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ABSTRACT

Nine years of total ozone measurements from the Total Ozone Mapping Spectrometer (TOMS) on Nimbus
7 are used to study the global structure of the quasi-biennial oscillation (QBO) in total ozone. Interannual
variability of total ozone near the equator (10°S to 10°N) is dominated by the QBO. The equatorial ozone
anomalies are independent of season and are well correlated (r > 0.8) with the equatorial zonal wind. In both
hemispheres, midlatitude anomalies are two to three times larger in winter than in summer. Global patterns of
the ozone QBO are identified by computing lagged correlations between the zonal-mean equatorial ozone and
ozone elsewhere on the globe. Correlations between equatorial and extratropical ozone are weak during the
summer season (r ~ 0) and large and negative during the winter (r < —0.8 in the Southern Hemisphere and
r < —0.6 in the Northern Hemisphere). There are nodes or phase shifts in the correlation patterns at +10°
latitude, at 60°S, and at 50°N. Large negative correlations extend to the poles in both winter hemispheres.
There are indications of a correlation between wave activity, as measured by the eddy variance of the total
ozone field, and the QBO, although the variability of the eddy activity is large and the sample size is small. The
correlations support the accepted view that equatorial ozone anomalies result from vertical transport by the
QBO circulation. The correlation patterns do not support the theory that extratropical ozone anomalies on the
QBO time scale are the result of either advection of equatorial ozone anomalies by the climatological circulation
or quasi-horizontal mixing of the equatorial anomalies by planetary waves, Instead, the ozone anomalies resemble
a seasonally modulated standing oscillation, possibly resulting from quasi-biennial wave forcing of the planetary-
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scale mean meridional circulation and the associated vertical advection of ozone.

~

1. Introduction

The quasi-biennial oscillation (QBO) in the equa-
torial stratosphere was discovered independently by
Reed et al. (1961) and Veryard and Ebdon (1961). Near
the equator the zonal wind oscillates between westerly
and easterly directions with a period varying from 22
to 34 months. The average period is about 27 months.
A time-height cross section, such as that in Naujokat
(1986), shows most of the known features of the wind
oscillation (see also Fig. 2). These include the progres-
sive descent of easterly and westerly winds and the
asymmetry between the easterly and westerly descend-
ing phases. The zonal wind oscillation is confined to a
region approximately 15° on either side of the equator
(Wallace 1973). The equatorial QBO is not strongly
linked to the seasonal cycle, although there appears to
be a tendency for the phase reversal at 50 mb to occur
during Northern Hemisphere summer (Dunkerton and
Delisi 1985).

The generally accepted theory of the QBO was de-
veloped by Lindzen and Holton (1968), and Holton
and Lindzen (1972). Wallace (1973) has described the
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theoretical and observational studies that led to the
Hoilton and Lindzen theory. The alternately descending
westerlies and easterlies are thought to be driven by
absorption in the stratosphere of vertically propagating
equatorial Kelvin and Rossby-gravity waves generated
in the troposphere. The numerical model of Plumb
and Bell (1982) has reproduced many of the the features
of the observed QBO, but they did not obtain an os-
cillation of the same amplitude as the real atmosphere.

The wave driving of the zonal flow also produces a
secondary mean-meridional circulation (MMC) in the
latitude-height plane, with descending motion along
the equator during periods of westerly shear and as-
cending motion during periods of easterly shear (Plumb
and Bell 1982). In the lower stratosphere, where pho-
tochemical lifetimes are longer than advective time
scales, descending motion brings ozone-rich air from
higher in the stratosphere, increasing the total column
amount; ascending motion does the reverse. This ver-
tical motion appears to be responsible for quasi-bien-
nial oscillations in total column ozone near the-equator
(Funk and Garnham 1962; Ramanathan 1963; Angell
and Korshover 1973; Hasebe 1980, 1983, 1984; Olt-
mans and London 1982).

Quasi-biennial variations have also been detected in
middle and high latitudes in both dynamical and tracer
fields, including ozone (Angell and Korshover 1964,
1970, 1973, 1975; Belmont et al. 1974; Wilcox et al.
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1977; Hasebe 1980, 1983, 1984; Tolson 1981; Hilsen-
rath and Schlesinger 1981; Holton and Tan 1980; Gar-
cia and Solomon, 1987; Dunkerton et al. 1988; La-
bitzke and Van Loon 1988; Lait et al. 1989).

Several possible mechanisms have been proposed to
explain the extratropical QBO signals. First, the QBO
circulation itself could extend into middle and high
latitudes. Extratropical ozone anomalies would result
from the transport of the climatological ozone field by
the QBO circulation. Observational studies show the
dynamical QBO to be confined within about 15° of
the equator, however, and the model of Plumb and
Bell (1982) produced a QBO circulation that extended
to 30° latitude at most, both of which argue against
this theory.

Second, the climatological, seasonally varying,
stratospheric circulation could transport the anomalous
ozone amounts created at the equator into the extra-
tropics. This theory is difficult to judge because of the
difference in scale between the QBO circulation and
the global mean-meridional circulation. The QBO is
much smaller than the planetary MMC, and it is nec-
essary to know the detailed structure of the MMC to
determine the trajectories of the equatorial anomalies.
Holton (1989) proposed a simple model in which the
seasonally varying mean-meridional circulation trans-
ports equatorial QBO ozone anomalies into the sub-
tropics. The present analysis does not support this the-
ory, however, since equatorial anomalies appear to be
confined near the equator.

A third possibility is a combination of the two
mechanisms described above. Ozone anomalies created
by the subtropical branch of the QBO circulation,
which would be out of phase with the equatorial
branch, could be carried to higher latitudes by the cli-
matological mean and eddy circulations. Recently,
Gray and Pyle (1989) simulated many aspects of the
QBO in wind, temperature, and ozone in a two-di-
mensional (latitude-height) model. Equatorward of
30°, the ozone QBO resulted from anomalous transport
of ozone by the QBO mean-meridional circulation. The
subtropical ozone anomalies created by the QBO cir-
culation were then transported poleward by the cli-
matological MMC and eddy circulations. Direct effects
of the QBO on the transport were confined to the trop-
ical MMC. This model simulates some aspects of the
ozone QBO, which are discussed further in the con-
clusions, but a major limitation of this and the pre-
ceding theory is that they do not explain the high lat-
itude dynamical QBO, such as the variation in the
strength of the jet seen by Holton and Tan (1980).

A second group of theories involves quasi-biennial
modulation of extratropical planetary wave activity.
Holton and Tan (1980) suggested that the zonal-wind
QBO could change the background flow and thereby
affect the vertical and meridional propagation of plan-
etary-scale waves. Here there are also several possible
mechanisms that could produce a QBO in ozone. The
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modulation of the planetary wave activity by the QBO
could directly produce anomalous wave transport of
ozone, or indirectly produce anomalous transport by
forcing the planetary-scale MMC. O’Sullivan and Salby
(1989) have used a two-dimensional equivalent baro-
tropic model to study the modulation of the planetary
wave activity by the QBO. They found significant dif-
ferences in the middle- and high-latitude circulations
between easterly and westerly QBO regimes, but the
implications for total ozone are not yet clear. Of course,
it is also possible that extratropical effects of the QBO
are the result of some complicated combination of the
mechanisms listed above.

An important unexplained problem is the reported
hemispheric asymmetry of the QBO in total ozone,
especially in the tropics and subtropics. Asymmetry of
the ozone distribution is unexpected, since the dynam-
ical QBO appears to be quite symmetric around the
equator, as can be seen in both the zonal wind and
temperature fields (Wallace 1973; Dunkerton and De-
lisi 1985). For the ozone field, however, Hasebe (1980,
1983, and 1984), Tolson (1981), Hilsenrath and Schle-
singer (1981), and Oltmans and London (1982) ex-
amined the latitudinal structure of total ozone varia-
tions on the QBO time scale using Dobson and Nimbus
4 BUV data and found considerable hemispheric
asymmetry. Their analyses imply a strong connection
between ozone at the equator and in the northern sub-
tropics. No such connection is seen in the southern
subtropics. Hamilton (1989) suggested that the con-
nection might be due to stronger quasi-horizontal
(along-isentropic) mixing of ozone in the lower strato-
sphere by planetary-scale waves during the westerly
phase of the QBO. Results presented below, however,
show that the equatorial QBO in total ozone is much
more symmetric than was suggested by the Dobson
and BUYV analyses listed above; and equatorial ozone
variations are generally out of phase with ozone in the
subtropics, as would be expected from the models of
Plumb and Bell (1982) and Gray and Pyle (1989). Be-
cause of their importance for the transport theories,
these points are discussed further in the conclusions.

Another question of interest is the connection be-
tween the QBO and the depletion of ozone in the Ant-
arctic ozone hole (Garcia and Solomon 1987; Lait et
al. 1989). Lait et al. found a correlation between the
phase of the QBO and the rate of decline of ozone in
the Antarctic ozone hole. They suggested that the QBO
modulates the eddy activity at high latitudes, which in
turn affects the strength and durability of the Antarctic
circumpolar vortex. They hypothesize that greater eddy
activity leads to a warmer vortex with fewer polar
stratospheric clouds and slower ozone destruction.
Eddy transport of ozone-rich air from lower latitudes
into the vortex may also be important. In this way
dynamical processes may play a major role in regulat-
ing the chemistry of the ozone hole, although the direct
dynamical connection between the QBO and Antarctic
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vortex is still unknown. Since Lait et al. have studied
the connection between the QBO and the Antarctic
ozone hole in detail, this paper concentrates on other
aspects of the QBO in total ozone, especially the in-
teraction between the QBO and the annual cycle.

2. Data

The primary data used are nine years (1979-87) of
nearly global total ozone observations from the Total
Ozone Mapping Spectrometer (TOMS) on Nimbus 7.
The TOMS instrument uses backscattered solar ultra-
violet radiation to create daily maps of total column
ozone over the entire sunlit portion of the globe. Be-
cause the TOMS measures backscattered solar radia-
tion, no measurements can be made within the polar
night. Power limitations and instrument problems
caused the loss of ~30 days of data during the first six
months of 1979. Very little data is missing. after June
1979.

The spatial resolution of the TOMS sensor is ~50
to ~250 km, depending on viewing angle, while the
precision of the TOMS ozone retrievals with respect
to the Dobson network is ~2% rms (Bhartia et al.
1984). The GRIDTOMS data used here were provided
by the National Space Science Data Center (NSSDC),
and consist of daily global ozone fields on a semiregular
latitude-longitude grid. The latitudinal cell dimension
is 1°. The longitudinal dimension varies with latitude
so as to keep the area of the cells approximately con-
stant (Table 1). All total ozone amounts are expressed
in Dobson units, D.U. (1 D.U. = 1 milli-atmosphere
cm). The time-mean total ozone distribution and the
seasonal cycle of total ozone over the globe were pre-
viously estimated by Bowman and Krueger (1985) us-
ing the first four years of TOMS data.

Monthly mean Singapore (103°55'E, 01°22'N) zonal
wind observations were provided by B. Naujokat for
the 9-year period of TOMS observations. Observations
are available at 70, 50, 40, 30, 20, 15, and 10 mb. This
dataset is an extension of that described in Naujokat
(1986). It is assumed that the Singapore winds are rep-
resentative of the equatorial winds at all longitudes.

3. Methods
a. Spatial and temporal averaging

In order to reduce the size of the dataset and remove
variability at the smallest spatial scales, the daily
GRIDTOMS fields were area-averaged onto a 5° X 5°
latitude-longitude grid as described in Bowman and
Krueger (1985). In addition, daily zonal averages and
eddy variances were computed for 5-degree latitude
bands from the global 5° X 5° fields. In this work the
eddy variance is defined to be the root-mean-squared
deviation from the zonal mean (actually the eddy stan-
dard deviation). In addition, an equatorial ozone time
series, defined as the average of the zonal means of the
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TABLE 1. Longitudinal dimension of GRIDTOMS data cells.

Latitude zone Cell width
90°-70°S 5°
70°-50°S 2.5°

50°S-50°N 1.25°
50°-70°N 2.5°

70°-90°N 5°

two 5° latitude bands on either side of the equator,
was also calculated.

The annual cycle was removed from the global fields
by subtracting the climatological annual cycle esti-
mated from the 9 years of data at each point. The cli-
matological annual cycle computed in this manner is
quite smooth, and is very similar to the earlier clima-
tology computed using harmonic methods and 4 years
of TOMS data (Bowman and Krueger 1985). The an-
nual cycle was removed from the zonal means and
eddy variances in a similar manner. Any linear trend
in the data at each point was removed from the re-
sulting anomalies by subtracting a least-squares fit to
a straight line. Finally, because the focus of this work
is on longer time scales, the daily observations were
averaged over 5-day periods. This results in 73 obser-
vations per year, for a total of 657 observations at each
point during the 9-year record.

For purposes of comparison with the equatorial
zonal wind data of Naujokat, monthly means of the
equatorial ozone time series were also computed.

b. Correlations

Global patterns of the QBO in total ozone were in-
vestigated by computing lagged correlations between
equatorial and extratropical ozone anomalies. The
lagged correlation coeflicient r;3 was computed from
the standard formula

N—k R _

2} (Qin = Q) Ljnsk — @)
N—k = Nk )
[ El (Qin — QY 21 (Qimsx — QY12
n= n= .

Tijk =

where N is the total number of observations in the time
series, k the lag, Q;, the total ozone anomaly at location
i and observation 7, ;. is the anomaly at location j
and observation n + k, and the overbars indicate av-
erages over the appropriate observations.

As Dunkerton and Delisi (1985) have noted, the
QBO is neither strictly periodic nor sinusoidal. Because
of these factors, gaps in the ozone time series, and the
relatively short length of the data record in relation to
the QBO period (less than four cycles), spectral or fil-
tering methods were not used to describe the ozone
variations. Instead, the equatorial ozone was used as a
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reference signal with which other time series were cor-
related. The correlation process in fact acts as a filter
to pick out ozone variations associated with the QBO.
By computing the correlation at different lags, the tem-
poral structure of the QBO can be identified; and re-
gions that might be 90° out of phase with the equatorial
ozone (and hence have zero correlation at zero lag) can
also be identified. This method assumes that equatorial
ozone anomalies are primarily the result of the QBO.
This assumption is supported by the high correlation
between equatorial ozone and the equatorial zonal
winds (shown below), and by the dominance of the
QBO in the deseasonalized equatorial winds (Dunk-
erton and Delisi 1985).

4, Results
a. Zonal-mean anomalies

The 9-year time series of zonal-mean ozone anom-
alies is shown in Fig. 1. The alternating black regions
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at the poles are due to the loss of data in the polar
night. :

Even in this unfiltered time series, the ozone QBO
is clearly visible as alternating high and low anomalies
near the equator, where it is confined to a narrow zone
about 10° on either side of the equator. The time series
of the equatorial ozone, which is the average over the
latitude band from 5°S to 5°N, is plotted in the bottom
part of Fig. 2. It can be seen that the QBO signal dom-
inates interannual variations of equatorial ozone. Re-
cent ozone maxima occurred in 1980, 1982, 1985, and
1987. The peak-to-peak amplitude of the equatorial
QBO in total ozone is ~20 D.U. Time-mean equa-
torial ozone values are typically ~250 D.U., so the
QBO variations are somewhat less than 10% of the
long-term average. There are also high-frequency fluc-
tuations present in the data (time scales of ~1 month),
as well as variations from peak to peak in the magnitude
of the QBO itself. These variations will not be discussed
here.

The relationship between the equatorial total ozone

10
o
£ 30
o
5
a
o 50
o
70
20 Equatorial Ozone Anomalies
o il
5 ﬁ :
: o
[72]
0 _ !
O
5 ww |
) 1979 1980 1981 1982 1983 1984 1985 1986 1987
Time

FI1G. 2. Zonal-mean equatorial ozone anomalies in D.U. (bottom) and time-height section of Singapore zonal winds in m s™!
(top, contour interval 10 m s™'). Shaded areas are easterlies (convention reversed from Naujokat 1986).
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anomalies and the Singapore zonal wind is shown in
Figs. 2 and 3. The top part of Fig. 2 is the time series
of monthly mean zonal winds at Singapore. The in-
crease in ozone during the descending westerly phase
of the QBO is more rapid than the decrease during the
descending easterly phase. As a result the ozone vari-
ation is more sawtoothed than sinusoidal. This is con-
sistent with the observation that the westerly shear re-
gimes descend more rapidly than the the easterly shear
regimes. The phase of the ozone variations is as ex-
pected from vertical transport by the zonally symmetric
QBO circulation predicted by theoretical and numer-
ical models. That is, downward transport and increas-
ing ozone amounts occur during descending westerlies
and the reverse occurs during descending easterlies (e.g.,
see Plumb and Bell 1982, Fig. 1).

Figure 3 shows the lagged correlation between the
equatorial ozone and Singapore zonal winds computed
from the monthly mean values as a function of lag and
pressure. Correlations are computed for lags up to =4
years in order to see somewhat more than one complete
QBO period in each direction. Correlations with winds
above 30 mb are slightly larger than with winds lower
in the stratosphere. The maximum correlation occurs
close to zero lag with the winds at the 20 mb level. On
average, equatorial total ozone reaches maximum val-
ues one to two months after the westerly wind maxi-
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mum at 20 mb and nearly a year before the maximum
westerly winds reach 70 mb. In a statistical sense, the
instantaneous monthly mean zonal wind at 20 mb
alone explains ~75% of the variance of the equatorial
ozone. Because of the higher temporal resolution and
the relationship of ozone to the transport circulation,
the equatorial ozone rather than the Singapore zonal
wind is used as the QBO reference time series in the
following. The relationship to the zonal wind QBO can
be established by remembering that total ozone is es-
sentially in phase with the equatorial zonal wind at
20 mb.

Outside the narrow equatorial region in which the
QBO dominates, the ozone anomalies have a seasonal
dependence that is not easily seen in Fig. 1. To illus-
trate, the zonal-mean anomalies for the three latitude
bands, 35°-40°N, 5°S-5°N (the equatorial zone), and
35°-40°S are plotted in Fig. 4 as a function of time of
year. Even within this relatively short record, the phase
of the QBO drifts sufficiently with respect to the annual
cycle that the magnitude of the equatorial anomalies
is essentially independent of time of year. Dunkerton
and Delisi (1985) have shown that the onset of the
QBO westerlies at S0 mb has a tendency to occur in
Northern Hemisphere summer, but the phase is not
locked to the seasonal cycle, as the nonbiennial period
indicates. Away from the equator, however, anomalies

Correlation of Equatorial Ozone with
Singapore Zonal Winds

10

wW
o

Pressure (mb)

n
o

Lag (years)

FiG. 3. Correlation between the Singapore monthly mean zonal wind and the TOMS monthly mean equatorial ozone (contour interval
0.2). Shaded areas indicate negative correlations. A positive lag indicates that the ozone signal lags the Singapore winds.
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FIG. 4. Zonal-mean ozone anomalies for three selected latitude

zones as a function of time of year. (Note the change of scale in the
tropics.)
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are larger in the winter and spring seasons in each
hemisphere, regardless of their sign.

~ The time of year during which the anomalies are
largest depends on latitude, as can be seen in Fig. 5,
which shows the interannual variability in terms of the
year-to-year rms variance of the zonal-mean anomalies
as a function of latitude and season. The large winter
and spring anomalies in middle and high latitudes of
the Northern Hemisphere, which are caused by plan-
etary wave activity, reach a maximum in February and
March, although much of the wintertime activity near
the North Pole is lost in the polar night. In the Southern
Hemisphere the maximum variability in middle lati-
tudes occurs during winter and early spring (July
through September), much like the Northern Hemi-
sphere; while in high latitudes the largest variability is
associated with the breakdown of the Antarctic cir-
cumpolar vortex, which occurs after the equinox and
so0 is visible in October and November near the South
Pole. The summer seasons in both hemispheres are
quiet, as Fig. 4 also indicated. At 40°N and S, winter-
time anomalies are larger than summertime anomalies
by a factor of ~2 to 3.

Another notable feature in Fig. 5 is the local maxi-
mum of the interannual variability at the equator, with
minima in both hemispheres at about +=10° latitude.
This is almost certainly the result of maximum vertical
transport of ozone by the QBO circulation along the
equator and minimal transport at the center of the QBO
cells, where vertical motion is a minimum.

R.M.S. Zonal-Mean Ozone Anomalies

80°N A= 10— > VT ML WY)() .
VA\J/\//\\%k\/‘S 20 ' AN
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/‘}é/\/\\\ﬁ
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FIG. 5. Interannual variability of the 5-day mean, zonal-mean, total ozone as a function of latitude and time of year expressed
as the rms variance of the values from each year (contour interval 5 D.U.). Shaded areas are less than 5 D.U.
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In addition to the seasonal dependence outside the
tropics, there is a general tendency for extratropical
anomalies to be of opposite sign from the equatorial
anomalies, which can be seen in Fig. 1. This is con-
firmed by the instantaneous (lag zero) correlations of
the equatorial ozone with the anomalies at other lati-
tudes (Fig. 6). Because the extratropical anomalies are
so strongly dependent on season, correlations are pre-
sented separately for each season (DJF is December-
January-February, etc.). Figure 6 shows the marked
anticorrelation with middle and high latitudes in both
hemispheres and emphasizes how narrowly the direct
QBO signal is confined to the equator.

Figure 6 reveals a connection between the equatorial
and extratropical ozone, but the global pattern of quasi-
biennial ozone variations is seen best by examining the
lagged correlations of the equatorial ozone with other
latitudes shown in Fig. 7. Once again, the correlations
are presented separately for each season. As was shown

1.0
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0.5

0.0

Correlation
Coefficient

-0.5 W

JUA

0.5

0.0

Correlation
Coefficient

-0.5 1

-1.0 T T — Y

-30 0 30 60 90
Latitude
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above, however, the equatorial ozone anomalies are
nearly independent of season. Therefore, the pattern
of lagged correlations along the equator is also nearly
independent of season. The maximum correlation of
the equatorial ozone with itself (~0.7) occurs at a lag
or lead of ~27-28 months, which agrees with the
known period of the QBO and corresponds to the
lagged correlations of equatorial ozone and zonal wind
shown in Fig. 3. The correlations at £15° latitude are
small (|r| < 0.35) at all lags, indicating that the total
ozone at those latitudes is weakly correlated with the
equatorial ozone, not simply out of phase.

During the winter and spring seasons in each hemi-
sphere a general pattern of anticorrelation between the
tropics and extratropics is apparent, although the cor-
relations are not symmetric around the equator. In the
Northern Hemisphere the maximum anticorrelation
during DJF occurs between 20° and 30°N and shows
a slight tendency to lead the equatorial ozone. In a

1.0 ¢

MAM

0.5 1

0.0

Correlation
Coefficient

-0.5 1

-1.0 v — v -

1.0
SON

0.5 J

0.0

Correlation
Coefficient

-0.5 A

2

-30 0 30 60 90
Latitude

FI1G. 6. Instantaneous (zero lag) correlations between the equatorial ozone and zonal-mean ozone anomalies
at each latitude stratified by season.



3336 . JOURNAL OF. THE ATMOSPHERIC SCIENCES VoL. 46, No. 21

DJF

90° N

(<)

3

£ 0
«

-l

90° S
MAM

O

O

2

®

-l

Lag (years)

FI1G. 7. Lagged correlations between the equatorial ozone and zonal-mean ozone anomalies at each latitude as a function
of lag and latitude each season (contour interval 0.2). Shaded areas are negative correlations.

statistical sense, the instantancous equatorial total latitude correlations tend to lag the subtropical ozone
ozone explains ~35% of the wintertime variance in by several months.

the Northern Hemisphere extratropics. There is a fairly Moving through the year to later seasons, the in-
distinct shift in the phase at ~50°N latitude. High stantaneous correlations between the equator and the
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90° N |

% (1 e
> DRZeN

Lag (years)

FiG. 7. (Continued)

northern extratropics decrease to near zero in JJA and on ozone values from the previous winter and spring,.
SON, and the area of negative correlations moves to  Or, more simply, extratropical ozone anomalies created
later lags. These two features indicate that while sum- during the winter and spring seasons persist through
mer ozone values in the extratropics do not depend on  the following summer and perhaps into fall, when there
summer ozone values at the equator, they do depend is little direct influence from the tropics.
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Latitude

Latitude

Lag (years)

Fi1G. 8. Lagged correlations between the equatorial ozone and the eddy standard deviation of the ozone anomalies at each latitude -
as a function of lag and latitude for each season (contour interval 0.2). Shaded areas are negative correlations.

The reason for the phase shift at 50°N is not clear, anomalies could be created by local transport acting
although it suggests that transport of equatorial ozone on a background ozone field that lags the equatorial
anomalies by the MMC, which may require several ozone by several months due to the time required to
months, could be important. That is, the high latitude transport ozone anomalies from the tropics to the pole.
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FI1G. 8. (Continued)

In addition, the high latitude anomalies may be pro- alies, on the other hand, appear to be directly linked
duced by interannual variability of the planetary wave to equatorial ozone levels during the winter and spring.
transport that is not connected to the QBO. This ad- In the Southern Hemisphere the midlatitude cor-
ditional variability may reduce the relative importance relations are largest in fall (MAM) and winter (JJA).
of the QBO in high latitudes. The midlatitude anom- At the 30°S the anticorrelation reaches ~0.8, indicating
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that a large fraction of the subtropical ozone variations
are rclated to the equatorial QBO. As in the Northern
Hemisphere, the midlatitude correlation patterns move
to larger lags in spring and summer, while instanta-
neous summertime correlations fall near zero. This
again indicates the persistence of anomalies created
during the winter season into spring and summer.
Like the Northern Hemisphere, there is a phase shift
in the correlation patterns, but in the Southern Hemi-
sphere it occurs at ~60°. In high southern latitudes
the largest correlations occur in spring (SON), when
the Antarctic circumpolar vortex breaks down and very
large transport of ozone occurs. The seasonal cycle of
ozone in the Antarctic is dominated by transport during
the spring season (Bowman and Krueger 1985). (And,
of course, now by the chemical destruction of ozone
during spring in the Antarctic “ozone hole.”) This may
explain why QBO effects are not clearly seen during
other seasons, when transport is comparatively weak.

b. Eddy activity

Eddy statistics of the total ozone field are an imper-
fect measure of the eddies in the dynamical fields, but
total ozone usually reflects the planetary- and synoptic-
scale eddy activity fairly well. Eddy variances in the
total ozone field are dominated by planetary-scale
waves. Lagged correlations between the equatorial
ozone and the eddy variance at each latitude were
computed to check for a correlation between the equa-
torial QBO and the ozone eddy variance at each lati-

tude. Results are plotted in Fig. 8 for each season. A

correlation could result from quasi-biennial modula-
tion of the eddy activity itself, the mean vertical and
horizontal ozone gradients, or a combination of the
two. It is not possible to distinguish between these two
mechanisms without knowledge of the vertical distri-
bution of ozone, which is not available from the TOMS
total ozone data.

The lagged correlations indicate possible connections
between the QBO and eddy variance at the equator in
all seasons, and in the northern and southern subtropics
during the respective winter and spring seasons; how-
ever, the correlation coefficients rarely exceed 0.4. In
the Northern Hemisphere, for example, the maximum
in eddy variance at 20°N occurs ~6 months after the
ozone maximum at the equator or ~6 months after
the maximum westerly wind at 20 mb at the equator.
At that time the maximum westerly wind should have
descended to 40 to 50 mb, and easterlies should have
begun to appear at 10 mb. Summertime eddy activity
is very weakly correlated with the equatorial QBO. In
the southern subtropics during the winter (JJA) the
phase relation is similar to the Northern Hemisphere.
In the spring the maximum in eddy variance is nega-
tively correlated with equatorial ozone, however, in-
dicating that the eddy variance is largest when the
equatorial zonal wind is easterly at 20 mb. At the equa-
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tor itself, the largest negative correlations lag the equa-
torial ozone by 3 to 6 months, i.e., maxima in eddy
variance at the equator occur several months after the
maximum easterly winds at 20 mb the equator.

The lagged correlations indicate that there may be
a relationship between equatorial ozone and the eddy
variance along the equator and in the subtropics. There
are also weak patterns of quasi-biennial correlation
visible in the extratropics and polar regions. The tem-
poral variability of the eddy variances is large, however,
as is illustrated in Fig. 9 for two of the latitudes zones
where the correlations are largest: the equatorial zone
(5°S to 5°N) and 10° to 15°N. The sample of complete
QBO periods is small (~4), and it is possible that the
correlations are due to sampling error.

5. Conclusions
a. Summary of observational results
1) EQUATORIAL OZONE

Interannual variations of total ozone near the equa-
tor are dominated by the QBO. The correlation with
the equatorial zonal wind at 20 mb is >0.8, and the
phase of the equatorial ozone QBO is consistent with
the vertical motion of the induced mean-meridional
circulation of the wind QBO. The ozone QBO is con-
fined to a zone approximately 10° on either side of the
equator.

2) EXTRATROPICAL OZONE

Extratropical anomalies of either sign are largest in
the winter season in each hemisphere and tend to be
anticorrelated with equatorial ozone. The time and
space structure of the global QBO in total ozone is
asymmetric between the Northern and Southern
hemispheres, but not in the manner reported by Hasebe
(1980, 1983, 1984) and Oltmans and London (1982).
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FIG. 9. Equatorial ozone and the eddy standard deviation of the
ozone anomalies at two latitudes, 5°S to 5°N and 10° to 15°N.
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The instantaneous correlations between equatorial
ozone and midlatitude ozone are ~ —0.8 in the South-
ern Hemisphere and ~ —0.5 in the Northern Hemi-
sphere during their respective winter seasons. Instan-
taneous summer correlations are near zero, but win-
tertime anomalies persist into the summer and fall
seasons. Southern Hemisphere high latitude anomalies
are most strongly correlated to equatorial ozone during
the spring (SON).

3) CORRELATIONS WITH EDDY ACTIVITY

There are coherent patterns of correlation between
the equatorial ozone and eddy variances of the ozone
field at the equator and in the adjacent subtropics.
There are also weak patterns of correlations with mid-
dle and high latitudes, however, the sample of complete
QBO periods is small (~4), the variability of the eddy
variances is large, and the correlations may be the result
of sampling error.

b. Comparison with earlier results

The present analysis of the TOMS total ozone data
confirms earlier results indicating quasi-biennial vari-
ations in ozone in the tropics and extratropics. The
anomalies and correlation patterns found here, how-
ever, provide a different picture of the QBO in total
ozone from those presented by Hasebe (1980, 1983,
1984), Tolson (1981), Hilsenrath and Schlesinger
(1981), and Oltmans and London (1982).

In his analysis of 15 years of Dobson data, Hasebe
(1980, Fig. 4) found a QBO in total ozone with a max-
imum amplitude between 25° and 45°N. In a later
analysis of 7 years of Nimbus 4 BUV and Dobson data
(Hasebe 1983, Fig. 5), the maximum amplitude shifted
to between 5° and 20°N. Neither of these agrees well
with the TOMS results. The reasons for the differences
are not certain, but there are several possibilities. Pos-
sible problems with Hasebe’s analyses include the
sparse distribution of Dobson stations in the tropics,
the intermittent coverage by the Nimbus 4 BUV in-
strument, and smoothing by interpolation of station
or grid point data. From his interpolated, gridded data,
Hasebe isolated the quasi-biennial variations in total
ozone by digital filtering. The TOMS data show that
extratropical QBO ozone anomalies are confined to
the winter and spring seasons. A simple conceptual
model of the extratropical fluctuations would be a
quasi-biennial oscillation with a period of ~27 months
whose amplitude is modulated by the seasonal cycle
(12 months). The resulting signal will have components
at the sum and difference frequencies, with periods of
approximately 8.3 and 21 months, as well as the QBO
period. These higher-frequency components are largely
removed by Hasebe’s bandpass filter. Finally, the 9-
year TOMS data record is shorter than the 15-year
Dobson time series, but longer than the 7-year BUV
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dataset. It is also much denser in space and time than
either the Dobson or BUV data.

Oltmans and London (1982) used spectral analysis
to detect the QBO in total ozone. As mentioned above,
the QBO is not sinusoidal or periodic, and so is not
ideally suited for spectral analysis, especially in the ex-
tratropics. In addition, their coherence statistics (Fig.
6) were calculated for Balboa, located at 9°N, where
the tropical QBO signal is weakest, near the node in
the phase. Dunkerton and Delisi (1985) have shown
the complex latitudinal phase structure of the zonal
wind QBO, which suggests that their analysis may have
been affected by the choice of the reference signal.

The analysis that most closely resembles the present
results is that of Tolson (1981), who projected the BUV
data onto spherical harmonics to represent the global
total ozone field. He used a simple 2-year harmonic
analysis to isolate the QBO signal, however, so the re-
sults are not directly comparable.

It is the author’s conclusion that the present results
are to be preferred to the earlier studies, because the
TOMS record is longer than that of the BUV, and the
spatial and temporal coverage is much better than ei-
ther the Dobson or BUV data.

¢. Discussion

In the earlier analyses discussed above, the tropical
QBO in total ozone was not tightly confined near the
equator, but extended asymmetrically into the northern
subtropics, suggesting some kind of transport of ozone
from the equatorial region into the subtropics. Features
of this type are clearly not visible in either the TOMS
anomaly fields themselves (Fig. 1) or the correlation
patterns (Fig. 7). Thus, the TOMS data do not support
the hypothesis that the extratropical QBO in total ozone
results from the quasi-horizontal advection of ozone
by the mean circulation, as suggested by Holton (1989),
or from mixing of equatorial ozone anomalies into
midlatitudes by planetary-scale waves, as proposed by
Hamilton (1989), The abrupt phase shift in ozone
anomalies at ~ 10°N precludes the possibility that the
extratropical QBO is the result of quasi-horizontal
transport of equatorial ozone anomalies toward higher
latitudes.

It is possible that the extratropical anomalies result
from wave mixing of anomalies from the subtropical
branch of the QBO circulation. The largest ozone
anomalies occur in middle latitudes, however, and
some anomalies appear to progress from north-to-south
(1982 in the Northern Hemisphere), while others pro-
gress from south-to-north (1985 in the Northern
Hemisphere). This behavior is not consistent with
mixing of subtropical ozone anomalies to higher lati-
tudes. The two-dimensional modeling simulation of
Gray and Pyle (1989) has successfully reproduced many
features seen in the TOMS data, including the ap-
pearance of the large anomalies at higher latitudes
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(~60°), and evidence for latitudinal propagation of
the anomalies. The ozone anomalies in their model
are not clearly confined to the winter and spring sea-
sons, however, and they did not discuss the seasonal
structure of the QBO anomalies in detail.

The seasonal dependence of the extratropical ozone
anornalies is an important feature in the TOMS data.
There are several possible mechanisms that could ex-
plain. the larger winter and spring anomalies. First, even
in the absence of the effects of a seasonally varying
circulation, photochemistry could produce a seasonal
modaulation of the QBO ozone anomalies. Since pho-
tochemical lifetimes are longer in winter, vertical ad-
vection by the subtropical branch of the QBO circu-
lation would tend to produce larger anomalies during
that season. The faster photochemical adjustment in
the summer would suppress the effects of vertical mo-
tion on the total column ozone, and gradually destroy
any anomalies created during the preceding winter and
spring. The principle objection to this theory is that
seascnal changes of photochemical lifetimes in the
subtropical lower stratosphere are not large (see Fig. 6
in Gray and Pyle 1989). In either case, this theory is
amenable to testing with either simple or complex two-
dimensional (latitude-height) photochemical transport
models.

Instead of resulting from horizontal mixing of ozone
by waves, the correlation patterns resemble a seasonally
modulated, standing oscillation with nodes or phase
shifts at +10° latitude, 60°S, and 50°N. The extra-
tropical QBO in total ozone is consistent with a quasi-
biennial forcing of the mean meridional circulation by
planetary-scale waves and the resulting modulation of
the vertical advection of ozone. This hypothesis is sup-
ported somewhat by the theoretical calculation by
Garcia (1987) of the MMC resulting from an idealized
Eliassen-Palm flux divergence. His MMC had the
largest vertical velocities at the pole, however, not in
middle latitudes where the ozone anomalies are largest.
It is not clear how the modulation by wave activity
should actually work; that is, whether anomalous up-
ward motion in the extratropics should occur during
the easterly or westerly phase of the QBO (Hamilton
1989).

The TOMS results do appear to show that in addition
to the ozone itself, the QBO modulates the eddy vari-
ance of the total ozone in equatorial and subtropical
latitudes. As mentioned previously, this could result
from quasi-biennial modulation of either the eddy ac-
tivity or the mean ozone gradients. At the equator, the
quasi-biennial pattern of correlations indicates that the
equatorial eddy variance is not symmetric between the
westerly and easterly phases of the QBO, which is at
least consistent with quasi-biennial modulation of the
- equatorial wave activity. If the eddy activity varied with

a frequency twice that of the QBO itself, that is, if there -

were two peaks in eddy variance (one during each phase
of the QBO), the correlation between the two signals
should be near zero. The vertical velocity and ozone
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transport by Kelvin waves reaches a maximum at the
equator, but for Rossby-gravity waves falls to zero at
the equator owing to the different symmetry properties
of the waves. Therefore, Kelvin waves should produce
much larger zonal asymmetries in the equatorial ozone
field than Rossby—gravity waves. The phase of the cor-
relation is consistent with zonal asymmetries produced
by Kelvin waves. The correlations indicate maximum
eddy activity when the QBO winds are mostly easterly
and eastward propagating Kelvin waves can penetrate
through the lower stratosphere.

It does not seem likely that the correlation maxima
located off the equator in the tropics are the result of
transport by the Rossby—gravity modes for two reasons.
First, the maxima are located too far from the equator
to be consistent with the meridional scale of the ob-
served Rossby-gravity modes of 1000 to 1500 km (An-
drews et al. 1987, p. 211). Second, unlike the equatorial
correlation patterns, the subtropical correlations have
a marked seasonal dependence and are largest in the
winter. This suggests that the subtropical eddy variance
is the result of extratropical Rossby waves propagating
from the winter hemisphere, not equatorially trapped
modes.

The middle and high latitude correlations with the
eddy variance are inconsistent from season to season,
and do not give a clear indication of a relationship
between the QBO and high latitude planetary wave
activity. '

The TOMS data reveal surprisingly large correlations
between tropical and extratropical ozone, tropical and
subtropical eddy activity, and the quasi-biennial oscil-
lation, but some revision of the earlier picture of the
QBO in the subtropics seems to be required. The cor-
relation patterns indicate that the QBO has global ef-
fects on the atmospheric circulation. The extratropical
ozone anomalies have time scales of one to two seasons
and are probably the result of anomalous ozone trans-
port. The long time scale of the quasi-biennial oscil-
lation and the large correlations of the extratropical
ozone with equatorial ozone (and winds) suggest that
there may be substantial predictability of some aspects
of the lower stratospheric circulation on seasonal time
scales, at least during the winter seasons.
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