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Abstract. Stratospheric preconditions for the annual Antarc- approximately 20-25 million square kilometres (Mkm
tic ozone hole are analyzed using the amplitude of quasi{NOAA, 2009). Over this time period, the September area
stationary planetary waves in temperature as a predictor ofrew during the 1980s and levelled off in recent years (e.g.
total ozone column behaviour. It is found that the quasi-Newman et al., 2004). However, in certain years this metric
stationary wave amplitude in August is highly correlated has been considerably smaller, being 17 Mkm2004 and
with September—November total ozone over Antarctica with11 Mkm? in 2002 (NOAA, 2009). Understanding the pro-
correlation coefficient{) as high as 0.83 indicating that cesses that influence interannual variability of the ozone hole
quasi-stationary wave effects in late winter have a persistis important for comparison of observations with modelled
ing influence on the evolution of the ozone hole during the ozone recovery scenarios.
following three months. Correlation maxima are found in  Overall, it is clear that the level of year-to-year variabil-
both the lower and middle stratosphere. These likely resulity in the size of the ozone hole during the past two decades
from the influence of wave activity on ozone depletion due has been influenced more by fluctuations in dynamical forc-
to chemical processes, and ozone accumulation due to largeng from planetary scale waves in the atmosphere and less
scale ozone transport, respectively. Both correlation maximay changes in stratospheric chlorine levels (Shindell et al.,
indicate that spring total ozone tends to increase in the casg997; Randel et al., 2002; Salby and Callaghan, 2004; We-
of amplified activity of quasi-stationary waves in late winter. ber et al., 2011). Years with stronger planetary wave activ-
Since the stationary wave number one dominates the plandty at extratropical southern latitudes are generally associated
tary waves that propagate into the Antarctic stratosphere ifwith smaller ozone holes. Dynamical variability of the ozone
late austral winter, it is largely responsible for the station- hole has increased in the last decade. In addition to 2002 and
ary zonal asymmetry of the ozone hole relative to the Southp004, the ozone holes of 2007 and 2010 were less severe than
Pole. Processes associated with zonally asymmetric ozongormal (Tully et al., 2008; WMO, 2010). In this regard, two
and temperature which possibly contribute to differences inprocesses which relate to the timing of the enhanced wave
the persistence and location of the correlation maxima areactivity are important.
discussed. Firstly, planetary wave (PW) activity during the winter
can warm and weaken the polar vortex, limiting the extent
of halogen activation by Polar Stratospheric Clouds (PSC).
1 Introduction This “preconditioning” lessens the overall severity of spring
ozone loss, as demonstrated in observational and model stud-
For over three decades, significant depletion of stratospheries (Shindell et al., 1997; Allen et al., 2003; Huck et al.,
ozone has taken place each austral spring over Antarctic®2005; Weber et al., 2011). Secondly, the timing of the
During the 1990s and 2000s, the September mean ozonereakdown of the polar vortex has an important influence
hole area, measured as the area where the total ozone caln the overall magnitude of ozone loss. The breakdown of
umn (TOC) was less than 220 Dobson Units (DU), wasthe vortex, which may proceed rapidly through stratospheric
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warming episodes, is driven by planetary waves. As observe@ Data and method

in 2002, both preconditioning and an unprecedented sud-

den stratospheric warming resulted in an anomalously small-ate winter zonal anomalies in stratospheric air tempera-
ozone hole for that year (Varotsos, 2002; Allen et al., 2003).ture were examined with National Centers for Environmen-

Preconditioning wave activity can influence stratospheretal Prediction-National Center for Atmospheric Research
temperature not only from the upward and poleward flux of (NCEP-NCAR) Reanalysis data (Kalnay et al., 1996) from
wave energy from the troposphere but also by ozone transhttp://www.esrl.noaa.gov/psd/data/reanalysihe monthly
port. Strong winter PW forcing leads to larger transport mean zonal temperature distributions in August were consid-
of ozone in the stratospheric mean meridional circulation,ered. Since the quasi-stationary wave at high southern lati-
known as the Brewer-Dobson circulation (BDC) that resultstudes is dominated by wave 1 (Sect. 1), we have not formally
in enriched ozone and higher stratospheric temperature ifrourier analyzed the temperature data. Instead, we simply
the extratropics (Randel et al., 2002; Salby and Callaghangefine the QSW amplitudeigsw, as one half of the differ-
2004; Hood and Soukharev, 2005; Weber et al., 2011). Theence between the peak maximum and minimum temperature
co-action of dynamics, transport and chemistry is important,along a given latitude circle at a given pressure level. An
for example, in producing the fall-spring ozone correlation illustration of how this is done is shown in Fig. 1.
found in the Arctic (Kawa et al., 2005; Sinnhuber et al., For our analysis, we created time seriesdefsw values
2006). for seven latitude circles between°3® and 80 S with 5-

In this work, we statistically analyze the relationship be- degree steps and at the five pressure levels 150, 100, 50,
tween austral late-winter PW activity in the Antarctic polar 30 and 10 hPa (13—-32 km) over the 1985-2010 period. The
vortex region and the behaviour of the ozone hole in spring.analysis is restricted to 26 yr to examine the available prin-
As an indicator of dynamical activity in the late winter, the cipal ozone hole years (e.g. Newman et al., 2004). The
guasi-stationary wave (QSW) amplitude in the zonal distri-dominant QSW1 contribution is clearly seen from the sin-
bution of stratospheric temperature in August is used. Itgle zonal maximum near 18& on both curves in Fig. 1,
is known that the quasi-stationary planetary wave of zonalwhich display the extreme conditions in the winter south-
wave number 1 (QSW1) dominates the Southern Hemispherern stratosphere with weak (2002, solid curve) and strong
(SH) stratosphere (Randel, 1988; Wirth, 1993; Grytsai et al. (2006, dashed curve) stratospheric polar vortices. These two
2007; Gabriel et al., 2011) leading to steady displacements ovents represent a range of dynamical variability in wave-
the stratospheric polar vortex relative to the pole (e.g. Waugtpzone coupling in the Antarctic stratosphere (Weber et al.,
and Randel, 1999). This, in turn, results in zonal asymme-2011; their Fig. 4).
try of the ozone and temperature fields (Wirth, 1993; Salby The QSW climatology in latitude-altitude coordinates is
and Callaghan, 2004; Grytsai et al., 2007; Canziani et al. shown by the amplitudeiqosw and its standard deviation
2008). Recent studies show that zonal asymmetry in 0zon€SD) in August in Fig. 2a and b, respectively. The amplitude
can influence the planetary wave propagation and zonal meatends to increase vertically and decrease poleward (south of
circulation in the polar stratosphere (Crook et al., 2008; Mc-60° S) with maximum and minimum values of 8.1K and
Cormack et al., 2011; Albers and Nathan, 2012). Due to thel.6 K, respectively (Fig. 2a). The maximum amplitude at
QSW1 dominance, the QSW amplitude in our analysis could10 hPa (Fig. 2a) relates to a general amplification of large-
be considered as an approximate measure of the zonal asyraeale planetary waves between the lower and middle strato-
metry in the SH stratospheric temperature. We then considesphere (Matsuno, 1970; Randel, 1988). Peak values°& 60
possible effects of this zonal asymmetry in the precondition-correspond to the mean climatological position of the polar
ing of the spring ozone hole. night jet at the stratospheric polar vortex edge in Antarctic

It has been shown by Grytsai et al. (2008) that a large in-winter with a strong temperature gradient across it (Waugh
crease of the QSW amplitude in August preceded anomaand Randel, 1999; Karpetchko et al., 2005). As planetary
lously diminished ozone holes in 1988 and 2002, whereas navaves disturb the vortex shape and position, the zonal tem-
preconditioning effects were observed in July. We assumeperature deviations and, hendesw, maximize around the
that the dynamical conditions in the vortex region in August mean position of the displaced vortex edge. It is seen that
(mainly due to QSW activity) may affect both the early stage the SD distribution with maximum of 4.6 K and minimum of
and further spring evolution of the ozone hole. Here we sta-0.6 K (Fig. 2b) is similar to thelgsw distribution (Fig. 2a).
tistically analyze the association between the QSW ampli-A minor distinction is that there is a slightly wider latitude
tude in August and characteristics of the ozone hole over thextension for the region of maximum variability (6®5 S
26 yr period 1985-2010. The paper is organized as followsin Fig. 2b) in comparison with the position of tisw max-
Section 2 describes the data sets and methods used, SectilBum (60 S in Fig. 2a). These climatological distributions
presents the results, Sect. 4 discusses the interpretation of tiege important in the interpretation of the spring ozone re-
results, and conclusions are given in Sect. 5. sponse to late-winter QSW activity (Sect. 4).

The ozone hole was characterized by monthly mean pa-
rameters of three types:
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Fig. 2. Climatology of the 1985-2010 period fa) the QSW am-

~~Zplitudes in Antarctic stratosphere temperature in August between
of 60°S, 70'S and 80 S used to represent TOC varia- 5 5 and 89 S and(b) the amplitude standard deviations.

tions at the edge of and inside the ozone hole. These

values were collected from gridded satellite data ob-

tained by Nimbus-7 Total Ozone Mapping Spectrom- with total ozone (Wirth, 1993; Randel and Cobb, 1994;
eter (TOMS, 1979-1992; McPeters et al., 1996), Earth  Solomon et al., 2005) and the temperature time series
Probe TOMS (1996-2005; McPeters et al., 1998), and  can therefore be used to infer the interannual TOC vari-

Aura Ozone Monitoring Instrument (2006-2010; Dob- ability. The time series of the stratospheric tempera-
ber et al., 2008) available dittp://ozoneaq.gsfc.nasa. ture over the South Pole for SeptembEsp, was cre-
gov/measurements.mdNote that a data gap exists in ated by averaging the NCEP-NCAR reanalysis temper-
TOGC;m at 80 S during September, when, on average, atures at 99S over seven standard pressure levels 150,
18 days of measurements are available. Multi Sensor 100, 70, 50, 30, 20, and 10 hPa (13-32km). Thus, this
Reanalysis (MSR) data based on the TM3DAM assim-  data set characterizes interannual temperature variabil-
ilation scheme (van der A et al., 2010) were used for ity over the South Pole in the partial column of the at-
the 1993-1995 periodhttp://www.temis.nl/protocols/ mosphere between the lower and middle stratosphere, in
o3field/o3mearmstr.php. the layer containing the maximum ozone amount (e.g.

Solomon et al., 2005).

. TOCsp — the Amundsen-Scott total ozone column

derived from ground-based measurements at South Similarly, because the TOC observations did not provide
Pole fttp://www.esrl.noaa.gov/gmd/ozwv/dobson/ams. complete time series in late winter at the latitudeS-&0° S,
html) and used as an independent time series showinghe vertically averaged temperatures were used to create time
the TOC variability in the vortex core. Ozone measure- series of the zonal mean temperatufBs,, in August. This
ments here do not provide complete datasets of @ C enabled us to indirectly estimate a preconditioned state of the
for October and November. The number of days whencoupling betweem gsw and ozone in Antarctic stratosphere.
the measurements were made was on average 14 and 25The linear (Pearson) correlation coefficienthetween the

in October and November, respectively, during 1985—Agswtime series and ozone hole parameters, OHA, 7QC
2008. In September, ozone spectrophotometer observar;m, TOCsp, and Tsp was calculated. Linear (non-linear
tions are impossible at South Pole due to polar night andwvith polynomial 3 fitting) trends were subtracted from the
we have filled the data gap for this month using strato- Agsw, T>m andTsp (OHA, TOG,m and TOGp) time series
spheric temperature data as a proxy. It is known that thgnonlinearity in the long-term changes of the Antarctic total
lower stratosphere temperatures are highly correlatedzone in spring, as noted in Sect. 1, is due to a transition
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from relatively monotonic TOC decrease during the 1980s —+ =—0.56 (significant at the 1% level), that is evidence of
first half of 1990s to a levelling off after the mid-1990s; cor- the prevailing linear coupling between the correlated vari-
responding changes in the ozone hole area and ozone maables and of the proper use of the correlation method in this
deficit have occurred; e.g. Newman et al., 2004; Huck et al. study. Since the Spearman rank correlation is less sensitive to
2005). outliers, the extent of the statistical dependence between the
We use the linear correlation method in our analysis con-variables is likely underestimated by this method (Fig. 3c).
sidering the previous studies of the relationships between the The correlation significance was estimated with a Stu-
planetary wave activity and polar total ozone (e.g. Salby anddent’s t-test and without accounting for the lag-1 autocor-
Callaghan, 2004; Huck et al., 2005; Weber et al., 2011). We~elation of the correlated time series, as is usually done in
ber etal. (2011) investigated the BDC impact on ozone build-climate-related studies (e.g. Ciasto and Thompson, 2008).
up in the Arctic and Antarctic regions and have shown thatSpring total ozone usually has low correlation to ozone
a compact linear relationship exists between the winter eddyanomalies in the previous calendar year in both hemispheres
heat flux (a measure of the vertical propagation of planetary(Fioletov and Shepherd, 2003) and autocorrelation in the
waves from the troposphere used to describe variations in th@ gsw time series is too lowr(< 0.1 in most cases under
BDC driving) and the spring-to-fall ozone ratio (their Fig. 4). consideration) to take into account an effective sample size
This result demonstrates the broad range of the dynamicaleduction in significance testing.
disturbances in winter which are linearly coupled with the Based on the QSW climatology at 100 hPa, Grytsai et
polar TOC changes in spring: from low wave activity and al. (2008) noted that QSW amplitudes in July and August
large Antarctic ozone hole in 2006 to high wave activity and have a similar latitudinal distribution between °3® and
the diminished ozone hole in 2002 and further to the cold andB(° S. The strong QSW activity in August was the only pre-
warm Arctic winters. conditioning effect in the occurrences of small ozone holes
We have compared the use of the two methods, Pearsoim 1988 and 2002. We have compared the preconditioning
linear correlation and Spearman rank correlation for the anpotential of Agsw in July and August using time series for
alyzed time series (Fig. 3). As an example, we present the5° S, 100 hPa, over the 1985-2010 period. Correlation co-
relationships between the two data sets, the QSW ampliefficients betweem gsw and ozone hole area averaged over
tude in August inside the polar vortex (78, 10 hPa) and the ~September—November are= —0.19 (statistically insignifi-
ozone hole area in October during 1985-2010 (Fig. 3a). Theant) for QSW in July and = —0.64 (significant at the 1%
long-term tendencies in these parameters are different: norlevel) for QSW in August. This obvious difference is also
monotonic changes of the ozone loss in Antarctic 0zone holghown by the r-values in Table 1.
and in its size, as noted above (Newman et al., 2004; Huck et |t s seen from Table 1 that, in contrast to July, variations of
al., 2005) and an absence of the clear tendency in the QSWhe QSW amplitude in August and ozone hole area in spring
amplitude at the individual pressure levels (not shown). Asmonths are closely coupled £ —0.5 in five cases, all sig-
a result, the scatter diagram in Fig. 3a shows neither purelyificant at the 1% level). At 100 hPa (10 hPa) the correlation
monotonic nor linear association between the variables. It iseaches a negative value of —0.65 (- = —0.76). For July,
seen from Fig. 3b that the anomalies of the detrended timey single value of = —0.43 is statistically significant at the
series tend to be linearly coupled with the Pearson linear cor5 o, level. The comparison shows that stratospheric distur-
relation coefficient = —0.78 (significant at the 1% level us- pances associated with QSW anomalies in August result in
ing Student's t-test). This tendency is in agreement with thea noticeably stronger response in the spring ozone hole than
linear wave-ozone association from other studies (Salby anghose in July. In the next section, we analyze quantitative
Callaghan, 2004; Huck et al., 2005; Weber et al., 2011).  relationships between the late-winter QSW anomalies at se-
Since a monotonic relationship is an important underly- |ected latitudes and pressure levels and the spring ozone hole
ing assumption of the Spearman rank correlation and thissarameters indicated above.
method is less sensitive to outlying values (Wilks, 2011), the
Spearman rank correlation coefficient is smalters —0.41
(Fig. 3c), than the r-value (Fig. 3b). Two outliers in our data 3 Results
are diminished ozone holes 1988 and 2002 (two points in
the lower right corners of the Fig. 3a and b), which are re-Figure 4 summarizes the correlation distributions. The plot
sponses to the enhanced PW activity. They represent the reakes represent the latitude-altitude ranges for the precondi-
range of the dynamical impacts on the Antarctic total ozone tioned QSW amplitude anomaliedgsw (50°—80° S, 150-
as noted above. For very large ozone holes, their size has0 hPa). Four panels, AUG, SEP, OCT and NOV, demon-
almost reached a threshold in the mid-1990s (e.g. Newmaistrate seasonal changes in the responses of the ozone hole pa-
et al., 2004) and this corresponds to the points in the uprameters during August, September, October and November,
per left corner of scatter plots in Fig. 3a and b. After exclu- respectively, to thelgsw variations. Note that panel AUG
sion of the anomalous years 1988 and 2002 from the lineashows a degree of this coupling under preconditioned (late-
correlation, the correlation coefficient remains rather high,winter) state of the Antarctic stratosphere. Columns (a—d)
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Fig. 3. Relationships between the variations of the ozone hole area in October and the QSW amplitude in August 40 i@a, during
1985-20101a) original data(b) detrended anomalies afc) Spearman ranks.

Table 1. Correlation coefficientsr{ of the QSW amplitude at level over the latitudes 6690° S under stronger QSW activ-

65° S in July and August with the monthly mean ozone hole arealy- The prevailing QSW1 contribution (Sect. 1) to tempera-
in September—November. The r-values that are significant at thdure field disturbances estimated hysw suggests that vari-

1% level (5% level) are in bold (in italics). ability in the zonal asymmetry of the Antarctic polar vortex

in late winter could underlie the positive correlations in Fig. 4
QSW amplitude, Ozone hole area, month (see Sect. 4.2). Note that some correlated pairs display the

close ozone-temperature relation mentioned in Sect. 2 that
month & pressure level Sep Oct Nov . o .

could be seen in the similarity between the correlation pat-
July, 10 hPa -0.28 -0.43 -0.35 terns for zonal mean total ozone (Fig. 4b and ¢, SEP) and
July, 100 hPa -0.07 -0.15 -0.26 zonal mean temperature (Fig. 4b, AUG; Fig. 4d, SEP).
August, 10hPa —051 -0.76 -0.61 In the vertical, the two correlation maxima are noted in
August, 100 hPa -0.59 -0.65 -0.32

Fig. 4. In the lower stratosphere (150-50 hPa, or 13-21 km),
correlation maxima appear in AUG, reaek 0.81 in SEP
and disappear in OCT and NOV. Correlation maxima in
display the poleward changes in the responses of the zonahe middle stratosphere (near 10 hPa, or 32 km) exist from
means (total ozone, TQf, and vertically averaged temper- AUG to NOV (maximumr =0.83) and they are displaced
ature,Tzm andTsp) between 60S and 90 S and column (e) by latitude from 78S to 60 S, respectively. In most cases,
is the response in the ozone hole area. correlation peaks in lower and middle stratosphere are as-
The data set size used in this study (26 yr) produces corsociated with theAgsw variations near 70S. Clear verti-
relation coefficient valuep| > 0.47 that are statistically sig- cal separation of the maxima is evidence for two different
nificant at the 1% level and less, based on Student’s t-testsources of the preconditioning effect in the lower and middle
Red and dark-red in each plot show where the QSW disturstratosphere.
bances cause maximum impact on the dependent variables Correlation maxima in the lower stratosphere do not re-
(correlation peaks in Fig. 4 are shown with two decimal late to the late-winter QSW climatology (Fig. 2). Notably
places). Negative correlation for the ozone hole area (Fig. 4e}hey are absent in TO& at the latitude circle 60S (Fig. 4a)
is shown in the same colour scale as positive correlations omvhich is usually outside the ozone hole (for a maximum
the rest of plots. OHA =25 Mkn?, the boundary latitude in the case of zon-
One can see from Fig. 4, that the contours-6f0.5-0.8  ally symmetric ozone hole is 64£.%; e.g. Newman et al.,
(for simplicity, we give modulus of the correlation coeffi- 2004). This indicates that even typical QSW variability in
cients hereafter) cover much or all of the individual plots ex- the lower stratosphere significantly affects the vertically av-
cept for Fig. 4a, NOV (response in T@gat 60 S). This  eraged stratospheric temperature and ozone column in the SH
is evidence that the high sensitivity of the zonal mean ozonepolar region, as well as ozone hole area, in late winter and
and temperature and the ozone hole area to the late-wintezarly spring (Fig. 4b—e, AUG and SEP). At the polar lati-
QSW variability persists over four months, from August to tudes 70-9C° S, the analyzed parameters (TQCTzm, Tsp,
November. It is concluded from general closeness of the corand OHA) characterize the region of rapid ozone depletion
relation patterns in panels SEP-NOQV to those in panel AUGInside the stratospheric polar vortex. As is well known, the
(Fig. 4) that the preconditioned QSW effects in the Antarc- largest ozone losses in August and September occur in the
tic stratospheric temperature have their main features in thédower stratosphere at the altitudes of about 15-20 km where
spring ozone/temperature variability. Overall positive cou- most of the ozone column normally resides and where PSCs
pling means a warmer Antarctic stratosphere and higher TOQrovide reactive chlorine species for catalytic destruction
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Fig. 4. Latitude-altitude distributions of the correlations between the QSW amplitligew, in August anda—d) zonal mean stratospheric
temperatureTzm, in August (AUG;Tspond), zonal mean total ozone, TQf, in September (SEP), October (OCT) and November (NOV)
at the latitudes 686-90° S (TOGspond in OCT and NOV) ande) ozone hole area, OHA (note the opposite sign of the correlation here).

of ozone (Salby, 1996; Randel and Wu, 1999; Lee et al., A common and more persistent feature of the correlation
2001; Solomon et al., 2005). Later, the ozone amount in thepatterns in Fig. 4 is the correlation increase with altitude
lower stratosphere reaches usually a minimum level in Ocwith maximization in the middle stratosphere near 10 hPa.
tober, when the chemical ozone loss ceases (e.g. Sonkaew & some degree, the correlation increase with altitude resem-
al., 2011) and mid-stratospheric ozone dominates the vertibles the climatological increase of the preconditioned QSW
cal ozone profile and ozone column (Randel and Wu, 1999amplitudes and their SD (Fig. 2). However, the correlation
Solomon et al., 2005; Tully et al., 2008; Sato et al., 2009).maxima at upper level in Fig. 4 are generally at the higher lat-
Therefore, the QSW impact on the ozone loss in the lowelitudes, except for November (Fig. 4, NOV). Both the correla-
stratosphere could be a possible cause of the responses in thien distributions in November (Fig. 4, NOV) and tHeysw
vertically averagedzm), vertically integrated (TOg,) or climatologies in August (Fig. 2) tend to maximize at the pres-
area integrated (OHA) stratospheric parameters (see Sect. 4stire level of 10 hPa with the peak magnitudes ne&ai60
for assumed role of zonal asymmetry in this coupling). The equatorward shift of the upper-level correlation max-
Note that it is difficult to interpret the correlation max- imum between September and November could be prelim-
ima near 100-150 hPa fdf,y, at 80 S and Tsp (Fig. 4c inarily attributed to the seasonal decrease of the polar vor-
and d, respectively, AUG) by chemical ozone loss whichtex area (e.g. Waugh and Randel, 1999). In late winter, the
is negligible at these altitudes in the vortex core in Augustozone accumulation forced by the residual circulation (An-
(Solomon et al., 2005; Roscoe et al., 2012). The QSW influ-drews et al., 1987) is concentrated in ozone “collar” that cir-
ence on temperature in the lowermost stratosphere and correumscribes Antarctica and maximizes in the Eastern Hemi-
sponding correlation maxima could be associated with othesphere at 48-60° S (Salby and Callaghan, 2004). Mixing
source of variability, potentially, including the radiative in- barrier near the strong polar jet axis (Holton et al., 1995;
fluence of Antarctica (Salby and Callaghan, 2004 and referMiyazaki et al., 2005) prevents air mixing between the mid-
ences therein). The radiative impact of the Antarctic con-dle and high SH latitudes during winter and spring. Vortex
tinent leads to anomalous cooling of the lower stratospherearea decrease during spring favours the poleward displace-
and would damp the positive temperature anomalies introments of the late-winter ozone anomalies associated with the
duced by the PW activity. As seen from AUG in Fig. 4, the QSW anomalies. Then, ozone/temperature anomalies in the
correlation maximum in the lower stratosphere tends to de-collar region fixed byAgsw at 60° S in August, could be
scend to 150 hPa (13 km) approaching the South Pole. Thigssociated with the TOf, response at higher latitudes in
suggests the possibility of an increasing thermal influenceNovember (Fig. 4b—e, NOV) and appearance of the correla-
from the cold continental troposphere below. tion maximum on each plot at 6&. Such persistence of an
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ozone/temperature anomaly associated with anomalous BD@iscuss below the processes that are possibly involved in this
transport could possible be due to a low descent rate of stratazoupling.
spheric air during winter and spring (1-3 km monthe.g.
Sato et al.,, 2009). Correlations become lower in Novem-4.1 Seasonal tendencies
ber ¢ =0.5-0.7) than in September and October 0.7-0.8)
because other sources of disturbances affect the stratosphef&e spring ozone dependence on wintertime planetary wave
state during spring. Nevertheless, the late-winter QSW cli-activity is generally explained by the cumulative effect of
matology (Fig. 2) seems to be a contributing factor of thethe BDC and anomalous warming of the polar vortex due to
correlation maximum occurrence in the middle stratosphereanomalous BDC (Shindell et al., 1997; Salby and Callaghan,
in late spring (Fig. 4, NOV). 2004; Weber et al., 2011). The PW activity driving the BDC
Maxima and minima relative positions in the QSW cli- is usually described by the vertical component of the EP flux,

matologies (Fig. 2) and correlations (Fig. 4) lead to the OC_WhiCh is proportional to the eddy heat flux and is a measure
currence of diagonal patterns in the contour shape on bot@f the vertical PW propagation from the troposphere (when
distributions. It should be noted here that these diago-averaged over mid-latitudes or on a hemispheric scale). The
nal patterns resemble the vertical and meridional structurdEP flux into the upper stratosphere and mesosphere trans-
of the temperature-wave relationship studied by Salby andnits momentum that drives a residual poleward circulation.
Callaghan (2004). They have analyzed the anomalous winThe accompanying adiabatic warming in the downwelling air
tertime tendencies in the Antarctic stratosphere temperaturéauses polar temperatures to be warmer than under condi-
corresponding to a 1 SD increase in vertical component of thdions of radiative equilibrium.
Eliassen-Palm (EP) flux. From Salby and Callaghan (2004), The seasonal climatology of the QSW amplitude in the SH
there is northward displacement of maximum coupling in thestratosphere differs from that of the EP flux from the tropo-
lowermost stratosphere relative to that above 30 AES{S  sphere. The EP flux into the SH lower stratosphere increases
and~80° S, respectively; their Fig. 11), similar to the cor- almost monotonically during winter and spring and reaches
relation patterns in our Fig. 4. Salby and Callaghan (2004)a maximum level in October (e.g. Randel et al., 2002). How-
suggest that the altitude-dependent radiative influence of theéver, the seasonal tendency in the QSW amplitude in the
Antarctic continent is possible. Poleward displacement of theAntarctic stratosphere is not monotonic and changes sign
correlation maxima with altitude (Fig. 4) is discussed also in(from decreasing to increasing) around midwinter (Randel,
Sect. 4. 1988; Hardiman et al., 2010). The climatological amplitude

of stationary waves in the SH stratosphere has maxima in

June and October, and is suppressed in the late winter (Au-
4 Discussion gust) during the period of strongest zonal winds (70-80'ms

at 10 hPa; Hardiman et al., 2010) by the Charney-Drazin cri-
In this work, we argue that the amplitude of quasi-stationaryterion (Charney and Drazin, 1961). Thus, in the seasonal cli-
planetary waves in the stratospheric temperature distributionmnatology, the QSW amplitude increases usually from August
Agsw, in a late winter month, August, allows for the quan- to October and it remains at a high level in November (Ran-
titative analysis of preconditioning of ozone hole parame-del, 1988; Hardiman et al., 2010). Consistent with this clima-
ters in the following spring. Although the spatial resolution tology, the poleward fluxes of heat and momentum in the SH
is not very high €500 km in the meridional direction and stratosphere from the QSW1 component are weak in the win-
on average 5km by altitude), it seems to be sufficient forter and completely dominate the maxima during September—
a representation of the main features of the correlation beNovember (Randel, 1988). Note that in the Arctic strato-
tween planetary waves and ozone hole parameters (Fig. 4sphere, where the weaker zonal winds are more favourable
In general, the wintertime PW activity is known to be pos- for vertical wave propagation, a midwinter maximum in the
itively correlated with spring polar ozone (Shindell et al., QSW amplitude exists.
1997; Salby and Callaghan, 2004; Weber et al., 2011) and Based on the correlations shown in Fig. 4, our hypothesis
our study accentuates the effects of the QSW component af that variability in the late winter QSW amplitude can in-
the planetary waves in this correlation. The results (Sect. 3fluence to some degree the seasonal PW amplification and,
indicate that the QSW amplitudes in two stratospheric lay-thus, the seasonal evolution of the ozone hole. In the late
ers, at 50—-100 hPa and near 10 hPa, have a certain predictiweinter (August), at the beginning of the rapid ozone losses,
ability for the ozone hole parameters. The correlation coeffi-the QSW amplitude and its variability are sufficiently large
cients are in the range of 0.5-0.8 (negative in the case of that the middle stratosphere altitudes (Fig. 2). Variability in the
ozone hole area) and they are statistically significant at theeasterly momentum deposition by the QSW could influence
<1% level. The larger QSW anomalies in the lower (middle) zonal wind field setting up conditions that ultimately affect
stratosphere in August lead to larger anomalies in ozone holéhe propagation of wave energy in the spring (e.g. Shindell
parameters during August—September (August—-Novembergt al., 1997). For example, enlarged momentum deposition
with overall weakening of the ozone hole severity. We in August weakens the strong polar night jet and the PW
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are more able to penetrate into stratosphere by the Charney- 10— — —
Drazin criterion (Charney and Drazin, 1961). Weaker winds - .
suggest also more poleward heat transport. This precon-
ditioning related mainly to the QSW1 could contribute to
the seasonal increase of the total PW activity including the
higher quasi-stationary wave numbers (QSW2 and QSW3)
and transient planetary waves. In such a way, the precondi-
tioned Agsw variability plays, to some extent, a preparatory
role in further vortex evolution and could be traced in the -30
ozone hole response up to November (Fig. 4). L
The seasonal cycle of total ozone in the extratropics is 1234
closely related to the enhanced meridional ozone transport
from tropical stratosphere in winter—spring due to the BDC Fig. 5. Relative percent difference between monthly mean total

with corresponding 0zone maximum in spring in both hemi- ozone in the periods 1999-2008 and 1979-1983 averaged over the

spheres (Salby, 1996; Fioletov and Shepherd, 2003). In the&oythem polar region (7690° S). The zonal mean MSR data are
precondition analysis for the Antarctic ozone, it is impor- ;sed.

tant to take into account the specific shape of the austral
winter-spring half of the annual ozone cycle at high lati-
tudes. The natural ozone cycle has been modified at higlour estimate, thelgsw variability in July exhibits the much
southern latitudes due to ozone hole development since thereaker preconditioning effect than that in August (Sect. 2
1980s. Observations at Antarctic stations show that theand Table 1) and the responses in the stratospheric tempera-
spring ozone maximum no longer appears because ozortres and total ozone to the mid-stratospheric QSW impact in
depletion starts as early as July with the following TOC August are observed from August until November (Fig. 4).
minimum in September—October and ozone recovery in lateéAs the most rapid ozone losses occur in the lower strato-
November—December (Randel and Wu, 1999; Solomon esphere during August and September, the QSW effects here
al., 2005; Shanklin et al., 2009a, b). This forms the ozoneare limited by these two months (Sect. 3 and Fig. 4b—e, AUG
hole season which can last about half of the annual ozonand SEP).
cycle (July—December) since the late 1990s. Hence, the preconditioning effects related the QSW ac-
The difference between the natural and modified annuativity differ somewhat in timing and duration from those in
ozone cycles, as seen from comparison of the observations astal tropospheric wave forcing of the SH polar stratosphere
the Antarctic stations in the pre-ozone hole years and ozonén winter (Shindell et al., 1997; Salby and Calaghan, 2004;
hole years, respectively, increases rapidly in August andi\eber et al., 2011). This seems to be associated with combi-
September (Salby, 1996; Randel and Wu, 1999; Solomon etation of the specific seasonal cycles in the QSW activity and
al., 2005). This is in accordance with typical changes in theozone loss rate which suggest the late-winter modification of
ozone loss rate. For example, satellite measurements duringye ozone hole evolution.
2002—-2009 have shown that the ozone loss rates inside the
polar vortex at the isentropic level 475K (about 20km) are4.2 Zonal asymmetry
larger in August and September than in October, when the
chemical ozone loss usually stops (Sonkaew et al., 2011). Itis known that a climatological east-west asymmetry of the
For the polar region, we have calculated relative Antarctic polar vortex and ozone hole exists with a typical
percent differences between monthly mean TOC indisplacement from the South Pole toward the Atlantic sector,
1999-2008 and 1979-1983: ATOC =(TOGg99-2008— 0°—60° W (Wirth, 1993; Waugh and Randel, 1999; Grytsai
TOC1979-1983) x 100%/TOGog79-1983 The MSR zonal etal., 2007; Agosta and Canziani, 2011). Figure 6 illustrates
mean data (see Sect. 2) area weighted betweéis @d the changes in the TOC field asymmetry in August under
9(° S were used. The first 5yr period includes the earliestconditions of the strong polar vortex in 2006 (Fig. 6a) and
years of the ozone hole, when the 220-DU values are somethe weak polar vortex in 2002 (Fig. 6b). The MSR images
times only found deep in the vortex core (e.g. Newman etare used (Sect. 2). As noted in Sect. 2, these two years rep-
al., 2004). The second 10yr period covers the decade of theesent a range of dynamical variability in wave-ozone cou-
largest ozone hole area. Figure 5 shows that, indeed, this difpling in the Antarctic stratosphere (Weber et al., 2011). The
ference in the annual ozone cycles grows rapidly from Julylargest changes in the ozone field in 2002 occur between
to September and decreased TOC levels exist later duringbout 90 E and 240 E (Fig. 6b) as a result of the maximum
October-December. ozone accumulation due to the BDC which tend to be zon-
The difference change in Fig. 5 suggests that dynami-ally asymmetric in the SH stratosphere (Salby and Callaghan,
cal impacts during July—September can produce especiall2004; Sato et al., 2009; Gabriel et al., 2011). The TOC min-
strong effects on the general severity of the ozone hole. Byimum between about°® and 60 W (Fig. 6b) is the area
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Fig. 7. Stratospheric temperature profiles in the meridional plane
of almost undisturbed TOC level in comparison with that in 45° \W-135 E at the pressure levels ¢&) 10 hPa andb) 50 hPa
2006 (Fig. 6a). for August 2002 (large vortex asymmetry, solid curves) and Au-

We have compared the meridional temperature profiles foigust 2006 (small vortex asymmetry, dashed curves).
August 2002 and August 2006 at the two pressure levels,
10 hPa and 50 hPa (Fig. 7a and b, respectively) using NCEP-
NCAR reanalysis data. These pressure levels correspond to From Salby and Callaghan (2004), the interannual changes
the strongest correlation peaks<0.8) in theAgsw—Tzm re- of the wintertime tenden.cy in the 5_0 hPa geopotential height
lationships for August (Fig. 4, AUG). The asymmetry axis related to the changes in the vertical component of the EP
(longitudes of the temperature minimum and maximum) wasflux show similar asymmetric patterns with a maximum re-
taken in the meridional direction 45V—13% E (dashed lines SPonse in geopotential height seen in the Eastern Hemi-
in Fig. 6). This differs from the asymmetry axis abodt-0 sphere. This maximum is located at higher latitudes (with
18C°E in the 100-hPa temperatures in Fig. 1 because ofhe steepest meridional gradient poleward of §pin win-
westward tilt of the QSW phase with altitude (Randel, 1988; ters of strong PW activity than in winters of weak PW activ-
Gabriel et al., 2011). Temperature fields (not shown) indicatety (Salby and Callaghan, 2004; their Fig. 13); the latitudi-
also that the TOC maximum between°@® and 180 E in nal changes in response at opposite longitudes in the West-
Fig. 6b is associated with the 10-hPa temperature maximun®'n Hemisphere are insignificant. Taking into account the
within this sector, i.e. to the west of the 100-hPa temperaturelimatology (east-west asymmetry in the ozone accumula-
maximum around 18CE (Fig. 1). tion), the ozone/temperature changes in the west segment of

Figure 7 shows the low zonal asymmetry in August 2006the Antarctic stratosphere do not contribute significantly to
(dashed curves) and high zonal asymmetry in August 200Z£hanges in the zonal means. It seems that the positive cor-
(solid curves) in agreement with Fig. 6. The changes infelation in Fig. 4 (AUG) is mainly due to direct proportion-
the temperature profiles in 2002 are mainly due to a tem-ality between interannual temperature variations in the east
perature increase over the Eastern Hemisphere® @3%ght segment of the Antarctic stratosphere and the zonal mean
half of the solid curves). These changes are accompanied b{gmperatures.
the poleward shift of the meridional temperature gradients |t should be noted that the zonal mean meridional ozone
here. Over the Western Hemisphere°(¥§ left half of the ~ flux in the SH polar region is typically low over the whole
plots), the temperature profiles are not significantly different.year except for a peak in October and November (Miyazaki
This means the zonally averaged temperature variations ar@t al., 2005; Monier and Weare, 2011). Similarly, Figs. 6
mainly dependent on their variability over the eastern longi-and 7 suggest that the changes in the zonal means consist
tudes. Such an asymmetric contribution to zonal mean temof @ relatively small component independent of the changes
perature variability is obviously related to the asymmetric in the asymmetric ozone accumulation. The latter relates

ozone accumulation (Fig. 6) due to asymmetries in the residt0 the vertical component of the eddy ozone flux (Miyazaki
ual circulation as noted above. and Iwasaki, 2005) and is in agreement with observed zonal

asymmetry in the vertical velocity in the Antarctic strato-
sphere (Sato et al., 2009; Gabriel et al., 2011).
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An important consequence of the asymmetric temperafprovide a large contribution to the vertically averaged tem-
ture increase in 2002 (Fig. 7, solid curves) is the notice-peratures, as well as to their zonal means that could be a pos-
able poleward shift of the meridional temperature gradientssible explanation of the correlation maximum occurrence at
in the Eastern Hemisphere. The gradient is less shifted buthe upper level near 7G5 too (Fig. 4, AUG).
is steeper in the lower stratosphere (50 hPa, Fig. 7b) than in Generally, the larger QSW disturbances suggest a larger
the middle stratosphere (10 hPa, Fig. 7a). In the lower stratopoleward shift of the meridional ozone/temperature gradients
sphere, as seen from the hatched area below the PSC thresh-the Eastern Hemisphere stratosphere (Figs. 6 and 7). In
old (dotted line in Fig. 7b), the poleward shift of the tem- the vertical, this can result in the stronger response of the
perature gradient could be the main cause of the PSC arezonal means to theqsw variations further poleward in mid-
decrease in August 2002 in comparison with August 2006. dle stratosphere (Fig. 7a) than in lower stratosphere (Fig. 7b).

Similar asymmetric changes in the August Such tendency could contribute to a diagonal pattern in the
ozone/temperature fields (not shown) occur always in thecorrelation distribution (Fig. 4) in addition to possible radia-
weak polar vortex regime (1988, 2002, 2004, 2007 and 2010}ive influence of Antarctica (Sect. 3).
relative to the strong polar vortex regime (1996, 2001, 2003, To some extent, such a tendency is seen from the maxi-
2006 and 2011; see, for example, the TOC fields from themum in theAgsw variability (Fig. 2b) which exhibits some
MSR data athttp://www.temis.nl/protocols/O3global.htjnl  poleward extension relative to that diysw itself (Fig. 2a)
in general consistency with the results by Salby andas noted in Sect. 2. It is possibly related to the properties
Callaghan (2004). Since the western part of the meridionabf the east-west asymmetry in the Antarctic vortex variabil-
temperature profile is usually less variable (Fig. 7), theity noted above and its vertical change illustrated partly by
interannual temperature variability nearr®in its eastern  Fig. 7. With the 5-degree resolution by latitude in this work,
part could give the largest contribution to the asymmetric,the QSW-induced disturbances around 2Q(i.e. poleward
temperature-dependent PSC occurrence. The asymmetrif the vortex edge) are good indicators of the variability in
PSC area variations, in turn, result in the related ozonehe zonal means over the latitudes690° S (Fig. 4a—d) and
loss and temperature variations (e.g. Gabriel et al., 2011in the ozone hole area (Fig. 4€).
who assume that the feedback of temperature-dependent Seasonal persistence in the correlations until November
chemistry could enhance the amplitudes of the stationary(Fig. 4) as noted in Sect. 4.1 can be related to variations in the
wave patterns in ozone in the case of a zonally asymmetrienomentum deposition by the QSW in late winter that could
configuration of the cold winter polar vortex). influence the vortex strength and following seasonal ampli-

It is possible that the asymmetry variability in the lower fication of the PW activity. Additional source of the pre-
stratosphere affects the threshold temperatures for the PS€nditioned vortex weakening could be associated with the
formation and results in irreversible, latitude-dependentasymmetric ozone heating in the stratosphere by the asym-
changes of the PSC volume. In Fig. 7b, this influence is seemetric BDC. Asymmetric enhancement of the ozone accu-
at the latitudes-70°-80° S (dashed area latitudes nearby the mulation (Fig. 6) and related ozone heating of the strato-
dotted threshold line) and it could be expanded toward thesphere (Fig. 7) lead to increase of the zonal mean temper-
pole by high air mixing inside the Antarctic polar vortex atures in the vortex edge and sub-vortex regions. We noted
(70090 S, e.g. Lee et al., 2001). Presence of the corre-above that, under the low zonal mean ozone transport, the
lation maximum in the lower stratosphere in the responseshanges in the eddy vertical ozone flux associated with the
of the zonal means between the latitude$§ SGand 90 S asymmetric BDC (Miyazaki and Iwasaki, 2005; Monier and
(Fig. 4b—d, AUG and SEP) and of ozone hole area (Fig. 4eWeare, 2011; Gabriel et al., 2011) contribute largely to the
SEP), as well as its absence af &(Fig. 4a) is consistent changes in the zonal mean ozone and temperature in the late
with this assumption. Close latitudes of this correlation max-austral winter. This can result in the changes of the equator-
imum in August and September (around®#) Fig. 4b—e, ward temperature gradient and, through thermal wind bal-
AUG and SEP) suggest that the ozone field in September iance (Salby, 1996), in the strength of the polar night jet.
under influence of preconditioned modification by the QSW This assumption is consistent with the asymmetric ozone
induced asymmetry. Note that absence of such modificatiomccumulation effects in the zonal wind asymmetry: weaker
in August 2006 (Figs. 6a and 7, dashed curves) favoured théstronger) winds are observed at the longitudes of the ozone
Antarctic vortex concentricity and longer air exposure at themaximum (minimum) as shown by Grytsai et al. (2008).
lower temperatures at the inner vortex edge (e.g. Maturilliet Thus, tropospheric PW activity in late austral winter
al., 2005 and references therein) that resulted both in largecan contribute to the Antarctic polar vortex weakening (i)
PSC area in late winter and in larger net ozone loss in springthrough the easterly momentum deposition by the QSW com-

At the upper levels+30km), the PSC do not affect the ponent which reaches the maximum amplitudes in middle
ozone/temperature variability (e.g. Sonkaew et al., 2011)stratosphere and (ii) through change of the pole-equator tem-
However, the large poleward shift of the temperature gradienperature difference by contribution to zonal mean tempera-
at 135 E indicates the higher temperature change again neature increase from the asymmetric ozone heating. Both pre-
70° S (double arrow in Fig. 7a). Such asymmetric changesconditioning sources can have effects on the seasonal time
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scale, because of modification of the seasonal tendencie$.3 Ozone mixing effects
(Sect. 4.1) and increasing interaction between zonal wind,
PW penetration into stratosphere and polar vortex strengttin late winter, meridional transport and eddy mixing in the
during late winter and spring. In addition to vortex weak- Antarctic stratosphere are negligible due to the mixing bar-
ening, seasonal vortex area decrease could contribute tiéer near the strong polar night jet (Andrews et al., 1987,
the latitude-altitude distribution of the correlations and their Holton et al., 1995; Miyazaki et al., 2005) as noted above.
changes in Fig. 4 as assumed in Sect. 3. Erosion of the polar vortex by PW breaking starts earlier in
The QSW-related influences on the seasonal evolutiorthe middle stratosphere than that in the lower stratosphere
of the Antarctic polar vortex and ozone hole are in gen-(Waugh and Randel, 1999). The horizontal diffusion co-
eral agreement with the effects of the zonally asymmetricefficient for ozone mixing in the Antarctic stratosphere at
ozone in model studies (McCormack et al., 2011; Albers and20 hPa increases at the high latitudes* (@ S) since Oc-
Nathan, 2012) which have found significant differences intober and maximizes in November—December (Miyazaki et
winter extratropical stratospheric temperatures depending oal., 2005; their Fig. 7). At the same time, in the lower strato-
the presence or absence of zonally asymmetric ozone (ZAO3phere, the mixing barrier at the Antarctic vortex edge exists
heating. From Albers and Nathan (2012), ZAO contributesuntil the end of November without either further chemical
to zonal wind via planetary wave drag (their pathway 1) andloss or any significant dilution by transport across the vortex
via zonal mean ozone heating (pathway 2). In their numeri-edge, even after anomalously strong wave disturbances such
cal experiment based on coupled equations for wind, temperas those in spring 2002 (e.g. Konopka et al., 2005). Strong
ature and ozone, ZAO causes a slightly weaker and warmevyertical differentiation in ozone amount in lower and mid-
vortex in the dynamically controlled region, belowd5km.  dle stratosphere exists until polar vortex breaks down in late
The authors note that the model can underestimate the impadtovember—-December.
of pathway 2 on the zonal mean circulation. According to The seasonal change in the ozone amount in the lower
McCormack et al. (2011), significantly warmer and weaker stratosphere related to chemical ozone destruction (Fig. 5)
stratospheric polar vortex in winter is possible in the simula-results in an insignificant contribution to ozone column vari-
tions including zonally asymmetric ozone heating. ability in October and November in comparison with the
The PW propagation into Antarctic stratosphere in the latemid-stratospheric ozone as noted in Sect. 3. The correlation
austral winter is damped, nevertheless variability in its QSWmaximum associated with the late-winter QSW influence in
component suggests high positive coupling between zonathe middle stratosphere dominates the correlation patterns in
asymmetry and zonal means over the latitude randge- 60 Fig. 4 and is only below statistical significance in thgre-
90° S (Fig. 4, AUG). Climatological east-west asymmetry in sponse in August (Fig. 4d, AUG). As could be inferred from
the Antarctic stratosphere and low zonal mean ozone transFigs. 6 and 7, asymmetry variations in August suggest rel-
port, as noted above, lead to strong dependence of the zonatively low contribution to ozone/temperature changes over
mean ozone heating on the eddy vertical ozone flux assothe South Pole (in agreement with thgysw climatology
ciated with zonally asymmetric residual circulation. This in Fig. 2 which indicates significant poleward decrease of
agrees with the results of Salby and Callaghan (2004) whdhe asymmetry). Nevertheless, transition from August to
have shown that the BDC-related tendency of asymmetricSeptember (Fig. 4d, SEP) is marked by strong increase in the
ozone increase in austral winter is accompanied by posiZspresponser(=0.7) to the same late-winter disturbances by
tive anomalies in zonal mean temperature in the stratosphertiie QSW not only in the middle stratosphere but also in the
(their Figs. 17 and 18). It seems that the dynamical distur-lower stratosphere. Using a very close similarity between the
bances by the QSW1 type produce co-variability of zonally correlation patterns in Fig. 4b—e (SEP) and Fig. 4b (AUG) it
asymmetric and zonal mean ozone heating in the late-wintecould be assumed that the latter (g, response at 705 in
Antarctic stratosphere which, by the TOC and temperatureAugust) determines to a large degree the relationships for the
data, affects the ozone hole until November (Fig. 4). Furtherozone hole parameters in September.
examinations of these effects using other data sources and As discussed in Sect. 4.2, the QSW amplitude neaiS70
models are necessary. Seasonal persistence of the QSW imay be tightly coupled with the PSC threshold tempera-
pact in Fig. 4 suggests that the ZAO effect in the late winterture in the lower stratosphere and related ozone losses here.
SH stratosphere is important even under generally low waveDzone depletion in the ozone hole grows rapidly from July to
activity and strong polar jet. Modification of wave propa- September (Fig. 5) starting near the vortex edgé-80 S
gation versus wave damping (by easterly momentum depofe.g. Lee et al., 2001). Strong air mixing inside the Antarc-
sition and asymmetric ozone heating, as noted above, or vitic polar vortex (70-90° S; Lee et al., 2001) can expand
pathway 1 and 2, respectively, by Albers and Nathan, 2012the ozone loss anomalies induced by the QSW nea&i0
could be considered with respect to modulation of the vortexAugust over the ozone hole region in September contribut-
strength and temperature on seasonal time scale. ing to enhancement of the correlation maximum near 50 hPa
(Fig. 4b—e, SEP). Over the South Pole, the correlation in-
crease in September to upper-level QSW could be caused
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by the decrease in vortex area which starts as early as AUSEP) could be mainly associated with dependence of the
gust at this level and is faster than in the lower stratospher@zone losses on the variations of the PSC threshold tem-
(Waugh and Randel, 1999). This tendency could favour poleperature at the poleward side of the polar vortex edge (near
ward displacements of the mid-latitude ozone accumulation7® S). In the lowermost stratosphere (Fig. 4c and d, AUG),
anomalies, without irreversible mixing. In combination with the radiative influence of the Antarctic continent is possi-
typically larger displacements of the polar vortex edge in theble. Correlation peak occurrences in the middle stratosphere
middle stratosphere than in the lower stratosphere (Fig. 7)(Fig. 4), their seasonal persistence and changes by value and
the mid-stratospheric part of the vertical ozone profile maylatitude of the correlation maxima suggest their link with (i)
cause strong variability of the total ozone column. late-winter QSW climatology, (ii) polar vortex warming and
For example, according to Kondragunta et al. (2005), inweakening due to heat and easterly momentum deposition
the case of the 2002 ozone hole, the offset between thand pole-equator temperature difference modification by the
vortices in the lower stratosphere and middle stratospher&SW, (iii) influence of the meridional temperature gradient
masked the ozone depletion in the lower stratosphere and rext the vortex edge on the horizontal ozone mixing, (iv) sea-
sulted in higher total ozone column and a smaller ozone holesonal decrease of the polar vortex area and (v) altitude and
size estimate. According to Tully et al. (2008), a progressivelongitude dependent, meridional displacements of the vor-
poleward shift with increasing altitude is seen in the East-tex edge due to QSW1 dominance. The QSW1 dominance
ern Hemisphere ozone maximum in September 2007 (theiand related ozone/temperature zonal asymmetry seem to be a
Fig. 33). It is possible that the preconditioned QSW influ- general underlying circumstance of the preconditioned mod-
ence on the seasonal PW amplification can contribute to inification of the Antarctic stratosphere with its seasonal time
creasing the amplitude of the meridional displacements ofscale effects.
the Antarctic vortex edge and adjacent ozone collar.
Additionally, the poleward eddy transport by PW break-
ing (Andrews et al., 1987) compensates for the chemicab Conclusions
ozone losses in the lower stratosphere and provides an im-
portant contribution to the total column during the recovery Analysis of the relationships between the QSW amplitudes
phase of the ozone hole. Observations at the Antarctic stain the late austral winter (August) and the ozone hole charac-
tions Syowa and Davis located in the Eastern Hemispheréeristics (zonal mean total ozone, vertically averaged zonal
near 70 S (40 E and 78 E, respectively) show that ozone mean stratospheric temperatures and the ozone hole area)
maximum at 20-25km in the vertical ozone profile in the in austral spring (September—November) was carried out.
spring can exceed that at 15-20 km in the undisturbed win-The temperature (NCEP-NCAR Reanalysis) and total ozone
ter profile (Sato et al., 2009, their Fig. 2; Tully at al., 2008, (TOMS/OMI, Multi Sensor Reanalysis and Amundsen-Scott
their Figs. 20-22). Because the typical ozone maximum astation) data were used. Linear correlation coefficients (max-
15-20 km disappears almost completely in the spring ozonémum r =0.83) show significant positive coupling (negative
hole, the upper-level ozone becomes the main contributor tdor the ozone hole area) between the analyzed time series
column ozone variability as emphasized above. over the 1985-2010 period, the principal years of the Antarc-
It should be noted that ozone mixing in the middle strato-tic 0zone hole. The winter-time planetary wave activity is
sphere depends not only on wave breaking activity but alsgnown to be positively correlated with spring polar ozone
on the meridional ozone gradient and is strongly related toand the correlation patterns in our results reveal for the first
the evolution of the polar night jet (Miyazaki et al., 2005). time different preconditioning influences of QSW variability
Late winter variability of the gradients in the total ozone in the lower and middle stratosphere on spring total ozone.
fields (Fig. 6) and in the meridional temperature profiles Quasi-stationary wave number one is the dominant com-
at 10hPa (Fig. 7a) suggests their possible preconditioningponent of the planetary waves penetrating into the Antarctic
role for strengthening horizontal ozone mixing in the mid- stratosphere, suggesting the involvement of zonal asymme-
dle stratosphere in spring. As spring progresses, the influtry in the preconditioning. In the late winter, the climatologi-
ence exerted on the meridional gradients by the QSW in Au<al east-west asymmetry of the Antarctic polar vortex due to
gust could contribute to the stronger eddy mixing (correlationQSW1 is accompanied by zonal asymmetry in the residual
maximum near 10 hPa in Fig. 4). Overall, in the upper lev-large-scale ozone transport which forms asymmetric ozone
els of the ozone hole, the QSW controls in-fill, while in the and temperature fields and asymmetric meridional gradients
lower levels it limits the overall amount of chemical loss and at the vortex edge. Variability in the eddy vertical ozone
the size of the ozone depleted area and, thus, contributes fitux and related asymmetric ozone accumulation and heating
the correlation patterns in Fig. 4. is assumed to be main modifying factor for the zonal mean
Summarizing, multiple individual factors are likely in- 0zone and temperature in the late winter.
volved in producing the spring total ozone response to the In the lower stratosphere, by our qualitative estimate, the
late-winter QSW disturbances in the stratosphere. The lowerdirect eddy-zonal mean temperature coupling could affect
stratospheric correlation maximum (Fig. 4b—e, AUG andthe threshold temperature for the PSC formation and resulted
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