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INTERANNUAL VARIABILITY OF TOTAL OZONE DURING THE BREAKDOWN OF THE
ANTARCTIC CIRCUMPOLAR VORTEX
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Abstract. Data from the Total Ozone Mapping
Spectrometer (TOMS) on the Nimbus 7 satellite are compared
with Dobson spectrophotometer measurements from the
Antarctic, where a large decrease in October total ozone has
been observed over the last decade. It has been hypothesized
that the decrease is caused by local photochemical effects of
man-made chlorofluorocarbons. The TOMS data, which start
in 1978, agree well with the Dobson data, confirming the low
values of recent years. However, during the southern
hemisphere spring total ozone in the Antarctic is strongly
affected by transport associated with the breakdown of the
stratospheric vortex. The strength and timing of the vortex
breakdown are highly variable and can have a large effect on
monthly-mean total ozone values. The TOMS data suggest
that variations in the stratospheric circulation have contributed
to the long-term decrease. Large variations in total ozone are
not confined to the Antarctic. Zonal-mean ozone values have
also decreased in the northern hemisphere spring during the
TOMS observing period.

Introduction

Measurements of total ozone Q made with Dobson
spectrophotometers at the British Antarctic Survey (BAS)
stations at Argentine Islands 65°S 64°W and Halley Bay 76°S
27°W (abbreviated AI and HB respectively) have shown a
dramatic decrease of monthly-mean total column ozone above
the stations, especially for the month of October [Farman et
al., 1985). Observations at the BAS stations began in 1957.
Most of the decrease, from ~300 DU (1 DU (Dobson unit) = 1
milli-atm ¢m) to ~200 DU has occurred since 1976. Farman
et al. suggest that these observations are the first good
evidence of changes of atmospheric ozone caused by the
release of man-made chlorofluorocarbons (CFCs) into the
atmosphere. Several photochemical destruction mechanisms
have been proposed including fairly conventional chlorine
catalysis [Farman et al., 1985], heterogeneous reaction
processes [Solomon et al., 1986], synergistic reactions of
chlorine and bromine [McElroy et al., 1986], and the solar
activity cycle; but the cause is not yet firmly identified.

Total ozone trends from photochemical effects must be
detected amid variations of total ozone from many other
causes, such as year-to-year fluctuations in ozone transport.
In this paper observations from the Total Ozone Mapping
Spectrometer (TOMS) on the Nimbus 7 satellite are compared
with the BAS Dobson measurements and are also used to
describe the interannual variability of total ozone in the
Antarctic during the southern hemisphere spring (September
through December for the purposes of this paper). Data are
also presented to show that a substantial decrease of Q has
occurred in the Arctic during the northern hemisphere spring
season.

The importance of ozone transport during the Antarctic
spring can be seen by comparing the annual cycle of Q in high
latitudes of the northern and southern hemispheres (see, for

Copyright 1986 by the American Geophysical Union.

Paper number 6L6260.
0094-8276/86/006L-6260$03.00

1193

example, Figure 9 in Bowman and Krueger [1985]). In this
paper NH and SH will refer to the higher latitudes (poleward
of ~50°) of the northern and southern hemispheres,
respectively. In the NH the annual harmonic accounts for
~90% of the variance of the zonal-mean total ozone. That is,
for any given year the annual cycle is relatively smooth and
nearly a pure annual harmonic. (Zonal-averaging largely
removes the variance due to high-frequency (a few daystoa
few weeks) transient eddies. Without zonal averaging, the
annual harmonic still explains more than half of the total
variance in the NH [Bowman and Krueger, 1985, Figure 5].)
In the NH Q reaches a maximum at about the time of the
vernal equinox (March 21), a result of poleward and
downward transport of ozone by the diabatic circulation and
by transient planetary wave disturbances occurring throughout
the winter.

The annual cycle of ozone in the SH is not simply six
months out of phase with the NH. In the SH Q reaches a
minimum near the equinox (September 21). During the
following two to three months (SH spring) Q increases
rapidly, reaching its annual maximum value between late
October and early December. The sudden increase of ozone in
the spring is caused by wave transport associated with the
breakdown of the circumpolar vortex [Rood, 1983]. In
contrast to the NH, there is little transport of ozone into the
circumpolar vortex by waves during the winter. Dobson
originally noted these interhemispheric differences in
observations from Resolute, in the Arctic, and HB [Dobson,
1966). Since that time many others have studied the annual
cycle in the SH, including Sticksel [1970], Shimizu [1971],
and Hilsenrath and Schlesinger [1981]. The annual cycle in
the southern hemisphere is sawtooth-shaped with a significant
semiannual component [Chubachi, 1984], not a simple annual
harmonic. In fact, temporal harmonics provide a poor
representation of such short-time-scale events,

The vortex breakdown in the SH can occur in as little as
one month, Q undergoing its entire annual range in that
period. Newman [1986] has found that the vortex breakdown
follows the final warming in the Antarctic stratosphere by 15
to 40 days, and that the warming and breakdown are distinct
events. The daily and interannual variability of total ozone is
largest during the breakdown period, and small changes in the
timing of the vortex breakdown can cause large changes in
monthly-mean ozone values. Variability of the vortex
breakdown during the TOMS observing period has
contributed to the ozone reductions, as will be shown below.

TABLE 1. October mean total ozone at Halley Bay as
measured by the TOMS and the BAS Dobson. Dobson
measurements are estimated from Figure 2 of Farman et al.
[1985].

Year TOMS BAS Dobson
1978 na 285
1979 275 261
1980 235 227
1981 248 247
1982 221 239
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Fig. 1. TOMS total ozone in the southern hemisphere south
of 30°S latitude on three days in November 1980. Values are
in DU; the contour interval 1s 40 DU.

Comparison of TOMS and Dobson Measurements
The TOMS instrument has been operating essentially

continuously since November 1978, providing daily, high
resolution maps of total ozone over the entire globe outside the

region of polar night. A climatology of the first four years of
TOMS data has been compiled [Bowman and Krueger, 1985],
and intercomparison of TOMS measurements with ground
based Dobson stations has shown the precision of the TOMS
retrievals to be better than 2% [Bhartia et al., 1984].

Monthly means of the daily Q values from the TOMS
grid box containing the HB station were computed for
comparison with the BAS Dobson measurements. This grid
box covers the area 75°S-76°S by 25°S-30°W. The TOMS
measurements may differ from the Dobson measurements for
a number of reasons. Among the more important reasons,
TOMS fields-of-view are of varying size and were averaged
over the grid box to obtain the values used here, observations
times may differ, and different days may be missing from
each data set. These presumably random errors are reduced
by computing monthly means.

The TOMS monthly means are shown in Table 1 for
October, the month for which Farman et al. noted the largest
decrease. The TOMS monthly means agree quite well with
the HB measurements shown in Figure 2 of Farman et al.
differing by less than 20 DU. The discrepancy (5 to 10%),
while substantial, is much less than the long-term change of
~100 DU seen in the BAS time series; and the measurements
generally agree with the extremely low values of 1980-1982.
Unfortunately, the TOMS observations did not begin early
enough to record the higher values prior to 1978, and TOMS
measurements made since September 1983 have not yet been
processed.

Interannual Variability

The TOMS has provided a detailed view of daily total
ozone changes during the vortex breakdowns of 1979 through
1982. The progression of a typical vortex breakdown can be
seen in Figure 1, which contains maps of Q over the polar cap
south of 30°S during November 1980.

The first day, November 1 (Figure 1a), is typical of the
period before the vortex breakdown. The ozone pattern over
Antarctica is nearly zonally symmetric, with large asymmetries
only equatorward of 70°S latitude. Minimum values of ~200
DU are found near the pole, while maximum values of >450
DU occur around the periphery of Antarctica. (The minimum
and maximum on November 1 are 204.5 and 424.2 DU,
respectively.)

By November 15 (Figure 1b) the vortex breakdown is
well under way. Minimum ozone values over the pole have
risen to ~250 DU. The symmetrical pattern is severely
distorted, and the lowest values of Q are found in the quadrant
between 0° and 90°W longitude. This displacement of the
ozone minimum off the pole in this direction is a recurring
feature clearly visible in the monthly-mean map (not shown).
The region of minimum ozone is located approximately over
the HB station. However, the large ozone gradients can
produce local changes of more than 100 DU in less than a
week when large amplitude planetary waves are present.

By November 30 (Figure 1c) the vortex breakdown is
essentially over, and Q is nearly constant across Antarctica
with values between 350 and 400 DU. At the pole the
increase in Q during the vortex breakdown is ~150 DU,

Mechoso et al. [1985] found that the wintertime
movement of the SH stratospheric jet usually occurs during
episodes of enhanced wave activity. The episodic nature of
the wave driving produces a large interannual variability in the
stratospheric mean winds. The vortex breakdown is clearly
associated with large amplitude planetary wave events, but not
all large amplitude planetary waves cause irreversible ozone
transport. To obtain a measure of the strength of the
circumpolar vortex and the progress of the vortex breakdown,
the area covered by different ozone amounts was computed
for each day. Potential vorticity and ozone area integrals have
been used by Butchart and Remsberg [1986] as a diagnostic
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Fig. 2. Area within the polar cap south of 50°S covered by
total ozone amounts less than the indicated values, A(S2),
(solid lines) and eddy variance of total ozone in the latitude
zone 70°S to 75°S (dotted line). The scale on the left for A(Q2)
is the equivalent latitude as defined in the tex% The scale on
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of stratospheric dynamics, especially during NH sudden
warmings. Changes in the ozone area should indicate
permanent changes in the vortex. This is not the case for the
zonal-mean ozone, [Q2], which can fluctuate due to reversible
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transport by planetary waves. (An example is presented
below.) Thus, the ozone area should be a better indicator of
the progression of the vortex breakdown.

A(Q) is defined to be the area in the polar cap south of
50°S covered by total ozone amounts less than . This
quantity is plotted as a function of time in Figure 2 for
different values of Q during SH spring of 1978-1982.
Because ozone generally increases away from the south pole,
the scale used is the area of a polar cap south of the indicated
latitude (the "equivalent latitude" used by Butchart and
Regsberg). An increase in ozone is indicated by a decrease in
A(Q).

Unfortunately, when the TOMS began operating at the
end of October 1978 the vortex breakdown was essentially
over. In that year Q reached 2 maximum in October or early
November and decreased after that time. The early ozone
maximum (relative to the following years) is consistent with
an early vortex breakdown and with the high monthly-mean
value reported by Farman et al. for October 1978 of ~285 DU.

The remainder of Figure 2 shows the progression of the
vortex breakdowns of the years 1979-1982, The dashed line
for each year is the eddy variance, that is, the mean-squared
deviation from the zonal mean, [Q], for the latitude zone
70°S-75°S. The eddy variance is a measure of total wave
activity. Erosion of the ozone minimum at high latitudes is
accompanied by increases in the eddy variance. Not all
periods of wave activity produce changes in the area of the
ozone vortex. October 1980 is a good example, when two
large wave events had no noticeable effect on the ozone areas.
The waves did produce large, temporary changes in [Q]. The
insensitivity to reversible wave transport shows the value of
using A rather than [Q].

Year-to-year differences in the progression of the vortex
breakdown can be seen in Figure 2. The breakdowns of 1978
and 1979 occurred much earlier than the following years, and
the October mean Q was much higher. During those years Q
was decreasing again at lower latitudes (50°S—70°S) after the
breakdown as eatly as late October. During the years 1980 to
1982 the vortex breakdown did not occur at high latitudes
until November (compare A(300 DU) in 1978 and 1979 with
the following three years). As a result the October and
November monthly means were much lower.

Northern Hemisphere Ozone Trends

The TOMS data show that Q has also decreased in the
northern hemisphere springtime during the period 1979 to
1983. Figure 3 shows March [2] in the latitude zone
70°N-75°N plotted as a function of November [£2] in the zone
70°S-75°S for the previous year. During the five years shown
[€2] has decreased nearly as much in the NH as in the SH. A
substantial NH ozone decrease has been noted earlier by
Angell et al. [1985] in Dobson/M83, ozonesonde, and TIROS
Operational Vertical Sounder (TOVS) data. As is the case in
the SH, the NH decrease is confined to a short period near the
equinox. These results are included to illustrate that large
fluctuations in total ozone have occurred in other parts of the
globe during the same time period as the Antarctic decrease.
This suggests that the decrease may be more global in nature,
as might be the case for solar cycle fluctuations, for example,
and may not be peculiar to the Antarctic.

Conclusions

The TOMS measurements largely corroborate the
exceptionally low October Dobson measurements made at HB
for the years 1979-1982.

The observed decrease in total ozone in the Antarctic
during the last decade may have been caused by either
photochemical or dynamical sses. Farman et al, [1985]
and others have hypothesized that the changes are the result
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Fig. 3. Zonal-mean total ozone (70°N-75°N) for March
versus zonal-mean total ozone (70°S-75°S) for November of
the previous year.

only of local photochemical effects. However, it is clear from
the TOMS data that ozone transport and especially the timing
of the vortex breakdown can have a large influence on the
monthly mean total ozone, especially for October and
November, when the vortex breakdown usually takes place.
When the vortex breakdown occurs early (late) the October
mean ozone is high (low). Figure 1 in Farman et al. also
suggests that extreme high ozone values are associated with
early breakdowns, while extreme low values are found in
years with weak and late breakdowns. The vortex
breakdowns of 1980-1982 were weaker and later than for
1978 and 1979. Thus, it is possible that the observed
long-term ozone changes are in part the result of changes in
planetary wave activity and the stratospheric circulation.
Ozone fluctuations from interannual variability of the vortex
breakdown may have been superimposed on trends due to
chemical processes. A third possibility is that chemical-
induced ozone changes have changed radiative heating rates
sufficiently to alter the zonal-mean circulation and the
propagation of planetary waves into the lower stratosphere,
delaying the vortex breakdown.

Continued monitoring from the ground and from
satellites will be necessary to determine whether the low total
ozone values in the Antarctic persist. A return of ozone values
to early levels would contradict the chemical hypothesis.
Continued low ozone values, especially if they persist in both
hemispheres, will support chemical depletion mechanisms and
make dynamical explanations less likely. While the TOMS
instrument continues to operate, it will provide valuable ozone
trend data and information on the dynamics of the vortex
breakdown.

References

Bhartia, P. K., K. F. Klenk, C. K. Wong, and D. Gordon,
Intercomparison of the Nimbus 7 SBUV/TOMS total
ozone data sets with Dobson and M83 results, J.
Geophys. Res., 89, 5239-5247, 1984.

Bowman, K. P. and A. J. Krueger, A global climatology of
total ozone from the Nimbus 7 Total Ozone Mapping
Spectrometer, J. Geophys. Res., 90, 71967-7976, 198S.

Butchart, N. and E. E. Remsberg, The area of the
stratospheric polar vortex as a diagnostic for tracer
transport on an isentropic surface, J. Atmos. Sci., in
press.

Chubachi, S., Preliminary result of the ozone observations at
Syowa Station from February 1982 to January 1983, in
Proceedings of the 6th Symposium on Polar Meteorology
and Glaciology, National Institute of Polar Research,
Tokyo, Japan, 1984.

Dobson, G. M. B., Annual variation of ozone in Antarctica,
0. J. R. Meteorol. Soc., 92, 549-552, 1966.

Farman, J. C., B. G. Gardiner, and J. D. Shanklin, Large
losses of total ozone in Antarctica reveal seasonal
CIO,/NO, interaction, Nature, 315, 207-210, 1985.

Hilsenrath, E. and B. M. Schlesinger, Total ozone seasonal
and interannual variations derived from the 7 year Nimbus
4 BUV data set, J. Geophys. Res., 86, 12,087-12,096,
1981.

McElroy, M. B., R. J. Salawitch, S. C. Wofsy, and J. A,
Logan, Reductions of Antarctic ozone due to synergistic
interactions of chlorine and bromine, Nature, 321,
759-762, 1986.

Mechoso, C. R., D. L. Hartmann, and J. D. Farrara,
Climatology and interannual variability of wave,
mean-flow interaction in the southern hemisphere, J.
Atmos. Sci., 42, 2189-2206, 1985.

Newman, P., The final warming and polar vortex
disappearance during the southern hemisphere spring,
Geophys. Res. Lett., this issue, 1986.

Rood, R. B., Transport and the seasonal variation of ozone,
PAGEOPH, 121, 1049-1064, 1983,

Shimizu, M., Global distribution and seasonal changes of
total ozone amount in the atmosphere, Geophys. Mag.,
35, 401-429, 1971.

Solomon, S., R. R. Garcia, F. S. Rowland, and D. J.
Wuebbles, On the depletion of Antarctic ozone, Nature,
321, 755-758, 1986.

Sticksel, P. R., The annual variation of total ozone in the
southern hemisphere, Mon. Wea. Rev., 98, 787-788,
1970.

Kenneth P. Bowman, Department of Atmospheric
Sciences, 1101 W. Springfield Ave., Urbana, IL 61801

(Received July 7, 1986;
revised August 26, 1986;
accepted September 12, 1986)



