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Abstract. Vertical and latitudinal changes in the strato- significant different from those in the 1980s (Eyring et al.,
spheric ozone in the post-chlorofluorocarbon (CFC) era are2007). Increased greenhouse gases (GHGs) will cool the
investigated using simulations of the recent past and the 21stratosphere, leading to an increase in the upper stratospheric
century with a coupled chemistry-climate model. Model re- ozone due to the strong temperature dependence of the gas-
sults reveal that, in the 2060s when the stratospheric halophase photochemical ozone loss reactions (Barnett et al.,
gen loading is projected to return to its 1980 values, the ex-1975; Jonsson et al.,, 2004). Additionally model simula-
tratropical column ozone is significantly higher than that in tions project that the Brewer-Dobson circulation will speed
1975-1984, but the tropical column ozone does not recoveup with the increase of GHGs (e.g., Butchart et al., 2006).
t0 1980 values. Upper and lower stratospheric ozone change&n accelerated Brewer-Dobson circulation transports more
in the post-CFC era have very different patterns. Aboveozone from tropics to the mid-high latitudes and could delay
15 hPa ozone increases almost latitudinally uniformly by 6ozone recovery in the tropics and advance ozone recovery in
Dobson Unit (DU), whereas below 15hPa ozone decreasethe extratropics (Austin and Wilson, 2006; Shepherd, 2008;
in the tropics by 8 DU and increases in the extratropics by upWaugh et al., 2009).
to 16 DU. The upper stratospheric ozone increase is a pho- An important aspect of ozone recovery is the vertical
tochemical response to greenhouse gas induced strong coqind latitudinal characteristics of ozone distributions in the
ing, and the lower stratospheric ozone changes are consisteppst-chlorofluorocarbon (CFC) era, which has not been ex-
W|th enhanced mean adVeCtiVe transport due to a Strong%nsively in\/estigated by previous Work_ Changes in tem-
Brewer-Dobson circulation. The model results suggest thaberature and transport have very different effects on ozone
the strengthening of the Brewer-Dobson circulation plays aghundance in the upper and lower stratosphere because of
crucial role in ozone recovery and ozone distributions in thethe 0zone photochemical lifetime differences in the two re-
post-CFC era. gions (Shepherd, 2008). The acceleration of the Brewer-
Dobson circulation will change the latitudinal distribution
of ozone by bringing more ozone-poor air into the tropi-
1 Introduction cal lower stratosphere and more ozone-rich air into the mid-
high latitudes (Jiang et al., 2007). Detailed examinations of
The Stratospheric ozone |ayer is expected to recover to prethe vertical and latitudinal structure of ozone Changes can
1980 levels in the middle of the 21st century with the pro- help us to understand how the ozone layer is affected by cli-
jected decline of the stratospheric halogen loading (WMO,mate change. Shepherd (2008) investigated the effects of cli-
2007). Coupled chemistry-climate model (CCM) simula- Mate change on ozone recovery using Canadian Middle At-
tions have found that the recovery of the stratospheric ozonéosphere Model (CMAM) simulations and found a “super-
and halogen to 1980 levels will not happen at the same timefecovery” of the extra-tropical ozone and “sub-recovery” of
because ozone recovery is strongly dependent on temper&de tropical ozone at the end of the 21st century with re-

ture and transport, which in the middle 21st century, areSPect to 1960 values. Shepherd (2008) also noted cancel-
lation between upper stratospheric ozone increase and lower

_ stratospheric ozone decrease in a global sense. Based on the
Correspondence tc. Li vertical and latitudinal structure of ozone changes, Shepherd
BY (Feng.Li@nasa.gov) (2008) suggested that lower stratospheric ozone changes
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induced by a strengthened Brewer-Dobson circulation have 1.2 2.0
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a significant role in ozone recovery.
This paper investigates the impacts of climate change on

ozone recovery using simulations of the recent past (late 20th , !

=
n

century) and future (21st century) from the Goddard Earth g é
Observing System (GEOS) CCM (Pawson et al., 2008). We ¢ Lol
study vertical and latitudinal ozone changes after the strato-% N E
spheric halogen loading returns to 1980 levels. Decadal dif- § N YR 90S-90N E
ferences in the stratospheric ozone between 2060s and 1975” 09 T el - e O.SZ
1984 are examined when the halogen amounts are nearly th % - e B

same during these two decades. These differences are inte a4 - 605905

preted as mainly caused by climate change and are consister 08 f A A 0.0
with an increased Brewer-Dobson circulation in the lower 198019902000 2010 20‘?3,,,2"30 20402050 2060 2070

stratosphere and strong cooling in the upper stratosphere.

Fig. 1. Evolution of normalized annual mean EESC (black lines,

right axis) and column ozone (color lines, left axis) in different re-
2 Model simulations gions. EESC and column ozone are normalized relative to their

1980 values. The curves are smoothed using a Gaussian filter with
This study uses past and future climate simulations froma haif amplitude response at 8.5 years. The purple and black tri-
GEOSCCM Version 1, which is based on the GEOS-4 Gen-angles indicate the dates of recovery of global mean column ozone
eral Circulation Model. It includes a comprehensive strato-and 3hPa EESC to 1980 values, respectively.
spheric chemistry scheme that is coupled with the physical
processes through the radiation code. The model has a hor-
izontal resolution of 2x2.5” and 55 vertical levels with @ — quantify the effects of chlorine and bromine containing halo-
model top at 0.01 hPa. A detailed description of GEOSCCMgens on ozone depletion in the stratosphere (Newman et al.
Version 1 is given by Pawson et al. (2008). _ ~2007). Evolution of EESC has the largest effect on ozone

A number of time-slice and time-dependent simulationsi, the upper stratosphere and polar lower stratosphere. Fig-
of the recent past (1951-2005) and future (2001-2099) havgre 1 shows that EESC in these regions returns to 1980
been performed using the GEOSCCM Version 1. Model re-yqjyes by the early 2060s in FREF. EESC in the tropics
sults have been evaluated and analyzed to address several difyq mid-latitudes reach 1980 levels during the 2040s (not
ferent scientific questions (Eyring etal., 2006, 2007; Pawsorshown). Figure 1 also shows that, except in the tropics, the
et al.,, 2008; Perlwitz et al., 2008). Overall, model simula- cojymn ozone returns to 1980 values much earlier than the
tions of the recent past agree reasonably well with observagegc does. The earliest ozone recovery occurs in the North-
tions in stratospheric dynamics, transport, and ozone distrig Hemisphere (NH) mid-latitudes and the Arctic at about
bution and depletion (Eyring et al., 2006, 2007; Pawson etygog Recovery of the global, Southern Hemisphere (SH)
al., 2008). mid-latitude, and Antarctic column ozone happens between
For this study, two sets of simulations for the period 2040-2045. In the early 2060s when the EESC returns to

1975-2070 are used. The first set is forced with standard ggg values, ozone amounts in these regions are higher than
scenarios of GHGs and ozone-depleting substances (ODSg)eir 1980 values, indicating a “super recovery”. The tropi-
(Eyring et al., 2006). Sea-surface temperature and sea-icgy| ozone is an exception. It is least affected by EESC with a

amounts (SSTs) are from integrations of the NCAR Commu-maximum depletion of less than 3%, but it never recovers to
nity Climate System Model (CCSM). The external forcings 19g0 values during the simulations.

used for the second simulation differ from those in the first The ozone evolution from 19802070 in EREE is similar

one in that, 1. the halogen concentrations are fixed at 196 > many other CCM projections (Eyring et al., 2007). The

levels, and 2. SSTs are switched from observations to NCA ifferent recoverv dates between ozone and EESC strond
CCSM data in 2001. These two sets of simulations are re- y gy

ferred to as FREF (future reference runs) and CI60 (ﬁxedsuggest that GHG increases hgve a 3|'gn|f|cant Impact on
. : ozone recovery. The focus of this study is the effects of cli-
1960 halogen amount simulations).

mate change on the vertical and latitudinal ozone changes.
In order to separate the contributions to ozone changes from
3 Model results ODSs and GHGs, we examine the decadal differences in

ozone between 1975-1984 and 2060-2069. In FREF sim-
The WMO Scientific Assessment of Ozone Depletion re-ulations, EESC has recovered to pre-1980 values in the
port (2007) estimates that full recovery of ozone will likely 2060s. The differences in EESC between 2060-2069 and
occur when the Equivalent Effective Stratospheric Chlorine1975-1984 are within 10% in regions that are mostly affected
(EESC) returns to pre-1980 levels. EESC is a measure tboy ODSs, i.e., the upper stratosphere and polar regions.
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Fig. 2. Decadal differences between 2060-2069 and 1975-1984 from F&EPzone concentrations in ppmv (contour interval: 0.1 ppmv).
(b) Ozone concentrations in DU/km (contour interval: 0.4 DU/k(a).Total column ozone and contributions from the upper (above 15 hPa)
and lower (below 15 hPa) stratosphere. The black vertical lines indieatm@ertainties of the decadal difference in the total column ozone.
(d) Temperature (contour interval: 1 K(e) The vertical residual velocity* (contour interval: 0.1 mm/s). The white contours are 1975—

1984 mean (contour interval: 0.5 mm/€f). The mean ozone advectien(w* %—1—6*%?3]) (contour interval: 0. 1076 DU/km/s). The

white contours are 1975-1984 mean (contour intervalx Q& 6 DU/km/s). The white lines in panels (a), (b) and (d) are decadal mean
tropopause for 1975-1984. Panels (e) and (f) only show changes in the stratosphere.

Therefore we interpret decadal differences in the strato-are statistically significant except in the southern high lati-
spheric ozone and dynamics between these two decades atgdes. The largest increase occurs arourfdis®oth hemi-
mostly due to GHG increase. spheres, with peaks of 23DU (6%) in the NH and 13DU

Ozone changes between 2060—2069 and 1975-1984 ha8%) in the SH. The latitudinal structure of column ozone is
very different features in the upper and lower stratospheredlmost solely due to changes in the lower stratosphere, where
(Fig. 2a). Above about 15 hPa, ozone concentrations increasezone decreases by 8 DU in the tropics, and increases by up
everywhere and this increase is almost latitudinally uniformto 16 and 7 DU in the northern and southern extratropics,
in the sub-polar region. Below 15 hPa, ozone concentrationgespectively. The uniform increase of upper stratospheric
decrease in the tropics and increase in most of the extratozone (-6 DU) also makes a significant contribution to the
ropics. Lower stratospheric ozone changes stand out whefptal column ozone changes, especially in the tropics and SH.
the changes are plotted in Dobson Unit (DU)/km, showing Interestingly, the opposite ozone changes in the tropical and
a near hemispheric symmetric pattern (Fig. 2b). Howevergxtratropical lower stratosphere nearly cancel each other, re-
there are quantitative inter-hemispheric differences. For exsulting in an area-weighted global-mean lower stratospheric
ample, the bell-shaped negative region in the tropics extend§zone change of-0.4 DU. Therefore the global-mean total
further into the SH mid-latitudes and the lower stratosphericcolumn ozone increase (5.3 DU) is attributed to increases in
ozone increase at 80! is larger than at 60S. the upper stratospheric ozone (5.7 DU).

Figure 2c shows the column ozone changes and the con- The very different structures in the upper and lower
tributions from above and below 15 hPa (hereafter referredstratospheric ozone changes strongly indicate different
as upper and lower stratosphere, respectively). Total colozone control mechanisms in the two regions. Intuitively,
umn ozone changes are marked by increases in the extrathe increase in the upper stratospheric ozone suggests a
ropics and small decreases in the tropics. These differenceshemical response to GHG cooling, whereas the unique
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latitudinal structure of the lower stratospheric ozone change$ave a qualitatively similar pattern in the lower stratosphere,
indicates an acceleration of the Brewer-Dobson circulation.suggesting that lower stratospheric ozone changes are con-
We now examine changes in temperature and the Brewertrolled mainly by changes in the mean advection. Interest-
Dobson circulation between 2060—-2069 and 1975-1984, anihgly, mean transport also shows inter-hemispheric differ-
discuss whether these changes are consistent with the ozoreaces in the mid-high latitudes in the lower stratosphere. It
changes. is likely that the reduced ozone advection i 53-70 S is
Increased C@results in a warming in the troposphere and responsible for a smaller SH ozone increase in this region.
cooling in the stratosphere (Fig. 2d). The cooling in the Note that the details of the lower stratosphere changes be-
stratosphere increases with height, reaching a value of 8 Kween the mean transport and ozone abundance are quite dif-
(or about 1 K/decade) near the stratopause. A reverse relderent. Overall, changes in ozone are smoother and have a
tionship between ozone and temperature in the upper stratgsmaller latitudinal gradient compared with changes in the
sphere has long been known, which is due to temperaturgean transport. These differences are most likely due to hor-
dependence of the gas-phase photochemical ozone loss redgontal mixing which acts to smooth tracer concentrations
tions, particularly in the Chapman cycle O+820, and in ~ across latitudes.
the reaction O+@+M— O3+M that determines atomic oxy- Strengthening of the Brewer-Dobson circulation is a
gen concentrations (Rosenfield et al., 2002; Jonsson et altpbust response to GHG increase in model simulations
2004). Therefore GHG increases lead to slowing of ozoneg(Butchart et al., 2006; Li et al., 2008; Garcia and Randel,
loss reactions and ozone increase in the upper stratosphere2008; McLandress and Shepherd, 2009; Oman et al., 2009).
Changes of the lower stratospheric ozone appear to supButchartand Scaife (2001) found that an accelerated Brewer-
port an enhanced advection. In a simplified view, the strato-D0bson circulation could advance ozone recovery indirectly
spheric transport consists of a mean advection by the Breweia changes of the CFC lifetime. The direct impact of an en-
Dobson circulation and horizontal mixing. The horizontal hanced Brewer-Dobson circulation on ozone is investigated
mixing in CCMs is very difficult to be quantitatively diag- by Jiang etal. (2007) using a two-dimensional chemistry and
nosed as an underlying general theory is still missing, butransport model. They found that, when the 100 hPa up-
we can assess changes in the mean transport by examiM\Le”ing mass flux increases by 10%, total ozone decreases
ing the residual circulation. Figure 2e shows an overall ac-by 4 DU in the tropics, and increases by 7 and 3.5DU in the
celerated Brewer-Dobson circulation in the 2060s comparediorthern and southern high latitudes, respectively. The latitu-
with 1975-1984. In the tropics, upwelling increases from dinal structure and the relative magnitude of ozone changes
the tropopause to the stratopause. At 70 hPa betwees 20 in Jiang et al. (2007) (their Fig. 3) are in good agreement
and 20 N, the magnitude of increase is 26%, or about 3% With those of the lower stratospheric ozone changes in FREF.
per decade, which is within the range of tropical mass flux These similarities support our argument that lower strato-
increase reported by other modeling groups (Butchart et al.spheric ozone changes can be largely attributed to an en-
2006). The enhanced tropical upward mass flux is balanceflanced mean ozone transport.
by an increase in the extratropical downwelling, although it In the upper stratosphere, changes in ozone abundance and
should be noted that there exist regions where downwellingnean ozone transport have differing patterns. The mean ad-
actually becomes weaker. Most notably these regions includ&ection shows increases in the tropics and decreases in the
the Arctic lower stratosphere (701-9C° N, 100—10hPa) and extratropics, whereas ozone displays a nearly latitudinal uni-
a narrow band centered at®6® from 100 to about 5 hPa. form increase. The opposite changes between ozone con-
Figure 2f shows that the accelerated Brewer-Dobsorcentrations and mean advection in the extratropical upper
circulation enhances the mean advective ozone transpoﬁtratQSD;Efe indicate t'hathlpng—tt.arm ozhone change is nOLde'
_0[03] | -, 9[Os =7 termine transport in this region, where ozone is in pho-
_(w*%—’_v*%)’ Where[Og] Is the zonal mean ozone tochemicalyequilitl)arium (Ko et %I., 1989). One may zflso

- . N - .
vqu_meI m|>_<(|jng lran:), gncﬁ andp ?]re the- mclarldlonal a”d‘?‘ notice that the regions of negative advection in the tropics,
vertical residual velocity. Because the vertical ozone gradient, |, o mixing is weak, extend to 5hPa (Fig. 2f), but 0zone

changes si.gn from positive to negative around 10 hPa (onnaecrease is confined below 15 hPa (Fig. 2b). We think this
concent_ratlons peak around 10 hP_a), enhanced upwell_mg 'Bitference suggests a shift from transport control to chemical

lower stratosphere and larger positive tendency in the UPP&f5r mean ozone advectiangy and photochemical ozone loss
stratosphere. In the middle and high latitudes, accelerated . .

_ _,9[05] 0[O _ -
downwelling results in stronger negative ozone tendency in‘loss Tad%/:_ﬁ( *% + U*%) andrj,g=—L, where
the upper stratosphere, and larger positive ozone tendency ifj is the zonal mean ozone loss rate. The chemical loss
the lower stratosphere except in a band nearS@nd the  |ifetime decreases very sharply with height. In the tropics
Arctic lower stratosphere. (20° S-20 N), the chemical loss lifetime is more than 100
Comparing Fig. 2f with Fig. 2b reveals that changes intimes longer than the advective lifetime at 70 hPa, and be-
ozone abundance and the mean advective ozone transparbmes comparable to the advective lifetime at 20 and 30 hPa
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Fig. 3. Same as Fig. 2, but for simulation CI60.

(100-200 days), and is 10 times shorter than the advectitative differences between Figs. 2 and 3, which are likely
tive timescale at 10 hPa. Because of the longer advectiveaused by different SSTs used in simulation of the recent
timescale compared with the ozone photochemical lifetimepast, difference in EESC, and model internal variability. The
above 10 hPa, strengthening of the Brewer-Dobson circulaeverall agreement between CI60 and FREF results, however,
tion has little effect on the upper stratospheric ozone. strongly supports our interpretations of Fig. 2 as mostly at-
Another approach to demonstrate ozone changes causdtlbuted to climate change.
by GHG increase is to use the CI60 simulation in which the
halogen loading is fixed at 1960 levels. Ozone levels are
higher in CI60 than in FREF for the periods 1975-1984 and4 Discussion and conclusions
2060-2069, especially in the Antarctic lower stratosphere,
because of a higher halogen loading in FREF. However, the&fhe GEOSCCM simulates EESC recovery to 1980 values
decadal differences in the stratospheric ozone, temperaturé the 2060s. The decadal differences in the stratospheric
and mean transport between 2060-2069 and 1975-1984 iozone and dynamics between 2060-2069 and 1975-1984
Cl60, which must be cased by climate change, are qualitaare investigated to study how climate change affects the
tively very similar to those in FREF. Figure 3 displays these vertical and latitudinal ozone distributions. Model results
CI60 decadal differences, and shows that FREF differencegroject that the extratropical column ozone increases by up
(Fig. 2) are very well reproduced in CI60. These similaritiesto 6% in the NH and 3% in the SH, but the tropical col-
include: small decrease in the tropical total ozone, signifi-umn ozone remains about the same, albeit smaller, after the
cant increase in the extratropical ozone with a larger peakecovery of EESC. Ozone changes have very different lati-
value in the NH than in the SH, almost uniformly 6 DU tudinal structure in the upper and lower stratosphere. The
upper stratospheric ozone increase, enhanced tropical upatitudinally uniform increase of 6 DU in the upper strato-
welling, and increased extratropical downwelling (except in spheric ozone is attribute to GHG-induced cooling that slows
the Arctic lower stratosphere and a band around®§0The  the ozone loss reactions. In the lower stratosphere, enhanced
most notable difference between Figs. 2 and 3 is that Cl6(zone advection due to a stronger Brewer-Dobson circula-
has a larger ozone increase in the Arctic lower stratospheréon results in decreases in the tropical ozone and increases
(Fig. 3c), which appears to be caused by a stronger downin the extratropical ozone. In a global mean sense, how-
welling in the NH in CI60 (Fig. 3e—f). There are other quan- ever, circulation-induced lower stratospheric ozone tropical
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decrease and extratropical increase cancel out. Therefore thH@HGs, there are no direct observational evidences to support
global mean total column ozone “super-recovery” of 5 DU the model results. There are, however, indirect evidences
is due to GHG-induced upper stratospheric ozone increasébased on observed latitudinal structure of temperature and
Comparison with fixed halogen experiment supports our in-ozone trend in the lower stratosphere to support an acceler-
terpretations that these differences can be largely attributedted circulation (Thompson and Solomon, 2005, 2009). A
to GHG increase. very recent publication by Engel et al. (2009) is the first
Eyring et al. (2007) investigated the evolution of strato- to provide long-term measurements that shows no obvious
spheric ozone in the 21st century projected by eleven CCMstrend of the stratospheric age of air in the NH middle strato-
Most models examined in Eyring et al. (2007) project a sphere in the last three decades, which is contrary to model
“super-recovery” of extratropical column ozone when halo- simulations (Waugh, 2009). Results of Engel et al. (2009) are
gen concentrations return to 1980 values, which is attributedlerived from very limited samples, have large uncertainty,
by Eyring et al. (2007) to mainly GHG-induced middle to and do not exclude a strengthening of the Brewer-Dobson cir-
upper stratospheric ozone increase. Using CMAM sim-culation in the lower stratosphere, but they cast some doubt
ulations, Shepherd (2008) first pointed out that transport-on models’ ability to simulate future changes of the trans-
induced lower stratospheric ozone changes have a signifiport. The disagreement between model simulations and age
cant role in column ozone changes and result in a “dynami-of air measurements needs to be resolved in order to correctly
cal super-recovery” of extratropical ozone, especially in theinterpret model projections of ozone recovery.
NH mid-latitudes. The 6% (3%) “super-recovery” of NH  One interesting finding in this study is the inter-
(SH) extratropical ozone in GEOSCCM simulations are in hemispheric difference in the changes of the Brewer-Dobson
very good agreement with Shepherd (2008) when the differcirculation and ozone advection. A close inspection of
ent baselines used in these two studies are taken into accouhig. 2e—f reveals that the reduced downwelling and ozone
(Comments by T. G. Shepherd, 2009). advection at 69S in the lower stratosphere appears to be
The GEOSCCM projection of circulation-induced tropical caused, at least partly, by an equatorward shift of the loca-
column ozone “sub-recovery” also agrees well with Shep-tions of the maximum downwelling. This equatorward shift
herd (2008). In the tropics, the two major mechanismsis associated with a narrowing of the tropical upwelling re-
through which climate change affect the stratospheric ozonegion. At 70 hPa, the turnaround latitudes (where the resid-
upper stratospheric cooling and strengthening of the Brewerual vertical velocity changes sign) in 2060—2069 are located
Dobson circulation, have opposite effects on ozone abun2 degrees equatorward of those in 1975-1984. It is not
dance. Similar to CMAM results, the GEOSCCM simula- clear what causes the narrowing of the tropical upwelling.
tions show that the tropical lower stratospheric ozone de-Whether these features are produced in other model simula-
crease outweighs the upper stratospheric ozone increasgons remains to be determined. The narrowing of the tropical
However, CCMs examined in Eyring et al. (2007) do not upwelling could be reflected in the distribution of long-lived
reach a consensus on the sign of tropical column ozonéracers, which could be used as another approach to assess
change in the post-CFC era. models’ ability in simulating past and future changes in the
Note that GEOSCCM and CMAM also have impor- Brewer-Dobson circulation.
tant differences regarding the recovery of global-mean total
ozone. We found that tropical ozone decrease and extrat?cknowledgementsThis research was supported by NASA's MAP
ropical ozone increase in the lower stratosphere cancel odtrogram. We thank two anonymous referees and T. G. Shepherd
and thus the upper stratospheric ozone increase, which i" constructive comments.
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