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Abstract

Chemistry-climate model validation phase 2 (CCMVal-2) model simulations are used
to analyze Antarctic ozone recovery rates in 2000—2100 during local spring and early
summer, both vertically integrated and at several pressure levels in the lower strato-
sphere. Multi-model median trends of monthly zonal mean total ozone column (TOC),
ozone volume mixing ratio (VMR), wind speed and temperature poleward of 60° S are
investigated. Median values are used to account for large variability in models, and the
associated uncertainty is calculated using a bootstrapping technique. According to the
selected ten CCMVal-2 models, Antarctic TOC will return to its pre-ozone hole level,
taken as an average of 1970-1979 values, between 2065 and 2075 in September—
November, and around 2050 in December. In 2000-2020, an increase in TOC is much
smaller than in later years, and this is especially evident for December. Although the
December TOC recovers to its pre-ozone hole levels earlier compared to all spring
months (as the December ozone depletion was much lower), the rate of December
TOC increase, is slower than that for all spring months. Projected trends in ozone
VMR, temperature and winds at several pressure levels are analyzed in order to at-
tribute the projected rate of December TOC recovery, as well as to investigate future
changes in the Antarctic atmosphere in general, including some aspects of the polar
vortex breakup.

1 Introduction

It has been over 25 yr since the first measurements of significant stratospheric ozone
depletion over Antarctica (Farman et al., 1985) was linked with an increase in anthro-
pogenic halogen loading (e.g. Solomon et al., 1986). That discovery led to the es-
tablishment of the Montreal Protocol in 1987 to regulate global emissions of ozone
depleting substances (ODS), such as chlorofluorocarbons (CFCs), containing Cl, and
Bry, compounds. A peak in surface ODS emissions was observed in mid-1990s, and
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these emissions are now in decline (WMO, 2007). Such decline is often measured by
equivalent effective stratospheric chlorine (EESC) levels. EESC combines Cl, and Br,
into a single quantity that leads to ozone depletion. Following on from the decline in
surface emissions, global mean concentrations of EESC, also peaked in late 1990’s,
are now decreasing as well (e.g. Newman et al., 2007). Successful outcomes of global
agreements, such as the Montreal Protocol, provide an indication that regulations of
anthropogenic emissions entering the atmosphere are achievable and beneficial.

Establishing when the ozone layer over Antarctica begun to recover and how long
the recovery to pre-ozone hole levels might take is important, as this information may
inform future policy on halogen compound production. The subject of when the ozone
recovers and at what rates has many other important implications, such as possible
effects of this process on surface climate in Antarctica (Perlwitz et al., 2008) and over
the Southern Hemisphere in general (Son et al., 2010). Antarctic ozone recovery also
affects lower stratospheric circulation and mean age of air in the Northern Hemisphere
(Deushi and Shibata, 2011). Zeng et al. (2010) found that with recovery of stratospheric
ozone over the 21st century, a significant increase in extra-tropical tropospheric ozone
is expected. Specifically, stratosphere-troposphere exchange (STE) processes will lead
to a 4-8 ppbv increase in surface ozone in the Southern Hemisphere winter months,
which has significant ramifications for air quality. Importantly for polar marine ecology,
ozone depletion has resulted in increased levels of high latitude erythermal solar irra-
diance (UV-Ery). With the ozone recovery, the UV-Ery levels will continue to change
rapidly and are expected to return to their 1980 levels by 2050 (Bais et al., 2011).

The most accurate presently available method to investigate how a reduction in at-
mospheric halogen loading to natural “background” levels will lead to stratospheric
ozone recovery in the near future is to analyse simulations from state-of-the-art cou-
pled chemistry-climate models (CCMs). Such models are widely used to predict the
future behavior of stratospheric ozone in response to different forcings (e.g Eyring
et al., 2007). They provide simulations of various atmospheric parameters in three-
dimensional space coupled with fully interactive stratospheric ozone chemistry. The
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degree of ozone recovery can also be moderated by other changes in the atmospheric
composition, such as current and future increase in concentrations of greenhouse
gases (GHG). These will affect ozone levels and complicate the attribution of direct
ozone recovery from decreased halogens (Eyring et al., 2010b). Possible GHG effects
are also accounted for in the latest CCM simulations.

The aim of this study is to analyze Antarctic ozone recovery with respect to historical
baseline of 1970-1979 values using the output from several CCMs. This is considered
an indirect ozone recovery, as the direct ozone recovery is defined as the date when
ozone is no longer under the influence of anthropogenically produced ODS. As a result,
return of stratospheric ozone to a certain pre-defined value and a full ozone recovery
can be reached at different times (Waugh et al., 2009; Eyring et al., 2010a). We ex-
amine zonally averaged values of ozone volume mixing ratio and total ozone column
poleward of 60° S for the months of September—-December. We also analyze effects of
a projected ozone recovery on the polar vortex by assessing temperature and zonal
mean zonal wind variations over the September—December period.

2 Model description

Stratospheric processes and their role in climate project (SPARC) chemistry-climate
model validation phase 2 (CCMVal-2) report (SPARC CCMVal, 2010) is a coordinated
model intercomparison that included results from up to 17 CCMS, with some models
providing a wider variety of simulations than others. 16 of these models offer future ref-
erence simulations (REF-B2) for the SPARC CCMVal-2 activity to project ozone trends
towards the end of the 21st century (Eyring et al., 2010a). REF-B2 simulations are
transient simulations from 1960 to 2100 that contain time series of surface hydrocar-
bon halogens based on the adjusted World Meteorological Organisation (WMO) A1
scenario (WMO, 2007) and surface GHG concentrations based on the special report
on emissions scenario A1B (IPCC, 2000). These REF-B2 simulations of the future at-
mospheric state essentially include anthropogenic forcings only, such as varying GHG
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surface concentrations and prescribed halogen emissions, with natural forcings due to
solar variability and volcanic activity being excluded. Even though these model simu-
lations begin in 1960, anthropogenic forcings based on observations are not included
for the “past” period. This is different from REF-B1 simulations that include both natural
and anthropogenic forcings (Eyring et al., 2007). Combining both REF-B1 and REF-B2
model simulations, however, is not considered in this study, as it is preferential to work
with a continuous and homogenous dataset. A quasi-biennial oscillation (QBO) signal
is only included in those models that internally simulate QBO, namely MRI and UM-
SLIMCAT (Eyring et al., 2007). All models except one (CMAM) have prescribed sea
surface temperature (SST) and sea ice cover (SIC) from coupled ocean model sim-
ulations (Eyring et al., 2010a; Morgenstern et al., 2010). A more detailed description
of each model formulation is given by SPARC CCMVAL (2010) and by Morgenstern
et al. (2010) and will not be repeated here.

Monthly mean total ozone column (TOC) values were available for 13 models that
participated in the REF-B2 simulations. Three out of these 13 models had to be ex-
cluded from the present analysis: GEOSCCM had a discontinuous future simulations
commencing in 2000, UMUKCA-METO only provided data until 2083, and CAM3.5 out-
put was considered an outlier as its ozone fields deviated from those of other models
by 100 %, or more. Previous diagnostics for CAM3.5 in relation to natural ozone vari-
ability also reported that it was an outlier (Austin et al., 2010), possibly due to a lower
atmospheric ceiling compared to other models (SPARC CCMVAL, 2010). There were
variations in the ensemble size for each model: most models provided a single en-
semble member, with the exception of MRI (2 ensemble members) and the CMAM,
SOCOL, ULAQ and WACCM models (3 ensemble members). For each model with
more than one ensemble member, the mean value of them was taken.

18963

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 18959-18991, 2012

Future Antarctic
ozone recovery rates

J. M. Siddaway et al.

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18959/2012/acpd-12-18959-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18959/2012/acpd-12-18959-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3 Data Analysis and Discussion
3.1 Methodology

To investigate the projected evolution of the Antarctic ozone, simulated monthly mean
TOC data were zonally averaged poleward of 60°S. We considered the months of
September—December, when the Antarctic stratospheric ozone depletion has mainly
been observed in the past, and analyzed variations of ozone with respect to corre-
sponding pre-ozone hole baseline level. This baseline level is an averaged value of
TOC that has not yet been significantly perturbed by ODS. There are differing opinions
on what year to select as a baseline for ozone recovery estimations. It is common to
use the 1980 value (e.g WMO, 2007), which is an average of 1975-1984 values, as the
ozone depletion in the Antarctic vortex was relatively small at that time. On the other
hand, Newman et al. (2007) reported that EESC have been increasing rapidly before
1985, and thus the 1975-1984 baseline period may not represent the unperturbed
ozone period. In this work, a baseline derived from a mean of 1970-1979 values of
ozone and temperature is used, hereafter referred to as a 1975 baseline. This 1975
baseline represents relatively unperturbed levels of stratospheric ozone not yet signifi-
cantly affected by anthropogenic halogen emissions (e.g. Farman et al., 1985).

While many studies that analyze the ozone hole metric employ multi-model mean
TOC values, here we use multi-model median TOC and ozone volume ratio (VMR)
values. As the spread in individual model outputs can be large, especially for ozone
concentrations at various pressure levels, using the median function gives an advan-
tage of assigning a lower weight to the most deviating model simulations. To quantify
the uncertainty associated with the multi-model median values, namely a 95 % confi-
dence level, a bootstrapping technique was used. In order to generate the statistical
uncertainty, a subsample of individual model median values was randomly sampled
with replacement 1000 times to produce a normal distribution of medians. From this
distribution, a confidence limit was calculated.
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Figure 1 shows the time series of TOC for individual CCMVal-2 model outputs for the
months of September—December over the period of 1960—-2100. The names of all 10
models used in this study are indicated on the bottom right panel. While there is sig-
nificant variation in TOC between each model output, nearly all models suggest a min-
imum TOC value around the year 2000 for all months. The multi-model median value
and the 95 % confidence limit of the median derived using a bootstrapping method is
also shown in Fig. 1. Red stars indicate corresponding observational data, which are
zonally averaged monthly mean TOC values measured by the Total Ozone Mapping
Spectrometer (TOMS), merged ozone dataset (MOD) (e.g. Stolarski and Frith, 2006)
version 8.5, in 1979-2011. It can be seen that the 95 % confidence interval of the multi-
model medians and the TOMS data agree well. While some individual model TOC out-
puts show good agreement with observations, other models produce either too high,
or too low TOC values. However, this bias is not consistent for all months considered.
As the individual model intercomparison and validation is not part of this work, we did
not exclude any model based on their agreement with the TOMS TOC in Fig. 1. Part
of the reason for this is the fact that some models could be in good agreement with
the measured TOC, but not in a good agreement in relation to winds or temperature.
Nevertheless, we repeated all steps of the presented below analysis for only those
4 models that show a very good agreement with TOMS TOC for each month consid-
ered in this study. These four models are clearly identifiable on the bottom right Panel of
Fig. 1. We found that such narrow selection of models did not significantly change main
results and conclusions of this work, including return dates of TOC to 1975 baseline
value and recovery rates (both as a percentage value of monthly baseline values, and
as an increase in DU per decade). This could be, in part, due to the fact that the boot-
strapping statistical analysis technique employed here minimizes the effect of individual
outliers when multi-model median is calculated. It is also worth reminding that interan-
nual variability in TOMS data results from variability associated with combined natural
and anthropogenic forcings, while CCMVal-2 models consider anthropogenic forcing
only. European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-interim
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reanalysis data (Dee et al., 2011) in 1979-2010 were also compared with CCMVal-2
TOC values in Fig. 1 (not shown) and, similar to TOMS data, were within the 95 % con-
fidence limit for models. We also note that CCMVal-2 models used here have a range of
grid resolutions (e.g Morgenstern et al., 2010) that could possibly introduce a weighting
bias when calculating an all-model trend. In order to investigate this further, time se-
ries of ozone mass poleward of 60° S were produced. These results (not shown here)
suggest that differences in model grid resolutions do not affect the analysis presented
in this work.

3.2 Trends in total ozone column

Multi-model monthly zonal median of TOC deviation from the 1975 baseline for the pe-
riod of 1960-2100, both a percentage and an absolute deviation, are shown in Figs. 2
and 3, respectively. The data are smoothed with a 15-yr uniformly weighted sliding
mean filter, and vertical dash-dotted lines indicate the year when TOC returns to its
baseline value for each month. The percentage values shown in Fig. 2 are median per-
centage deviations relative to the 1975 baseline for that month. Percentage values of
ozone VMR and temperature, which will be discussed later, are also calculated in the
same way. Figures 2 and 3 suggest that September—November and December TOC
return to their pre-ozone hole levels between 2065-2075 and by approximately 2050,
respectively. In Fig. 3, median absolute deviations are shown by dashed lines, and the
grey shaded area represents the 95 % confidence level of the multi-model medians.
This confidence level shows an uncertainty, often asymmetric, in the return date to the
1975 baseline in the order of +20 to +30yr, with October and November having an
upper uncertainty limit beyond 2100.

As seen in Fig. 3, the highest ozone depletion of ~ 110 DU relative to the 1975 base-
line occurs in October. This is about 30 DU larger than the ozone depletion relative
to the 1980 baseline in REF-B2 simulations (e.g. Eyring et al., 2010a). Figure 3 also
shows that a minimum TOC value for all months is between 2000 and 2005. Assuming
that the ozone hole is defined as a region where TOC value is less than 220 DU (e.g.
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Newman et al., 2004), we found that its size, calculated from CCMVal-2 model outputs
(not shown here), has reached its maximum also between 2000 and 2005.

Figures 2 and 3 suggest that in 2000—2050, the rate of TOC recovery in December is
somewhat slower than that for spring months, even though the December TOC recov-
ery to the 1975 baseline value occurs earlier. This effect is quantified in Tables 1 and
2 that show monthly decadal TOC recovery rates, both as a percentage of the corre-
sponding 1975 baseline value, and in DU decade_1, respectively. Note that after about
2050, the December TOC is fully recovered and continues to increase as stratospheric
halogen levels decrease further under the REF-B2 scenario (in both tables, recovery
rates for decades where TOC exceeds the baseline values are italicized). TOC recov-
ery rates are at their peak are 2030—-2039 for September and 2020-2029 for October—
December. Also, the decadal rate of TOC increase in December are generally lower
than those for all other months, and this is particularly evident in 2000-2019.

Salby et al. (2011) found that a statistically significant positive trend in TOC during
the ozone hole season is not expected in the first few decades of the 21st century.
CCMVal-2 model simulations suggest that this is true for November and December,
at the end of the Antarctic ozone hole season, but not expected during the season’s
peak in September and October. Using a parametric model and a future ODS scenario
similar to that employed in the REF-B2 model runs, Newman et al. (2006) found that the
ozone hole area decreased by ~ 0.3 %yr‘1 until 2010. In comparison, we found that the
CCMVal-2 multi-model median of ozone hole area, averaged over September—October
(not shown), decreased by ~ 0.6 %yr‘1 in 2000-2010.

3.3 Trends in Ozone VMR at various stratospheric altitudes

To analyse patterns in TOC recovery over Antarctica within the stratosphere, we pro-
duced vertical profiles for deviations of ozone VMR from baseline (Fig. 4). Similar to
previous plots, model data have been smoothed with a 15-yr uniformly weighted slid-
ing mean filter. Ozone VMR are plotted for all available pressure levels considered by
CCMVal-2 models in the range of 20—150 hPa. This range covers the region where the
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majority of atmospheric ozone over Antarctica is located and where most of the de-
pletion takes place (e.g. Solomon et al., 2005). All left panels in Fig. 4 show percent
deviations from baseline and all right panels show median ozone VMR values. Dotted
lines on right panels indicate the multi-model uncertainty range, which increases with
increasing altitude for all months. Figure 4 shows that in September, the SH percent-
age (absolute) polar ozone loss is greatest at 50 (30) hPa, in October — at 70 (50) hPa,
and in November and December — at 100 (70) hPa. Thus, the region of the largest
ozone loss moves from higher altitudes in early spring to lower altitudes in early sum-
mer. This result is supported by observations of chemical tracers, which show that in
spring, air transport within the Antarctic stratosphere is directed downwards (Solomon,
1999). It is also supported by one of the conclusions in SPARC CCMVal (2010) that
by early summer, the breakdown of the polar vortex and the strengthening Brewer-
Dobson circulation cause the descent of ozone-rich air from high polar altitudes to the
lower stratosphere. A recent observational example of this effect — time series of zon-
ally averaged vertical ozone profiles poleward of 60° S in 2002—-2009, were reported in
Klekociuk et al. (2011) in their Fig. 14a. In that example, the upper edge of the ozone
hole descends from ~ 19 km in early October to ~15km in early December.

Based on 25yr of ozonesonde measurements at the South Pole and the Georg-
Forster/Neumayer Antarctic stations, Hassler et al. (2011) investigated minimum daily
ozone VMR at 50hPa in late September to early October. Their data, as a vertical
profile of percent ozone loss for 5yr averages between day 235 and 270 (see their
Fig. 5c) indicate that the loss rates increased at 150-50 hPa, but decreased at 40—
20 hPa. CCMVal-2 model projections for the same months show the maximum ozone
loss occurring between 70 and 50 hPa, which agrees well with measurements of Has-
sler et al. (2011).

At 150 hPa, the deviation of ozone VMR from baseline is smallest, and a return to
baseline occurs in ~ 2055 for all months. At 100—-70 hPa, ozone VMR does not fully
recover to its 1975 values for spring months, and after ~ 2070, these values are no
longer increasing. The December ozone at these altitudes almost recovers to baseline
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values in ~ 2070, which is about 20yr later than the December TOC recovery date.
At 50 hPa, the September and October ozone VMR recover to 1975 baseline around
2070—-2080, but November and December ozone VMR do not fully recover.

As the pressure decreases (altitude increases), the December, and to a lesser extent
November, ozone shows less depletion. At 30 hPa, the December ozone is not signifi-
cantly depleted — its VMR deviates from the baseline by less than 0.2 ppmv (about 5 %
of the baseline value). At 20 hPa, the December ozone VMR remains above the base-
line, and the November ozone VMR is lower than the baseline by less than 0.3 ppmv
(also about 5% of the baseline value). These are the likely reasons for the observed
delay in December TOC recovery during 2010-2050 shown in Figs. 2 and 3, and also
for slower rates of recovery for November and December TOC given in Tables 1 and 2.
These results can be linked to the fact that by early summer, the breakdown of the po-
lar vortex and strengthening Brewer—Dobson circulation bring descending ozone-rich
air to the polar lower stratosphere (SPARC CCMVAL, 2010).

3.4 Trends in stratospheric temperatures and winds

In order to better understand projected Antarctic ozone recovery trends and their rela-
tion to other atmospheric parameters, we also investigate trends in stratospheric tem-
perature and winds. These parameters, also provided by CCMVal-2 model simulations,
relate to changes in the size and strength of the polar vortex as halogen concentrations
decrease (e.g. Waugh and Polvani, 2010). Monthly zonal mean fields for these metrics
were obtained at same pressure levels as ozone VMR in Fig. 4. Zonal mean tempera-
tures were calculated poleward of 60° S, whereas zonal mean zonal wind speeds were
averaged over the 50°-70° S range. This range covers latitudes where the edge of the
polar vortex is expected to be throughout the 21st century.

Time series for monthly zonal mean REF-B2 temperatures are plotted in Fig. 5,
where left panels show percent deviations and right panels show absolute deviations
from the 1975 baseline. Figure 5 suggests a general decrease in the lower strato-
spheric temperatures until 2000, when ozone was decreasing as well. A comparison
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of Figs. 4 and 5 suggest a correlation between lower temperatures and lower ozone
levels. Such a correlation is likely to arise from temperature-dependent polar strato-
spheric chemistry, including ODS reactions and horizontal and vertical transport of
air caused by planetary waves (e.g. Wirth, 1993; Solomon et al., 2005). At 150—
100 hPa, CCMVal-2 multi-model temperatures return to baseline by the end of the
21st century for all months. But at, and above, altitudes corresponding to 70 hPa,
stratospheric temperatures do not recover to their 1975 baseline values, which can
be attributed to the projected increase in GHG concentrations as stated in the A1B
scenario (IPCC, 2000). CCMVal-2 models suggest that during the ozone depletion pe-
riod of 1975-2000, temperature trends at 100 hPa were —-0.5 to —1.5 Kdecade™" for
September—October months, and ~2Kdecade™' for November—December months.
Randel et al. (2009) analyzed satellite, radiosonde and lidar temperature observations
in 1979-2007 at 100 hPa over the same latitude range and found a similar cooling trend
of about —1 Kdecade™" for spring months and -1.5 Kdecade™ for summer months.
The period of the maximum temperature deviation from baseline in Fig. 5 generally
coincides with the period of maximum depletion in ozone VMR observed in Fig. 4. De-
cember temperatures have the largest deviation from baseline at 100 hPa, November
— at 70hPa, October — at 50hPa, and September — at 20 hPa. These deviations in
temperature correlate with deviations in ozone at the same pressure levels for most
months. September temperature is at its minimum at the end of the 21st century rather
than during the peak ozone depletion around the year ~ 2000. December temperature
also shows slower recovery at 50-70 hPa, in agreement with the slower December
TOC recovery.

At 30 hPa, December temperatures show no significant trend during the period of
ozone depletion and until ~2000. At altitudes above 30 hPa, an initial increase in De-
cember temperature is followed by its decrease towards the end of the 21st century.
For this period, December ozone VMR in Fig. 4 shows a small decrease and then
an increase at higher pressure levels. Both December ozone and December temper-
ature time series indicate a reversal in the radiative effect of ozone. In the lowermost
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stratosphere, ozone and temperature correlate: a decrease in ozone levels leads to
a decrease in temperature. But at higher altitudes they anti-correlate: an increase in
ozone is associated with a radiative cooling observed from ~ 2000 for all months. This
anti-correlation is seen at 20 hPa for all months and also down to 30 hPa for December.
As will be discussed later, such a decrease in temperature could be related to CO,-
induced cooling, which in turn leads to a slowdown in ozone destruction reactions (e.g.
Shepherd and Jonsson, 2008).

During the recovery period of 2000—2050, December lower stratospheric temper-
atures are influenced by the ozone recovery with warming occurring at altitudes up
to 50 hPa. Above these heights, stratospheric cooling increases with increasing alti-
tude, with no temperature recovery to 1975 baseline due to effects of long-term CO,
cooling. If the lower stratosphere cooling associated with ozone depletion could lead
to a strengthening of the polar vortex, then warming associated with ozone recovery
would decrease the stability of the vortex and affect future persistence of the vortex
into early summer. To analyze this effect, monthly zonal mean zonal winds are plotted
in Fig. 6 at same pressure levels as temperatures in Fig. 5 and ozone VMR in Fig. 4.
Waugh et al. (1999) found that similar to potential vorticity (PV), zonal wind is a use-
ful diagnostics in assessing the breakup of the polar vortex, although not as highly
derivative. As noted earlier, we consider wind data averaged across 50°~70° S, which
encompasses the location of the edge of the polar vortex (e.g. Lee et al., 2001). Wind
speeds across smaller 5° latitude bins were also analyzed in this work (not shown), and
the resulting trends were similar to those for the 50°~70° S region.

The dot-dashed lines at the 15ms™" level in Fig. 6 indicate the minimum wind speed,
below which the vortex is considered to have broken up (Nash et al., 1996). For all pres-
sure levels analysed, spring month winds indicate that the polar vortex is present over
the entire time period. For December, model outputs suggest that at heights above
50 hPa, the polar vortex is broken-up. However, at altitudes below 50 hPa, the Decem-
ber wind speed of > 15ms™" indicates that the vortex edge is present until the middle
of the 21st century. As the polar vortex collapses in early summer, its edge could either
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disappear, or first shift poleward, and then disappear. To analyze whether the Decem-
ber zonal mean wind speed exceeded the 15 ms™' limit at higher latitudes compared
to what is shown in Fig. 6, monthly zonal wind data were also considered at higher lat-
itudes of 70°-80° S. These results (not shown) showed trends in zonal wind speeds at
each pressure level very similar to those in Fig. 6, suggesting that stratospheric polar
vortex quickly collapses in December.

Figure 6 indicates that increasing polar westerlies, associated with ozone depletion,
are seen in the lower stratosphere during November and December until ~2000. Dur-
ing the ozone recovery period, there is a corresponding decrease in polar westerlies.
When compared with results for TOC and ozone VMR in Figs. 2, 3 and 4, there is about
a one month time lag in zonal wind response to changes in ozone VMR. Overall, there
is no significant trend in zonal winds for the months of September—October. Monier and
Weare (2011) found similar results with the ECMWF ERA-40 reanalysis data over the
time period of 1980-2001, with a strengthening westerly wind associated with ozone
depletion via the thermal wind balance.

Zonal winds were also considered with respect to trends seen in the monthly TOC
values. The 1975 baseline wind value U,,,, and a mean peak value Upeak between
2000-2005 are used to produce the time series for normalized zonal wind percentage
deviation, %U 4, as shown in Fig. 7. This normalized wind percentage deviation of
annual wind speed values U(t) is calculated as:

ut)-u
%U 4oy = <M> x 100% (1)

peak — Ubase

As September wind data had high absolute wind values but small variability, in order to
be shown together with other months they were scaled by a factor of 100 (divided by
100) for 150 and 100 hPa and by a factor of 10 for other altitudes.

Figure 7 suggests that the percent increase in zonal wind speed during the ozone
depletion period is very similar between all months. However, when compared to Oc-
tober and November, the December winds indicate a delay in the rate of recovery of
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relative zonal wind speed to baseline until approximately 2050. Starting from 100 hPa,
this effect increases with increasing height. Thus, lower December TOC recovery rates
in 2010-2050 and slower December wind speeds in 2010-2050 could be related. By
2100, model projections indicate a net increase in wind speeds for all months, com-
pared to the 1975 baseline values, due to an indirect effect of increasing surface GHG
concentrations via temperature changes. The increasing effect of GHG is also seen in
the secondary peak in zonal wind median at all pressure levels for all months except
September.

There is evidence that austral summer wind speeds increase significantly, both in
the troposphere and in the stratosphere, due to decreasing ozone and increasing GHG
concentrations (Thompson and Solomon, 2002; Shindall and Schmidt, 2004; Perlwitz
et al., 2008; Son et al., 2010). According to these studies, future changes in SH at-
mospheric circulation due to ozone recovery are expected to be opposed by increases
in tropospheric GHG. However, effects from increasing ozone concentrations and de-
creasing ozone hole size will still dominate at Antarctic latitudes until 2100.

4 Concluding remarks

In this work, ten CCMVal-2 model simulations are used to analyze Antarctic ozone
recovery in 2000—2100 during September—December. Multi-model median values of
monthly zonal mean TOC, ozone VMR, wind speed, and temperature poleward of
60° S are used. Uncertainty associated with multi-model medians is calculated using
a bootstrapping technique. It is found that September—November TOC will return to
corresponding 1975 baseline values between 2065 and 2075 (+25yr), while Decem-
ber TOC will return to its pre-ozone hole level around 2050 (-20 + 30 yr). We also note
that this analysis of ozone recovery is based on zonal averages, and thus the previ-
ousely reported zonal asymmetries in the TOC field (e.g. Grytsai et al., 2007) may lead
to some local variations in ozone recovery dates.
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Antarctic TOC recovery rates are found to vary for different months and decades
throughout the 21st century. In 2000-2020, TOC recovery rates are quite low for all
months, and in December they are significantly, at times by more than a factor of 10,
lower compared to some other months. In 2020-2030, TOC decadal recovery rates
are similar for all months, but in 2030-2059, those for December are again noticeably
lower. Model simulations suggest that in early spring, the maximum contribution to
decrease in TOC comes from ozone depletion at higher altitudes, and in early summer
—from ozone depletion at lower altitudes. This is in agreement with various independent
observations discussed in Sect. 3.3.

At 100-50 hPa, the December ozone returns to the 1975 baseline 25 yr later than the
December TOC for reasons that are not yet clear. It can only be speculated whether
lower stratospheric ozone is influenced by continuously increasing GHG or continu-
ously decreasing halogen levels, as REF-B2 model simulations combine the effects
from these anthropogenic forcings. Newman et al. (2006) found that full ozone recovery
to 1980 levels, based purely on future ODS levels, will occur around 2068. Together with
results from this study, this would suggest removal of anthropogenic ODS by ~ 2070,
and that any subsequent changes in polar ozone would be due to increasing GHG.
Alternatively, Waugh et al. (2009) found that when the effect of climate change alone
was considered, there were minimal decadal-scale variations in polar ozone during the
21st century. In that study, mean October ozone VMR at 50 hPa, as well as October
TOC, were predicted to recover to 1960 values by 2100, due to the combined forcing
effect of GHG and ODS.

The effects of future ozone recovery on stratospheric temperatures and winds were
also considered in this study. Multi-model median trends in monthly temperatures cor-
relate well with ozone within the lower stratosphere — as expected with temperature-
dependent polar stratospheric chemistry, where temperatures rise with ozone recovery.
However, at altitudes corresponding to 20—30 hPa, there is a reversed radiative effect
due to a combined effect of increased GHG and decreased ODS concentrations. At
altitudes above ~ 10 hPa, stratospheric cooling can lead to a decreased efficiency of
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chemical ozone destruction, and therefore to an increased ozone VMR (e.g. Finger
et al., 1995). At altitudes below 10 hPa, increased cooling promotes more heteroge-
neous reactions. However, their efficiency also depends on water vapour concentra-
tions as discussed by Shindell (2001). Model results analyzed here show that such
anti-correlation can be seen down to altitudes corresponding to 30 hPa. Shepherd and
Jonsson (2008) suggested that temperature variations should be considered in terms
of changes in CO, and ODS, rather than ozone. They found that during 2010-2040,
a period of rapid ODS decrease, up to 40 % of the increase in mean global upper strato-
spheric ozone (between 50-0.5hPa) is attributed to CO, cooling, whereas during the
depletion period of 1975-1995, only ~ 10 % of ozone loss is attributed to CO, cooling.
This reflects the growing dominance of GHG concentrations during the ozone recovery
period.

A decrease in temperature in the lower polar stratosphere, particularly within the
polar vortex, results in an increase in the meridional temperature gradient at the vor-
tex edge and thus enhances westerly zonal winds in this region. Circumpolar west-
erly zonal winds show an increase in magnitude during the period of ozone depletion
with a corresponding decrease during ozone recovery for all months considered. Us-
ing a 15ms~" minimum in zonal wind speed as a proxy for the polar vortex, the polar
vortex was found to be present for all spring months across all altitudes considered,
but broken up by December above 50 hPa. In the lowermost stratosphere, model sim-
ulations for December indicate a persisting vortex well into early summer, especially
during the peak ozone depletion period around the year 2000. At pressures <70 hPa,
the December vortex will last until approximately 2050, when December TOC returns
to its 1975 baseline value. CCMVal-2 models indicate a response of zonal winds to re-
covering ozone, namely a decrease in wind speed with increasing ozone VMR. A wind
response to changes in temperature, associated with ozone concentration, has about
a one month time lag: maximal ozone gradients are seen in October—-November, and
maximum wind gradients are seen a month later, in November—-December. Persis-
tence of the polar vortex into the summer months could also be linked to a decreasing
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planetary wave activity, which was described in (Monier and Weare, 2011). The break-
down of the polar westerlies is induced by dynamical heating from breaking planetary
waves, and the timing of this breakdown in early summer can influence the propagation
of gravity waves into the mesosphere, and thus potentially affecting the strength of the
mesospheric branch of the Brewer-Dobson circulation (Smith et al., 2010).

In summary, based on median trends of CCMVal-2 REF-B2 model simulations, we
conclude that due to combined effects of increasing GHG and decreasing halogen
levels in the 21st century, Antarctic TOC will recover to 1975 baseline values in 2065—
2075 in spring and in ~ 2050 in December. A delay in the vortex breakup, indicated by
CCMVal-2 model median wind trends, leads to lower rates of TOC recovery in Decem-
ber. Anthropogenic ODS emissions dominate in the lowermost stratosphere, while CO,
cooling dominates at higher altitudes. However, increase in GHG concentrations may
start affecting ozone levels at the bottom of the stratosphere towards the end of the
21st century, when ODS no longer have a significant influence on atmospheric ozone
over Antarctica. While numerous results related to regional and global ozone and cli-
mate applications have already been derived from CCMVal-2 model simulations (e.g.
Eyring et al., 2010a), the present analysis focuses on unique aspects of future Antarc-
tic ozone recovery that, according to our knowledge, have not been addressed before.
Among various benefits for local and global climate change-related studies, results of
this work, particularly rates of ozone recovery, are important for evaluating potential ef-
fects and impact of associated changes in surface UV radiation on the Antarctic climate
and ecosystem.

In the future, model simulations with different GHG and ODS scenarios would help
to attribute the magnitude of effects from anthropogenic forcings in predictions for TOC
and ozone recovery. The provision of daily values for various metrics parameters used
in this work, in conjunction with different assumptions on predicted anthropogenic forc-
ings, would provide a more complete picture for the 21st century ozone recovery. For
example, daily wind metrics, with a variety of future scenarios in the evolution of ODS
and GHG concentrations, would enhance our ability to evaluate the extent of a delay
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in the polar vortex breakup by considering the transition of westerly to easterly strato-
spheric polar winds and thus provide information beyond what is considered in Buchart
et al. (2011). That study considers a single REF-B2 simulation during the observation
period (1980-1999) and the date of when zonal-mean zonal wind speeds at 60° S be-
comes zero.
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Table 1. Decadal TOC recovery rate poleward of 60° S as a percentage of the 1975 baseline
value. ltalicized numbers indicate decades when TOC has exceeded its baseline value.

Year 00-09 10-19 20-29 30-39 4049 50-59 60-69 70-79 80-89
Sep 2.01 3.92 5.30 5.71 3.85 2.78 1.96 2.45 0.91
Oct 26 3.61 6.13 5.96 5.12 5.06 1.34 1.96 1.6
Nov 1.05 2.57 4.99 4.51 4.51 4.41 2.23 1.37 0.45
Dec 0.59 0.41 4.31 2.09 3.17 4.11 0.1 1.08 1.32
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Table 2. Decadal TOC recovery rate (DU decade'1) poleward of 60° S. Italicized numbers indi-
cate decades when TOC has exceeded its 1975 baseline value.

Year 00-09 10-19 20-29 30-39 4049 50-59 60-69 70-79 80-89
Sep 6.01 11.75 1584 17.07 11.51 8.31 5.86 7.32 2.73
Oct 7.86 1094 1854 18.01 1548 1529 4.07 5.91 4.83
Nov 3.44 8.46 16.43 14.83 1484 1450 732 4.52 1.48
Dec 2.06 1.44 15.07 7.30 11.08 14.36 0.31 3.76 4.62
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Fig. 1. Monthly total column ozone (TOC) time series zonally averaged poleward of 60° S from
selected REF-B2 model simulations. Thick black line is the multi-model median, grey area
represents the 95 % confidence limit of the median derived using a bootstrapping method. Red
stars indicate TOC zonally averaged monthly values poleward of 62.5° S from the TOMS version
8.5 merged ozone dataset (MOD) for 1979-2011.
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Fig. 2. Time series of multi-model TOC median values for September—December as percent
deviations from the 1975 baseline. TOC return dates are shown by dashed-dotted lines color-

coded by the corresponding month.

18986

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
12, 18959-18991, 2012

Future Antarctic
ozone recovery rates

J. M. Siddaway et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18959/2012/acpd-12-18959-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18959/2012/acpd-12-18959-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

50 T T T T T T 50 T T T T T T

— 0 — OFM\y—"—"—-—-—"—-=,—" .
3 3 i
= < ¥
2 2 1
B8 -50 B8 -50 . -
> > 1
@ @ .
o o 1
8] 8] .
e e !
-100 -100 1 .
\ 7 I
\ 4 .
. . OCt g . 1
-150 . . . MEARIN AT -150 L L A MEARIN
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
Yeor Yeor
50N T T T T T T | 50 T T T T T T
\ o -
\ ~
~—~ 0 Ry ~—~ 0 -
g L g A
c 1 c 1
2 1 2 1
5 -50 . . B3 -50 !
H ! H 1
o i o i
8] . 8] .
e ! e !
-100 \ J 1 1 -100 1 B
N . .
N/ ! 1
Nov : ! Dec ! :
-150 L L L I I -150 L L PSR A b
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
Yeor Yeor

Fig. 3. Time series of deviations for multi-model median TOC from the 1975 baseline for each
month. Median TOC return dates are shown by the vertical dot-dashed lines, shaded area is
the 95 % confidence limit of the median, dashed curves show the median absolute deviation
range with corresponding upper and lower limits range of return dates shown by vertical dotted
lines.
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Fig. 4. Deviations of monthly multi-model median ozone VMR from 1975 baseline, zonally
averaged poleward of 60° S for selected pressure levels from 150 hPa to 20 hPa. Left panels —
percent deviations, right panels — absolute deviations. Dashed lines indicate 95 % confidence

level of median.
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