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Abstract

One of the most significant events in the evolution of the ozone layer over southern
mid-latitudes since the late 1970s was the large decrease observed in 1985. This event
remains unexplained and most state-of-the-art atmospheric chemistry-transport mod-
els are unable to reproduce it. In this study, the 1985 southern hemisphere mid-latitude5

total column ozone anomaly is analyzed in detail based on observed daily total column
ozone fields, stratospheric dynamical fields, and calculated diagnostics of stratospheric
mixing. The 1985 anomaly appears to result from a combination of (i) an anomaly in the
meridional circulation resulting from the westerly phase of the equatorial quasi-biennial
oscillation (QBO), (ii) weaker transport of ozone from its tropical mid-stratosphere10

source across the sub-tropical barrier to mid-latitudes related to the particular phas-
ing of the QBO with respect to the annual cycle, and (iii) a solar cycle induced local
reduction in ozone. The results based on observations are compared and contrasted
with analyses of ozone and dynamical fields from the ECHAM4.L39(DLR)/CHEM cou-
pled chemistry-climate model (hereafter referred to as E39C). Equatorial winds in the15

E39C model are nudged towards observed winds between 10◦ S and 10◦ N and the
ability of this model to produce an ozone anomaly in 1985, similar to that observed,
confirms the role of the QBO in the anomaly.

1 Introduction

Total column ozone over southern mid-latitudes has decreased since the early 1980’s.20

However, this decrease has not occurred as a purely monotonic decline but rather
as a number of stepwise decreases superimposed on a background linear decline.
Perhaps the largest of these stepwise decreases occurred in 1985 when total column
ozone over southern mid-latitudes decreased by up to 30 Dobson Units (DU; 1 DU =
2.69×1016 molecules/cm2) depending on location. This feature has been commented25

on in a number of previous studies (Bodeker et al., 2001) but cannot be tracked by many
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state-of-the-art chemistry-transport models and remains largely unexplained (WMO,
2003).

Potential explanations for the 1985 ozone anomaly are:

1. In situ depletion of ozone over southern mid-latitudes.

2. Export of ozone depleted air from Antarctica.5

3. A reduction in mid-latitude ozone due to a QBO induced change in the strength
of the meridional circulation.

4. Anomalously weak transport of ozone from its tropical source, across the sub-
tropical barrier, to mid-latitudes. This could result from unforced inter-annual vari-
ability in the frequency of mixing events or from the QBO itself (thereby creating10

a second order dependence on the QBO).

5. Reduced mid-latitude ozone concentrations due to a minimum in the solar cycle.

A combination of these processes may also be possible. While the El Niño Southern
Oscillation (ENSO) is known to drive changes in total column ozone in the southern
hemisphere in winter (Randel and Cobb, 1994), the Southern Oscillation Index (the15

normalized Tahiti minus Darwin sea-level pressure) was close to zero through 1984,
1985 and 1986. Therefore we have not considered ENSO as a potential explanatory
factor for the 1985 ozone anomaly.

The first option is highly unlikely as there are no documented sudden and rapid in-
creases in ozone depleting substance concentrations nor of rapid changes in southern20

mid-latitude stratospheric chemistry over this period.
With regard to option 2, the vortex period averaged ozone mass deficit over Antarc-

tica in 1985 was approximately 2.5 times larger than in 1984 (4.63×109 kg in 1985
cf. 1.85×109 kg in 1984) and greater than any previous year (Huck et al., 2005). While it
is unlikely that this ozone depleted air over Antarctica would have affected mid-latitudes25
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much before the breakdown of the polar vortex, if there was considerable diabatic de-
scent inside the vortex during this period, air depleted in ozone may have been trans-
ported down into the lowermost stratosphere, below the base of the vortex. Transport
along isentropic surfaces could have advected the descended anomaly out to mid-
latitudes. However, previous analysis of total column ozone anomalies (see Fig. 6b of5

Kinnersley and Tung, 1998) shows that the anomaly appears in the first half of 1985
at sub-tropical latitudes and then propagates poleward, reaching the Antarctic in Octo-
ber/November of that year. This suggests that the anomalously large Antarctic ozone
depletion in 1985 was caused in part by an equatorial anomaly advected poleward
rather than the driver of the anomaly itself.10

Kinnersley and Tung (1998) showed that by forcing an interactive chemical-
dynamical model of the stratosphere with observed Singapore zonal winds and with
the observed daily varying planetary wave heights just above the tropopause, much of
the observed interannual variability in monthly mean total column ozone globally could
be reproduced. Similar to the approach used in the E39C model (see Sect. 2), the zonal15

winds between 10 and 70 hPa and between 10◦ S and 10◦ N were relaxed towards the
observed Singapore winds with a time constant of 1 day. The best correlations were
found within 50◦ of the equator during winter and autumn in both hemispheres (the
period when wave induced transport of ozone from the tropics to higher latitudes is
greatest), suggesting that the fourth possibility listed above might be more likely. In20

this model, the propagation of the ozone anomaly from equatorial to higher latitudes
occurred only in the southern hemisphere. However, Kinnersley and Tung (1998) did
not use observed planetary wave amplitudes in the southern hemisphere but rather a
repeating annual (July 1980 to June 1981) cycle of wave amplitudes since “use of the
observed interannually varying waves gave unrealistic results”. Therefore, any plane-25

tary wave induced equator to pole advection anomaly in 1985 would not be faithfully
reproduced in their model. Furthermore, Kinnersley and Tung (1999) showed that the
mid-latitude QBO signal in ozone results primarily from the direct QBO modulation
of the meridional circulation and, to a lesser extent, QBO modulation of mid-latitude
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planetary wave activity. As opposed to Gray and Pyle (1989), who modelled the extra-
tropical QBO signal in ozone as a poleward advection and diffusion of the QBO induced
tropical ozone anomaly, Kinnersley and Tung (1999) found that diffusion by planetary
waves actually reduces the mid-latitude ozone anomaly by spreading it to lower and
high latitudes. That said, reduced diffusion by planetary waves and/or reduced trans-5

port of ozone from its tropical source region to mid-latitudes, would exacerbate the
anomaly as the smoothing effects of the mixing would be reduced. Using Lyapunov
exponents as a measure of mixing, Bowman (1993) showed anomalously weak mixing
between the tropics and southern mid-latitudes in 1985.

Kinnersley and Tung (1998) proposed a positive feedback that would amplify neg-10

ative ozone anomalies caused by the QBO i.e. if the Antarctic stratosphere is colder
than usual due to the QBO (Lait et al., 1989) ozone depletion will be enhanced as a
result of greater polar stratospheric cloud formation. Reduced ozone will reduce solar
heating which will strengthen the circumpolar vortex, decrease planetary wave activity,
and so reduce mixing of ozone from lower latitudes and further reduce ozone levels. It15

should be noted that ozone responds not only to the secondary circulation associated
with the QBO but also to the temperature variations because of the strong dependence
of chemical loss rates on temperature (Lee and Smith, 2003). This suggests that the
third and fourth possibilities listed above, working in tandem, and possibly with local
ozone levels further reduced by a minimum in the solar cycle (McCormack and Hood,20

1996; Soukharev and Hood, 2006), could explain the 1985 mid-latitude anomaly. It is
interesting to note that the product of a 50 hPa QBO signal and a solar activity index
(Fig. 1) shows anomalously low values through most of 1985 and early 1986, as well
as 1995 and 1997 (which also showed anomalously low southern mid-latitude ozone,
see Sect. 3.1).25
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2 The E39C model

A full description of the E39C model is provided in Dameris et al. (2005) and Dameris
et al. (2006). The features of the model relevant to this study are summarized in this
section. The model has a horizontal resolution of T30, with 39 layers from the surface
to an upper layer centered at 10 hPa. Heating and photolysis rates are sensitive to the5

three-dimensional distributions of the radiatively active gases (O3, CH4, N2O, H2O, and
CFCs), and clouds, so that changes in atmospheric composition affect atmospheric
temperatures and hence transport. Observed sea surface temperatures and sea ice
cover (update of Rayner et al., 2003), and observed greenhouse gases and CFC con-
centrations (WMO, 2003), provide the model boundary conditions. The 11-year solar10

cycle affects both heating rates and photolysis rates of chemical species. The impact
of solar activity changes on short-wave heating rates is prescribed in two spectral in-
tervals by varying the solar constant. Continuum scattering, grey absorption, water
vapor and uniformly mixed gas transmission functions and ozone transmission are all
considered (Dameris et al., 2005). The effects of changes in solar activity on pho-15

tolysis rates are parameterized in 8 spectral intervals (between 178.8 and 752.5 nm)
according to 10.7 cm solar flux measurements (see Fig. 1). The spectral distribution
of changes in extra-terrestrial solar flux is based on Lean et al. (1997). The effects
of solar activity at altitudes above 30 km are accounted for by prescribing changes in
total nitrogen, obtained from a transient simulation of a 2-D model (Brühl and Crutzen,20

1993), as a model upper boundary condition. The QBO is forced by linear relaxation of
the equatorial zonal winds in the lower stratosphere toward observed zonal wind pro-
files. The effects of past major volcanic eruptions (Agung in 1963, El Chichón in 1982,
and Pinatubo in 1991) are also included.
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3 The evidence

3.1 Temporal and spatial pattern of the anomaly

The temporal context of the 1985 anomaly is shown in Fig. 2 where long-term annual
mean time series of total column ozone from 4 locations are plotted.

The annual means at the 4 sites were calculated from Dobson spectrophotometer5

measurements obtained from the World Ozone and UV Data Center (WOUDC), re-
quiring 5 daily values for a monthly mean to be valid, at least 8 monthly means for an
annual mean to be valid, and with corrections based on a monthly mean climatology to
correct for temporal seasonal biasing in these calculations. Missing values result from
these criteria not being met (e.g. only Lauder and Buenos Aires have values for 2006).10

These long-term time series show that the 1985 anomaly represents one of the largest
year-to-year changes in annual mean ozone on record and is a key characteristic of
long-term changes in ozone over southern mid-latitudes. 1997 also shows very low
annual mean total column ozone at all 4 sites and this feature has been discussed by
Connor et al. (1999).15

An earlier analysis of changes in mid-latitude ozone mass indicated that the reduc-
tions in southern mid-latitude ozone in 1985 and 1997 were accompanied by increases
in ozone over northern mid-latitudes (see Fig. 5 of Bodeker et al., 2001). The ozone
mass time series plotted in Bodeker et al. (2001) have been updated and differences
between deseasonalised mid-latitude (30◦–60◦) ozone mass values have been calcu-20

lated based on both the NIWA combined total column ozone data base (Bodeker et al.,
2005) and output from the E39C run (see Fig. 3).

The years of 1985, 1997 and 2006 (see discussion below for why 2006 is consid-
ered to be similar to 1985 and 1997) are characterized by increases in the differences
between northern and southern mid-latitude ozone mass anomalies that build through25

the year. At the beginning of the year the southern mid-latitudes have a positive ozone
mass anomaly with respect to the northern mid-latitudes but by the end of the year the
situation is reversed. This seasonal evolution is seen in both the observations and in
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the E39C model output and is explored further in Sect. 3.3.
To show more clearly the full spatial structure of the 1985 anomaly, differences be-

tween the southern hemisphere annual mean total column ozone, calculated using
Nimbus 7 TOMS (Total Ozone Mapping Spectrometer) total column ozone fields are
displayed in Fig. 4 together with the analogous difference field obtained from the E39C5

run.
Regions coloured green and blue show where total column ozone in 1985 was lower

than in 1984 while regions coloured red and yellow show where total column ozone in
1985 was higher than in 1984. Both the observed and modelled difference fields are
characterized by a ring of positive anomalies within ∼15◦ of the equator, indicative of10

the influence of the equatorial QBO (Gray and Pyle, 1989), surrounding a large extra-
tropical region of predominantly negative anomalies. A wave 1 structure exhibiting
weak positive anomalies south of South America, and large negative anomalies ex-
ceeding –30 DU close to the perimeter of the Antarctic continent between South Africa
and Australia, is superimposed on the observed anomaly field. In contrast, a much15

weaker wave structure is seen in the E39C anomaly field and with positive anomalies
over Antarctica. Care must be taken when interpreting high latitude differences be-
tween the two fields plotted in Fig. 4 because of potential temporal biasing i.e. if from
May to August ozone over Antarctica in 1985 was in fact higher than in 1984 this would
not be fully accounted for in the observations since TOMS is unable to measure ozone20

in regions of polar darkness.
The origin of the wave 1 structure in the observed anomalies can be discerned from

Fig. 5 where daily 100 hPa geopotential height and temperature fields at 12:00 UT from
the National Centers for Environmental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) reanalyses (Kistler et al., 2001) were used to calculate the an-25

nual mean geopotential height and temperature differences from 1984 to 1985.
Both difference fields show a clear wave 1 pattern where reduced geopotential

heights and lower temperatures in 1985 compared to 1984 are approximately collo-
cated with the region of reduced ozone while areas of raised geopotential height and
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higher temperatures are approximately collocated with the region of enhanced ozone
near the southern part of South America. This indicates that the wave 1 pattern seen
in Fig. 4 a results from an underlying change in the synoptic scale wave structure over
the southern mid-latitudes from 1984 to 1985. Further discussion of the interannual
variability in southern mid-latitude wave forcing is presented in Sect. 3.5.5

3.2 Changes in the frequency of high and low ozone events

To show more clearly the changes in ozone that occur each month in 1985 compared to
the mean of the 1980s decade, monthly probability distribution functions (PDFs) have
been calculated from daily 1.25◦ longitude by 1.0◦ latitude total column ozone fields
from Nimbus 7 TOMS over 30◦ S to 60◦ S. The monthly PDFs for 1985 are compared10

against the 1980–1989 (but excluding 1985) climatological mean PDFs in Fig. 6.
Throughout 1985 it appears that the likelihood of measuring high ozone values de-

creased rather than the likelihood of lower ozone values increasing. This is particu-
larly apparent in spring (September and October) when, in 1985, ozone values above
450 DU were hardly ever encountered. This suggests that the 1985 anomaly resulted15

from a reduction in highest ozone values rather than an increase in lowest ozone val-
ues. The ozone PDFs calculated from the E39C total column ozone fields are shown
in Fig. 7. These too show that the 1985 anomaly is characterized by reductions in the
probability of high ozone values rather than increases in the probability of low ozone
values. This provides further evidence that it is unlikely that the 1985 anomaly results20

from export of ozone depleted air from Antarctica since this would have increased the
probability of very low ozone values.

3.3 Inter-hemispheric structure of the anomaly

Principal component analysis has been used to investigate whether the 1985 southern
mid-latitude anomaly is related to any large scale pattern of variability in global ozone.25

Monthly mean, zonal mean (1◦ zones) total column ozone time series were generated
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from the NIWA combined total column ozone data base. Similar time series were
generated from the E39C runs where ozone was interpolated to 1◦ resolution. To
form anomaly time series with respect to the period before significant ozone depletion
began, mean annual cycles calculated from 1980 to 1983 were subtracted from the
time series at each latitude.5

Spatial and temporal modes of variability in the zonal mean anomaly time series were
calculated separately for each month by decomposing the area weighted anomaly co-
variance matrix by principle component analysis (Preisendorfer, 1988). The analysis
was performed individually for each month so as to maximize the latitudinal coverage
(satellite coverage of polar regions in winter is limited) and since patterns of variabil-10

ity were expected to be seasonally dependent. The decomposed temporal modes
were normalized so that the variance of each temporal mode was 1.0. The normal-
ized temporal modes (principal components; PCs) were projected onto the zonal mean
anomalies to generate the spatial modes (empirical orthogonal functions; EOFs). The
EOFs were then area de-weighted.15

For the month of November, the PC time series for the third EOF identified a merid-
ional pattern in ozone changes that maximized in 1985, 1997 and 2006 which were
years of anomalously low southern mid-latitude ozone (see Fig. 2). The first and sec-
ond EOFs, not shown here, reflect November trends in total column ozone and year-
to-year variability in the timing of the vortex breakdown, respectively. The third EOF20

pattern is plotted together with its PC time series in Fig. 8.
For the E39C model, it was the second EOF that most closely resembled the third

EOF based on measurements, and this too is plotted in Fig. 8. The PC time series
based on measurements and model output are highly correlated (R2=0.59). The third
EOF explains approximately 3% of the total variance in the measured zonal mean25

ozone while the second EOF explains approximately 12% of the total variance in the
modelled zonal mean ozone. PC time series based on measurements and on model
output identify 1985 and 1997 as anomalous, and the measurements, which extend to
2006, also show 2006 to be anomalous. The measured and modelled EOF patterns
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both show negative ozone anomalies in southern mid-latitudes and the EOF pattern
based on measurements suggests that these negative anomalies occur in conjunction
with positive total column ozone anomalies in northern mid-latitudes. The positive
anomalies occurs at higher northern latitudes in the model.

This dipole pattern is consistent with the mid-latitude ozone mass differences plotted5

in Fig. 3. Because the hemispheric ozone mass differences appear to accumulate
through the year, the principal component analysis results for November, close to when
these differences maximize, show this pattern most clearly.

3.4 Associated anomalies in stratospheric mixing

As outlined in Sect. 1, the fourth possible explanation for the 1985 ozone anomaly is an10

anomaly in the transport of ozone from the tropics to mid-latitudes. Transport is deter-
mined by the amount of mixing between the tropics and mid-latitudes, which can vary
from year to year and therefore change the amount of ozone rich air transported out
of the tropics to higher latitudes. To diagnose the degree of mixing over the southern
hemisphere, Lyapunov exponents were calculated as was done in Bowman (1993). A15

description of Lyapunov exponents, their use in diagnosing atmospheric mixing, the
algorithm for their calculation, and an analysis of uncertainties is presented in detail
in Garny et al. (2007). Briefly, Lyapunov exponents measure the separation of two
trajectories with time from initially nearby starting points. The exponents are related
to the local stretching deformation of the fluid following an air parcel (Bowman, 1993).20

Divergent velocity fields produce positive Lyapunov exponents, while convergent fields
produce negative exponents.

Two dimensional (latitude and longitude) Lagrangian trajectories were computed on
isentropic surfaces using a standard 4th order Runge-Kutta integration scheme (Press
et al., 1989) applied at 1 h integration intervals to 6 hourly 2.5◦×2.5◦ NCEP/NCAR wind25

fields, and 12 hourly E39C model wind fields, on the 450, 550 and 650 K isentropes.
Trajectories within 20◦ of the poles are transformed to a Cartesian coordinate system
to avoid the singularity at the pole which occurs when prescribing winds using zonal
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and meridional components.
To determine the mixing between the tropics and mid-latitudes, Lyapunov exponents

were calculated for each month from 1980 to 1989 based on 30 day trajectories for
both measured and modelled data. The starting positions for the trajectories were
specified at 2◦ longitude spacing and 1◦ latitude spacing covering the whole of the5

southern hemisphere. Examples of the calculated trajectories as well as various fields
and zonal mean time series of the resultant Lyapunov exponents are shown in Garny
et al. (2007). Southern hemisphere anomalies in monthly Lyapunov exponents (not
shown here), calculated by subtracting the mean annual cycle from the time series at
each degree of latitude, identify 1985 as having anomalously weak mixing from the10

equator to poleward of 40◦S. Therefore, to highlight the extent to which mixing between
the tropics and mid-latitudes was unusual in 1985, the monthly Lyapunov exponents,
based on both NCEP/NCAR wind fields and E39C wind fields, were averaged between
the equator and 40◦ S for all three isentropic levels. The values for 1985 are compared
with the 1980–1989 climatology (but excluding 1985) in Fig. 9.15

At 450 K the measured and modelled Lyapunov exponents show very different sea-
sonal structure. In the observations, highest mixing occurs in January and February
(with a secondary maximum in winter) while in the E39C model, highest mixing oc-
curs from July to September. Furthermore, the observations show weaker than usual
mixing through most of 1985 and particularly in September and October. In contrast,20

the model shows significantly weaker mixing only during the first 4 months of 1985. At
550 K, both the measurements and the model show mixing maximizing in winter (June
to August), but with generally weaker mixing in the model than in the measurements.
The observations show anomalously weak mixing in 1985 from May to September
while the model shows moderately weaker mixing through the first half of the year. At25

650 K, mixing also maximizes in the winter, both in the observations and in the model.
As at 550 K, the equator to mid-latitude mixing in the model is weaker than in the obser-
vations. While the observations show no anomalously low mixing in 1985 at 650 K, the
model does show weaker mixing through much of the middle of the year. Therefore,
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while both measurements and model show a mixing anomaly in 1985, the anomaly
occurs at higher altitudes in the model than in observations.

3.5 Associated anomalies in wave forcing

Since mixing in the mid-latitude surf zone is driven primarily by planetary scale wave
breaking, it is natural to consider whether planetary wave activity in 1985 was anoma-5

lous. To this end daily 20 hPa geopotential height wave amplitudes at 60◦ S have
been calculated from NCEP/NCAR fields and from 20 hPa geopotential height fields
extracted from the E39C model. A discrete Fourier transform has been used to calcu-
late the wave amplitudes for zonal waves 1 to 5. Winter-time (mid-July to the end of
November) means of these wave amplitudes are plotted in Fig. 10.10

The measured wave amplitudes in 1985 show a suppression of energy in wave 2
and an increase of energy in wave 3. The wave 3 amplitude in 1985 exceeds all other
years. The E39C wave amplitudes also show a suppression of energy in wave 2 but
no concomitant increase of energy in wave 3. The increasing wave 1 amplitudes in
the NCEP/NCAR 20 hPa geopotential height fields suggest that mixing in the southern15

mid-latitude surf zone should have increased over this period. Garny et al. (2007)
report increasing mixing on the 450 K isentrope through much of the mid-latitudes of
the southern hemisphere from 1979 to 2005. The E39C wave 1 amplitudes show a
much weaker positive trend, if any, from 1979 to 1999.

4 Discussion20

A number of lines of evidence were presented above which provide clues as to the
origin of the 1985 southern mid-latitude total column ozone anomaly. A discussion of
this evidence and the conclusions drawn are presented below.

The spatial pattern of ozone change from 1984 to 1985 (see Fig. 4) was evocative
of QBO influence. The fact that the E39C coupled chemistry-climate model, whose25
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equatorial winds are nudged towards observed winds, was able to capture many of the
characteristics of the ozone anomaly, suggests that the QBO played a key role in forc-
ing the anomaly. The mechanism by which the QBO modulates stratospheric ozone is
well known (Kinnersley and Tung, 1999; Baldwin et al., 2001). The classical picture is
of two cells on either side of the equator, with anomalous descent in the stratosphere5

over the tropics in the QBO westerly phase which increases ozone, and anomalous
ascent in the stratosphere over the sub-tropics which decreases ozone. In QBO east-
erly phases, tropical ozone is reduced and sub-tropical ozone is increased (Gray and
Dunkerton, 1990). In addition, there is a robust seasonal synchronization of the QBO
signal resulting from seasonality in the vertical velocity of the meridional circulation10

which is modulated by the QBO at low and middle latitudes, and the seasonality of the
planetary wave modulated circulation at high latitudes (Kinnersley and Tung, 1999).

The 1985 anomaly coincided with anomalously weak mixing between the tropics
and mid-latitudes in winter and spring at the 450 and 550 K levels (see Fig. 9). The
sub-tropical barrier to meridional mixing (Trepte and Hitchman, 1992; Plumb, 1996)15

is not impermeable (Hu and Pierrehumbert, 2001) and large wave events transport
atmospheric constituents across the barrier (Randel et al., 1993). In southern mid-
latitudes, a large fraction of the ozone originates in the tropical middle stratosphere,
more so in winter than in summer (Grewe, 2006). Therefore, any perturbations to the
mixing across the barrier are likely to affect ozone levels over southern mid-latitudes.20

In general the E39C model is able to reproduce the observed climatological mean an-
nual cycle in mixing but with lower Lyapunov exponents on average. However, these
lower Lyapunov exponents may result from the coarser grid spacing of the E39C model
compared to the NCEP/NCAR reanalyses (Hu and Pierrehumbert, 2001). The QBO
also has a role to play in stratospheric mixing as it modulates the vertical propagation25

of planetary waves in the mid-latitudes (Holton and Tan, 1980; Shindell et al., 1999).
Garny et al. (2007) show that the QBO strongly modulates mixing between the tropics
and mid-latitudes at the 450, 550 and 650 K levels, with a clear seasonal dependence
(see also Shuckburgh et al., 2001). In general, in the lower stratosphere, QBO west
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phases cause mixing to be enhanced around the equator, with the maximum on the
summer side of the equator, from June to October, accompanied by a decrease in mix-
ing in southern subtropics. This is shown in Fig. 11 where the correlation between the
zonal mean 550 K Lyapunov exponents, which are now calculated from NCEP/NCAR
data from 1979 to 2005, and the 50 hPa QBO signal are plotted.5

The correlation is significant for most latitudes equatorward of 30◦ S. When the QBO
is in a westerly phase early in the year (DJF) mixing is enhanced over most of the region
equatorward of ∼20◦ S and reduced poleward of ∼20◦ S. In winter (JJA), a westerly
phase QBO produces an enhancement in mixing equatorward of ∼10◦ S together with
a significant reduction in mixing poleward of this latitude.10

The seasonal timing of the switch of the QBO from easterly to westerly phase also
appears to be important in explaining the 1985 anomaly. In 1985, equatorial zonal
mean zonal winds at 50 hPa were easterly in the first 3 months of the year. The di-
rect QBO induced signal in ozone would result in increases in ozone over southern
mid-latitudes during this period though the effect of the QBO at this time of the year is15

small (Tung and Yang, 1994). Perhaps more important, because the zero wind line be-
tween equatorial easterlies and northern mid-latitude winter-time westerlies would be
located in the low latitudes of the northern hemisphere, planetary waves would break
there rather than propagating across the equator and breaking close to the southern
sub-tropical barrier. This would reduce mixing across the southern sub-tropical barrier.20

From April 1985 to February 1987, the 50 hPa equatorial winds were westerly. In this
phase of the QBO, and in particular in winter when the QBO effect on ozone maxi-
mizes, this would cause a suppression in ozone outside of the tropics as a result of
weakened descent over southern mid-latitudes. In addition, because the zero wind line
between the southern hemisphere winter-time westerlies and easterly winds is again25

in the northern hemisphere (because tropical winds are now westerly) planetary waves
generated in the southern hemisphere during winter propagate across the equator and
break around the northern sub-tropical barrier. So again, mixing across the southern
sub-tropical barrier is reduced (Garny et al., 2007), closing the valve on the tropical
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source of ozone to the mid-latitudes. In the northern hemisphere summer, the nega-
tive effect of the QBO on mid-latitude ozone is small but because mixing across the
northern sub-tropical barrier is enhanced, a positive anomaly in ozone occurs. This ex-
plains the dipole structure seen in Fig. 8. Years characterized by a switch from easterly
50 hPa equatorial winds early in the year to westerly winds through the remainder of5

the year are listed in Table 1 together with information on the solar cycle in those years.
Both 1997 and 2006 are similar to 1985 in that the QBO changed phase from easterly

to westerly early in the year and were years in solar minimum. 1997 has already been
noted as a year of reduced southern hemisphere total column ozone (see Fig. 2) and,
for Lauder, 2006 also appears to be a year of reduced ozone. These three years where10

also strongly associated with the dipole structure in ozone across the equator shown
in Fig. 8. Of course these anomalies occur on top of long-term secular changes driven
by halogen catalyzed in-situ ozone depletion and export of ozone depleted air from
the Antarctic stratosphere following the break-up of the vortex (Ajtic et al., 2004). This
causes the magnitude of the anomalies in 1985, 1997 and 2006 to differ.15

The 1985 anomaly was characterized by reduced occurrences of high ozone values
rather than increased occurrences of low ozone values (see Figs. 6 and 7). The re-
lationship between surf zone (McIntyre and Palmer, 1984) tracer PDFs and Lyapunov
exponent PDFs is discussed in detail in Hu and Pierrehumbert (2001). Specifically they
show that deviations of tracer PDFs from a Gaussian distribution result from mixing of20

air across transport barriers i.e. from regions where Lyapunov exponents are low. This
is consistent with the PDFs shown in Figs. 6 and 7 in that the usual fat tail at high ozone
values results from mixing between the tropics and mid-latitudes. In 1985 the ozone
PDFs are more Gaussian in shape indicative of air that has been mostly trapped in the
mid-latitude surf zone. The shift in the mode of the PDFs to lower values starting in25

April/May 1985 is consistent with the hemisphere wide suppression of ozone related to
the QBO which switched from easterly to westerly phase around this time.
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5 Conclusions

We conclude that the 1985 southern hemisphere mid-latitude total column ozone
anomaly most likely resulted from a combination of the QBO being in the westerly
phase through most of the year which suppresses mid-latitude ozone, and the switch
of the QBO from easterly to westerly phase early in the year which results in reduced5

mixing of ozone rich air from the tropical source region to mid-latitudes. In addition, a
minimum in the solar cycle further lowers ozone over southern mid-latitudes in 1985.
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Table 1. Years in which the QBO changed phase from easterly to westerly in March, April or
May, together with information on the state of the solar cycle in that year.

Year Last month of easterlies Solar cycle

1985 March Minimum
1990 May Maximum
1997 April Minimum
1999 March Intermediate
2004 March Intermediate
2006 May Minimum
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Fig. 1. Upper panel: a dimensionless solar cycle activity index (scaled from –1 to +1) based
on daily 10.7 cm solar flux measurements made at Ottawa from January 1960 to May 1991
and at Penticton from June 1991 to the present. On time scales longer than one month, the
10.7 cm solar flux has been found to correlate well with solar ultraviolet radiation variations at
stratospherically important wavelengths (Donnelly, 1991). Middle panel: a dimensionless index
(scaled from –1 (easterly) to +1 (westerly)) for the QBO based on 50 hPa equatorial zonal mean
zonal winds. Bottom panel: the product of the QBO and solar cycle indices.
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Fig. 2. Annual mean total column ozone measured at 4 southern mid-latitudes sites. The
vertical dashed line shows the year of 1985.
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Fig. 3. Northern minus southern mid-latitude (30◦–60◦) deseasonalised monthly mean ozone
mass time series based on the NIWA combined total column ozone data base (red) and output
from the E39C model (blue). The years of 1985, 1997, and 2006 are indicated by vertical grey
bars.
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Fig. 4. (a) Observed and (b) modelled annual mean differences in southern hemisphere total
column ozone between 1984 and 1985 (1985 minus 1984), plotted using the colour scale on
the right.
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Fig. 5. The differences in annual mean 100 hPa geopotential height (top) and temperature
(bottom) fields over the southern hemisphere between 1984 and 1985 (1985 minus 1984).
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Fig. 6. Monthly probability distribution functions (PDFs) of total column ozone over southern
mid-latitudes (30◦ S to 60◦ S) for 1985 (dashed lines) compared against the monthly climatolog-
ical PDFs for the 1980s decade, 1980–1989 but excluding 1985 (solid lines).
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Fig. 7. As for Fig. 6 but calculated from E39C total column ozone fields.
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Fig. 8. Left: The 3rd EOF based on measurements (solid line), and the 2nd EOF based on
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Fig. 11. The correlation between the zonal mean 550 K Lyapunov exponents and the 50 hPa
QBO signal as a function of latitude from 1979 to 2005.
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