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Evolution of the Total Ozone Field During the Breakdown
of the Antarctic Circumpolar Vortex

KENNETH P. BoOwMAN
Department of Atmospheric Sciences, University of lllinois at Urbana-Champaign, Urbana

Nine years of total 0ozone measurements from the Total Ozone Mapping Spectrometer (TOMS) on
Nimbus 7 are used to study the evolution of the southern hemisphere total ozone field during the
breakdown of the Antarctic circumpolar vortex. The TOMS data provide detailed maps of the
morphology of the ozone field and reliable estimates of the vertically integrated meridional transport
of ozone during the springtime period when the breakdown occurs (September, October, November).
In estimating the ozone transport, chemical effects, including those thought to be responsible for the
Antarctic ozone hole, are neglected. This approximation appears to be valid for times scales of a few
days to a week. On this time scale, local ozone changes are primarily due to transport. Planetary-scale
waves, especially zonal wave numbers 1 and 2 dominate the eddy variance and ozone transport. Wave
number 1 is quasistationary, while wave number 2 is eastward moving with a period of ~10 days.
Before the breakdown the planetary-scale waves transport ozone poleward (equatorward) as their
amplitude increases (decreases). During the vortex breakdown and filling of the ozone hole, when

poleward ozone transport is large, planetary wave amplitudes generally decrease.

INTRODUCTION

The seasonal cycles of total ozone in the northern and
southern hemispheres are quite different (Dobson, 1966;
Diitsch, 1974; Bowman and Krueger, 1985]. The asymmetry
is evident at all latitudes, but is most obvious in the polar
regions (see Figure 3 below or Figures 7 and 9 in the work by
Bowman and Krueger [1985]). The climatological annual
cycle of total ozone in the northern hemisphere is a smooth,
annual sinusoid with maximum ozone values around the end
of March. In the southern hemisphere, however, especially
in high latitudes, the annual cycle is sawtooth shaped. In the
Antarctic, total ozone falls to a minimum during the early
spring (September and October) and then rises rapidly to its
annual maximum in the following 1-2 months. Following the
peak, a slow decrease begins which continues through the
summer season.

The sawtooth shape of the annual cycle of total ozone in
high southern latitudes has been enhanced in recent years by
photochemical destruction of ozone by manmade chemicals
during the spring season. Rapid ozone losses result from
heterogeneous reactions occurring on the surface of ice
crystals in polar stratospheric clouds (PSCs) [Farman et al.,
1985; Solomon et al., 1986; McElroy et al., 1986; Anderson
et al., 1989]. The region of depletion is referred to as the
Antarctic ozone hole. The Antarctic springtime minimum
appears to have been a feature of the annual cycle before the
appearance of the ozone hole [Dobson, 1966; Farman et al.,
1985]; but beginning in about 1975, the normally low ozone
amounts during the spring season have decreased by addi-
tional amounts that now reach 40 to 50% of the column total.
The Antarctic ozone minimum, which now usually deepens
in the spring to become the ozone hole, disappears as the
polar vortex breaks down in the late spring. Warming of the
Antarctic stratosphere evaporates the PSCs, and transport
replenishes the ozone within the ozone hole at the same time
the heterogeneous photochemical destruction stops.
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With the exception of the photochemical destruction
within the ozone hole, which at present is thought to be
confined to the southern hemisphere, the north-south asym-
metry in total ozone must be largely dynamic in origin, since
the radiative forcing is nearly symmetric in the two hemi-
spheres [Shine, 1987; Andrews, 1989]. This view is sup-
ported by the hemispheric asymmetry of the zonal wind
field. Figure 1 shows the annual evolution of the 30 mbar
climatological zonal-mean zonal wind at 68.9°N and 73.3°S,
the two points in Randel’s data set closest to 70° N and S
latitude. The time axis has been shifted 6 months between
the hemispheres to facilitate comparison. By April the
zonal-mean wind in the northern hemisphere has nearly
completed the transition from winter to summer regimes,
with easterlies at 30 mbar and above. In contrast, in the
southern hemisphere the zonal wind is still strongly westerly
in September and October, and easterlies do not descend to
30 mbar until December.

The differences between the evolution of the zonal-mean
flows in the two hemispheres are largely the result of
differences in forcing by eddies [Leovy et al., 1985; Andrews,
1989]. The southern hemisphere wintertime eddy forcing is
weaker, delaying the wind reversal ~2 months compared to
the northern hemisphere. Randel [1987a, 1988]. Farrara and
Mechoso [1986], and Mechoso et al., [1988] have studied the
behavior of stratospheric waves and the mean flow in the
southern hemisphere during the vortex breakdown period.
The observations show that the stratospheric wave field is
dominated by zonal wave numbers 1 and 2. Wave number 1
is typically quasistationary, while wave number 2 is east-
ward propagating. The waves propagate upward in bursts
from the upper troposphere and dissipate in the middle to
upper stratosphere. The level of dissipation moves down-
ward as the spring season progresses and the easterlies
descend [Rardel, 1987a]. Mechoso et al. [1988] showed that
the jet decelerates and descends in conjunction with the
bursts of increased eddy fluxes in the stratosphere. Not all of
the wave episodes could be traced back to tropospheric
origin, however, suggesting the possible importance of local,
nonlinear interactions. Mechoso et al. [1988] found waves 1
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Seasonal evolution of the 30 mbar, monthly mean, zonal mean, zonal wind at 73.3°S and 68.9°N. Data are from

Randel [19875].

and 2 to be anticorrelated in time, also suggesting nonlinear
processes may be important. The predictable annual occur-
rence of the Antarctic vortex breakdown makes it an ideal
subject for the study of wave/mean-flow interaction. The
breakdown of the polar vortex also marks the end of the
ozone hole, and understanding the dynamical processes that
affect the seasonal cycle of ozone transport and chemistry in
the Antarctic is an important part of understanding the ozone
hole.

The previously mentioned studies of wave/mean-flow in-
teraction in the southern hemisphere and the breakdown of
the Antarctic polar vortex have concentrated on dynamical
variables. To provide a complementary view, this paper
describes the evolution of the total zone field during the
vortex breakdown. While total ozone is not a three-
dimensional tracer, most of the ozone column lies in the
lower stratosphere, where its long lifetime make it a nearly
conservative tracer. The total ozone should thus be indica-
tive of atmospheric motions in the lowest one to two scale
heights of the stratosphere. Unlike the northern hemisphere,
in the southern hemisphere the strongest eddies and the
vortex breakdown occur after the end of the polar night,
when solar illumination allows observations of backscat-
tered solar ultraviolet radiation over the entire southern
hemisphere. The availability of high-resolution, daily, total
ozone maps from the Total Ozone Mapping Spectrometer
(TOMS) during the vortex breakdown period makes possible
a detailed description of the rapid transformation of the
ozone field that accompanies the dynamical breakdown.

A simple conceptual model of ozone transport during the
vortex breakdown is presented here to motivate the analysis
methods used below. South of 50°S, springtime total ozone
values generally decrease toward the pole. During the spring
season the Antarctic total ozone field fluctuates irregularly
between nearly symmetric and quite asymmetric patterns on
a time scale of a few days to a few weeks (illustrated
schematically in Figure 2). In Figure 2 the shaded area can
be thought of as a region of low ozone values, surrounded by

a region of higher values (white). From an Eulerian view-
point, such as an average around a latitude circle, when the
ozone field goes from a symmetric to an asymmetric state
there is a net flux of ozone toward the pole (the zonal mean
increases). Note that this is different from the similar situa-
tion in Cartesian coordinates (on a B plane, for example),
where a wave disturbance of a linear meridional tracer
gradient would not produce a change in the zonal mean. To
the extent that the boundary between the low and high ozone
regions is a material line, however, no ozone has been
transported into or out of the region of low ozone, though the
shape of the ozone minimum may become quite distorted.
Propagation of wave disturbances out of the lower strato-
sphere tends to return the vortex and the ozone distribution
to zonal symmetry.

Two situations are commonly observed upon the return of
the ozone field to approximate zonal symmetry. In the first
case the area of the ozone minimum is unchanged, suggest-
ing that the boundary has in fact behaved like a material line,
and the Eulerian transport was completely reversible. Ob-
servations from the Antarctic Airborne Ozone Expedition
(AAOE) [Proffitt et al., 1989; Hartmann et al., 1989] suggest
that during much of the spring season there is little horizon-
tal exchange of air across the boundary of the vortex, and
the boundary in fact behaves as a material line. In some
cases, however, the area of the ozone minimum decreases,
suggesting that irreversible mixing of ozone has reduced the
size of the ozone minimum. During the late spring, when the
polar vortex is breaking down, the area of low ozone values
shrinks rapidly and eventually disappears. Tuck [1989], also
using AAOE data, has argued that there is considerable mass
flow through the polar vortex as a result of both horizontal
mixing and diabatic descent. This paper describes episodes
of both reversible and irreversible transport, presents year-
to-year variations in the ozone transport, and discusses the
role of planetary-scale waves in ozone transport and the
filling of the ozone hole.
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Fig. 2. Schematic illustrating typical springtime changes in the shape of the total ozone distribution over Antarctica.

DATA

The data used are 9 years (1979-1987) of nearly global total
ozone observations from the Total Ozone Mapping Spec-
trometer on Nimbus 7. Gridded data were provided by the
National Space Science Data Center (NSSDC) at Goddard
Space Flight Center and were processed by the Nimbus
Observation Processing Team.

The TOMS instrument uses backscattered solar ultraviolet
radiation to create daily maps of total column ozone over the
entire sunlit portion of the globe. Because the TOMS mea-
sures backscattered solar radiation, no measurements can be
made within the polar night. In the Antarctic this resuits in
the loss of data at high latitudes during the period between
the spring and autumnal equinoxes (from about March 21 to
about September 22, see Figure 3 below). Power limitations
and instrument problems caused the loss of ~30 days of data
during the first 6 months of 1979. Very few data are missing
after June 1979.

The spatial resolution of the TOMS sensor is ~50-~250
km, depending on viewing angle. The ozone data were
provided by NSSDC on a semiregular latitude-longitude
grid, a product known as the GRIDTOMS data. The latitu-
dinal cell dimension is 1°. The longitudinal dimension of the
grid cells varies with latitude so as to keep the area of the
cells approximately constant and is given in Table 1. For this
analysis the GRIDTOMS data were area averaged onto a 5°
by 5° latitude-longitude grid, as by Bowman and Krueger
[1985]. This is a nominal resolution of 72 grid points around
a latitude circle. The TOMS resolves the detailed horizontal
structure of the total ozone field and permits the reliable
estimation of area-averaged quantities such as zonal means,
as well as the zonal wave structure, although the asynoptic
nature of the measurements can introduce errors into a zonal
harmonic analysis [Salby, 1982]. Unfortunately, the TOMS
does not directly provide information about the vertical
distribution of ozone.

All total ozone amounts are expressed in Dobson units
(DU) (1 DU = 1 milliatmosphere cm). The rms precision of
the TOMS ozone retrievals with respect to the Dobson
network is ~2% [Bhartia et al., 1984]. Thus the principal
advantages of the TOMS ozone data over other meteorolog-
ical and satellite data are the relatively high precision of the
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Fig. 3. Climatological zonal mean total ozone fields in middle

and high latitudes of the northern and southern hemispheres (equal
area scale). The contour interval is 20 DU, and values less than 300
DU are shaded. No data are available in the regions of polar night.
Nine years of data (1979-1987) were used to compute the climatol-
ogy.
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TABLE 1. Longitudinal Dimension of GRIDTOMS Data Cells

Latitude Zone Cell Width, deg

90°S-70°S 5
70°S-50°S 2.5
50°5-50°S 1.25
50°S-70°N 2.5
70°N-90°N 5

ozone retrievals and the high spatial and temporal resolution
of the sensor.

The time-mean total ozone distribution and the seasonal
cycle of total ozone over the globe were previously esti-
mated by Bowman and Krueger [1985] using the first 4 years
of TOMS data. Mean values of ozone are slightly different
between that analysis and this analysis due to reprocessing
of the instrument radiance data with revised values for the
ozone absorption cross section [Paur and Bass, 1985; Fleig
et al., 1986]. The climatological ozone field during the vortex
breakdown period is described below.

METHODS

Zonal Wave Structure

In order to study the role of zonal waves in ozone
transport and measure the distortion of the polar vortex the
daily, two-dimensional, gridded, total ozone fields were
expanded into zonal Fourier harmonics as

L

Qs 60)=Qo(8) + 2 QL6 cos [IA, — d(6)] (1)
I=1

where A; is longitude, 6; is latitude, ! is the zonal wave
number, (), is the amplitude of each zonal harmonic, and ¢;
is the longitude of the maximum of each harmonic. The daily
observations were assumed to be synoptic for computational
purposes in (1). Salby [1982] has discussed the errors due to
this assumption. Because the zonal wave field is dominated
by the largest-scale waves, result are presented below only
for waves 1 and 2 (L = 2).

A least squares method was used to compute the Fourier
coefficients. If more than six grid values were missing in a
given latitude band, the entire latitude row was treated as
missing. Gaps in the time series of wave amplitude and
phases occur only in 1979 and 1980.

Ozone Transport

Zonally averaged fluxes of total ozone were estimated
from the TOMS data by using the zonal-mean ozone conti-
nuity equation. A brief derivation of the equation, which for
simplicity is carried out in Cartesian pressure coordinates,
follows.

The ozone continuity equation in pressure coordinates is

X b L )+ — ) + — () = s 2
—+—(yu) +— (xv) +— (yo)=s(x, y, p, t

o T ayX ap)() »p. 0 (2
where t is time, y is the ozone mass mixing ratio, «, v, and @
are the velocities, and s is the local chemical production or
destruction rate. Integrating from the top of the atmosphere
(p = 0) to the surface (p,), reduces (2) to
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3 9 ] po 9 dp
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at dx ay 4 g
where
po dp
0= j "x— (4a)
0 g
is the total column ozone,
po dp
F,= f xXu — (4b)
0 g
is the vertically integrated eastward flux of ozone,
P dp
F,= f " v — (4c)
0 g

is the vertically integrated northward flux of ozone, and

dp
S=[pos—
0 g9

is the vertically integrated chemical source or sink. The last
term on the left-hand side of (3) vanishes to a very good
approximation, because the vertical flux across the top
boundary vanishes and the flux at the bottom (due to
changes in the surface pressure) is small since the ozone
mixing ratio at the bottom of the atmosphere is very small.
Averaging in the zonal direction eliminates the second term
on the left-hand side of (3), the divergence of the eastward
flux.
In spherical coordinates the final result is

(4d)

a[ﬂ]_ 1 0 P s
at acosoaocoso[ 1+I5] ©)

where 6 is latitude, a is the radius of the Earth, and the
subscript y on the northward flux F has been dropped.
Values of the ozone flux are scaled by the radius of the
Earth. That is, the numerical quantities presented below are
actually [F)/a, and the units are DU - day ~'. In the context
of this paper, flux and transport are considered to be
equivalent.

Equation (5) was solved approximately for [F] by neglect-
ing the chemical source and sink term [S]. The time tendency
on the left-hand side of (5) was estimated from the data by
computing differences between successive, daily, zonal-
mean total ozone values. The ozone flux [F] was then
calculated by integrating (5) northward, applying a no flux
boundary condition at the south pole. The resulting values
were smoothed with a 5-day running-mean filter. Calculation
of the ozone flux is possible only for days with no data
missing between the latitude of interest and the south pole.
This calculation is susceptible to the accumulation of errors
from neglecting [S], so values are presented only for the
dynamically active latitudes between the south pole and
40°S.

Calculation of tracer fluxes from satellite observations of
tracer distributions has been notoriously difficult. Attempts
to use three-dimensional wind and tracer fields to compute
the fluxes directly have led to uncertainties of as much as a
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factor of 2, largely as a result of incomplete longitudinal
sampling, uncertainties in the winds (especially vertical
velocities), and uncertainties in the vertical distribution of
the tracer. Applying (5) to the TOMS data avoids many of
these problems, at the expense of information about the
vertical distribution of the ozone flux. Using (5) is equivalent
to calculating the area-averaged ozone over a polar cap. (The
vertical integral over the volume is implicit in using total
column ozone data.) Day-to-day changes in that area-
averaged amount must be due to either transport across the
equatorward boundary of the cap or chemical sources or
sinks. The TOMS provides precise estimates of the area-
averaged ozone and the ozone fluxes because of (1) the high
precision of the individual TOMS measurements; (2) the
averaging used to produce the area averages, which reduces
the random errors of individual measurements; and (3) the
complete geographic coverage of the polar area, which
eliminates sampling problems. Note that wind observations
are not used to estimate the flux. Note also that vertical
motion in and of itself cannot change the total column ozone.
Diabatic processes are therefore important only insofar as
they induce divergence of the vertically integrated horizontal
flux or chemical production or destruction. Results pre-
sented below show that changes in the area-averaged ozone
are coherent and consistent with transport-induced changes
in the morphology of the total ozone field. The principal
uncertainty in the ozone flux estimates is the rate of chemical
production and destruction of ozone.

Neglect of the chemical term [S] in estimating [F] should
be a good approximation during dynamically active periods
when the contribution to the local tendency by the transport
is larger than the chemical source or sink term. The magni-
tude of the error in the estimate of [F] due to the neglect of
[S] can be judged by comparing the time scales of chemical
ozone destruction and ozone transport. It is now well known
that during the spring, ozone within the Antarctic polar
vortex is destroyed very rapidly by heterogeneous chemical
processes. This chemical destruction of ozone will appear in
the estimates of [F] as a northward export of ozone from the
polar region. During the year with the largest springtime
ozone loss to date, 1987, the minimum value of ozone in the
Antarctic region declined at an average rate of 2.5 DU -
day ™!, falling by about 80 DU in 1 month [Lair et al., 1989].
Assuming that the entire observed decline was the result of
chemistry and that the entire area south of 70°S declined at
this rate, the flux required at 70° to produce this change in
the absence of chemistry would be about 0.44 DU - day ~!.
As shown below, the ozone fluxes computed using (5)
typically range from —1.5 to +1.5 DU - day~'. The esti-
mated area-averaged photochemical loss rate is probably an
overestimate, since the minimum ozone values and the
largest ozone losses occur close to the pole and do not cover
the entire region south of 70°S. Additionally, the fluxes
estimated from the TOMS data are both northward and
southward, indicating transport into the Antarctic, and agree
well with simultaneous dynamical changes. Therefore the
photochemistry of the ozone hole should bias the flux
estimates toward northward transport, but the estimated
fluxes should be largely the result of dynamical processes,
not photochemistry.
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Integrated Ozone Area

As discussed in the introduction, the Eulerian diagnostics
described above can measure the degree to which the vortex
is dynamically disturbed and indicate the meridional ozone
transport, but do not, in general, indicate whether reversible
or irreversible changes have taken place in the vortex. To
provide an approximate Lagrangian diagnostic of the evolu-
tion of the ozone field, the area of the polar ozone minimum
has been estimated from the TOMS data. This method is
similar to that used by Butchart and Remsberg [1986],
Bowman [1986], and Mechoso et al. [1988].

The observed ozone field is rarely, if ever, as simple as
that illustrated in Figure 2. The polar ozone minimum may
be a single, connected, irregularly shaped region, or there
may be several local minima. At times the polar ozone
minimum may be joined to low ozone values in the tropics by
a region of low values extending through the normal mid-
latitude maximum. The complex and changing topology of
the ozone field make a rigorous definition of the area of the
ozone minimum difficult. Therefore the integrated ozone
area within the Antarctic polar cap has been calculated as
follows. The quantity A(Q) is defined as the area of the Earth
within the polar cap south of 50°S covered by total ozone
amounts less than (). The midlatitude ozone maximum is
nearly always equatorward of 50°S, so that low, subtropical
ozone values are generally ex¢luded from A.

RESULTS

Climatology

Zonal-mean total ozone. The climatological zonal-mean
ozone fields for the two hemispheres are shown in Figure 3.
In the northern hemisphere the time axis has been shifted by
6 months, and the latitude axis has been reversed to clearly
show the differences between the seasonal cycles in the two
hemispheres. In the northern hemisphere, total column
ozone increases from a minimum in autumn (about October
1) to a maximum in early spring (about April 1). In the
southern hemisphere, total column ozone reaches its annual
miniumum in early spring (about October 1); ozone at high
latitudes then increases rapidly for about 2 months, reaching
its annual maximum in late November or early December. It
is during this period after the equinox that the polar vortex in
the Antarctic stratosphere breaks down [Newman, 1986;
Mechso et al., 1988].

Monthly mean total ozone. Climatological monthly-mean
ozone fields for the spring and early summer are shown in
Figure 4. The minimum ozone values, which occur near the
pole, are near 200 DU in October; while simultaneously, on
the periphery of the vortex at ~65°S, time-mean ozone
values are greater than 400 DU.

The time-mean field is dominated by a zonal wave number
1 feature with maximum ozone amounts in the sector be-
tween 90° and 180°E. Minimum values occur across the pole
near the Antarctic peninsula. There is considerable interan-
nual variability of the monthly mean field. Newman and
Randel [1988] have shown that the longitude of the ozone
maximum varies considerably from year to year.

Between September and October the meridional ozone
gradient steepens as polar ozone values decrease, while
ozone increases equatorward of 70°S. The steepening is in
part due to photochemical destruction of ozone within the
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Fig. 4. Climatological monthly mean total ozone field in the southern hemisphere (polar equidistant projection).
The contour interval is 20 DU. Values less than 300 DU are shaded. The outermost latitude circle is 30°S. Nine years

of data (1979-1987) were used to compute the climatology.

Artarctic ozone hole. As the spring progresses, however,
ozone transport toward the pole rapidly reduces the size of
the ozone minimum and flattens the meridional gradient. By
December the ozone field is nearly completely flat south of
60°S. As the summer begins, the difference betweén mid-
latitude and polar ozone values may be as little as 30 DU.

The Vortex Breakdown

Synoptic evolution. In order to illustrate the evolution of
the total ozone field during the vortex breakdown period a
selection of daily ozone maps is presented in Figure 5 for 2
months of 1983. The selection of 1 year from the nine
available has necessarily been subjective, but the general
features are common to all years.

The sequence of 60 daily maps begins on October 1. By

this time the polar ozone minimum is well developed. The
steady eastward progression of the wave number 2 compo-
nent can be seen from October 1 until the middle of Novem-
ber as an eastward rotation of the elongated ozone minimum.
During October there are several instances of ‘‘blobs’’ of
low-ozone air apparently being pulled from the edges of the
ozone minimum and mixed into the surrounding higher-
ozone air. The first is between October 1 and 4 when the
tongue of low ozone initially at 0° longitude rotates clock-
wise on the second, becomes cutoff on the third, and
disappears on the fourth. Another instance occurs between
October 8 and 16, when a tongue of low-ozone air initially at
about 135°W rotates and joins with the low-latitude air on the
12th, and finally disappears on the 16th. Beginning on
October 20, the ozone minimum once more elongates toward
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Daily maps of southern hemisphere total ozone for October 1, 1983 through November 29, 1983 (polar

equidistant projection). The contour interval is 50 DU. Values less than 300 DU are shaded. The outermost latitude
circle is 12.5°S, and the Greenwich meridian is to the right (3 o’clock position).

135°W, a series of small blobs of low-ozone air are strung out
by the 23rd, and dissipated by the 26th. The net change in
size of the ozone minimum during this period is relatively
small, however, and at the end of October, the ozone field is
similar to what it was at the beginning of the month.

At the beginning of November the ozone field begins to
change rapidly. On November 1 the ozone minimum merges
with low-ozone air in the tropics, and over the following 6
days is rapidly stretched into a thin, sickle shape, finally
separating on November 7. At this point the 0zone minimum
is much reduced in area. By November 17 the minimum
reforms at a much smaller size, but then is pushed off the
pole beginning on the 20th. It rapidly fragments and disap-
pears between November 27 and 29, and the transition to the
summertime ozone pattern is complete.

Interannual variability of wave activity. Figures 6 and 7
illustrate the interannual variability of zonal waves 1 and 2

for the Iatitude zone between 70° and 75°S. On the seasonal
time scale, wave amplitudes increase from September into
October, and then generally decline from November into
December. Some jumps in the phase occur when the wave
amplitude becomes small and the phase becomes indetermi-
nate. In most years, wave 1 is quasistationary. The notable
exception is 1986, when wave 1 propagated once around the
latitude circle during October. Wave 2, by contrast, is
usually eastward moving. The steady phase progression of
wave 2 during October and the first part of November 1983
can be seen in Figure 7. The phase velocity is not always as
steady as in 1983, and the period ranges between ~10 and 30
days.

The amplitudes of waves 1 and 2 show a correlation that
changes during the season (Table 2). The wave amplitudes
are generally positively correlated during September and
December but show a weak negative correlation during
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October and November. This may indicate that nonlinear
interactions between the waves are more important during
the middle of the season when the wave amplitudes are
larger. and irreversible changes in the ozone distribution are
occurring.

Ozone transport, wave activity, and ozone area. The
relationship between eddy activity and ozone transport
during each year of the observing period is summarized in
Figures 8a-8i. The top panel in each figure is the ozone flux
as estimated with (5). The middle panel is the eddy standard
deviation, which is the rms deviation from the zonal mean,
or equivalently, the rms wave amplitude for all zonal wave
numbers. As noted above, the eddy variance is dominated
by the planetary-scale waves 1 and 2. The bottom panel is
the time series of integrated ozone area. The peaks in ozone
transport and ozone area near the end of September 1979 are
due to data problems and should be ignored.

The figures show a clear relationship between changes in
the level of wave activity and ozone transport. During the
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early part of the spring season (September and October), the
flux alternates between poleward and equatorward with a
time scale of about 5 days to 2 weeks. While the wave
amplitude is increasing and the vortex is becoming more
distorted, ozone is transported poleward, as described in
Figure 2. While wave amplitudes decrease, ozone is trans-
ported equatorward. Toward the end of the spring season of
each year, however, there is a period of poleward ozone
transport that is not followed by a correspondingly large
period of equatorward transport. At this time the vortex
largely disappears in the total ozone field, as is seen in the
change between the climatological monthly mean maps in
Figure 3. The period toward the end of the spring season
when the vortex irreversibly fills with ozone is not marked
by any significant features in the zonal wave field, except
that, contrary to earlier in the season, poleward transport of
ozone continues while the waves are decreasing in amplitude
[Randel, 1988]. The final filling of the vortex does not appear
to require the presence of a particularly large wave forcing.
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Fig. 5. (continued)

As an example, the four peaks in eddy amplitude from late
September to late October of 1983 have corresponding
episodes of poleward and equatorward transport. The ex-
ception is the final maximum near November 1, when
decreasing wave amplitude is accompanied by continued
poleward transport into early November.

The maximum in the eddy standard deviation tends to
move poleward from ~60°S in September to ~70°S in
November before decreasing in amplitude. This poleward
motion parallels the poleward and downward motion of the
jet noted by Mechoso et al. [1988] associated with bursts of
upward propagating planetary-scale waves.

The actual filling of the polar vortex can be seen best by
examining the area of the polar ozone minimum (bottom
panels in Figures 8a-8i). Ozone values at high latitudes
typically decrease in September, which is seen in Figure 8 as
increasing areas of low ozone. At the same time the area of
high ozone values around the outside of the vortex also
usually increases, increasing the meridional ozone gradient.

This steepening of the meridional gradient is also seen in the
climatological monthly mean maps (Figure 4). During Octo-
ber, ozone areas are roughly constant, with the disappear-
ance of low ozone values typically occurring in November.

The evolution of the ozone area in 1983 was typical. There
is a slight decrease in the area of low ozone values in
October, probably caused by the blobs of low ozone air
being stripped out of the vortex. This is followed by a much
more rapid decrease in early November.

Because the poleward transport of ozone during the period
of wave growth is cancelled by equatorward transport during
the period of wave decay, the eddy ozone transport during
October usually has little permanent effect on the area of the
ozone minimum, although most years show a slight de-
crease. The low ozone values (<300 DU) within the polar
vortex are unaffected by the wave events of October, but the
area with values less than 300 DU decreases rapidly in late
November, even though at this time the planetary waves in
the ozone field are weakening. As was seen above in the
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Fig. 6. Amplitudes in DU of zonal wave numbers 1 (solid lines)
and 2 (dotted lines) for the latitude zone between 70° and 75°S for
each year of the TOMS data set.

daily ozone maps, during the transport events in the early
spring (September and October) the vortex remains intact
and the transport is largely reversible. Ozone values remain
low in the interior and high on the periphery, even though
the vortex is highly distorted by the large amplitude waves
present at the time. During the later part of the season,
however, the transport is largely irreversible, and equator-
ward transport does not occur as the waves decay.
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Fig. 7. Phases (longitude) of zonal wave numbers 1 (solid lines)
and 2 (dotted lines) for the latitude zone between 70° and 75°S for
each year of the TOMS data set.

The ozone area graphs clearly show the deepening of the
ozone hole from year to year. Minimum values in 1979 are
less than 260 DU. Values less than 220 DU appear in 1980.
Values less than 180 DU appear in 1983. And by 1987 there
is a sizable region (out to 80°S latitude) of values less than
140 DU.

Comparison with dynamical diagnostics. The evolution of
the ozone field closely parallels changes in the dynamical
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TABLE 2. Correlation Between the Amplitudes of Zonal Waves
1 and 2 at 70°S

Month Correlation Coefficient
September 0.46
October -0.17
November -0.15
December 0.56

field, as can be seen by a comparison of the present results
with Mechoso et al. [1988], which described the dynamical
evolution of the Antarctic polar vortex during the spring of
1982. Mechoso et al. [1988, Figure 3] plotted the vertical
component of the Eliassen-Palm (EP) flux for the zone
between 50° and 70°S. They noted two major increases in EP
flux, one in the middle of September and one in early
October. These correspond to two increases in the eddy
variance of the ozone field that can be seen in the middle
panel of Figure 8d. They also noted a third peak in EP flux
activity just after the middle of October that had no apparent
precursor in the upper troposphere or lower stratosphere.
Because the peak in the EP flux at this time was largely
above 10 mbar, it did not produce a strong signal in the
ozone eddy variances. The top panel in Figure 8d does,
however, show poleward ozone transport occurring after the
middle of October, followed by a stronger period of equa-
torward transport. There was a simultaneous decrease in the
area of ozone values less than 300 DU (bottom panel of
Figure 8d), indicating that the wave event probably did
cause some irreversible transport.

Mechoso et al. [1988, Figure 7] also plotted the behavior

November

September

Fig. 8a. (Top panel) zonally averaged, meridional flux of ozone
(southward fluxes are shaded). The contour interval is 0.5 DU -
day~!. (Middle panel) time-latitude cross section of the eddy
standard deviation of the total ozone field (rms wave amplitude).
The contour interval is 10 DU. (Bottom panel) Time-area (expressed
as equivalent latitude) cross section of the integrated ozone area as
defined in the text, for 1979.
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Fig. 8. Same as 8a, except for 1980.

of zonal waves 1 and 2 in the geopotential height field at 10
mbar and 60°S during September 1982. The results generally
agree with the analysis of the ozone field. Wave 2 was
eastward moving, while wave 1 was nearly stationary, with
its amplitude increasing irregularly through September.

In Figure 9 of Mechoso et al., [1988] the potential vorticity
field on the 850 K isentropic surface (near 10 mbar) on
October 14 and 30, 1982 shows the characteristics of wave
breaking identified by McIntyre and Palmer [1983, 1984,
1985]. The ozone data at this time show several small blobs
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Fig. 8¢c. Same as 8a, except for 1981.
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Fig. 8d. Same as 84, except for 1982.

of low ozone air being pulled from the ozone minimum (not
shown), as occurred in 1983 (Figure 5), but the complete
breakdown of the ozone minimum did not occur until the
middle of November. The area diagnostic applied to the
potential vorticity [Mechoso et al., 1988, Figure 10] is quite
similar the ozone area diagnostic in the bottom panel of
Figure 84.

The ozone data indicate that in 1982 the polar vortex in the
lower stratosphere did not completely break down until at
least the middle of November. This is well after the dynam-
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Fig. 8f. Same as 8a, except for 1984.

ical wave activity, as evidenced by the EP flux, had nearly
disappeared. This could suggest that the seasonal cycle of
diabatic heating, even in the absence of zonal asymmetries,
may be important in the latter stages of the vortex break-
down.

DiscussioN

The TOMS ozone data analyzed in the preceding section
and the observational studies mentioned in the introduction
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can be used to conmstruct a conceptual model of lower
stratospheric ozone transport during the springtime break-
down of the Antarctic polar vortex.

Early spring is characterized by strong westerlies through—
out the lower and middle stratosphere The vortex is large,
and wave events are confined to the. periphery (~60°S).
Ozone values peak in middle latitudes, at about 50°S, and
decrease toward the pole. During the entire spring season
the total] ozone field in high latitudes is dominated by
planetary-scale disturbances (primarily waves 1 and 2).
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Same as 8a, except for 1987.
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Bursts of wave activity are generated in the upper tropo-
sphere and propagate vertically through the lower and
middle stratosphere until they approach a critical line (for
stationary waves the zero wind line) .or amplify into the
nonlmear regime as a result of decreasing atmospheric
densxty Some waves 'may also result from local nonlinear
interaction. During early spring, most of the wave activity is
deposited relatively high in the stratosphere (above 30
mbar). Ozone values within the polar vortex decrease as a
result of heterogeneous photochemical processes to create
the ozone hole, while ozone values around the perlphery of
the vortex increase somewhat.

As the waves propagate through the lower stratosphere,
they distort the polar vortex and produce episodes of largely
reversible ozone transport. The ozone minimum wanders
around the pole, and the ozone distribution alternates be-
tween nearly zonally symmetric and quite asymmetric pat-
terns as the waves pass through the lower stratosphere. The
transition from symmetric to asymmetric patterns or vice
versa can take place in as little time as a few days. From an
Eulerian viewpoint the growth and decay of large amplitude
planetary-scale waves causes alternating poleward and equa-
torward transport of ozone. From a Lagrangian viewpoint,
however, the distortion of the ozone field and the associated
ozone transport is entirely reversible, and the ozone mini-
mum returns to its predisturbance state when the waves
decay. The waves cause large fluxes of ozone while propa-
gating through the lower stratosphere, but, following the
noninteraction theorem [Andrews and Mclntyre, 1976], have
no permanent effects on the mean flow or the tracer distri-
bution. Air within the vortex is largely isolated form lower-
latitude air during the early spring, even durmg large-
amplitude wave events. Minor erosion of the vortex does
occur ds small pieces of the vortex are striped off and mixed
into lower-latitude air, but either large-scale rising motion
and the associated divergence of the vertically integrated

-pzone flux, or photochemical ozone destruction tend to

restore the.ozone minimum.

As spring continues, the jet weakens and moves down-
ward and poleward in conjunction with bursts of upward
propagating planetary-scale waves. The region of absorption
of the upward propagating waves moves downward along
with the jet. The zero wind line at 60°S descends from above
1 to ~20 mbars during the course of the spring season
[Mechoso et al., 1988]. The interaction between the waves
and the mean flow now occurs in the lower stratosphere,
where nonconservative processes '(wave absorption and
dissipation) have an irreversible effect on the ozone distri-
bution that can be seen in the total column ozone. As the
wave amplitudes decrease in November, the ozone distribu-
tion does not return to its predisturbance state but tends to
become homogenized throughout the vortex region. At the
same time, stratospheric temperatures warm to levels too
high to sustain PSCs, and the rapid chemical destruction
ceases. The above interpretation generally agrees with the
general circulation model experiments of Cariolle et al.
[1990], Prather et al. [1990], and Prather and Jaffe [1985].

There are several aspects of the vortex breakdown that are
still unclear. The first is the detailed mechanism for mixing
the ozone field and also presumably the potential vorticity
field. A second important question is the relative importance
of quasihorizontal mixing processes and the radiatively
driven mean-meridional circulation in modifying the ozone
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distribution. The TOMS data, by its nature, is unable to
distinguish the two transport processes. The Antarctic Air-
borne Ozone Expedition data show clear evidence of sub-
sidence within the vortex [Proffitt et al., 1989]. Understand-
ing of these problems will benefit from three-dimensional
data sets for ozone and dynamical variables with resolution
comparable to the TOMS data in the horizontal. The instru-
ments on the Upper Atmosphere Research Satellite will
provide an important step in that direction. Continued ex-
periments with general circulation models and simpler mech-
anistic models will also be beneficial.

These results can be used to contrast the annual cycle of
ozone transport in the southern and northern hemispheres.
The annual cycle of ozone in the extratropics is the result of
poleward and downward transport of ozone from the photo-
chemical region by the diabatic circulation and planetary-
scale waves. The differences between the annual cycles of
the two hemispheres are due to differences in the dominant
mode of transport and the timing of circulation changes.
Stronger wave activity at high latitudes in the northern
hemisphere tends to drive the Arctic stratosphere further
from radiative equilibrium than is the case in the Antarctic
[Shine, 1987; Andrews, 1989]. The result is a stronger
diabatic circulation in the northern hemisphere, as well as
greater wave transport of ozone. In consequence, the annual
cycle of ozone is larger in the northern hemisphere than in
the southern. In the Antarctic, by contrast, the weaker wave
activity during winter means that the stratosphere is closer
to radiative equilibrium, and the diabatic circulation is
weaker. Therefore there is little transport of ozone into the
polar region during the winter by either the diabatic circula-
tion or by waves. Unlike the northern hemisphere, ozone
accumulates in middle latitudes of the southern hemisphere
during the winter, not at the pole. When the stratospheric
circulation above Antarctica weakens in spring as a result of
radiative heating and wave forcing, the wave activity in-
creases at high latitudes and interactions between the waves
and the zonal-mean flow produce rapid changes in the jet.
The region of ozone mixing associated with the wave events
descends into the lower stratosphere and replaces low polar
ozone values and high mid-latitude values with intermediate
values in the space of one to two months. The rapid rise in
total ozone during the Antarctic springtime is much faster
than chemical production times in the lower stratosphere
and is clearly the result of transport of ozone from lower
latitudes and higher levels. In fact, photochemical processes
are actually destroying ozone within the polar vortex, at
least during the early spring, so the rise must be attributed to
transport. Finally, the vortex breakdown marks the end of
the Antarctic ozone hole and the return of Antarctic ozone to
near normal levels, as the anomalous ozone destruction with
the vortex ceases.
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