanced by a concomitant increase in the adiabatioamely the return of ozone to historical values and the full
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recovery of ozone from the effects of ODSs (WMO, 2007)
are assessed and compared in the reference simulations (see 21 -

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

(a) Date of return to 1960 values calculated from the 1980 baseline-adjusted time series (REF)

also Introduction). Ozone return dates to 1980 values are ]
derived from the 1960 and 1980 baseline-adjusted reference 2% 7
simulation (REF-B2) ozone time series. The selection of ]

baseline adjustment has little effect on 1980 return dates andg ~ |

|+

I

I A Total Column Ozone
V¥ Cly at 50 hPa

I WESC at 50 hPa

the uncertainty on that date increases by at most 3 years wherr
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 se-
lection means that 1980 ozone return dates calculated from
the 1980 baseline-adjusted time series can be directly com-
pared to the date of full ozone recovery which must be cal-
culated 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 REF- !
B2 simulations converge. g 2807
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? for REF-B2 and fODS in the t-test is ob-
tained from the TSAM 95% prediction interva) following
the relations2=(1 SQRT(n)/2 x 1.96)2, wheren is the num-
ber of models in the multi-model mean. The outcome of theFig. 10. Date of return to 1960 (upper panel) and 1980 (lower panel)
t-tests is discussed using the terminology of the IPCC (Seéqtal column ozone (black triangle and error bar), 611_50 hPa (red
Box TS.1 of Solomon et al., 2007) to indicate the assessedangle and error bar) and ESC at 50 hPa (blue triangle and error
likelihood: if the confidence level from the t-test€95% bar) for the annual average (global, tropical and midlatitude) and
. . ' spring (polar) total column ozone derived from the 1980 baseline-
then it is extremely likely that full ozone recovery has oc- . . . _
. . e . . adjusted CCMVal-2 reference simulations (17 CCMs) in each lat-
curred (within 2 confidence), if it is>90% it is very likely

- A o e L . itude band. The error bar shows the uncertainty in return dates as
that it has occurred, while if itis-66% itis likely thatithas  c4icylated from the 95% confidence interval. ESC is calculated as

occurred (within & confidence). For values between 33% Cly + 60xBry except for E39CA (see text). While a few models
and 66% probability it is about as likely as not and for values project a return of tropical total column ozone to 1980 levels, most
<33% it is unlikely that full recovery of ozone has occurred. do not with the result that the 95% TSAM confidence interval ex-
Figure 10 shows the date of return to 1960 (upper panel¥ends from 2030 to beyond the end of the century which explains
and 1980 (|ower pane|) total column ozone Compared to thdahe large error bar in the tropical column ozone return dates in the
return date of Gl at 50 hPa and ESC at 50 hPa for the annuallower panel.
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 remaining below 1980 values through the 21st century (see
latitude band. Note that the return dates differ slightly from Austin et al., 2010; Chapter 9 of SPARC CCMVal, 2010).
return dates derived from the MMT in Fig. 6 where in the This is reflected by the large error bar derived from the 95%
multi-model mean only a subset of the 17 CCMs are con-TSAM confidence interval which extends from around 2030
sidered. They also differ from Chapter 9 of SPARC CCM- to beyond the end of the century. However, unlike in studies
Val (2010) that used only 16 out of the 17 CCMs used here.mentioned above which included 16 out of the 17 CCM REF-
The MMT ESC at 50 hPa is calculated ag €160xBry ex- B2 simulations used here, the addition of one model (EMAC-
cept for one model (E39CA) where Chstead of ESC was FUB) in this study, a model which returns to 1980 values ear-
used. This model does not have available separate informdier than the MMT in the tropics, causes the MMT to return to
tion about By, since it applies a bromine parameterisation its 1980 value in 2041. Note also that tropical column ozone
(see Appendix of Stenke et al., 2009). derived from the subset of 9 CCMs in Fig. 6b does also not
There is no consensus between CCMs on whether tropireturn to its 1980 value, showing again that the tropical ozone
cal total column ozone will return to 1980 values, with some return date is not a robust quantity across the CCMs. How-
models showing ozone increasing slightly above 1980 valuegver, there is a consensus in all CCMs that tropical column
by the second half of the 21st century and others with ozonezone will not return to 1960 values, i.e. even when strato-
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spheric halogens return to historical (1960) values tropical As discussed in Sect. 4.3, Antarctic spring ozone column
column ozone will remain below its historical values due to evolution is dominated by ODSs, and in this region ozone
the increase in tropical upwelling (see Fig. 10a and Chap+eturn dates are very similar to {Cand ESC return dates
ter 9 of SPARC CCMVal, 2010). In contrast,y\Gind ESC  and occur later than in all other regions. Column ozone is
in the tropical region return to 1980 values faster than in alltherefore projected to return to its 1980 values around 2051
other regions (Fig. 10b) with only minor difference between (within a bounded range of 2046 to 2057, see Table 3 and
them. By the end of the century, it is likely-82%) that full Fig. 10b). There is however a spread in the magnitude of
recovery of tropical column ozone from the effects of ODSsthe changes among the CCMs which can also be seen by the
will have occurred, while thedl confidence level (66%) is 95% confidence interval of the MMT (Fig. 6f) and by the un-
projected to be reached alreath?074 (see Table 5). Col- certainty in the time of return to 1980 values. This spread
umn ozone in the tropics is projected to decrease again ims closely linked to the spread in simulated, Chapter 9
the 2nd half of the 21st century due to climate change (se®f SPARC CCMVal, 2010). On the other hand, it is about
Sect. 4.1). In the upper tropical stratosphere, ozone returnas likely as not (62%) that full ozone recovery in the refer-
to 1980 values at2020 which is faster than in other regions ence simulations has occurred by the end of the 21st century
(see Fig. 2a), while it is about as likely as net42%) that  (compare fODS with REF-B2 in Fig. 6f, see also Table 5),
full ozone recovery has occurred by the end of the 21st cenand column ozone has also not returned to its 1960 values by
tury (see Table 5). In the lower tropical stratosphere howeverthen (Fig. 10a).
ozone never returns to its 1980 values. That said, because In contrast, in the Arctic, total column ozone is projected
ozone in this region is little affected by ODSs, the recoveryto return to its 1980 values already around 2026 (within a
of ozone from ODS effects is identified above the don-  bounded range of 2023 to 2031), which is much earlier than
fidence level (66%) throughout the entire 21st century, andvhen C}, and ESC return to 1980 values in this region, and
above the 2 confidence level (95%) from 2040 onwards. it is also projected to return to its 1960 values2041). Full

In the northern midlatitudes, total column ozone returns torecovery of total column ozone at the Tonfidence level
1980 values around 2021 (within a bounded range of 2017 tq66%) in the Arctic is reached earlier than in all other re-
2026, see Fig. 10b and Table 3). This is the earliest return irgions (~2038) and it is likely that ozone has fully recov-
all regions considered here, in agreement with previous studered (-84%) by the end of the century (Fig. 6e and Table 5).
ies (e.g., Shepherd, 2008; Austin et al., 2010; Chapter 9 ofSlobal total column ozone returns to its 1980 values around
SPARC CCMVal, 2010). While the qualitative evolution is 2032 (within a bounded range of 2027 to 2038), which is
the same in both hemispheres in the CCMs, the midlatitudesarlier than global Glor ESC at 50 hPa (Fig. 10b), while it
anomalies are larger in the SH and the return of midlatitudeis about as likely as not (54%) that full ozone recovery has
column ozone to 1980 values therefore occurs later in theoccurred by the end of the century (Fig. 6a).
SH (~2035 within a bounded range of 2030 to 2040) than in  Overall, total column ozone returns to its 1980 values in
the NH. The difference in the date of return to 1980 valuesall regions, with largest uncertainty in the ozone return date
appears to be due to inter-hemispheric difference in changesstimate in the tropics, while by 2100 it returns to its 1960
in transport, see discussion in Sect. 4.2. In all CCMs thevalues only in the midlatitudes and in the Arctic, but not over
return of total column ozone to 1980 values in the midlat- Antarctica and not in the tropics. Full recovery of ozone is
itudes occurs before that of {Cand ESC {2050 in both  projected to not likely have occurred by the end of the cen-
hemispheres). In contrast, in the northern midlatitudes it istury in any of the upper stratosphere regions. In the tropi-
likely (71%) that full recovery of total column ozone has oc- cal lower stratosphere (50 hPa), however, it is projected to be
curred by the end of the 21st century, while it is about asvery likely that full ozone recovery from ODSs has occurred
likely as not (61%) in the southern midlatitudes (Fig. 6¢, d by the end of the 21st century while it is likely that it occurred
and Table 5). In both hemispheres, midlatitude column ozonelso over midlatitudes. For total column ozone, full ozone re-
also returns to 1960 values, but significantly later than whencovery is not reached at therZonfidence level in any of the
it returns to 1980 values~2055 in SH and~2030 in NH). regions, while at thed. level it is projected to occur2038
In the midlatitude upper stratosphere, ozone returns to 198an the Arctic,~2070 at northern midlatitudes, ard074 in
values~2030 (see Fig. 2c, e), while in both hemispheresthe tropics, but not in the southern midlatitudes and not over
full recovery of ozone from ODSs in this region of the at- Antarctica. In the southern midlatitudes and in the Antarctic
mosphere is projected to not likely have occurred by 2100it is still not likely that ozone has fully recovered from ODSs
(see Table 5). In the midlatitude lower stratosphere, ozondy the end of the century (61% and 62%, respectively). The
returns to its 1980 values2055, while full ozone recovery larger set of models used here confirms the overall findings
at the b confidence interval is reached2042 in the NH  of Waugh et al. (2009) who assessed ozone recovery within
and~2073 in the SH. By the end of the century, full ozone GEOSCCM.
recovery is projected to have likely occurred in the north-
ern and southern midlatitude lower stratospher83% and
82%, respectively).
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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 withinslconfidence.

Region Total column ozone  Ozone at 5hPa Ozone at 50 hPa
Global annual mean 54% not assessed here  not assessed here
Tropics annual mean 82% (66% in 2074) 42% 93% (66% in all the years)
Midlatitude NH annual mean  71% (66% in 2070) 25% 85% (66% in 2042)
Midlatitude SH annual mean  61% 27% 82% (66% in 2073)
Arctic March mean 84% (66% in 2038) 49% 91% (66% in 2046)
Antarctic October mean 62% 68% 56%
6 Discussion and conclusions increased tropical upwelling that has also been shown in pre-

vious studies using a smaller subset of CCMs (e.g. Eyring
In this paper projections of stratospheric ozone through-€t al., 2007; WMO, 2007; Butchart et al., 2010; SPARC

out the 21st century have been examined from a suite offCMVal, 2010). Ozone in the simulation with fixed ODSs
chemistry-climate models (CCMs). In the future referencelS nearly identical to REF-B2, confirming again that in the
simulations (REF-B2) that were provided by 17 CCMs, sur- {ropical lower stratosphere ozone shows little response to
face halogenated ozone depletion substances (ODSs) are pf@PSs. Although ozone decreases continuously from 1960
scribed according to the adjusted Al halogen scenario ot0 2100, the tropical lower stratosphere is together with the
WMO (2007) and long-lived greenhouse gases (GHG) acArctic lower stratosphere the only region where ozone has
cording to the SRES (Special Report on Emission Scenarios?(ery likely fully recovered from the effects of ODSs. In the
GHG scenario A1B (IPCC, 2000). The reference simulationslower midlatitude stratosphere the evolution differs from that
were compared to sensitivity simulations with either ODS or N the tropics, and rather than a steady decrease of ozone, first
GHG concentrations fixed at 1960 levels, which were per-& decréase of ozone is simulated between 1960 and 2000,
formed by a subset of models (9 and 7 CCMs, respectively) tgVhich is then followed by a steady increase throughout the
disaggregate the drivers of projected ozone changes. Theselst cen.tury. Ozone in the mujlantude lower stratogphere re-
simulations were also used to assess the two distinct milelurns o its 1980 levels-2045 in the NH and-~2055 in the

stones of ozone returning to historical values (ozone returroH: @nd full ozone recovery is likely reached by 2100 in both
dates) and ozone no longer being discernibly influenced by'emispheres.

ODSs (full ozone recovery). This study therefore extends the Projected tropical total column ozone changes are in gen-
analysis on ozone projections of Chapter 9 of SPARC CCM-grg| small compared to extra-tropical regions’@U in the
Val (2010) and Austin et al. (2010) and the study by Waughyeference simulations). Model uncertainty in tropical col-
et al. (2009) who assessed full ozone recovery using a singlgmn evolution is high (see also Charlton-Perez et al., 2010),
model. mostly related to the large spread that is simulated in the
In the tropical and midlatitude upper stratosphere ozone irmagnitude of tropical upwelling among the CCMVal-2 mod-
the reference simulations decreases between 1960 and 20@(s (see also Butchart et al., 2010 and Chapter 4 of SPARC
in response to increasing equivalent stratospheric chlorine€€CMVal 2010). Unlike in Chapter 9 of SPARC CCM-
(ESC), followed by a steady increase until the end of the 21sWal (2010) where 16 out of the 17 CCMs used here were
century, in agreement with previous results (e.g. Waugh etncluded, the addition of one CCM caused the multi-model
al., 2009; Oman et al., 2010b). However, as ESC decreasamean of the 17 CCMs to return to its 1980 value in the trop-
from 2000 to 2100 ozone does not simply retrace the 1960-ics, showing that the ozone return date is not a robust quantity
2000 path but, as a result of Gdnduced stratospheric cool- in the tropics, given the large spread that is simulated by the
ing, shows systematically elevated ozone through the 21sindividual models. Over northern midlatitudes total column
century such that ozone returns to 1980 values in the 2020ezone returns to 1980 values in the mid-2020s in the refer-
well before ESC returns to its 1980 value in the mid-2050s.ence simulations, well before ESC returns to its 1980 value
By 2100 ozone is still being influenced by ESC and hencein the late 2040s. Similarly, over southern midlatitudes to-
full recovery of ozone from ODSs in this region of the atmo- tal column ozone returns to 1980 values in the mid-2030s (a
sphere is projected to not likely have occurred by 2100. Indecade later than in the Northern Hemisphere), and well be-
the tropical lower stratosphere, a robust result simulated byfore ESC returns to its 1980 value in the early 2050s. By
CCMs is a steady decline of ozone from 1960 to 2100 due ta2100 total column ozone over midlatitudes is still influenced
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by ESC and full recovery of column ozone has likely oc- short-lived substances (VSLS) (Sinnhuber et al., 2005; Chap-

curred in the northern midlatitudes while it has not likely oc- ter 2 of WMO, 2007). The neglect of VSLS could result in

curred in the southern midlatitudes. a substantial fractional increase to the amount of bromine in
Unlike the midlatitudes and Arctic, the total column ozone the lowermost stratosphere as upwelling changes (Gettelman

evolution over Antarctica in October shows small sensitiv- et al., 2009), with important consequences for ozone trends

ity to changes in GHGs with the return path (21st century)and the photochemical budget of ozone.

closely tracking the outbound path (20th century). By the

end of the century it is still unlikely that total column ozone Supplementary material related to this

has fully recovered from ODSs. In the Arctic 6®0 N) article is available online at:

in March, total column ozone follows a similar evolution to http://www.atmos-chem-phys.net/10/9451/2010/

spring-time Antarctic ozone, but with smaller ozone lossesacp-10-9451-2010-supplement.zip

during the peak ozone depletion period and with ozone in-
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