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Abstract. The Geophysical Fluid Dynamics Laboratory’s SKYHI general cir-
culation model (GCM) including a new detailed stratospheric photochemistry
module has been integrated for over 14 years with an imposed zonally symmetric
momentum source designed to force a realistic quasi-biennial oscillation (QBO) in
the tropical stratosphere. The GCM features an internally consistent calculation
of the annual stratospheric circulation cycle and exhibits realistic extratropical
stratospheric interannual variability, making it appropriate for the detailed inves-
tigation of QBO/annual cycle interactions. The simulated ozone QBO is generally
realistic in the tropics and subtropics, and, in particular, the QBO in total column
ozone agrees quite well with that derived from satellite observations. A detailed
analysis of the QBO modulation of the zonal-mean ozone budget has been per-
formed. The advective effects of the QBO-induced residual mean circulation are
found to be strongly dependent on season, in accord with recent results from some
two-dimensional model studies [Jones et al., 1998; Kinnersley and Tung, 1998]. In
addition, the QBO modulation of explicitly resolved eddy transport in the GCM is
found to make a significant contribution to the ozone budget, and this helps account

for the strong seasonal synchronization of the ozone QBO.

1. Introduction

The stratospheric quasi-biennial oscillation (QBO) is
the dominant source of interannual variability in the
tropical and subtropical stratosphere [e.g., Randel et
al., 1998]. It is also responsible for a significant amount
of interannual variability at high latitudes [e.g., Holton
and Tan, 1980; Baldwin and Tung, 1994]. Poleward
transport of trace constituents from tropical photo-
chemical or tropospheric source regions may be signifi-
cantly modulated by the phase of the QBO. Thus it is
of considerable importance to understand the QBO and
its role in determining the global distribution of trace
species. Understanding sources of natural atmospheric
variability is essential for prediction of anthropogenic
influences on global budgets of important atmospheric
constituents.

The stratospheric QBO is manifested most obviously
as an oscillation in zonal-mean tropical wind between
westerlies and easterlies. The basic properties of the
wind oscillation have been extensively documented over

!Now at NOAA Climate Monitoring and Diagnostics Lab-
oratory, Boulder, Colorado.

This paper is not subject to U.S. copyright. Published in
1999 by the American Geophysical Union.

Paper number 1999JD900385.

the past several decades (early references include Reed
et al. [1961], Veryard and Ebdon [1961], and Angell and
Korshover [1964]; more recent observations are summa-
rized by Naujokat [1986]) and Hamilton [1998b]). The
fundamental characteristics of the QBO in the tropi-
cal stratospheric mean wind are a 22-34 month period
(with an average period of about 27-28 months), and
downward propagation of the wind reversals at a rate
of about 1-2 km/month. The peak-to-peak amplitude
of the oscillation approaches 50 m/s at the equator near
30 hPa, and at most levels the easterly extreme is some-
what stronger than the westerly extreme. The ampli-
tude of the QBO in zonal wind drops off with latitude
and has a half-width of about 12°. The QBO ampli-
tude drops rapidly below about 50 hPa and is very small
near the tropopause (~ 100 hPa). The current view is
that the QBO in the mean circulation is forced largely
by the interactions with vertically propagating waves
generated in the troposphere [e.g., Lindzen and Holton,
1968; Holton and Lindzen, 1972; Dunkerton, 1997].
Evidence for an extratropical QBO was discussed by
Angell and Korshover [1964] and later by Holton and
Tan [1980, 1982]. Holton and Tan [1980] used a 16-
year data set to document a QBO-related oscillation
of zonally averaged geopotential in the Naorthern Hemi-
sphere (NH) winter stratosphere. In particular, Holton
and Tan found that during the westerly (easterly) equa-
torial phase a positive (negative) midlatitude height
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anomaly occurs along with a negative (positive) polar
height anomaly. They also found that the amplitude
of planetary wave 1 in the high-latitude stratosphere is
generally larger during the easterly phase of the tropical
QBO. In a later paper, Holton and Tan [1982] suggested
that the latitudinal displacement of the zonal wind criti-
cal surface for stationary waves associated with opposite
phases of the equatorial QBO could affect extratropical
stationary wave propagation. For boreal winter at 50
hPa, this critical surface (surface of zero mean wind)
is generally found near about 20°N during the easterly
phase of the equatorial QBO, while during the west-
erly phase it is located near 6°S. During the westerly
phase of the equatorial QBO, the polar vortex tends
to be stronger and is maintained longer into the spring
season than during the easterly phase. A correlation
of the phase of the tropical QBO with the frequency
of stratospheric sudden warmings has also been docu-
mented [Labitzke, 1982; Dunkerton et al., 1988).

A QBO in equatorial column ozone was observed
soon after the discovery of the equatorial zonal wind
QBO. Funk and Garnham [1962] noted a QBO peri-
odicity in ozone observations at two subtropical sta-
tions. Ramanathan [1963] subsequently suggested an
association of the ozone QBO with the stratospheric
zonal wind oscillation. Since these early observations, a
number of studies have documented the characteristics
of quasi-biennial periodicity in total ozone as observed
by ground-based or satellite instruments [e.g., Angell
and Korshover, 1964; Tolson, 1981; Hilsenrath and
Schlesinger, 1981; Oltmans and London, 1982; Hasebe,
1983; Bowman, 1989; Hamilton, 1989]. Recently, there
have been several studies of the height and latitude de-
pendence of the QBO in ozone and in other trace con-
stituents using Stratospheric Aerosol and Gas Experi-
ment (SAGE) II and UARS Halogen Occultation Ex-
periment (HALOE) and Cryogenic Limb Array Etalon
Spectrometer (CLAES) measurements [e.g. Randel et
al., 1998; Randel and Wu, 1996; Chipperfield et al.,
1994; O’Sullivan and Dunkerton, 1997; Zawodny and
McCormick, 1991]. Even the effect of the QBO on ob-
served volcanic aerosol concentrations has been studied
[Hitchman et al., 1994].

A conceptual model of the ozone QBO in the trop-
ics and subtropics was advanced by Reed [1964], who
noted that there should be a low-latitude mean merid-
ional circulation that is associated with the zonal wind
QBO. Zonal-mean zonal winds are close to being in
thermal wind balance with the zonal-mean tempera-
tures, even quite close to the equator [e.g., Reed, 1962].
The expected QBO in zonal-mean temperature has
been observed and has a maximum extreme interannual
anomaly of up to ~4°C [e.g., Randel et al., 1999], with
the warmest equatorial temperatures coincident with
the strongest westerly vertical wind shears [e.g., Angell
and Korshover, 1964]. The temperature QBO in turn
should produce an oscillation in diabatic cooling (and
hence mean sinking) in regions of westerly vertical wind
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Figure 1. Schematic of the QBO-induced meridional
circulation. Descending motion and equatorial outflow
occur below the core of the westerly jet, while ascending
motion and equatorial inflow occur below the core of the
easterly jet.

shear, and diabatic heating (mean rising) in regions of
easterly vertical wind shear. Figure 1 is a schematic
illustration of this concept (with the addition of the re-
turn meridional circulation poleward of about 15° lat-
itude, see below). Reed [1964] expressed his notion in
terms of the Eulerian mean meridional circulation, but
today it is appreciated that the temperature is actu-
ally coupled to the diabatic circulation, which should
normally be quite close to the transformed-Eulerian
mean (TEM) residual circulation [Andrews and Mcln-
tyre, 1976] and to the relevant Lagrangian transport
circulation [Plumb and Mahiman, 1987; Andrews et al.,
1987].

Reed [1964] proposed that given the vertical stratifi-
cation of ozone photochemical lifetimes in the strato-
sphere, the QBO-induced meridional circulation should
drive a QBO in total column ozone. When strong equa-
torial westerlies are present in the lower stratosphere,
the atmospheric column has been displaced downward
during the descent of the westerly shear zone through
the stratosphere. This effectively brings ozone-rich air
from its region of maximum photochemical production
to the lower stratosphere. Ozone lost at the higher levels
is quickly replaced by photochemical production, and
the result should be a net increase in total ozone col-
umn. When strong easterlies are present in the lower
stratosphere, ozone-poor air has been drawn from the
lower stratosphere, and the result is a decrease in total
ozone column.

Reed [1964] noted that the QBO-related temperature
perturbation should change sign at about 15° latitude.
Figure 1 illustrates the expected consequence for the
QBO mean diabatic circulation: sinking (rising) motion
in the tropics should be accompanied by rising (sink-
ing) motion in the subtropics. This would lead in turn
to a QBO in total ozone that is out of phase between
low latitudes and the subtropics. Observations show
that indeed, on average, the column ozone QBO does
change phase across ~15° latitude either side of the
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equator [Oltmans and London, 1982]. In addition, it
is also evident from consideration of Figure 1 that the
mean horizontal winds associated with the QBO dia-
batic circulation should converge into (diverge out of)
the tropics at levels where there are westerlies (easter-
lies) on the equator.

The effects of the QBO-induced meridional circula-
tion on ozone at the equator were explored in more
detail by Ling and London [1986], who used a one-
dimensional model with parameterized photochemistry
driven by an imposed temperature QBO. Their calcula-
tions confirmed the idea that the mean vertical motion
associated with the QBO could have an effect on equa-
torial stratospheric ozone. In particular, the maximum
in total column ozone is roughly coincident with peak
mean westerlies at 50 hPa, when the atmospheric col-
umn has been displaced farthest downward. The calcu-
lations of Ling and London [1986] also suggested that
in the vertical, there are two distinct regions of QBO
response in ozone separated by a rather abrupt phase
change near 28 km. They attributed the maximum
amplitude region near 22 km to transport processes,
while the maximum amplitude region near 32 km in
their model is due to the local response of temperature-
dependent photochemistry to the QBO in temperature.
The Ling and London calculations did not include a
treatment of NO, transport, using instead prescribed
NO. values. Chipperfield et al. [1994] later pointed
out that when this approximation is relaxed, the up-
per QBO region is actually found to be more strongly
related to a QBO variation in NO, vertical transport.
Randel and Wu [1996] showed that the interannual vari-
ations of SAGE 1I observations of NO,; and ozone at
low latitudes were consistent with the picture of Chip-
perfield et al. [1994].

The first two-dimensional simulations of the ozone
QBO that included a detailed photochemical scheme
were by Gray and Pyle [1989]. Their model included
momentum forcing from parameterized equatorial waves
that drove a dynamical QBO. included parameterized
wave fluxes in their model. They were able to obtain an
equatorially trapped region of QBO ozone response with
a latitudinal extent somewhat larger than observed.
Subsequent work with the same model by Chipperfield
and Gray [1992] addressed the response of many impor-
tant stratospheric trace species to the imposed QBO.
They concluded that the QBO of relatively long-lived
atmospheric species is due to a QBO in transport of the
species itself, while the QBO of shorter-lived species
is due to a combination of transport of trace species
that determine the abundance of the short-lived species
and local response of the temperature-dependent pho-
tochemistry.

Two intriguing features of the observed ozone QBO
are its interhemispheric asymmetry [Oltmans and Lon-
don, 1982; Hamilton, 1989], and its seasonal synchro-
nization [Hamilton, 1989, 1995b; Bowman, 1989; Tung
and Yang, 1994a]. The extreme total column maxima
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and minima associated with the QBO off the equa-
tor tend to occur in winter in each hemisphere. This
is somewhat surprising in light of the apparent inter-
hemispheric symmetry of the QBO zonal wind distri-
bution near the equator. Holton [1989] and Gray and
Dunkerton [1990] argued that the hemispheric asym-
metry in the ozone QBO could be due to advection of
tropical ozone anomalies (induced locally by the Reed
mechanism) to higher latitudes by the seasonal cross-
equatorial mean meridional circulation. Holton [1989],
Gray and Dunkerton [1990], and Tung and Yang [1994b]
all employed simple models to show that this mecha-
nism could indeed produce ozone time series exhibit-
ing a degree of synchronization of the annual and QBO
cycles. Hamilton [1989], on the other hand, proposed
that the QBO modulation of the midlatitude wave guide
for stationary planetary waves could be important in
explaining the coupling of annual and QBO cycles in
ozone. Consider, for example, the case in NH winter.
At levels where the tropical mean winds are strongly
easterly, the surface of zero mean wind in the NH is
located well off the equator, and this surface is thought
to act as an effective barrier for equatorward propa-
gation of stationary waves. By contrast, the presence
of mean westerlies on the equator may allow planetary
waves from the NH to reach very low latitudes and even
cross into the Southern Hemisphere (SH). To the extent
that dissipating planetary waves act to irreversibly mix
chemical constituents, this mechanism would produce
a contribution to the ozone budget in the tropics and
subtropics that is modulated by both the annual cycle
and the QBO. Such a mechanism could also possibly
explain the interhemispheric asymmetry of the QBO,
since stationary planetary waves are much stronger in
the NH than in the SH.

The issue of seasonal synchronization of the QBO
has been revisited recently in studies employing zonally
symmetric models forced with a QBO-varying momen-
tum source in the tropics. Jones et al. [1998; also An
analysis of the mechanisms for the quasi-biennial os-
cillation in ozone in the tropical and subtropical lower
stratosphere, submitted to Journal of Geophysical Re-
search, 1999 (hereinafter Jones et al., submitted
manuscript, 1999)], Kinnersley and Tung [1998], and
Kinnersley [1999] have noted that in their models the
QBO-related mean meridional circulation at low lati-
tudes is strongly asymmetric in the solsticial seasons,
being much stronger in the winter hemisphere. This
produces an annual coupling of the QBO in ozone which
resembles that seen in data. These recent studies have
also suggested that another aspect of the Reed [1964]
picture of the ozone QBO needs to be modified. In
particular, Politowicz and Hitchman [1997), Jones et
al. [1998; also submitted manuscript, 1999], and Kin-
nersley and Tung [1998] all have found that horizontal
advection of ozone by the mean meridional circulation
can be as important in the generation of the QBO as
the vertical advection invoked by Reed [1964].
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Most theoretical studies of the effects of the trop-
ical QBO on trace constituents have employed models
with zonal-average treatments of atmospheric transport
processes. Although this strategy has led to consider-
able insight into the effects of the QBO on trace species
such as ozone, a major limitation is that eddy transport
processes must be parameterized. In addition, zonal-
average models run with annually repeating external
forcing will not exhibit significant interannual variabil-
ity in the circulation. The research described in the
present paper was motivated by the expectation that
valuable insights could be gained into the nature of the
ozone QBO through a three-dimensional general circu-
lation model (GCM) simulation in which all the eddy
and mean transports are determined self-consistently.
The simulation of the QBO in a dynamical-chemical
GCM is also of interest simply as a means of eval-
uating one reasonably well-defined aspect of the in-
terannual variability in the model. A somewhat re-
lated study focused on QBO effects at high latitudes
in the Southern Hemisphere was performed by Butchart
and Austin [1996] using a three-dimensional mechanistic
stratospheric model forced by imposed planetary waves
at the lower boundary.

At present, most GCMs are not capable of sponta-
neously generating a tropical QBO. Recently, there has
been some progress reported in this problem. Control
integrations with the models of Takahashi [1996], Hori-
nouchi and Yoden [1998], and Hemilton et al. [1999]
have all produced large-amplitude QBO-like variations
in the equatorial zonal-mean zonal winds. In each case
some changes from the usual formulation of the model
were required to produce the oscillation. In particu-
lar, for all three models it was necessary to run at very
high vertical resolution. In the model of Hamilton et
al. [1999] it was additionally necessary to have very
fine horizontal resolution, while the models of Takahashi
[1996] and Horinouchi and Yoden [1998] both had un-
usually small subgrid-scale diffusion coefficients. Note
that all these reported oscillations deviate significantly
from the observed QBO in terms of period and ver-
tical amplitude structure. Thus none of these models
is appropriate for the present study in which the aim
was to examine the detailed chemical response to a re-
alistic QBO in the zonal mean dynamical fields. This
goal led to the approach adopted here (and discussed in
more detail below) of incorporating a highly parameter-
ized dynamical QBO in a moderate resolution version
of a stratospheric dynamical-chemical GCM. This con-
trasts with the recent study of Nagashima et al. [1998],
who incorporated a highly parametrized ozone chem-
istry into the dynamical model of Takahashi [1996].
They found that the spontaneous QBO-like oscillation
in their model did indeed generate an ozone oscillation
with the same period. However, the unrealistic aspects
of their dynamical oscillation did not allow a detailed
comparison with the observed ozone QBO.
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A detailed study of the response of the Geo-
physical Fluid Dynamics Laboratory (GFDL) “SKYHI”
troposphere-stratosphere-mesosphere GCM to an artifi-
cially imposed tropical QBO was conducted by Hamil-
ton [1998a). In particular, he added a zonally symmetric
QBO zonal momentum source in the tropical middle at-
mosphere to the standard version of the model and per-
formed a 48-year integration. Detailed analysis of the
simulated interannual variability showed that the phase
of the tropical QBO significantly affects the frequency
of sudden stratospheric warmings, as well as the winter-
mean strength of the NH stratospheric vortex. Thus the
inclusion of the QBO forcing in the model resulted in
an improved representation of the stratospheric inter-
annual variability in both the tropics and extratropics.
In the present study, the work of Hamilton [19983] is
extended to include a detailed treatment of ozone pho-
tochemistry, and the internal consistency of the GCM
is exploited to provide a detailed picture of how the
QBO affects the interannual variability of stratospheric
ozone.

Descriptions of the GFDL SKYHI GCM and the
stratospheric photochemical scheme used to calculate
ozone are given in the next section, along with a descrip-
tion of the QBO experiment. In section 3 the results
for the simulated total ozone QBO are presented and
evaluated against satellite observations. The vertical
structure of the QBO in ozone and related constituents
is discussed in section 4, with an emphasis on deter-
mining the photochemical processes that are important
for driving the ozone QBO at various altitudes. Section
5 is a detailed consideration of QBO transport effects
on the zonal-mean ozone budget. Conclusions and a
summary are given in section 6.

2. Model Description

This section begins with a brief discussion of the
SKYHI GCM and a description of the implementation
of the QBO forcing. The stratospheric photochemical
scheme developed for use in SKYHI is then described,
as well as the details of the present QBO integration.

2.1. Dynamical Model

The dynamical model used is for practical purposes
identical to that described by Hemilton [1998a]. This is
the SKYHI troposphere-stratosphere-mesosphere GCM
[Fels et al., 1980; Hamilton et al., 1995; Hamilton,
1995a] run at 3°x3.6° latitude-longitude resolution and
with 40 levels between the ground and 0.0096 hPa (~80
km altitude). The model is a fully consistent GCM with
realistic topography, a sophisticated radiative trans-
fer calculation, parameterized interactions of the at-
mosphere with the land/ocean/ice surface, parameter-
izations of convection, evaporation, precipitation, and
subscale diffusive closure. In the experiment considered
here (as in the control runs of Hamilton et al. [1995],
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or the earlier QBO experiment of Hamilton [1998a]) the
sea surface temperatures are specified to climatological
(but seasonally varying) values. Added to the standard
version of the model is a zonally symmetric forcing in
the zonal momentum equation in the tropical middle
atmosphere exactly as described by Hamilton [1998a).
In particular, the following term is added at each grid
point:

Ou
Eri 1)

where u is the zonal wind and the overbar indicates
the zonal mean. The relaxation rate « is a function of
pressure and latitude. On the equator at 28 hPa the re-
laxation timescale ! is 5 days. The value of a drops
off rapidly in both height and latitude and is zero at
pressures higher than 103 hPa (heights roughly below
18 km) and at latitudes greater than 23.5°. The pre-
scribed wind field 1, toward which the model is relaxed
is a function of pressure, latitude, time of year, and
phase of the QBO cycle. It is a sum of the zonal-mean
zonal wind in the long-term climatology of the control
model and a term designed to force a QBO with realis-
tic vertical and meridional structure. The QBO term is
somewhat idealized in being perfectly monochromatic
with a period of exactly 2.25 years (about 27 months).
Four imposed QBO cycles last exactly 9 years, and so
while the relative phase of QBO and annual cycles varies
from cycle to cycle, the sequence repeats every 9 years.
An important point documented by Hamilton [1998a)
is that the model responds to the imposed momentum
forcing with a QBO in zonal-mean temperature in the
tropics and subtropics that is in good agreement with
observations.

The addition of the QBO momentum source does
little to change the long-term time-mean winds and
temperatures of the model, and so the climatology is
quite similar to that documented for the 3°x3.6° con-
trol model in the works by Hamilton et al. [1995] and
Hamilton [1995a]. While the overall simulation of the
large-scale circulation by this model is reasonable, there
are some important deficiencies, particularly at high lat-
itudes in the middle atmosphere.

In common with most GCMs, this model produces
results in the middle atmosphere characterized by un-
realistically weak mean meridional circulation, a tem-
perature structure too close to radiative equilibrium,
and middle atmospheric jets that are stronger than ob-
served (see Hamilton [1996] for a general review of this
issue). The largest temperature biases are near 1 hPa
at the winter poles. The simulated temperatures near 1
hPa are lower than observed by as much as 25°C at the
North Pole in December-February and lower by more
than 60°C at the South Pole in June-August [Hamilton
et al., 1995]. These very large temperature biases are
largely confined poleward of 60° latitude in each case,
and are also less prominent in the lower stratosphere.

e — (T — 1)

: STRATOSPHERIC OZONE QBO

30,529

The cold temperatures and unrealistically weak cir-
culation in the high latitude winter hemisphere pose
a particular problem for the simulation of ozone chem-
istry, which depends strongly on both local temperature
and the large-scale transport. Given the natural focus
of the present QBO experiment on relatively low lati-
tudes, it was decided that this version of the dynamical
model could be usefully employed. However, the defi-
ciencies in dynamical simulation noted here need to be
borne in mind when considering the results. In the dis-
cussion of the chemical results, attention will be largely
restricted to the region equatorward of about 45°.

2.2. Photochemical Calculation

The photochemical scheme developed for use in
SKYHI treats the detailed interactions of reactive oxy-
gen, hydrogen, and nitrogen species. The “family”
formalism [e.g., Garcia and Solomon, 1983; Brasseur
and Solomon, 1986) is used to integrate the stiff set
of coupled photochemical differential equations forward
in time concurrently with the integration of the atmo-
spheric equations of motion. In general, relatively sta-
ble chemical species are integrated using some form of
numerical differencing (e.g., explicit or semi-implicit),
while short-lived species with photochemical lifetimes
comparable to or smaller than the model integration
time step are diagnosed using either equilibrium or
partitioning expressions. In the case of such short-
lived species, the chemical tendency greatly exceeds the
transport tendency and therefore these species are not
transported. Table 1 lists the chemical species catego-
rized according to whether or not they are transported.
Fully prognostic (transported) and diagnostic species
are shown along with a third category, semiprognos-
tic. This latter category consists of species for which
the chemical lifetime may be long compared to the in-
tegration time step, but for which the chemical ten-
dency is still much faster than typical transport ten-
dencies. These species may be integrated forward in
time as well as diagnosed depending on their chemical
lifetimes. It is important to note that many species
are long-lived during night, but very short-lived during
daylight hours. The scheme is flexible enough to allow
for transitions from diagnostic to prognostic solution
techniques as warranted, thereby allowing for accurate
resolution of the diurnal cycle if desired. Tests have
shown that the photochemical scheme remains stable
and accurate for time steps up to 30 min. In the present
study, the photochemical time step has been chosen to
equal the dynamical time step (180 s). At each time
step, mass conservation is checked as an indicator of
the accuracy of the calculations.

About 60 photochemical reactions are currently in-
cluded in the scheme. Kinetic data used in the cal-
culation of reaction rates are taken from DeMore et
al. [1992]. Most of the reaction rates are exponen-
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Table 1. Photochemical Species Included in the SKYHI Model

Prognostic Semiprognostic Diagnostic
0. HO, 0('D),0,0; (=0.)
NO, CH20 N,NO,NO; (=NO,)
N2Os CH30: H,OH.HO, (=HO.)
HNO, CH3;00H
HNO3
H202
H.0O
CO
NOs

tially temperature-dependent, and these are precalcu-
lated and stored in tables as a function of temperature
for computational efficiency. For several reactions, in-
cluding third-body reactions involving the formation of
N>Oj5 and HNOy, the reaction rate calculation is done
on-line due to extremely sharp variation with tempera-
ture.

Owing to the large computational expense of calculat-
ing photolysis rates in the GCM itself, look-up tables of
photolysis frequencies were generated using the quasi-
spherical matrix inversion radiative transfer model of
Anderson [1983]. Absorption cross sections and quan-
tum yields were taken from DeMore et al. [1992], while
the Schumann Runge band parameterization of Min-
schwaner et al. [1992] was used to calculate O, absorp-
tion and photolysis. The photolysis rates were tabu-
lated as a function of zenith angle only for simplicity.
A more realistic treatment would allow for dependence
on temperature, aerosols, clouds, and overhead ozone
abundance. Neglect of photolysis rate dependence on
temperature is likely to introduce generally small errors
into the global photochemical calculation. Aerosols and
clouds are very difficult to account for properly due to
their large temporal and spatial variations, and are gen-
erally neglected in stratospheric photochemical calcula-
tions. On the other hand, ignoring the dependence of
photolysis rates on overhead column ozone abundance
introduces significant limitations into the photochemi-
cal calculation. For example, the production of reactive
oxygen by O, photolysis will not increase in response to
overhead ozone decreases (associated with, for example,
the QBO, ozone depletion, or the annual cycle in ozone
abundance). The effects of this approximation will be
discussed in more detail below.

The photochemical scheme used in this study does
not include a treatment of halogen chemistry. Halogens
were omitted initially for reasons of computational ef-
ficiency, although a more current version of the model
{not used for this study) does have a detailed treatment
of chlorine and bromine chemistry. The chemical loss
rate of ozone due to chlorine is about a third of that
due to reactive nitrogen in the tropical midstratosphere

[e.g., Perliski et al., 1989]; therefore the results pre-
sented here should still be fairly representative. Indeed,
as will be shown below, the truncated photochemical
scheme used in this study still allows for a calculation
of the ozone QBO that is fairly representative when
compared to observations. The implications of neglect-
ing halogen photochemistry will be discussed further in
section 4.

The photochemical calculation was initialized in
SKYHI using two-dimensional photochemical model cal-
culations (S. Solomon, personal communication, 1992)
and the CIRA Oj3 climatology [Keating et al., 1990]. In
order to minimize the effects of long-term adjustment to
initial conditions, very stable species such as N;O, CH,
and Hy were initialized by scaling to zonally averaged
values of N2O from a multi-decadal SK'YHI simulation
in which the N2 O should have come close to equilibra-
tion.

An important motivation for including detailed pho-
tochemical calculations in a GCM is to allow radiative
feedbacks between the model dynamics and photochem-
istry. While this is a long-term goal of the SKYHI model
development work at GFDL, the present study was con-
ducted without allowing for these feedbacks. The pri-
mary reason for this is that the version of SKYHI used
for this study does not have a gravity wave drag parame-
terization, and therefore the temperatures simulated by
the model are often unrealistic enough to significantly
degrade the results of the photochemical calculation,
especially in the high latitude upper stratosphere. The
implications of noninteractive photochemistry for the
simulated ozone QBO will be discussed in more detail
in the sections below.

Figure 2 shows latitude-season cross sections of col-
umn ozone climatology determined from 14 years of
Nimbus 7 Total Ozone Mapping Spectrometer (TOMS)
observations and from 14 years of the present SKYHI
QBO experiment. The overall total ozone distribu-
tion and its seasonal evolution are simulated fairly well
by SKYHI. The interhemispheric asymmetry in total
ozone abundance is also captured reasonably well by
the model, with larger amounts of total ozone present
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Figure 2. Long-term (14 year) average total ozone
calculated for (a) the TOMS observations and (b) the
SKYHI calculations (units are in Dobson units (DU)
and the contour interval is 20 DU).

in the NH winter than in the SH winter. On the other
hand, SKYHI total ozone is systematically high com-
pared to TOMS by 5-12%, with the best comparison in
the subtropics and the worst in the polar SH. There are
several potential reasons for the discrepancy between
the calculated and observed total ozone: neglect of halo-
gen and polar ozone chemistry (of particular importance
in the high-latitude austral spring), a simulated merid-
ional circulation that is too weak, and model cold biases.
Figure 2 shows, however, that the modeled total ozone
bias is fairly consistent over an annual cycle. Therefore
its effects on the simulated ozone QBO are likely to be
fairly insignificant.

2.3. Experimental Design and Basic Dynamical
Results

The photochemical model was run in SKYHI for ap-
proximately seven annual cycles without an imposed
QBO. March 1 photochemical fields from the end of
this run were used as initial conditions for the present
QBO experiment, along with dynamical initial condi-
tions obtained for March 1 from a year in the middle of
the lengthy QBO experiment of Hamilton [1998a]. The
dynamical-chemical model was then integrated forward
for 17 years. The first three years of this integration
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are regarded as a “spin-up” period and have been dis-
carded from the analysis. Half-monthly averages (based
on 2-hourly snapshots) of important photochemical and
dynamical quantities were saved throughout the exper-
iment, including the photochemical and total trans-
port contributions to the time tendency of each con-
stituent concentration. In addition, the model code is
set up to compute running averages of the zonal means
of quadratic transport terms (e.g., the correlation of
meridional wind with ozone concentration around a
latitude circle, ozone transport tendencies due to the
transformed-Eulerian residual circulation, etc.), again
based on 2-hourly sampling. This option was employed
only for some selected segments of the integration, no-
tably each of the 14 January and July months in the
experiment. These data proved to be very valuable in
diagnosing the QBO-related ozone budget (see section
5).

The simulated meridional distributions of anomaly
zonal wind, temperature, and meridional wind at the
40 hPa level are shown in Figure 3. Anomaly winds
and temperatures were calculated by subtracting from
each monthly zonal mean the long-term (14-year av-
erage) zonal mean for the same calendar month. For
the plot shown in Figure 3 these quantities were further
smoothed by Fourier reconstruction excluding periods
less than 1 year and greater than 3 years. Throughout
this paper the model years are labeled such that the
14-year part of the simulation analyzed extends from
January “24” through December “37”.

Figure 3a reveals an equatorially symmetric region of
alternating westerlies and easterlies largely confined to
latitudes between about 20°N and 20°S. The equatorial
amplitude of the zonal wind oscillation at this level is
over 20 m/s and the associated temperature QBO has
an amplitude of 2-3 K, both features in good agreement
with with analysis of comparably filtered observations
[e.g., Reed, 1962, 1964]. In addition, a subtropical tem-
perature QBO that is out of phase with the equatorial
temperature QBO is found poleward of about 15° in
either hemisphere. The equatorial temperature QBO
appears to lag the zonal wind QBO by about 90° so
that, for example, the maximum positive temperature
anomaly occurs roughly 7 months after the maximum
easterly zonal wind. This again is in good agreement
with observations [e.g., Reed, 1962]. Figure 3c shows
that the zonal average anomaly in meridional wind ap-
pears basically consistent with the QBO-induced merid-
ional circulation depicted in Figure 1. When there are
(westerlies) easterlies at 40hPa, the anomaly zonal av-
erage meridional wind displays outflow from (inflow to)
the equatorial region.

3. Total Ozone

In this section the simulated zonal-mean column ozone
QBO is evaluated against the total ozone QBO seen
in 14 complete years (1979-1992) of Nimbus 7 TOMS
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Figure 3. Zonal monthly average anomaly (a) zonal wind, (b) temperature, and (c) (Eulerian)
meridional wind at 40 hPa. Units are m/s for the winds and K for temperature. The contour
intervals are 2 m/s, 0.5 K, and 0.01 m/s respectively. All quantities shown were filtered in the
same manner as the total ozone described in the text.

satellite measurements. Each data set is deseasonalized
by subtracting the long-term monthly means. Figure
4 shows slightly smoothed values of the SKYHI total
ozone anomaly time series as a function of latitude.
The equatorial QBO signal may be discerned clearly
in the tropics, but appears to be dominated by higher-
frequency variations at higher latitudes. In addition,
there is an indication of an increasing total ozone trend,
especially in the middle and high latitudes of the NH. It
is likely that part of the trend can be attributed to pho-
tochemical equilibration from initial conditions. The
fields used to initialize the present calculation were ob-
tained from a 2-D model simulation which had a full
treatment of halogen chemistry. The photochemical
scheme used here, on the other hand, neglects ozone
loss by halogens. Therefore the global ozone abundance
may be expected to increase, and this adjustment could
continue even past the 10 years of spin-up integration
that preceded the period shown in Figure 4. On the

other hand, there is also an intriguing possibility that
at least some of the calculated trend may be related to
very long period variations seen in SKYHI dynamical
simulations [Hamilton, 1995a). The calculated trend is
largest during Northern Hemisphere winter, indicating
a possible dynamical role. This simulated long-term
ozone trend will be the subject of a future study.

The column ozone anomaly fields for both the TOMS
observations and the model simulation, smoothed and
detrended by Fourier reconstruction including only pe-
riods between 1 and 3 years, are shown in Figure 5.
Here the equatorial total ozone QBO is clearly evident,
as are the associated subtropical ozone anomalies. The
peak-to-peak amplitude of the simulated equatorial col-
umn ozone QBO is about 20 Dobson Units (DU), which
agrees well with observations. The amplitude of the
subtropical column ozone QBO for both the observa-
tions and model is comparable to the equatorial am-
plitude but, on average, it is out of phase (so that a
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maximum at the equator is generally coincident with a
minimum near 20°). However, inspection of Figure 5
suggests that the QBO in column ozone is not always
exactly out of phase between equatorial and subtropical
latitudes. Indeed, there is often suggestion of a degree
of meridional propagation in both the modeled and ob-
served column ozone anomaly fields (although the ap-
pearance of meridional propagation may be dependent
on the time filtering employed; a somewhat different
analysis of observed total ozone columns by Rendel and
Wu [1996] found little propagation.) In the model sim-
ulation the extrema appear first near the equator and
then sometimes display poleward propagation in one or
both hemispheres. The general pattern is similar, al-
though slightly more irregular, in the observations. A
noteworthy feature of the TOMS data is the unusu-
ally large negative anomalies appearing at all latitudes
during the final year of the record. As pointed out by
Planet et al. [1994], this has been associated with the
eruption of Mount Pinatubo.

Separation of the total ozone anomaly fields into com-
ponents symmetric and antisymmetric across the equa-

Model Year

Figure 4. The anomaly in the monthly zonal average SKYHI total ozone (DU). The values
plotted were smoothed by calculation of 3-month running means. The thick contour represents

the zero contour and the dashed contours indicate negative anomalies. The contour interval is 5
DU.

tor, as described by Hamilton [1995b] can aid in the
interpretation of Figure 5. The symmetric component
highlights anomalies due to processes which act in phase
in both hemispheres. The antisymmetric component,
on the other hand, emphasizes processes which are out
of phase between the hemispheres, such as the annual
cycle and any QBO-annual cycle interactions. Figure
6 shows latitude-time sections of the model-simulated
total ozone anomaly for both the symmetric and anti-
symmetric anomaly components. In comparison to Fig-
ure 5b, the symmetric component appears to be much
cleaner with less indication of meridional propagation of
the QBO total ozone signal. The nodal line, located at
about 12° latitude, is also more distinct. The antisym-
metric component of the total ozone anomaly tends to
be equal to or smaller than the symmetric component
in the subtropics, but usually dominates the anomaly at
higher latitudes, suggesting the increasing importance
of the annual cycle modulation of the QBO.

The latitude dependence of the interaction between
the QBO and the annual cycle is further demonstrated
by examination of periodograms calculated using the
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Figure 5. Filtered monthly zonal mean (a) TOMS and (b) SKYHI total ozone anomaly (DU).
Observed and modeled total ozone anomalies were filtered as described in the text. The contour
interval is 2 DU. Note that for the TOMS data, the time shown on the horizontal axis represents
actual years, while for the model calculations the time is in model years. The dashed contours

indicate negative ozone anomalies.

modeled and observed total ozone anomaly fields. Fig-
ure 7 shows the power for both the model and TOMS at
19.5°N and 19.5°S. Both hemispheres exhibit a strong
peak at about 0.43 cycles/yr, which corresponds to the
QBO period of 28 months (27 months for the model
simulation). A secondary peak at about 0.57 cycles/yr,
or a 21-month period, is also evident in both hemi-
spheres, although the simulated peak is considerably
weaker than that observed at 19.5°N. The 21-month pe-
riod corresponds to one of the beat frequencies between
the annual cycle and the QBO (i.e., 1/12-1/28=1/21).
The other beat frequency is about 1.42 cycles/yr (8.4
months) and is represented by the TOMS observations
at 19.5°N. The model seems not to exhibit any clear
peak at this higher beat frequency.

At midlatitudes in either hemisphere (Figure 8), the
periodograms calculated with TOMS and model ozone
anomalies agree less well. At 34.5°N the power at the

main QBO frequency in the model results is quite sim-
ilar to that observed, but the power at the 21-month
period is only about one third that seen in the TOMS
data. There also appears to be some substantial power
at periods less than a year in the observations that is
very much smaller in the model (note that the limited
sampling of the zonal mean each day in satellite data
may act to exaggerate the high-frequency variations in
the TOMS time series). At 34.5°S the model very sig-
nificantly underestimates the power in the main QBO
peak, suggesting that simulation of a realistic propaga-
tion of the QBO signal to higher latitudes is even more
of a problem for the model in the Southern Hemisphere.

4. Vertical Structure of the Ozone QBO

In this section the vertical profile of the ozone re-
sponse to the imposed QBO is examined in detail. The
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Figure 6. The (a) symmetric and (b) antisymmetric components of the filtered SKYHI total

ozone anomalies (DU), calculated as described in the text. The contour interval is 2 DU and the
dashed contours indicate negative ozone anomalies.
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Figure 7. Total ozone anomaly periodograms calculated for TOMS and SKYHI at (a) 19.5°N
and (b) 19.5°S. The dashed vertical lines show the frequencies corresponding to the periods of
28 and 21 months.
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Figure 8. Total ozone anomaly periodograms calculated for TOMS and SKYHI at (a) 34.5°N
and (b) 34.5°S. The dashed vertical lines show the frequencies corresponding to the periods of

28 and 21 months.

ozone QBO varies in both phase and amplitude with
altitude, and is forced by different processes at different
altitudes. The ozone response at a given height also
varies significantly with latitude.

4.1. Equator

The height-time evolution of the equatorial zonal-
mean zonal wind anomaly is shown in Figure 9a. Once
again, the anomaly is defined simply as the deviation
from the full 14-year mean for each calendar month,
and the anomaly time series have been filtered to re-
tain only periods between 1 and 3 years. Alternating
regimes of easterlies and westerlies are seen to propagate
downward with a period of 27 months. The transition
between easterlies and westerlies is more abrupt than
between westerlies and easterlies, in agreement with ob-
servations. The magnitude of the maximum zonal wind
anomalies exceeds 20 m/s.

The time-height evolution of the equatorial temper-
ature anomaly is shown in Figure 9b. The tempera-
ture maxima and minima appear to lag the easterly and
westerly jets by approximately 90° and occur in the re-
gions of maximum vertical wind shear. High (low) tem-
perature anomalies occur in regions of westerly (east-
erly) wind shears. The phase lag and the position of
the high and low temperature anomalies are consistent
with the QBO-induced meridional circulation described
above and illustrated in Figure 1. The maximum am-
plitude of the temperature QBO is about 2.5°C and oc-
curs near 20 hPa, which is in fairly good agreement with
comparably filtered observations [Reed, 1962, 1964], al-
though the study by Randel et al. [1999] using U.K.
Meteorological Office (UKMO) stratospheric analyses
suggests that the maximum occurs lower, near 40 hPa.

Figure 9c shows the time-height progression of the
simulated equatorial ozone mixing ratio anomalies. It
is evident that there are two distinct regions of strato-
spheric ozone response separated by an abrupt change
of phase near 15 hPa. The peak amplitude of the
ozone QBO maximum just above 10 hPa is about 0.4
ppmv, while the amplitude in the lower stratosphere,
near 30 hPa, is slightly less. These amplitudes rep-
resent ~ 4 — 7% of the mean values in the middle
stratosphere and ~ 11 — 12% in the lower stratosphere.
While these values are in fairly good agreement with
the SAGE II ozone data shown by Chipperfield et al.
[1994] (see their Figure 1), the amplitude of the ozone
QBO in the SKYHI model is slightly smaller than that
observed in the midstratosphere and slightly larger than
that observed in the lower stratosphere. The underesti-
mation of the midstratospheric ozone QBO amplitude
in SKYHI may be due in part to the neglect of halo-
gen chemistry. In their 2-D model study, Chipperfield
and Gray [1992] obtained a peak-to-peak QBO varia-
tion in ClO, of about 20%, and this acts to enhance the
amplitude of their simulated ozone oscillation.

In order to examine the systematic effects of the im-
posed QBO on the trace constituents, it would be de-
sirable to compare results in the same calendar month,
but in exactly opposite phases of the QBO. The design
of the present experiment adds a complication to this,
however, for the use of a 27-month period means that
no two Januaries (for example) have exactly opposite
QBO phases. In much of the discussion that follows at-
tention will be concentrated on two consecutive Januar-
ies (model years 33 and 34) which have equatorial wind
anomalies that are of opposite sign at most heights, but
still do not represent exactly opposite QBO phases.
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Figure 9. Equatorial (a) zonal-mean anomaly zonal wind, (b) temperature, and (c) ozone.
The units are m/s for zonal wind, K for temperature, and ppmv for ozone. The anomaly wind,
temperature and ozone were filtered in the same manner as the total ozone. The contour intervals
are 5 m/s, 0.5 K, and 0.1 ppmv respectively. Dashed contours indicate negative anomalies.

The zonal-average anomaly photochemical and net
transport tendencies at the equator are shown for these
two Januaries in Figure 10. The net transport ten-
dency will be decomposed into mean and eddy com-
ponents below. During January 33 (Figure 10a), the
winds between 10 and 20 hPa were strongly westerly.
During January 34 (Figure 10b) winds at these lev-
els were strongly easterly. Figure 10 shows that the
anomaly ozone response is dominated by QBO-driven
changes in the ozone transport tendency below about
10 hPa. In fact, below about 30 hPa the effects of the
photochemical ozone tendency are extremely small, as
expected. At higher levels the chemical contributions
become more significant, so that above about 6 hPa the
anomaly chemical tendencies exceed the anomaly trans-
port tendencies for the easterly phase of the QBO shown
in Figure 10. For the westerly phase shown in Figure

10, the anomaly chemical and transport tendencies are
nearly in balance.

The region between 10 and 6 hPa is interesting, since
during the month with westerlies at 15 hPa (Figure
10a) transport effects dominate, while during the month
with roughly the opposite QBO phase (Figure 10b),
anomaly photochemistry is larger. This is in contrast
to previous model studies which have found that QBO-
driven photochemical changes are the main cause of
the ozone QBO throughout the whole cycle in the re-
gion above 10 hPa. Addition of halogen photochem-
istry to the present model would certainly increase the
anomaly photochemical tendencies (perhaps by as much
as ~ 30%). Of course, the SKYHI model explicitly sim-
ulates the eddy transport, and this may also partly ac-
count for differences from earlier 2-D model results.

The anomaly photochemical tendency above 10 hPa
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Figure 10. Anomaly net ozone transport and photochemical tendencies for a year during which
the phase of the QBO was (a) westerly and (b) easterly. The units are pptv/s.
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Figure 11. Easterly - westerly phase differences of diurnally averaged ozone loss rates due to
NO., HO,, and O, catalytic cycles. The years differenced were 31 (westerly) and 32 (easterly).
The maximum zonal wind anomalies for these years were at approximately the same altitude.
Units are pptv/s.
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Figure 12. Equatorial zonal-mean anomaly (a) NO,=NO+NQ;+NO3+N205+HNO,4 and (b)
HNOQOg3. Units are ppbv. The NO, and HNOj3 anomalies were obtained by filtering in the same
manner as for total ozone. The contour interval for NO; is 0.2 ppbv and 0.10 for HNOj3. Dashed

contours indicate regions of negative anomalies.

during the westerly phase (Figure 10a) may be inter-
preted as a decrease in photochemical destruction due
to transport of relatively NO,-poor air from lower lev-
els. Likewise, the negative photochemical anomalies
just above 10 hPa in the easterly phase are due to down-
ward transport of NO_-rich air from the region of cal-
culated NO, maximum near 3 hPa. Figure 11 is an
attempt to show the QBO effects on the chemical ten-
dencies for the rate-limiting steps of the cycles which
catalytically destroy ozone. In particular, the differ-
ence in the rates in successive Januaries is displayed.
For the catalytic ozone cycle involving NO, the rate-
limiting step is the reaction O + NOs; —+ NO + Oa.
For odd-oxygen loss, the relevant rate is O + O3 —
20,. There are several important odd-hydrogen reac-
tions: H + O3 — OH + O,, OH + O3 —» HO3+0;,
HO> + O = OH + Oz, and OH + O — H + O,. The
sum of these are denoted as “HO, terms” in Figure 11.
The reaction rates k and b for the NO; and O, cycles
are calculated using the photochemical data of DeMore
et al. [1992]. See Perliski et al. [1989] for a more de-
tailed discussion of the relative importances of different
ozone loss rates as a function of altitude and latitude.
As shown in Figure 11, below about 6 hPa the easterly
phase - westerly phase differences in the photochemi-
cal tendency are almost entirely due to changes in the
net rate of odd-oxygen destruction by the nitrogen cat-
alytic cycle. This result is consistent with the findings
of Chipperfield et al. [1994]. Above about 6 hPa the

odd-oxygen and hydrogen catalytic ozone destruction
cycles become increasingly important.

The time-height evolution of equatorial mixing ratios
of NO,; and HNOQs; is shown in Figure 12. Figure 12a
shows that the maximum response of NO, to the im-
posed QBO occurs in the mid-stratosphere near 10 hPa.
The phase of the NO, variation is such that at times
of westerly vertical wind shear, the NO, anomaly is
positive. During times of easterly vertical wind shear,
the anomaly in NO, is at its greatest negative value.
This is qualitatively consistent with expected effects
of the QBO-induced meridional circulation described
previously, since the vertical and poleward gradients
of NO; are positive. The anomaly photochemical and
transport tendency profiles for the equatorial NO_ are
shown in Figure 13. Near 10 hPa (where the NO,
QBO amplitude is largest) the net anomaly tendency is
dominated by transport processes, and anomaly photo-
chemical tendencies are very small, not surprising given
the long photochemical lifetimes anticipated for NO at
these levels [e.g., Brasseur and Solomon, 1986; Chipper-
field et al., 1994]. At lower levels (say, below 40 hPa)
the chemistry becomes significant, consistent with the
shorter chemical lifetimes for NO, in the lower strato-
sphere [e.g., Brasseur and Solomon, 1986]. It is inter-
esting that the anomaly chemical tendencies near 40-
50 hPa are so asymmetric between the two Januaries
shown, being strongly negative in 33 and much more
weakly positive in 34. Comparison with Figure 9c sug-
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Figure 13. The anomaly net transport and photochemical tendencies for NO,, for a year during
which the phase of the QBO was (a) westerly and (b) easterly. Units are ppqv/s (parts per
quadrillion by volume per second, or 10~ %ppbv/s).

gests that the large negative anomaly in NO, during the
westerly phase is linked to a positive O3 anomaly near
40 hPa. As discussed by Chipperfield and Gray [1992],
the positive temperature anomaly associated with the
downward QBO-induced circulation during the westerly
QBO phase, along with increased transport of ozone
to this level shifts the temperature-dependent NO-NOs
partitioning in favor of NO;. This leads to more rapid
loss of NO, during the westerly QBO phase due to for-
mation of HNOj3 by reaction with OH. This picture is
at least qualitatively consistent with the equatorial NO,
tendencies shown in Figure 13.

The simulated QBO response of HNO3 (Figure 12b)
differs greatly from that exhibited by NO;. The max-
imum anomaly occurs in the lower stratosphere, near
40 hPa. The vertical gradient of HNOj3 is negative,
while the poleward gradient is positive. Therefore, neg-
ative HNO3 anomalies occur in association with tropical
westerly shear and tropical outflow. Likewise, positive
HNOj; anomalies occur when the tropical vertical mo-

tion is upward and tropical inflow brings in air that is
higher in HNOj3 from midlatitudes. Figure 14 shows the
transport and chemical contributions to the equatorial
HNQO3; QBO anomaly tendency for January 33 and 34.
At most heights the transport and chemical terms have
opposite signs, consistent with a chemical timescale (~1
month) considerably shorter than the QBO timescale.
During the westerly QBO phase, it is interesting to note
that the anomaly photochemical tendency displays a
sharp maximum between 40 and 50 hPa. This feature
is related to the large anomaly photochemical NO; loss
shown in Figure 13, and is driven by readjustment of
the NO/NO; ratio in favor of NOs, which then results
in an increase in HNO3 formation due to the reaction
of NO2 and OH.

4.2. Subtropics

Figure 15 shows the simulated anomaly time series
for the zonally averaged zonal wind, temperature, and
ozone mixing ratio at 25°N. The zonal wind QBO at
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Figure 14. The anomaly net transport and photochemical tendencies for HNO; for a year
during which the phase of the QBO was (a) westerly and (b) easterly. Units are ppqv/s (parts
per quadrillion by volume per second, or 10~ ppbv/s).

this latitude has an amplitude of about 4 m/s (com-
pared to 20 m/s in the tropics). The QBO in tem-
perature is somewhat smaller than that at the equator,
but downward- propagating regions of alternating warm
and cold anomalies are still quite evident. It is expected
that cold subtropical anomalies will be associated with
rising motion in the subtropical branch of the QBO-
induced meridional circulation (e.g., westerly shear at
the equator; see Figure 1). The amplitude of the simu-
lated temperature QBO at 25°N is about 1°-2°C.

The maximum peak-to-peak amplitude of the ozone
QBO at 25°N in the SK'YHI simulation is about 0.6-0.8
ppmv (Figure 15¢), comparable to that at the equa-
tor. The subtropical ozone anomaly evolution is char-
acterized by a simple downward propagation without
the abrupt phase reversal seen in the equatorial ozone
anomalies (Figure 9¢). The maximum amplitude in the
ozone mixing ratio anomaly QBO at 25°N occurs near

10 hPa. Figure 16a displays the anomaly time series
for NO, at 25°N. At this latitude the NO, and ozone
anomalies are largely anticorrelated (compare Figures
16a and 15c). This would be consistent with the notion
of a subtropical ozone QBO that is a photochemical
response to the QBO-induced NO, anomalies. The ac-
tual situation seems more complicated, as illustrated in
Figure 17 which shows vertical profiles of the anomaly
photochemical and transport ozone tendencies at 25°N
for two Januaries. Below about 20 hPa the transport
tendencies clearly dominate the chemical contribution,
while above this height the chemistry is very important.

The time series of NO, anomaly depicted in Figure
16a is much more complicated than its tropical coun-
terpart (Figure 12a). In particular, some years exhibit
two regions of maximum response in the vertical which
are out of phase. Other years show only one region of
anomaly which tends to be located at somewhat higher
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Figure 15. Zonal-mean anomaly (a) zonal wind, (b) temperature, and (c) ozone at 25°N. The
units are m/s for zonal wind, K for temperature, and ppmv for ozone. All quantities were filtered
in the same fashion as total ozone. The contour intervals are 1 m/s, 0.5 K, and 0.1 ppmv
respectively. Dashed contours indicate negative anomalies.

altitude. This picture is, however, consistent with the
expected effects of the QBO-induced mean vertical mo-
tion. A tropical westerly shear near 40 hPa, for exam-
ple, should result in horizontal outflow at lower levels,
rising motion at 40 hPa in the subtropics, and horizon-
tal flow into the tropics at higher levels. The opposite
arrangement should hold for easterly tropical shear. For
NO;, low-level tropical outflow will result in a nega-
tive anomaly tendency since the poleward NO_ gradi-
ent is positive. Rising subtropical motion also results
in negative NO_ anomaly tendencies given the positive
NO; gradient with altitude. The two-cell NO; anomaly
structure progresses upward with time in the model cal-
culation due to the evolution of the QBO-annual cycle
phase differences. During model years 29 through 33,
the phase of the upper NO, anomaly maximum shifts

by 180°. This is due to the fact that the poleward NO,
gradient in the upper stratosphere becomes negative.

The simulated HNO3; anomalies at 25°N are shown
in Figure 16b. Below about 30 hPa these are gener-
ally out of phase with the equatorial HNO; anoma-
lies (Figure 12b), consistent with the expected effects
of advection by the QBO-induced meridional circula-
tion. However, the picture is more complicated higher
up and, in contrast to the equatorial results, the sub-
tropical HNO3; anomalies often display two regions in
the vertical that are opposite in sign. In the lower
stratosphere the anomaly is negative during times of
tropical outflow (westerly shear near the equator) and
positive during tropical inflow (easterly shear near the
equator), consistent with the positive poleward HNOg
gradient.
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Dashed contours indicate negative anomalies.

5. Eddy and Residual Mean Meridional
Circulation Contributions to the
Transport Tendencies

In the previous section, consecutive Januaries with
near-opposite QBO phase were examined to diagnose
the causes of the QBO-induced ozone perturbations.
Net anomaly transport tendency profiles at the equa-
tor are shown for a number of individual Januaries in
Figure 18. The years are grouped by the sign of the
equatorial zonal mean wind anomaly at 40hPa, with
westerly phases in Figure 18a and easterly phases in
Figure 18b. It appears that the QBO phase has a fairly
consistent and systematic effect on the transport in the
model. Note that the curves in each panel are somewhat
displaced in the vertical, simply reflecting the range of
QBO phases actually occurring in individual Januaries.
Note also that the Januaries for which the QBO phase
is exactly the same, such as 24 and 33 for example,
exhibit variability as well, which must result from in-
ternally generated interannual variability of the model
circulation. It is noteworthy that the transport ten-
dency curves for years when westerlies were present in
the lower stratosphere are more tightly grouped than for
years with mean easterlies in the lower stratosphere.

Figure 19 shows the equatorial anomaly transport
tendency divided into components due to the trans-
formed Eulerian residual mean circulation, the explic-

itly resolved eddies, and the parameterized subgrid-
scale diffusion terms. Results are shown again for two
consecutive Januaries. Figure 20 presents the same
quantities at 25°N. Several important conclusions may
be reached from inspection of these figures. First, the
anomaly transport tendency due to subgrid-scale pro-
cesses (parameterized as vertical and horizontal diffu-
sion) is generally small compared with either of the
other terms. At the equator the contribution from the
mean residual circulation is larger at most heights than
that from the eddies, but the eddy contribution is still
quite significant (up to 50% or more of the mean circu-
lation component at some heights). At 25°N the con-
tribution of the eddy term to the transport tendency
is even more significant. The remainder of this section
will be devoted to a more detailed investigation of the
nature of the mean and eddy contributions to the trans-
port tendency.

Stream functions of the anomaly in the transformed-
Eulerian residual circulation are shown together with
latitude-pressure cross sections of anomaly ozone for
January 31 and 32 (Plate 1). Also shown in the right
panels of this plate is the monthly mean zonal-mean
equatorial zonal wind for these months. The dashed
stream function contours indicate a clockwise circula-
tion, while the solid stream function contours indicate
a counterclockwise circulation.

The overall picture of the QBO-induced residual
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Figure 17. The anomaly net ozone transport and photochemical tendencies for 25°N for a year
during which the phase of the QBO was (a) westerly and (b) easterly in the lower stratosphere.

The units are pptv/s.

meridional circulation is roughly in accord with the sim-
ple scheme illustrated in Figure 1. At the equator there
is mean rising motion in westerly shear regions and
mean sinking in the easterly shear regions. This leads
to horizontal outflow from (inflow to) the equator near
the levels of peak equatorial easterlies (westerlies). The
main deviation from the simple picture of the residual
circulation is the very obvious interhemispheric asym-
metry. The QBO-induced residual circulation is much
stronger on the winterside of the equator than on the
summerside. This is in good agreement with the re-
sults from the 2-D models of Jones et al. [1998; also
submitted manuscript, 1999] and Kinnersley and Tung
[1998]. In July (not shown) the same effect is apparent
in the present SKYHI simulation (i.e., stronger resid-
ual circulation in the Southern Hemisphere tropics and
subtropics).

The QBO effects on ozone can also be seen quite
clearly in Plate 1. For example, the upward motion

at the equator associated with the easterly shear above
about 20 hPa during January 31 results in lower NO,
just above 10 hPa at the equator, and thus a positive
ozone anomaly. In the subtropics the negative ozone
anomaly at these heights may be due to downward mean
transport of NO_-rich air.

As previously discussed, the phase of the QBO is
expected to strongly influence extratropical planetary
wave propagation into the tropics. Plate 2 demonstrates
how the mean wind structure modulates the eddy con-
tribution to the ozone transport. This plate shows the
zero contour of zonal-mean zonal wind field superim-
posed on the eddy component of the anomaly ozone
transport tendency. Results are presented first for Jan-
uary 31, when the zonal winds are westerly through-
out the lower stratosphere and the zero wind line ex-
tends to about 15°S between 19 and 70 hPa. In this
case a region of negative eddy anomaly transport ten-
dency is apparent between the equator and about 10°N,
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Figure 18. Anomaly ozone tendencies for selected years for which the phase of the QBO in the
lower stratosphere was (a) westerly or (b) easterly. Note that years for which the QBO phase
was repeated, such as 24 and 33, are plotted with the same type of line.

extending from about 3 hPa to 50 hPa, and a corre-
sponding positive anomaly region is apparent between
about 15°N and 30°N. In January 32 the QBO is in
nearly the opposite phase, and the zero wind line is
located near 30°N. In this month the eddy transport
anomaly tendencies have a similar pattern, but the op-
posite sign as in January 31. This again demonstrates
that the QBO modulates the eddy transports in a very
systematic fashion. When there are mean westerlies in
the equatorial region, the eddies act more efficiently to
transport ozone from the equator to higher latitudes,
effectively acting as strong horizontal mixing within in
the 0°-25°N latitude band. This is consistent with the
speculation advanced by Hamilton [1989).

Several recent observational studies [Hasebe, 1994;
Randel and Wu, 1996, Randel et al., 1998] have demon-
strated that below about 30 hPa there is an approxi-
mate in-phase relationship between the QBO signals in
ozone and in derived downward vertical velocity (essen-

tially proportional to the local temperature anomaly).
This is in contrast to Reed’s picture of the QBO in
which the ozone anomalies are generated by transport
across the vertical ozone gradient, resulting in a maxi-
mum ozone anomaly that would be expected to lag the
maximum (downward) vertical velocity anomaly by a
quarter of a cycle. It has been pointed out by Poli-
towicz and Hitchman [1997] and Jones et al. [1998;
also submitted manuscript, 1999] that horizontal ozone
advection could also make an important contribution
to the QBO anomalies in trace species. The two-
dimensional model calculations of Jones et al. (sub-
mitted manuscript, 1999), suggest that the maximum
anomalies in the vertical and horizontal transport ten-
dencies are usually of roughly the same magnitude, but
almost exactly out of phase.

Time series of equatorial temperature and ozone from
the present SKYHI experiment are shown in Figure
21 for several pressure levels. These values have been
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Figure 19. Equatorial anomaly ozone tendencies due to transport by the transformed mean
meridional circulation (MMC, dotted line), eddies (EDD, dashed line), and diffusion (DIFF,
dashed-dotted line) at the equator for (a) the westerly phase and (b) the easterly phase. Units
are in pptv/s. The net transport tendency (NET, solid line) is the sum of the tendencies due to
the mean meridional circulation, eddies and diffusion.

Fourier- filtered to retain only periods between 1 and 3
years. Consistent with the observational studies men-
tioned above, the equatorial ozone and temperature
anomalies near 40 hPa are almost exactly in phase, with
maximum temperature anomalies tending to slightly
lead the maximum ozone anomalies. This agrees well
with the observational studies, but it is interesting to
note that this in-phase relationship is less evident in the
unfiltered monthly mean time series. The time filtering
adopted here presumably has a similar effect as the em-
pirical orthogonal function filtering adopted by Randel
et al. [1998]. Near 20 hPa the maximum ozone anoma-
lies appear to lag the maximum temperature anoma-
lies by about a quarter of a cycle, while at 10 hPa the
temperature and ozone QBO anomalies are almost ex-
actly out of phase. As previously discussed, the jump in
ozone QBO phase with altitude is due to the influence of

a QBO cycle in NO,, transport in the midstratosphere.

Figure 22 shows time series of the total transport ten-
dency for ozone near 40 hPa at the equator and 22.5°N.
Since the detailed zonal-mean averages of the quadratic
transport terms were archived only in January and July,
this figure (and subsequent figures) shows transport
terms for only those two months (although the series
of zonal-mean zonal wind shown for comparison does
include all months). The systematic modulation of the
net transport tendency by the QBO is quite evident in
both figures, although the behavior of the net transport
tendency at 22.5°N is dominated by the annual cycle.
At the equator near 40 hPa, local easterlies on aver-
age correlate with negative extremes in the net trans-
port tendency, while local westerlies tend to correlate
with small or positive net transport tendency. If verti-
cal transport of ozone by the mean circulation were the
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Figure 20. Anomaly ozone transport tendencies at 25°N due to transport by the transformed
mean meridional circulation (MMC, dotted line), eddies (EDD, dashed line), and diffusion (DIFF,
dashed-dotted line) at the equator for (a) the westerly phase and (b) the easterly phase. Units
are in pptv/s. The net transport tendency (NET, solid line) is the sum of the tendencies due to
the mean meridional circulation, eddies and diffusion.

primary process driving the ozone QBO in the lower
stratosphere, then the maximum easterlies would cor-
respond to a zero in the transport tendency (since the
peak easterlies at any level occur roughly when the ver-
tical shear is smallest). The results in Figure 22 indi-
cate that in fact the transport contribution is a quarter-
period shifted from this simple expectation, consistent
with the results in Figure 21. This is a further indica-
tion of the importance of horizontal transport processes
in driving the ozone QBO. The net transport tendency
at 22.5°N is generally out of phase with the equatorial
transport tendency.

Ozone net transport tendency time series near 10 hPa
are shown in Figure 23. The negative extremes in equa-
torial net transport tendency generally occur in associ-
ation with easterly vertical wind shear (anomalous up-
welling), while the positive extremes tend to occur with
westerly vertical wind shear (anomalous downwelling).

This phase behavior is consistent with what is expected
from the vertical advection by the mean circulation.
The the net transport tendency at 22.5°N at the 10
hPa level is out of phase with that at the equator.
The total transport tendency may be decomposed
into contributions due to the mean meridional circu-
lation and that due to eddies. Each of these terms may
be further decomposed into horizontal and vertical com-
ponents. In principle, this decomposition could be ap-
plied to the TEM circulation, but in the present exper-
iment the data necessary to decompose the TEM terms
into vertical and horizontal components were not saved.
Here the decomposition will be applied to the Eulerian
circulation terms, and attention will be restricted to
the equator (where Eulerian mean and TEM analysis
should produce similar results). Figure 24 shows raw
monthly means of the net ozone transport tendency due
to the Eulerian mean meridional circulation and due to
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Figure 21. Time series of monthly average ozone (dashed line, right axis) and temperature
(solid line, left axis) at selected pressure levels: (a) 10 hPa, (b) 20 hPa, and (c) 40 hPa.

eddies, as well as the horizontal and vertical compo-
nents of each term, all at the 36.7 hPa level. A time
series of the equatorial zonal wind at this level is also
shown in the center of Figure 24. The QBO modulation
of the transport tendencies is quite apparent.

During years with lower stratospheric easterlies, the
eddy transport term (shown in the bottom plot of Fig-
ure 24) is rather small, consistent with the expectation
that the large planetary waves should be largely ex-
cluded from low latitudes. When the mean winds are
westerly, however, there is a substantial eddy transport
of ozone away from the equator. Transport of ozone
by eddies constitutes a significant portion of the total
transport tendency at levels down to at least 80 hPa
(not shown), although its relative magnitude with re-
spect to the mean meridional transport tendency tends
to decrease at lower altitudes. At higher altitudes the
eddy transport tendency becomes increasingly impor-

tant in relation to the mean meridional circulation. It
is also interesting that the vertical component of the
eddy transport convergence appears to be significantly
modulated by the QBO.

Interpretation of the mean meridional circulation
transport tendency (top plot in Figure 24) is rather
more complicated. Although the vertical component of
the transport tendency by the Eulerian mean circula-
tion appears to be consistent with downward (upward)
motion associated with westerly (easterly) shear, the re-
sults suggest a large degree of cancellation between hor-
izontal and vertical transport (particularly when these
transport terms are large). From this, one might con-
clude that horizontal transport by the Eulerian mean
meridional circulation is of comparable importance to
vertical transport, in contrast to Reed’s original picture
of the ozone QBO in which the signal is produced by
vertical transport of ozone across a strong vertical con-
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Figure 22. Time series of the total transport tendency of ozone (heavy line, left axis) at 36.7
hPa for (a) the equator and (b) 22.5°N. The light solid line is the unfiltered zonal wind at the
same pressure level and latitude. The zonal average transport tendency is available only for the
months of January and July, which are indicated by the open symbols on each curve.

centration gradient. The upper plot of Figure 24 may
be somewhat misleading, however. The contribution
to the ozone mixing ratio from the mean meridional
circulation can be written as the negative of the flux
divergence

O(wr) 1 Jd(vrcosh)
dp + acos@ 00 2

But this is equal to

dw 1 H(vcosh) or
r (ap t acosd 06 ) tog,tam O
where v and w are the zonal-mean meridional and verti-
cal velocity in pressure coordinates, p is the pressure, r
is the ozone mixing ratio, a is the Earth’s radius, and 6
is latitude. The flux form of equation (2) is the basis for
the calculation in the SKYHI model, and (the finite dif-

ference representation of) the two terms in (2) are those
that are archived (and plotted in Figure 24). The form
of equation (3) shows that the negative of the transport
term can be written as the sum of the divergence times
the local mixing ratio and the product of the velocity
with the mixing ratio gradient. The divergence term
is zero by continuity, but in general its horizontal and
vertical components are nonzero and exactly cancel. In
the extreme case of constant mixing ratio, the transport
tendency is zero, of course, but there is cancellation be-
tween the horizontal and vertical terms when written
in flux form. In general, it is reasonable to expect that
the use of the flux form to diagnose the vertical and
horizontal components of the transport tendency sep-
arately could lead to some misleading cancellation of
vertical and horizontal terms. Note that the same con-
siderations apply to transport by both the Eulerian and
TEM mean meridional circulations.
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Figure 23. Time series of the total transport tendency of ozone (heavy line, left axis) at 9.2
hPa for (a) the equator and (b) 22.5°N. The light solid line is the unfiltered zonal wind at the
same pressure level and latitude. The zonal average transport tendency is available only for the
months of January and July, which are indicated by the open symbols on each curve.

Unfortunately, the archived fields from the model do
not allow an exact determination of each of last two
terms in equation (3). However, using daily means of
the zonal-mean wind and ozone mixing ratios, an at-
tempt has been made to estimate these terms for each
month (another source of error is introduced because
the vertical velocities were not archived on the same
level structure that is used by the model in comput-
ing vertical derivatives). The upper panel of Figure 25
shows time series of these estimates for the Eulerian
mean circulation at the equator and 36.7 hPa. It is
clear from this figure that the vertical component of
the mean advection dominates the horizontal compo-
nent by at least a factor of 10. The vertical component
also displays a large degree of modulation by the QBO.
The lower panel of Figure 25 shows the ozone transport
tendencies for the horizontal and vertical components of
the TEM circulation estimated in the same way. The

Eulerian and TEM transport tendencies are fairly close,
and in both the vertical advection dominates the hori-
zontal advection.

As previously noted, the fact that the ozone and tem-
perature QBO signals in the lower stratosphere are ap-
proximately in phase suggests that the simple Reed pic-
ture of the ozone QBO must be modified. Jones et al.
(submitted manuscript, 1999) suggested that the hori-
zontal advection by the mean circulation makes a major
contribution. However, their estimates were based on
the flux form for the horizontal and vertical terms.

In the present experiment it appears that horizontal
transport by the mean meridional circulation is rather
unimportant in determining the ozone QBO response,
at least in the vicinity of about 40 hPa. Horizontal
transport by eddies, however, does play a key role, and
this explains why the maximum ozone anomalies at
these levels occur nearly in phase with the maximum
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Figure 24. Eulerian mean meridional circulation and eddy contribution to the ozone transport
tendency at the equator and 36.7 hPa for each January and July in the experiment (indicated by
the open symbols on each curve). The dashed curves give the results obtained for the horizontal
and vertical components of the transport, while the heavy solid line represents the net transport
tendency. The top plot shows transport tendencies due to the Eulerian mean meridional circula-
tion, the middle plot shows zonal wind at the equator near 40 hPa, and the bottom plot shows
eddy transport tendencies. The units are pptv/s for the transport tendencies and m/s for the
zonal wind.
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Figure 25. Estimates of ozone transport tendencies due to the Eulerian mean meridional cir-
culation and the transformed-Eulerian mean circulation at the equator and 36.7 hPa for each
January and July in the experiment (indicated by the open symbols on each curve). The dashed
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units are pptv/s.
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Plate 3. The instantaneous horizontal distribution of ozone mixing ratio on the 850-K potential
temperature surface (near 10hPa) calculated for January 28 of year 33 (when the QBO phase is
westerly). Also plotted are the horizontal wind vectors. The ozone contour interval is 0.5 ppmv.
The longest vector plotted corresponds to a wind speed of 114 m/s.

temperature anomaly. In the case of descending west-
erly shear, for example, the maximum ozone anomaly
in the absence of significant eddy transport would oc-
cur after the passage of the wind shear zone and related
maximum temperature anomaly. Since the local winds
shift to westerlies after the passage of the shear zone,
the divergence of ozone flux due to poleward transport
by eddies increases. The result is ozone anomalies which
tend to be in phase with the temperature anomalies.
The importance of horizontal mixing by eddies is fur-
ther suggested by Plate 3, which shows instantaneous
ozone mixing ratio and horizontal wind vectors on the
850-K potential temperature surface (near 10 hPa) for a
day during January of year 33. At this time, weak mean
westerlies are present in the tropics. The ozone con-
tours display considerable departure from zonal sym-
metry even at latitudes quite close to the equator. In
addition, the horizontal wind vectors seem consistent
with significant exchange of tropical and extratropical
air, with a rather prominent streamer of tropical air
originating near 250° longitude. Detailed Lagrangian
studies of the transport have not been performed, so
no diagnosis can be made of the degree of irreversible
exchange associated with the eddies using the features

displayed in Plate 3. However, the the zonal-mean eddy
transport contributions shown in Figures 19, 20, 24 and
Plate 2 do demonstrate that eddy transports affect the
ozone mixing ratio even at the equator, and that these
transports are systematically modulated by the QBO.

6. Summary and Conclusions

A 14-year integration of the GFDL SKYHI general
circulation model with detailed photochemistry has been
employed to study the effects of an imposed strato-
spheric QBO. The model QBO was forced by inclusion
of an additional zonally symmetric momentum source
in the zonal momentum equation that was designed to
capture the essential features of the observed zonal wind
QBO.

The resulting QBO signal in total ozone agrees very
well with that derived from a long record of TOMS ob-
servations, at least through the tropics. The simulated
total ozone QBO features extreme anomalies that tend
to occur during winter, in agreement with observations.
The model also appears to represent realistically the in-
terannual variability resulting from the interaction be-
tween the QBO and the seasonal cycle, as reflected,
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for example in the periodograms of ozone fluctuations
at various tropical and subtropical latitudes [Tung and
Yang, 1994a]. The model does appear to be deficient
in not simulating a sufficiently strong ozone QBO in
midlatitudes, however.

The simulated vertical structure of the ozone QBO in
the tropics and subtropics is also quite realistic. Two
areas of maximum QBO amplitude are found in the
model simulations of ozone mixing ratio: one centered
in the lower stratosphere near 30 hPa, and the other
near 8 hPa. The two regions of strong ozone QBO re-
sponse are separated by a rather abrupt phase reversal
near 15 hPa. In agreement with results from earlier
studies, it was found that the lower region is due to
a quasi-biennial periodicity in ozone transport. The
midstratospheric region of ozone QBO response is also
ultimately driven by the QBO in circulation, but the
effect is indirect. In particular, the QBO in transport
modulates the NO; concentration, and this results in
a quasi-biennial signal in the ozone photochemical de-
struction rate.

When examined in detail, the QBO-induced trans-
port by the transformed-Eulerian mean residual circu-
lation is found to differ significantly from that proposed
by Reed [1964] in his pioneering work and seen in very
idealized models such as that of Plumb and Bell [1982].
In particular, the QBO meridional circulation in the
present SKYHI simulation was found to be very asym-
metric between hemispheres (stronger in the winter)
even at very low latitudes. This is in accord with very
recent global 2-D model simulations of the QBO circula-
tion that include a full annual cycle [Jones et al., 1998;
Kinnersley and Tung, 1998; also Jones et al., submitted
manuscript, 1999].

In contrast to earlier investigations of this problem,
the model used in the present study includes an inter-
nally consistent calculation of both eddy and residual
mean circulation transport processes. The QBO in the
model was shown to systematically modulate the eddy
transport tendencies of ozone, at least in the North-
ern Hemisphere winter. In particular, when there are
mean westerlies (easterlies) on the equator, the eddy
transport of ozone northward from the equator is signif-
icantly enhanced (suppressed). This is consistent with
the idea that the QBO modulates the tropical propa-
gation of extratropical planetary waves by shifting the
location of the zero wind line [Holton and Tan, 1980;
Hamilton, 1989, 1998a].

The present study has been limited to analysis of
model results in the tropics, subtropics, and midlati-
tudes. There has been some suggestion in the litera-
ture that the effects of the equatorial QBO can be de-
tected in high-latitude stratospheric ozone observations
of both hemispheres [Garcia and Solomon, 1987; Lait et
al., 1989; Butchart and Austin, 1996], although there is
some uncertainty about how significant this effect may
be [e.g. Shuster et al., 1989]. As noted in section 2, the
present model has severe deficiencies in terms of simu-
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lated circulation and temperature in the polar middle
atmosphere and so is not appropriate for application to
the study of high-latitude ozone. Current development
efforts with the SKYHI model are focused on improving
the high-latitude circulation (partly through including
parameterizations of the effects of subgrid-scale grav-
ity waves), and this may allow future investigations of
the role of the QBO in interannual variability of high-
latitude ozone.

The present study has demonstrated the usefulness of
comprehensive dynamical-chemical GCMs in the study
of the interannual variability of the chemical composi-
tion of the stratosphere. Future efforts will be devoted
to application of the model to other aspects of such vari-
ability, notably natural and anthropogenic long-term
trends in ozone.
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