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Abstract. One of the most significant events in the evolu- not occurred as a purely monotonic decline but rather as
tion of the ozone layer over southern mid-latitudes since thea number of stepwise decreases superimposed on a back-
late 1970s was the large decrease observed in 1985. Thiground linear decline. Perhaps the largest of these stepwise
event remains unexplained and a detailed investigation oflecreases occurred in 1985 when total column ozone over
the mechanisms responsible for the event has not previouslgouthern mid-latitudes decreased by up to 30 Dobson Units
been undertaken. In this study, the 1985 Southern Hemi{DU; 1 DU=2.69x 10'® molecules/crf) depending on loca-
sphere mid-latitude total column ozone anomaly is analyzedion. This feature has been commented on in a number of
in detail based on observed daily total column ozone fieldsprevious studies (e.g3odeker et al.2001) but cannot be
stratospheric dynamical fields, and calculated diagnostics ofracked by many state-of-the-art chemistry-transport models
stratospheric mixing. The 1985 anomaly appears to resulaind remains largely unexplained (Chapter MO, 2007).

from a combination of (i) an anomaly in the meridional cir-  Potential explanations for the 1985 ozone anomaly are:
culation resulting from the westerly phase of the equato- ) ] . .

rial quasi-biennial oscillation (QBO), (i) weaker transport 1. In situ depletion of ozone over southern mid-latitudes.

of ozone from its tropical mid-stratosphere source across the
sub-tropical barrier to mid-latitudes related to the particu-
lar phasing of the QBO with respect to the annual cycle, 3. A reduction in mid-latitude ozone due to a QBO in-
and (iii) a solar cycle induced reduction in ozone. Similar duced change in the strength of the meridional circu-
QBO and solar cycle influences prevailed in 1997 and 2006 lation (Baldwin et al, 2001).

when again total column ozone was found to be suppressed

over southern mid-latitudes. The results based on observa- 4. Anomalously weak transport of ozone from its tropical
tions are Compared and contrasted with ana|yses of ozone source, across the subtropical barrier, to mid-latitudes.

2. Export of ozone depleted air from Antarctica.

and dynamical fields from the ECHAM4.L39(DLR)/CHEM This could result from unforced inter-annual variability
coupled chemistry-climate model (hereafter referred to as  in the frequency of mixing events or from the QBO it-
E39C). Equatorial winds in the E39C model are nudged to-  Self (thereby creating a second order dependence on the
wards observed winds betweer?®and 10 N and the abil- QBO).

ity of this model to produce an ozone anomaly in 1985, simi-
lar to that observed, confirms the role of the QBO in effecting
the anomaly.

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 ElI Nilo Southern Oscillation (ENSO) is known to
drive changes in total column ozone in the Southern Hemi-
sphere in winterRandel and Cohtl994), the Southern Os-

Total column ozone over southern mid-latitudes has deCillation Index (the normalized Tahiti minus Darwin sea-

creased since the early 1980's. However, this decrease ha&V€l pressure) was close to zero through 1984, 1985 and
1986. Therefore we have not considered ENSO as a potential

Correspondence tdG. E. Bodeker explanatory factor for the 1985 ozone anomaly. The first op-
(g.bodeker@niwa.co.nz) tion is highly unlikely as there are no documented sudden and
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tic in October/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 polar ozone depletion being the driver of the
mid-latitude anomaly.

Kinnersley and Tun@1998 showed that by forcing an in-
teractive 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. Sim-
ilar to the approach used in the E39C model (see Sgdhe
zonal winds between 10 and 70 hPa and betweérsldnd
1° 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 trans-
port of ozone from the tropics to higher latitudes is great-
est), suggesting that the fourth possibility listed above might
be more likely. In this model, the propagation of the ozone
anomaly from equatorial to higher latitudes occurred only in
ab e e the Southern Hemisphere. Howeviinnersley and Tung

1980 1982 1984 1986 1988 1990 19323;394 1996 1998 2000 2002 2004 2006 (1998 d|d nOt use Observed planetary wave amplltudeS |n

the Southern Hemisphere but rather a repeating annual (July

Fig. 1. Upper panel: a dimensionless solar cycle activity index 1980 to June 1981) cycle of wave amplitudes since “use
(scaled from —1 to +1) based on daily 10.7 cm solar flux measureof the observed interannually varying waves gave unrealis-
ments made at Ottawa from January 1960 to May 1991 and at Perh'c results”. Therefore, any p|anetary wave induced equa-
ticton from June 1991 to the present. On time scales longer thaRqgy tg pole advection anomaly in 1985 would not be faith-
one month, the_10.7 cm S(_)Iar flu?< has been found to (_:orrelgte Welkully reproduced in their model. Furthermorjnnersley
with solar ultraviolet radiation variations at stratospherically impor- and Tung(1999 showed that the mid-latitude QBO signal in

tant wavelengthsonnelly, 1991). Middle panel: a dimensionless . . . .
index scaled from —1 (easterly) to +1 (westerly) for the QBO based®ZON€ results primarily from the direct QBO modulation of

on 50hPa equatorial zonal mean zonal winds. Bottom panel: thdn€ meridional circulation and, to a lesser extent, QBO mod-

product of the QBO and solar cycle indices scalee-foto +1. ulation of mid-latitude planetary wave activity. As opposed
to Gray and Pylg(1989, who modelled the extra-tropical

QBO signal in ozone as a poleward advection and diffusion
o ) ] . of the QBO induced tropical ozone anomaynnersley and

rapid increases in ozone depleting ;ubstgnce concentrathnﬁmg (1999 found that diffusion by planetary waves actu-
nor of rapid changes in southern mid-latitude stratosphericyy requces the mid-latitude ozone anomaly by spreading it
chemistry over this period. to lower and high latitudes. That said, reduced diffusion by

With regard to option 2, the vortex period averaged planetary waves and/or reduced transport of ozone from its
ozone mass deficit over Antarctica in 1985 was approxi-tropical source region to mid-latitudes, would exacerbate the
mately 2.5 times larger than in 1984.68x10°kg in 1985  anomaly as the smoothing effects of the mixing would be re-
cf. 1.85x10%kg in 1984) and greater than any previous year duced. Using Lyapunov exponents as a measure of mixing,
(Huck et al, 20095. While it is unlikely that this ozone de- Bowman(1993 showed anomalously weak mixing between
pleted air over Antarctica would have affected mid-latitudesthe tropics and southern mid-latitudes in 1985.
much before the breakdown of the polar vortex, if there Kinnersley and Tung1998 proposed a positive feedback
was considerable diabatic descent inside the vortex duringhat would amplify negative ozone anomalies caused by the
this period, air depleted in ozone may have been transporte@®BO i.e. if the Antarctic stratosphere is colder than usual
down into the lowermost stratosphere, below the base of the&lue to the QBO I(ait et al, 1989 ozone depletion will be
vortex. Transport along isentropic surfaces could have adenhanced as a result of greater polar stratospheric cloud for-
vected the descended anomaly out to mid-latitudes. How-mation. Reduced ozone will reduce solar heating which will
ever, previous analysis of total column ozone anomaliesstrengthen the circumpolar vortex, decrease planetary wave
(see Fig. 6b oKinnersley and Tungl1998 shows that the activity, and so reduce mixing of ozone from lower latitudes
anomaly appears in the first half of 1985 at sub-tropical lat-and further reduce ozone levels. It should be noted that ozone
itudes and then propagates poleward, reaching the Antaraesponds not only to the secondary circulation associated

Scaled Solar Index

Spaled QBO Index

Scaled Solar x QBO Index
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with the QBO but also to the temperature variations because 330 - rrrrrrrrrrrrrr e
of the strong dependence of chemical loss rates on temper- 3y £ Perth (32°S, 116°E)

ature (ee and Smith2003. This suggests that the third 310 i
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the solar cycleNMcCormack and Hoodl996 Soukharev and 280
Hood 2006, could explain the 1985 mid-latitude anomaly. 270
It is interesting to note that the product of a 50 hPa QBO sig- 330
nal and a solar activity index (Fi@) shows anomalously low 320
values through most of 1985/1986, as well as 1995, 1997,
2001 and 2006 (which also showed anomalously low south-
ern mid-latitude ozone, see Se8tl). While no geophysical

mechanism can be ascribed to the product of the QBO and g 2°
solar cycle signals, such a term would represent any solar cy—§ 270
cle influence on the QBO effect on ozone and/or any QBO T 3%
influence on the solar cycle effect on ozone i.e. second or- ¢
der effects whereby the influence of the solar cycle on ozone g
depends on the phase of the QBO (and vice versa).

and fourth possibilities listed above, working in tandem, and 300
possibly with ozone levels further reduced by a minimum in 200
Buenos Aires (35°S, 58°W)
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2 The E39C model 330
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A full description of the E39C model is provided bameris
et al. (2005 and Dameris et al.(2009. The features of
the model relevant to this study are summarized in this

I

I
section. The model has a horizontal resolution of T30, zjz :
with 39 layers from the surface to an upper layer centered ““‘;“:“:
at 10hPa. Heating and photolysis rates are sensitive to 1060 1985 1970 1075 1980 1085 1990 1095 2000 2005
the three-dimensional distributions of the radiatively active vear

gases (@, CHy, N2O, HO, and CFCs), and clouds, so
that changes in atmospheric composition affect atmospherig_
temperatures and hence transport. Observed sea surfa%l
temperatures and sea ice cover (updateRafner et al.
2003, and observed greenhouse gases and CFC concen-

trations (Chapter 6 inWMO, 2007, provide the model  (aAgung in 1963; EI Chichn in 1982; and Pinatubo in 1991)
boundary conditions. The 11-year solar cycle affects both

! ) y ’ are also included.

heating rates and photolysis rates of chemical species. The

impact of solar activity changes on short-wave heating rates

is prescribed in two spectral intervals by varying the solar3 The evidence

constant. Continuum scattering, grey absorption, water

vapor and uniformly mixed gas transmission functions and3.1 Temporal and spatial pattern of the anomaly

ozone transmission are all considerBaineris et al.2005.

The effects of changes in solar activity on photolysis ratesThe temporal context of the 1985 anomaly is shown in Eig.
are parameterized in 8 spectral intervals (between 178.8vhere long-term annual mean time series of total column
and 752.5nm) according to 10.7cm solar flux measure-0zone from 4 locations are plotted. The annual means at the
ments (see Figl). The spectral distribution of changes in 4 sites were calculated from Dobson spectrophotometer mea-
extra-terrestrial solar flux is based dman et al.(1997. surements obtained from the World Ozone and UV Data Cen-
The effects of solar activity at altitudes above 30km areter (WOUDC), requiring 5 daily values for a monthly mean
accounted for by prescribing changes in total nitrogen,to be valid, at least 8 monthly means for an annual mean
obtained from a transient simulation of a 2-D modgti(hl to be valid, and with corrections based on a monthly mean
and Crutzen1993, as a model upper boundary condition. climatology to correct for temporal seasonal biasing in these
The QBO is forced by linear relaxation of the equatorial calculations. Missing values result from these criteria not be-
zonal winds in the lower stratosphere toward observed zonaing met (e.g. there were insufficient data to calculate a value
wind profiles. The effects of past major volcanic eruptions for Melbourne in 2006). These long-term time series show

ig. 2. Annual mean total column ozone measured at 4 southern
d-latitudes sites. The vertical dashed lines shows the years of
85, 1997 and 2006.
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Fig. 3. Northern minus southern mid-latitude (380°) deseason-
alised 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 indi-
cated by vertical grey bars.

Mar, Apr& May

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 to-
tal column ozone at all 4 sites and this feature has been dis-
cussed byConnor et al(1999. Annual means in 2006 at
three of the locations are also somewhat suppressed.

An earlier analysis of changes in mid-latitude ozone mass
indicated that the reductions in southern mid-latitude ozone
in 1985 and 1997 were accompanied by increases in ozone
over northern mid-latitudes (see Fig. 5 Bbdeker et al.
200]). The ozone mass time series plottedBimdeker et al.

Jun, Jul & Aug

Sep, Oct & Nov

: [ | [ E— \
(2007 have been updated and differences between deseason- 83588827 ¢339 R8Q
: : : £ 8 5 2 2 2 2 =2
alised mid-latitude (30-60°) ozone mass values have been S Sse&sSIT°~a4q2gs

calculated based on both the NIWA combined total column

ozone data bas@@deker et al.2009 and output from the Fig. 4. (Left column) Observed and (right column) modelled sea-
E39C run.(see Fig). Th'e years of _1985' 1997 and 2006 are sonal anomalies in Southern Hemisphere total column ozone in
characterized by large increases in the differences betweefggs (the December values are from 1984) with respect to the pe-
northern and southern mid-latitude ozone mass anomaliegod 1980 to 1999. The anomalies are calculated by subtracting fits
that build through the year (see also Filater and asso-  to equivalent effective stratospheric chlorine in each grid cell calcu-
ciated discussion). At the beginning of the year the southdated independently for each season. The colour scale at the bottom
ern mid-latitudes have a positive o0zone mass anomaly wittshows the total column ozone anomalies in DU. Regions where the
respect to the northern mid-latitudes but by the end of theanomalies are not statistically significantly different from zero at
year the situation is reversed. This seasonal evolution i$he o level are hatched.

seen a number of years but it remains a key characteristic

of 1985, 1997 and 2006 and is seen in both the observa-

tions and in the E39C model output. This bimodal patternavailable). Residuals from each regression then represent the
of variability is explored further in Sec8.3. To show more  0zone anomalies with respect to values expected from halo-
clearly the full spatial structure of the 1985 anomaly, South-gen chemistry alone. Anomalies for 1985, calculated from
ern Hemisphere seasonal total column ozone anomalies havetal column ozone fields from the NIWA combined data
been calculated. Time series through each of 4 seasons (D&ase and from E39C total column ozone fields, are shown
cember to February (DJF), March to May (MAM), June in Fig. 4. Regions coloured green and blue show where
to August(JJA), and September to November (SON)) weretotal column ozone in 1985 was lower than expected from
regressed against equivalent effective stratospheric chlorinstratospheric halogen loading alone, while regions coloured
(Daniel et al, 1995 over the period 1980 to 1999 (to re- red and yellow show where total column ozone in 1985 was
main consistent with the period for which E39C output was anomalously high. Regions where the 1985 anomalies are

Atmos. Chem. Phys., 7, 5625637, 2007 www.atmos-chem-phys.net/7/5625/2007/
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within one standard deviation of the anomalies over the 20 -

year period are hatched. Early in the year both the observed \\\\\\\\\ N 15410175
and modelled differences fields are mostly within d&f the > : \ 18210153
typical variability. From March to May a more coherent

‘ ‘ Y : 11010 131
o U % \ 8810109
pattern becomes apparent with a ring of positive anomalies i § \\ L\ | [e6to87
/ S SOAAA ‘ \ o
\\\\\\\\n\\\\ L \ 4410 65
\ \
N

within ~15° of the equator, indicative of the influence of . v s
the equatorial QBOGray and Pyle 1989, surrounding a ( | 0to21
large extra-tropical region of predominantly negative anoma- x | 22101
lies. By the middle of the year (June to August), the mid- e
latitude negative anomalies have intensified with observed 881067
ozone in the season being25DU lower than expected. igiﬁl
Slightly more negative anomalies, up 485 DU, are seen 15410133
in the model fields. At southern mid-latitudes the effect of 17510155
the solar cycle in this season would be a reduction in total

column ozone of about 3 DUC@lisesi and Matthe2006

suggesting that the QBO is responsible for the majority of the

observed anomaly. In SON the anomalously large Antarctic
ozone hole in 1985, referred to above, becomes apparent in
the observations but not in the E39C ozone fields. In both
cases however, the large and statistically significant mid-
latitude negative anomalies remain. The origin of the wave
1 structure in the observed anomalies in SON can be dis- \
cerned from Fig5 where daily 100 hPa geopotential height \ 1
and temperature fields from the National Centers for Envi- \
ronmental Prediction/National Center for Atmospheric Re- Q\\

search (NCEP/NCAR) reanalysd€igtler et al, 2001 were \ \\\\\

used to calculate the seasonal mean deviations away from lin-

ear regressions over the period 1980 to 1999. Both anomal¥ig. 5. Anomalies in 100 hPa geopotential heights (top) and
fields show a clear wave 1 pattern where reduced geopol00hPa temperatures (bottom) over the Southern Hemisphere for
tential he|ghts and lower tempera‘[ures in 1985 are approxseptember to November 1985. In both cases the anomalies are with
imately collocated with the region of reduced ozone. The'respect to linear fits to the data in each grid cell over the period

large dynamical wave 1 in the stratosphere pushes the p01_980 to 1999. Hatched regions show where the anomalies are not

lar vortex towards the southern Indian Ocean resulting in thes’t"’lt'suc"’IIIy significantly different from zero at the level.
large negative ozone anomalies seen in this region in4=ig.
Further discussion of the interannual variability in southern

mid-latitude wave forcing is presented in S&6.

Geopotential height anomaly (m)

LOoOFr NWAMOG O

o o

Temperature anomaly (K)

RGNS T NN ORI

umn ozone fields are shown in Fig. These too show that
the 1985 anomaly is characterized by reductions in the prob-
) i ability of high ozone values rather than increases in the prob-
3.2 Changes in the frequency of high and low 0zone eventsyjjir of low ozone values. This provides further evidence

that it is unlikely that the 1985 anomaly results from export

To ShO\.N more clearly the changes in ozone that occur eaCBf ozone depleted air from Antarctica since this would have
month in 1985 compared to the mean of the 1980s decadefncreased the probability of very low 0zone values.

monthly probability distribution functions (PDFs) have been
calculated from daily 1.25longitude by 1.0 latitude total 3.3 |nter-hemispheric structure of the anomaly
column ozone fields from Nimbus 7 TOMS over°3® to
60° S. The monthly PDFs for 1985 are compared against thePrincipal component analysis has been used to investigate
1980-1989 (but excluding 1985) climatological mean PDFswhether the 1985 southern mid-latitude anomaly is related
in Fig. 6. to any large scale pattern of variability in global ozone. Sea-
Throughout 1985 it appears that the likelihood of measur-sonal mean, zonal mean°(2ones) total column ozone time
ing high ozone values decreased rather than the likelihooderies were generated from the NIWA combined total column
of lower ozone values increasing. This is particularly appar-ozone data base. Similar time series were generated from
ent in spring (September and October) when, in 1985, ozon¢he E39C runs where ozone was interpolated taekolu-
values above 450DU were hardly ever encountered. Thigion. To form anomaly time series with respect to the period
suggests that the 1985 anomaly resulted from a reduction ibefore significant ozone depletion began, mean annual cy-
highest ozone values rather than an increase in lowest ozondes calculated from 1980 to 1983 were subtracted from the
values. The ozone PDFs calculated from the E39C total coltime series at each latitude. Spatial and temporal modes of

www.atmos-chem-phys.net/7/5625/2007/ Atmos. Chem. Phys., 7, 5633-2007
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Fig. 8. Left: The 2nd EOF based on measurements (solid line) and
model output (dashed line), for the season of September to Novem-
ber. Traces are restricted to®to 60N due to data availabil-

ity. Right: The principal component time series associated with the
EOF patterns shown on the left for measurements (solid lineavith
symbols) and model output (dashed line with filkedymbols). The
years of 1985, 1997 and 2006 are shown with grey vertical dashed
lines.

Prgtiability

LU LALLM L1t 11 A1 1 1 11 A1 A1 AL 11

I variability in the zonal mean anomaly time series were cal-
200 300 400 500 200 300 400 500 200 300 400 500 i
ozone (DU) cul_ated separately for ef_:\ch season by de_cor_nposmg the area
weighted anomaly covariance matrix by principal component

Fig. 6. Monthly probability distribution functions (PDFs) of total gngly&s PreisendorferL988. The analysis was perfqrmed
column ozone over southern mid-latitudes{80to 60 S) for 1985 individually for each season since patterns of variability were
(dashed lines) compared against the monthly climatological PDFEXPected to be seasonally dependent. The decomposed tem-

for the 1980s decade, 19801989 but excluding 1985 (solid lines). Poral modes were normalized so that the variance of each
temporal mode was 1.0. The normalized temporal modes

(principal components; PCs) were projected onto the zonal
mean anomalies to generate the spatial modes (empirical or-
thogonal functions; EOFs). The EOFs were then area de-
weighted.

For the season of September to November (SON), match-
ing the bottom panel of ozone anomalies displayed in Eig.
the first EOF explains-78% of the variance and describes
the long-term trend in ozone in this season. The second
EOF, which explains~6.7% of the variance, is plotted to-
gether with its PC time series in Fi§. The PC time se-
ries identifies 1985, 1997 and 2006 as anomalous with devi-
ations close to 1&. The anomaly pattern shows reductions
in southern mid-latitude total column ozone in this season,
maximizing at~45°S, and smaller increases in ozone north-
ward of ~10°S, particularly over the tropics but extending
into northern mid-latitudes.

Similarly, for the E39C model, the first EOF for SON is
related to long-term trends in ozone in this season (explain-
ing ~75% of the variance) while the second EOF, plotted in
Fig. 8 together with its PC time series, explaing3% of the
Tao am a0 s a0 ey M om0 variance. The E39C PC time series shpw_1989 and 19_85_ as

anomalous but the EOF pattern of variability is very simi-
lar to that observed. The measured and modelled EOF pat-
terns both show negative ozone anomalies in southern mid-
latitudes and that these negative anomalies occur in conjunc-
tion with positive total column ozone anomalies in north-
ern mid-latitudes. This dipole pattern is consistent with the

Prgtlability

Fig. 7. As for Fig.6 but calculated from E39C total column ozone
fields.
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mid-latitude ozone mass differences plotted in FHg.Be-
cause the hemispheric ozone mass differences appear to ac-
cumulate through the year, the principal component analysis
results for SON, close to when these differences maximize,
show this pattern most clearly. B 7
0.14 — -+ —
3.4 Associated anomalies in stratospheric mixing B |

L R e e

0.12 - + .

As outlined in Sectl, the fourth possible explanation for the | NCEP/NCAR - 450K E39C - 450K |

1985 ozone anomaly is an anomaly in the transport of ozone o
from the tropics to mid-latitudes. Transport is determined by <
the amount of mixing between the tropics and mid-latitudes So.4 |- 4 .
which can vary from year to year and therefore change the § | 7
amount of ozone rich air transported out of the tropics to §***|° 1 3
higher latitudes. To diagnose the degree of mixing over the & 1 i
Southern Hemisphere, Lyapunov exponents were calculated§ - .
as was done iBowman(1993. A description of Lyapunov 5008 T 7
exponents, their use in diagnosing atmospheric mixing, the 30_06: NCEP/NCAR - 550K | E39C - 550K _|
algorithm for their calculation, and an analysis of uncertain-
ties is presented in detail iGarny et al.(2007). Briefly, 0.16
Lyapunov exponents measure the separation of two trajec- .,
tories with time from initially nearby starting points. The
exponents are related to the local stretching deformation of
the fluid following an air parcelRowman 1993. Divergent 0.1
velocity fields produce positive Lyapunov exponents, while
convergent fields produce negative exponents.
. . . . . NCEP/NCAR - 650K - E39C - 650K

Two dimensional (latitude and longitude) Lagrangian tra- e
. . . . . JFMAMIIASONDIFMAMIJIASOND
jectories were computed on isentropic surfaces using a Month Month
standard 4th order Runge-Kutta integration schefregs
et al, 1989 applied at 1 h integration intervals to 6 hourly Fig. 9. Lyapunov exponents, averaged between the equator and
2.5°x2.5 NCEP/NCAR wind fields, and 12 hourly E39C 40°S, for 1985 (black lines withe symbols) compared to the
model wind fields, on the 450, 550 and 650K isentropes.1980-1989 climatology excluding 1985 (thin black line and grey
The NCEP/NCAR fields are from the reanalysé&alnay shaded region s_hOV\_/ing m_ean, maximum and minimum), based on
et al, 199§ and not from operational forecasts. Trajecto- NCEP/NCAR wind fields (first column) and E39C wind fields, sec-
- g .__ond column.
ries 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 and meridional
components. To determine the mixing between the tropicsand 40 S for all three isentropic levels. The values for 1985
and mid-latitudes, Lyapunov exponents were calculated forare compared with the 1980-1989 climatology (but exclud-
each month from 1980 to 1989 based on 30 day trajectoriesng 1985) in Fig.9. At 450 K the Lyapunov exponents based
for both NCEP/NCAR and E39C model wind fields. The on NCEP/NCAR and E39C model wind fields show very dif-
starting positions for the trajectories were specifieddba- ferent seasonal structure. In the reanalyses, highest mixing
gitude spacing and®latitude spacing covering the whole of occurs in January and February (with a secondary maximum
the Southern Hemisphere. Examples of the calculated train winter) while in the E39C model, highest mixing occurs
jectories as well as various fields and zonal mean time sefrom July to September. Furthermore, the reanalyses show
ries of the resultant Lyapunov exponents are showamy  weaker than usual mixing through most of 1985 and particu-
et al. (2007). Southern Hemisphere anomalies in monthly larly in September and October. In contrast, the model shows
Lyapunov exponents (not shown here), calculated by subsignificantly weaker mixing only during the first 4 months
tracting the mean annual cycle from the time series at eaclof 1985. The sources of these differences between the re-
degree of latitude, identify 1985 as having anomalously weakanalyses and the model are not yet clear and are the focus
mixing from the equator to poleward of 48. Therefore, of ongoing analyses. At 550K, both the reanalyses and the
to highlight the extent to which mixing between the trop- model show mixing maximizing in winter (June to August),
ics and mid-latitudes was unusual in 1985, the monthly Lya-but with generally weaker mixing in the model than in the
punov exponents, based on both NCEP/NCAR wind fieldsreanalyses. The reanalyses show anomalously weak mix-
and E39C wind fields, were averaged between the equatang in 1985 from May to September while the model shows

0.12
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Tl 113 There is no clear pattern in wave behaviour that differen-
1980 1982 1984 1986 1988 1990 13&;23:994 1996 1998 2000 2002 2004 2006 tiates the yearS Of 1985, 1997 and 2006 ThlS iS true for the
data plotted in Figl0 as well as the root sum squares of

Fig. 10. 20 hPa geopotential height wave amplitudes &t®aver- e wave amplitudes, ratios of wave amplitudes, and proba-

aged over the period 19 July to 1 December of each year for wavedility distribution functions of wave amplitudes (not shown).
1 to 5. (a) using NCEP/NCAR geopotential height fields, aim) The year of highest wave 3 amplitude is 1985 and the second

using E39C model geopotential height fields. highest is 2006, but 1997 does not show anomalous wave
3 activity. Thus the only conclusion that can be drawn from
Fig. 10is that there is no specific pattern of wave activity that
moderately weaker mixing through the first half of the year. is responsible for the anomalous mixing in those years. The
At 650 K, mixing also maximizes in the winter, both in the increasing wave 1 amplitudes in the NCEP/NCAR 20 hPa
reanalyses and in the model. As at 550K, the equator tgyeopotential height fields suggest that mixing in the southern
mid-latitude mixing in the model is weaker than in the re- mid-latitude surf zone should have increased over this period.
analyses. While the reanalyses show no anomalously lowGarny et al.(2007) report increasing mixing on the 450K
mixing in 1985 at 650 K, the model does show weaker mix- isentrope through much of the mid-latitudes of the Southern
ing through much of the middle of the year. Therefore, while Hemisphere from 1979 to 2005. The E39C wave 1 ampli-
both reanalyses and model show a mixing anomaly in 1985tudes show a much weaker positive trend, if any, from 1979
the anomaly occurs at higher altitudes in the model than into 1999.
the NCEP/NCAR reanalyses.

|

3.5 Associated anomalies in wave forcing 4 Discussion

Since mixing in the mid-latitude surf zone is driven primar- A number of lines of evidence were presented above which
ily by planetary scale wave breaking, it is natural to considerprovide clues as to the origin of the 1985 southern mid-
whether planetary wave activity in 1985 was anomalous. Tdlatitude total column ozone anomaly with indications that
this end daily 20 hPa geopotential height wave amplitudeghe same mechanisms were responsible for reduced southern
at 60 S have been calculated from NCEP/NCAR fields andmid-latitude ozone in 1997 and 2006. A discussion of this
from 20 hPa geopotential height fields extracted from theevidence and the conclusions drawn are presented below.
E39C model. A discrete Fourier transform was used to calcu- The spatial pattern of seasonal ozone anomalies in 1985
late the wave amplitudes for zonal waves 1 to 5. Winter-time(see Fig.4) was evocative of QBO influence. The fact that
(mid-July to the end of November) means of these wave amihe E39C coupled chemistry-climate model, whose equato-
plitudes are plotted in FidLO. rial winds are nudged towards observed winds, was able to
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Fig. 12. Monthly mean zonal mean ozone number density anomalies shown using the colour scale at the bottom of the figure, and monthly
mean zonal mean zonal wind superimposed as a contour plot (the thick solid contour shows the zero wind line; easterly winds are shown in
dashed contours and westerly winds in solid contours; contour spacing is 10 m/s) for December 1984 and February, April, June, August, and
October 1985. Yellow letters aid the identification of regions of easterly and westerly winds. Diagonally hatched regions show where the
ozone anomalies are not statistically significantly different4) from what would be expected from stratospheric halogen loading alone.

The vertical dashed line shows the equator. The white region towards the bottom center of each panel results from insufficient ozone data
being available. In the bottom left panel the grey arrows show the perturbation to the Brewer-Dobson circulation i.e. a weakening of the
Brewer-Dobson circulation which is anti-clockwise in the Southern Hemisphere in this panel, and usingyimbols, the regions where
planetary wave breaking at the zero wind line might cause enhanced transport out of the tropics and into mid-latitudes. Ttre vertical
symbols show regions of inhibited meridional mixing inferred from Hity.
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Table 1. Years in which the QBO changed phase from easterly toMXing to be enhanceq around the equator, with the maxi-
westerly in March, April or May, together with information on the Mum on the summer side of the equator, from June to Octo-

state of the solar cycle in that year. ber, accompanied by a decrease in mixing in southern sub-
tropics. This is shown in Figl1 where the correlation be-
Year Last month of easterlies  Solar cycle tween the zonal mean 550 K Lyapunov exponents, which are
now calculated from NCEP/NCAR reanalyses from 1979 to
1985 March Minimum 2005, and the 50 hPa QBO signal are plotted. When the
iggg 2"?{ m%’mj‘:ﬂm QBO is in a westerly phase early in the year (DJF) mixing
1999 Mgrch Intermediate is enhanced over most of the region gquatorward@ﬂf S
2004 March Intermediate and reduced poleward of20° S. In winter (JJA), a west-

2006 May Minimum erly phase QBO produces an enhancement in mixing equa-
torward of ~10° S together with a significant reduction in
mixing poleward of this latitude.

An overview of the interplay of the mechanisms outlined
capture many of the characteristics of the ozone anomalyabove, their effect on ozone concentrations, and the im-
suggests that the QBO played a key role in forcing theportance of the seasonal timing of the switch of the QBO
anomaly. The mechanism by which the QBO modulatesfrom easterly to westerly phase is shown in FIg. The
stratospheric ozone is well knowrKignersley and Tung  ozone concentration anomalies were calculated by regressing
1999 Baldwin et al, 2007). The classical picture is of two the ozone partial column data froRandel and Wy(2007)
cells on either side of the equator, with anomalous descent imgainst equivalent effective stratospheric chlorine over the
the stratosphere over the tropics in the QBO westerly phaseeriod 1979 to 2005 and subtracting the fit from the obser-
which increases ozone, and anomalous ascent in the stratwations. NCEP/NCAR zonal mean zonal winds on pressure
sphere over the sub-tropics which decreases ozone. In QB®urfaces were transformed to height coordinates based on
easterly phases, tropical ozone is reduced and sub-tropica&lollocated geopotential height fields. In December 1984 and
ozone is increasedfay and Dunkertoril990. In addition,  through the first three months of 1985, equatorial zonal mean
there is a robust seasonal synchronization of the QBO sigzonal winds at 50 hPa were easterly (see alsoFidglhe di-
nal resulting from seasonality in the vertical velocity of the rect QBO induced signal in ozone would result in increases in
meridional circulation which is modulated by the QBO at ozone over southern mid-latitudes during this period though
low and middle latitudes, and the seasonality of the planethe effect of the QBO at this time of the year is smalliig
tary wave modulated circulation at high latitud&$nnersley  and Yang 1994). This is apparent in Figl2 where, at least
and Tung1999. The 1985 anomaly coincided with anoma- poleward of~45° S, weak positive 0zone anomalies occur.
lously weak mixing between the tropics and mid-latitudes in Perhaps more important, because the zero wind line between
winter and spring at the 450 and 550K levels (see B)g. equatorial easterlies and northern mid-latitude winter-time
The sub-tropical barrier to meridional mixingrépte and  westerlies is located over the equator or in the low latitudes of
Hitchman 1992 Plumh 1996 is not impermeableHu and  the northern hemisphere, planetary waves would break there
Pierrehumbert2001) and large wave events transport atmo- rather than propagating across the equator and breaking close
spheric constituents across the barriRaiidel et al.1993. to the southern sub-tropical barrier. This would reduce mix-
In southern mid-latitudes, a large fraction of the ozone orig-ing across the southern sub-tropical barrier (as denoted by the
inates in the tropical middle stratosphere, more so in wintervertical~ symbols in the Dec 1984 panel in FitR). From
than in summerGrewe 2006. Therefore, any perturbations April 1985 to February 1987, the 50 hPa equatorial winds
to the mixing across the barrier are likely to affect ozone lev-were westerly. In this phase of the QBO, and in particular in
els over southern mid-latitudes. In general the E39C modelinter when the QBO effect on ozone maximizes, this would
is able to reproduce the observed climatological mean annuatause a suppression in 0zone outside of the tropics as a result
cycle in mixing but with lower Lyapunov exponents on aver- of weakened descent over southern mid-latitudes (see bot-
age. However, these lower Lyapunov exponents may resultom left panel of Fig12). In addition, because the zero wind
from the coarser grid spacing of the E39C model compared tdine between the Southern Hemisphere winter-time wester-
the NCEP/NCAR reanalyseBl( and Pierrehumber2001). lies and easterly winds is again in the northern hemisphere
The QBO also has a role to play in stratospheric mixing as(because tropical winds are now westerly) planetary waves
it modulates the vertical propagation of planetary waves ingenerated in the Southern Hemisphere during winter propa-
the mid-latitudesKlolton and Tan198Q Dameris and Ebel  gate across the equator and break around the northern sub-
199Q Shindell et al. 1999. Garny et al.(2007) show that tropical barrier. So again, mixing across the southern sub-
the QBO strongly modulates mixing between the tropics andropical barrier is reduced3arny et al. 2007, closing the
mid-latitudes at the 450, 550 and 650K levels, with a clearvalve on the tropical source of ozone to the mid-latitudes.
seasonal dependence (see @saickburgh et al2001). In In the northern hemisphere summer, the negative effect of
general, in the lower stratosphere, QBO west phases caugbe QBO on mid-latitude ozone is small but because mixing
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