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ABSTRACT

Satellite and station data have shown that the quasi-biennial oscillation (QBO) in total column ozone is
asymmetric about the equator, unlike the zonal wind oscillation. There is an asymmetry in phase, as subtropical
ozone anomalies maximize in the winter—spring season in both hemispheres, showing strong synchronization
with the seasonal cycle irrespective of the phase of the equatorial QBO. There is also an asymmetry in amplitude,
which we suggest is due to the timing of the equatorial QBO relative to the seasonal cycle and possible seasonal
variation of the Hadley circulation. These asymmetries change with time as the phase relationship between the
equatorial QBO and seasonal cycle changes, producing a slow modulation of the subtropical ozone QBO.

Numerical simulations of the ozone QBO with a two-dimensional radiative-dynamical-photochemical model
successfully reproduce these features of the ozone QBO and show that mean motions near the base of the
equatorial stratosphere are largely responsible for the asymmetry of the oscillation. The column oscillation is a
complex superposition of number densities at various levels due to phase descent of the dynamical QBO and
strong spatial gradients in the strength and direction of the Hadley circulation. The role of ozone photochemistry
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is also discussed, and comparison is made to the simulated quasi-biennial oscillation of NO,.

1. Introduction

On time scales longer than intraseasonal, the cir-
culation of the equatorial lower stratosphere consists
mainly of an annual cycle with 12-month period, and

- a quasi-biennial oscillation or QBO (Reed et al. 1961;
Veryard and Ebdon 1961; Belmont et al. 1974; Nas-
trom and Belmont 1975; Hamilton, 1984; Dunkerton
and Delisi 1985; Naujokat 1986). The QBO is an ir-
regular oscillation with variable period averaging about
28 months (£4 months standard deviation). Most of
this variation is due to the descent of easterly shears,
which occasionally stall near 50 mb sometime between
July and February (Naujokat 1986). Westerly phases
at 50 mb vary in length, and there is a cluster of 50
mb easterly onsets in the northern spring-summer
(Dunkerton and Delisi 1985). Figure 1 shows the length
of QBO phases at 50 mb using Singapore wind data
and earlier data from Balboa. Approximately constant
duration of easterly phases at this level contrasts sharply
with the westerly phase. The total QBO period is the
sum of the two phases; it also varies, and cannot be
reduced to a series of integral or half-integral multiples
of one year. Evidently the seasonality of the dynamical
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QBO, while it is an important cause of QBO variability,
is a rather weak effect that falls short of true synchro-
nization (Dunkerton 1990a).

In contrast, the quasi-biennial oscillation of total
column ozone at latitudes away from the equator is
strongly tied to the seasonal cycle. This oscillation has
been observed for many years in ground-based data
(Funk and Garnham 1962; Ramanathan 1963; Angell
and Korshover 1973; Wilcox et al. 1977; Angell 1988;
Hamilton 1989) and satellite data (Hilsenrath and
Schlesinger 1981; Oltmans and London 1982; Hasebe
1984; Lait et al., 1989; Bowman 1989). Within about
10° of the equator, the ozone QBO is strongly corre-
lated with the dynamical QBO and exhibits the same
period as that oscillation. Away from the equator, the
situation is more complicated. Unlike the zonal wind
oscillation, the ozone QBO exhibits a complex time
dependence and asymmetric latitudinal structure. Ex-
trema tend to occur in the winter-spring season irre-
spective of the phase of the equatorial QBO. This ob-
servation is difficult to understand if the dynamical
QBO, by itself, were responsible for the ozone oscil-
lation. Seasonal synchronization of the ozone QBO,
however, provides an important clue. It suggests that
the seasonal cycle is interacting with the quasi-biennial
cycle to produce a more complicated distribution of
ozone away from the equator (Gray and Pyle 1989;
Hamilton 1989; Holton 1989). The seasonal cycle in-



2430

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 47, No. 20

50 mb QBO
2.5
yrs
2.0 ,w
1.5
T o
1.0+
0.5
0 . 0~ T T[T
1960 1956 1960 1965 1870 1875 1880 19856

1880

FIG. 1. Period of deseasonalized QBO zonal wind phases at the 50 mb level at Singapore.
Two early data points from Balboa are also shown. W: westerly phase; E: easterly phase.

cludes temporal variations of mean circulation, eddy
transport, and photochemical sources and sinks; it is
unclear which of these is dominant in the ozone QBO,
although each could conceivably modulate the dy-
namical QBO’s transport.

Possible nonlinear interactions between the annual
cycle and QBO were mentioned by Reed (1964, p. 453)
but neglected in his linear model of the QBO, perhaps
because observations at that time suggested a nearly
biennial oscillation. From Fig. 1 it is evident that the
dynamical QBO began to depart significantly from a
biennial period in 1964; the average period is now
about 28 months and there is no obvious synchroni-
zation with the seasonal cycle (except for the seasonal
effect noted above). This implies that the phase rela-
tionship between the equatorial QBO and seasonal cy-
cle is continually changing. Nonlinear interactions be-
tween the annual cycle and QBO, therefore, can be
expected to generate new frequencies unrelated to the
annual cycle, and the ozone response may be quite
complicated. This will be true even when the period
of the QBO is constant and the response is smoothed
in time.

It might be noted that, apart from Gray and Pyle
(1989) and Dunkerton (1990b), the QBO and annual
cycle have not been studied together or simulated at
the same time by numerical models. Three-dimen-
sional general circulation models, which otherwise
provide a detailed representation, have been unable to
simulate the QBO. Mechanistic models of the QBO,
on the other hand, have generally ignored the seasonal
cycle and ozone photochemistry. Unfortunately for
these models, it appears that the seasonal cycle and
QBO interact, so that the behavior of one cannot be
completely understood without taking into account the
other. The ozone QBO is perhaps the most vivid illus-
tration of this, but there are other examples that have
also been discussed in the literature. (i) The circulation
of the extratropical stratosphere in the northern winter

is influenced by the equatorial QBO (Holton and Tan
1980, 1982; Wallace and Chang 1982; Labitzke 1982;
van Loon and Labitzke 1987; Dunkerton et al. 1988).
(i1) Planetary Rossby waves in this region may be sen-
sitive to the “boundary condition” provided by the
QBO (Dameris and Ebel 1989; O’Sullivan and Salby,
1990). (iii) The QBO may directly modulate planetary
wave momentum transport and mixing in low latitudes
(Wallace and Newell 1966; Dickinson 1968; Dunker-
ton 1983; Hamilton 1989). (iv) In the Southern Hemi-
sphere, the rate and extent of Antarctic ozone depletion
is correlated with the QBO (Bojkov, 1986; Garcia and
Solomon 1987; Lait et al. 1989). To this list we may
add the observation that the subtropical ozone QBO
is strongly tied to the seasonal cycle (Hilsenrath and
Schlesinger 1981; Lait et al. 1989; Hamilton, 1989;
Holton 1989).

The purpose of this paper is to briefly review the
evidence of seasonal synchronization of the ozone
QBO, and to show how this behavior 1s not expected
on the basis of QBO transport alone but may arise on
account of the seasonal cycle (section 2). In following
sections, results are presented from a two-dimensional
numerical model of the atmosphere (Gray and Pyle
1989) which has been used to study the interaction of
the annual cycle and QBO as it affects ozone transport.
This discussion supplements and extends the recent
work by Gray and Pyle (1989) with an improved
chemistry scheme and simulation of an asynchronous
quasi-biennial cycle. Attention will be focussed on the
subtropical ozone QBO, and how individual levels of
the model superpose to form the ozone column (section
3). Model diagnostics will also be used to assess the
relative importance of mean motions, eddy diffusion,
and photochemistry in the ozone budget (section 4).

Numerical results provide a more detailed descrip-
tion of the ozone quasi-biennial oscillation than is cur-
rently possible with observations, However, the models
may not be entirely realistic, and may even produce
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an ozone QBO for the wrong reasons. Our discussion,
then, is primarily intended to lay some groundwork
for future numerical and theoretical studies of the
ozone QBO. Another limitation is that little will be
said concerning the polar ozone QBO. This phenom-
enon is more complicated, as one might expect, due
to interannual variability in the high latitude winter.
It seems desirable in this preliminary study to begin in
the tropics and attempt to understand first how the
subtropical ozone QBO is generated.

2. Overview of the ozone QBO and transport mecha-
nisms

a. Observations

Although the ozone QBO was discovered in ground-
based data, satellite ozone measurements within the
last twenty years have verified its existence and have
provided, for the first time, 2 zonally averaged picture
of this oscillation. The most extensive measurements
have been obtained with BUV, SBUV, and TOMS in-
struments. Figure 2 joins together deseasonalized time
series of total ozone in tropical and subtropical latitudes
obtained from BUV and SBUYV data. Time series in
the left half of the figure were derived from Fig. 6 of
Hilsenrath and Schlesinger (1981). The right half was
obtained from monthly mean SBUV data. Asterisks
near the equatorial time series denote the approximate
time of Singapore westerly wind onset at 50 mb. These
zero crossings are soon followed by a maximum in
total ozone. Note that the QBO period is longer than
2 years and was observed to increase during this time
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period. Subtropical ozone extrema tend to be out of
phase with the equatorial QBO but they occur pref-
erentially in the winter-spring season. The only serious
exception is found in the Northern Hemisphere in late
1980, when the maximum ozone anomaly arrived sev-
eral months earlier than this.

It is apparent that the subtropical ozone anomalies
do not keep in step with the equatorial QBO and the
phase relationship between the two is continually
changing. This conclusion was noted by Hilsenrath and
Schlesinger (1981), and one of their diagrams is repro-
duced here in Fig. 3a. Those authors performed a
“phase dispersion minimization” analysis to derive a
period of the subtropical QBO. A biennial, or perhaps
subbiennial, period in the subtropics was suggested by
this analysis (see column to the right of Fig. 3a). Given
the uncertainty in locating minima and maxima in
noisy time series, their result is consistent with seasonal
synchronization. Hamilton (1989) also noted the sea-
sonal synchronization in his analysis of ground-based
data; a good example was found in the Mauna Loa
time series of deseasonalized total ozone. Hamilton’s
histogram of ozone extrema from this time series is
reproduced here in Fig. 3b. Most of the minima and
maxima at this location occurred during the Northern
Hemisphere winter and early spring.

One might expect deseasonalized ozone extrema to
occur in the winter-spring season, if there is much
greater interannual variability in this season than in
any other. A histogram like Fig. 3b could be due en-
tirely to random interannual variability. However, this
does not seem to explain the timing of the subtropical
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FIG. 2. Deseasonalized column ozone (in Dobson Units, or DU) from BUV (left) and SBUV (right)
data. Asterisks denote approximate time of transition to westerlies in the deseasonalized 50 mb zonal

wind at Singapore.
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FIG. 3. (a) Phase of maximum ozone in deseasonalized BUV data from Hilsenrath and Schlesinger (1981).
(b) Histogram of column ozone extrema in deseasonalized Mauna Loa station data, from Hamilton (1989).

ozone QBO. Random interannual variability would
not produce significant correlations with the equatorial
time series (Oltmans and London 1982; Lait et al. 1989;
Bowman 1989), and phase dispersion minimization
analysis like that of Hilsenrath and Schlesinger (1981)
would yield a null result. The strongly biennial char-
acter of subtropical time series suggests a non-random
effect.

The horizontal structure of the ozone QBO is shown
in more detail in Figs. 4a,b. Figure 4a is adapted from
Hasebe’s (1984) diagram, which was derived from BUV
data using a digital filter to capture quasi-biennial vari-
ance. Figure 4b, from Lait et al. (1989), was derived
from TOMS data using a low-pass filter. The picture
obtained depends on the choice of filter. Examples of
unfiltered, low-pass filtered, and narrow band-pass fil-
tered TOMS data displayed in Lait et al. (1989) illus-

trate the dangers inherent in the use of filtering. Ex-
cessively narrow filters can actually interfere with the
true QBO signal (which is broadband) to create spu-
rious oscillations and modulations. Fortunately, the
broadband or low-pass filter used in Fig. 4b faithfully
represents the unfiltered data in most places. This is
less certain in Fig. 4a, but there is, in any case, fairly
good agreement with unfiltered BUV time series (Fig.
2). Figures 4a and 4b provide additional evidence for
seasonal synchronization in the subtropics consistent
with the discussion above. Low-pass filters allow the
period of the equatorial QBO to vary and do not force
the subtropical oscillations to be synchronized in any
way with the seasonal cycle. Nevertheless, this syn-
chronization is clearly evident in both figures. Note,
for example, the presence of the subtropical maxima
in winter/spring in both hemispheres. There is also ev-
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FIG. 4. (a) Latitude~time plot of deseasonalized BUV column ozone (DU) smoothed with QBO band-pass filter, adapted from Hasebe
(1984). (b) Deseasonalized TOMS column ozone (DU) smoothed with low-pass (broadband) filter, from Lait et al. (1989).
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idence of a modulation effect on a very long time-scale.
Over the course of many years, the relationship between
equatorial and subtropical anomalies gradually
changed in Fig. 4a. In Fig. 4b, the same modulation

can be seen but was more rapid. Note, in this figure,

how the subtropical anomalies were initially large in
the Southern Hemisphere, became large in the North-
ern Hemisphere (for about four years), and then reap-
peared in the Southern Hemisphere. The relationship
of modulation frequency to QBO frequency is such
that a longer QBO period shortens the modulation cy-
cle. This is analogous to the beating between two os-
cillators of similar frequency, as explained in section
2d below.

b. QBO circulation

The quasi-biennial oscillation in mean zonal wind
is approximately symmetric about the equator and
Gaussian in shape, with e-folding scale of about 15°
latitude (Dunkerton and Delisi 1985). The temperature
QBO is slightly more complicated. Near the equator,
warm temperature is in thermal wind balance with
westerly vertical shear and vice versa. Subsidence is
necessary to maintain the warm anomaly against ra-
diative damping (Reed 1964; Wallace 1967; Plumb and
Bell 1982; Dunkerton, 1985). Mass continuity then re-
quires upwelling in the subtropics. Consistent with this,
the QBO temperature anomaly reverses phase, pole-
wards of about 12° latitude and is smaller in amplitude
than at the equator (Quiroz 1983; Dunkerton and De-
lisi 1985). Although the temperature data are quite
noisy, the amplitude of the deseasonalized temperature
anomaly appears to be symmetric about the equator.
Symmetry of phase is less certain. Figure 7 of Dunk-
erton and Delisi (1985) suggests that QBO temperature
anomalies in the northern and southern subtropics may
not always coincide. Evidence for seasonal synchro-
nization, however, is inconclusive.

Under the influence of the QBO circulation alone,
the ozone mixing ratio will maximize after the down-
ward passage of westerly shear, as observed. Dynamical,
as opposed to photochemical, control of ozone is ex-
pected below about 25 km (Ling and London 1986;
Gray and Pyle 1989). The total column ozone is ob-
tained by adding up the number density in all the layers.
On average, the ozone number density in the tropics
is largest near 20-22 km. Observations (Fig. 2) suggest
that maximum total ozone at the equator is realized
soon after the transition to westerlies at 50 mb (~20
km). Perhaps for this reason, total ozone correlates well
with the equatorial zonal wind near 30 mb (~23 km)
(Lait et al. 1989).

Away from the equator, the ozone oscillation cannot
be explained in terms of a symmetric QBO circulation.
Subtropical extrema are synchronized with the seasonal
cycle and vary considerably in amplitude. Moreover,
they are often larger than the anomaly at the equator.
In other years, subtropical extrema do not appear at
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all (although there is always at least one hemisphere
with an anomaly present). Occasionally the equatorial
and subtropical ozone anomalies connect, with no node
in between. This behavior was prevalent in Fig. 4a just
north of the equator, but less evident in Fig. 4b. All of
these features are consistent with seasonal synchroni-
zation and a changing phase relationship between
equator and subtropics.

¢. Annual cycle

Considering the middle atmosphere as a whole, the
annual cycle can be understood as the response to ra-
diative forcing associated with the annual march of
solar heating, modified significantly by planetary wave
and gravity wave transport. Cross-equatorial flow from
summer to winter is induced by radiative heating and
cooling, leading to the formation of zonal jets. The
strength of these jets is limited by wave transport and
the constraint of angular momentum conservation.
Although the mean meridional flow is largest in the
upper stratosphere and mesosphere, its effect penetrates
the equatorial lower stratosphere, producing a small
annual cycle in zonal wind that is approximately an-
tisymmetric about the equator (Belmont et al. 1974;
Dunkerton and Delisi 1985). The amplitude of this
component at 30 mb is about 10 m s™! at 15° latitude.

The annual temperature cycle near the equator, on
the other hand, is symmetric about the equator, actually
constant in latitude across most of the tropics (van
Loon et al. 1970, 1973; Nastrom and Belmont 1975;
Dunkerton and Delisi 1985). Examples of this annual
variation are displayed in Figs. 5a-d. This observation
does not contradict thermal wind balance, since the
latitudinal temperature gradient in this region is small.
Tropical observations suggest an annual cycle ampli-
tude of about 4 K in the 50-100 mb layer. The cause
of this annual temperature cycle is unclear. Perhaps it
is due to variations in the strength or position of the
zonally averaged tropospheric Hadley cell associated
with tropical convection (Reed and Vlcek, 1969; van
Loon et al. 1970; see also Lindzen and Hou 1989). Or,
it may be a remote response to gravity wave drag above
the winter jet stream in the Northern Hemisphere. [For
some indirect evidence to this effect, see McFarlane
(1987) and Iwasaki et al. (1989).] Whatever its cause,
it is clear that a mean meridional circulation associated
with the annual cycle has an observable effect on the
distribution of angular momentum and potential tem-
perature in the equatorial lower stratosphere.

Hemispheric differences exist in the strength and lo-
cation of mean meridional circulations. In the tropo-
sphere, the upward branch of the Hadley cell is shifted
into the Northern summer Hemisphere, but is broader
and overlaps the equator in the southern summer (van
Loon et al. 1973; Oort 1983). This observation is con-
sistent with the annual temperature cycle at the tropical
tropopause noted above. Such asymmetries may arise
on account of differences in midlatitude wavedriving
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HG. 5. (a, b) Latitude-height cross section of zonally averaged zonal wind and temperature
for January and July, from Wallace and Hobbs (1977).

or tropical convection. For the present purpose, it is  observations. Constant-level balloons tracked by Angell
desirable to know how the Hadley cell affects the trop-  (1972) suggested northward transport across the equa-
ical lower stratosphere, and the importance of its role  tor in northern autumn and winter, with a magnitude
in ozone transport. Very little is known, however, from of ~0.1 m s™!. These trajectories do not form a large






