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Exploring the effects of forcing quasi-biennial 
oscillations in a two-dimensional model 

Philip A. Politowicz 1 and Matthew H. Hitchman 
Depaxtment of Atmospheric a•d Oceanic Sciences, University of Wisconsin - Madison 

Abstract. Analytic forcing of the stratospheric quasi-biennial oscillation (QBO) is intro- 
duced into a two-dimensional middle atmosphere model containing interactive radiation, 
dynamics, photochemistry and climatological aerosols. The "WISCAR" model integrates 
the temperature equation in time, but diagnoses the meridional stream function and zonal 
wind. An analytic forcing function for the QBO is derived from zonal wind observations and 
employed in three different ways: (1) as a "thermal nudge" in the temperature equation, 
or in the diagnostic meridional stream function equation as (2) additional heating or (3) 
equivalent wave driving. A different amplification factor for eat. h method is required to 
achieve good agreement with the observed QBO in column ozone. This lends insight into 
the relationship among thermal perturbations, heating, and vertical motion. The vertical 
variation of QBO amplitude leads to a vertical dependence of the phase relationship among 
vertical motion, temperature, and zonal wind. Equatorial upward motions range from 
nearly zero to twice the time mean. Feedbacks in the model result in different extratropical 
responses for the two hemispheres and modulation of the equatorial semiannual oscillation. 
Chemical feedbacks and phase relationships are explored for the two ozone regimes: pho- 
tochemical control above 30 km and .advective control beneath. Confirming other studies, 
QBO vertical motions alter the distribution of odd nitrogen species above 30 km, which, 
together with the temperature dependence of reaction rates, combine to exert a strong 
control on ozone perturbations. 

1. Introduction 

The quasi-biennial oscillation (QBO) in the tropi- 
cal stratosphere influences the global distributions of 
ozone tAngell and Korshover, 1964; Shah, 1967; OIt- 
roans and London, 1982; Hasebe, 1980, 1983, 1994; Lair 
et al., 1989; Gruzdev and Moknov, 1992; Zerefos et 
ai., 1992; Angell, 1993; Tung and Yang, 1994; Hamil- 
ton, 1995], stratospheric aerosol [Trepte and Hitchman, 
1992; Hitchman et al., 1994], odd nitrogen and other 
constituents [Chipperfield et al., 1994] as well as winter 
hemisphere planetary wave activity and the ozone hole 
[O'Sullivan and Salby, 1990; Gray and Pyle, 1989; Gray 
and Dunkerton, 1990; Dunkerton and Baldwin, 1991]. 
The QBO may also be significant for tropospheric cli- 
mate variations [e.g., van Loon and œabitzke, 1987; Xu, 
1992; Yasunari, 1989; 2erefos et al., 1992; Gra•l et ai., 

The QBO is known to be driven by the absorption 
of vertically propagating equatorial waves [œindzen and 
Holton, 1968; Holton and œindzen, 1972; Plumb and 
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McEwan, 1978], yet modeling the QBO remains a chal- 
lenge. Difficulties include generation of waves from con- 
vection in models, uncertainties in relevant wave types 
[J.W. Bergman and M. S•lby, Equatorial wave activ- 
ity calculated from fluctuations in observed convection, 
submitted to J. Atmos. Sci., 1994], the complexity of 
balanced flows in the tropics [Stevens et aL, 1990], the 
need for high vertical resolution due to "alecoupling • 
in the vertical for tropical dynamics [Charne•l, 1963, 
1969] and small vertical wavelengths [Takahashi and 
Boville, 1992], as well as uncertainties in the details 
of wave absorption. Other challenging quantitative as- 
pects include the roles of cross-equatorial flow [Dunker- 
ton, 1991] and photochemical feedbacks [Ling and Lon- 
don, 1986; Hasebe, 1994; Hasrig, 1996; Cordero et al., 
1997]. 

Until recently, mechanistic two-dimensional (2D) mod- 
els, which parameterize many of these processes, have 
been the most successful at simulating the QBO. Usu- 
ally the effects of Kelvin and mixed Rosaby-gravity 
waves are parameterized [Plumb, 1977; Dunkerton, 1081, 
1985, 1991; Gray and Pyle, 1987; Takahashi and Holton, 
1991; Chipperfield et al., 1994]. The resulting merid- 
ional circulation leads to extended meridional effects 

and alters the descent rate of QBO shear zones, as orig- 
inally pointed out by Lindzen and Holton [1968]. Obser- 
vations suggest that westerly shear zones descend more 
rapidly than easterly shear zones. Explanations for this 
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"classical shear zone asymmetry" have also included dif- 
ferences in the effects of eastward and westward travel- 

ing waves and radiative feedback effects [Hasebe, 1994; 
Kinnersley and Pawson, 1995]. Because of the many 
unresolved issues, many modelers simply drag the flow 
toward the observed QBO winds [Chipperfield and Gray, 
1992; Gray and Ruih, 1993; Chipperfield et al., 1990]. 

Three-dimensional (3D) model simulations [Dameds 
and Ebel, 1990; Holton and Austin, 1991; Kodera et al., 
1991; Boytile and Randel, 1992; Takahashi and Boytile, 
1992; Manzini a•d Hamilton, 1993] have obtained rea- 
sonable QBO zonal wind signals by using techniques 
such as specified Rossby-gravity, inertia-gravity, and 
Kelvin wave spectra and initializing QBO winds at a 
certain phase. Such studies explored the impact of 
various tropical waves on the stratospheric momentum 
budget, attempted to link these waves to tropospheric 
forcings, and found modulation of sudden stratospheric 
warmings by the QBO. Recently, Hess and O'Sullivan 
[1995] have simulated the extratropical ozone QBO us- 
ing a 3D mechanistic model with an off-line transport 
code. Modeled and observed mixed Rossby-gravity 
waves still seem to be insufficient to drive the QBO 
easterly phase. Takahashi and $hiobara [1995] obtained 
a QBO-like oscillation in equatorial wind using a 1/5 
sector 3D model derived from a prototype general cir- 
culation model and found that convectively generated 
gravity waves were important in driving the QBO in 
their model. It is becoming increasingly apparent that 
other gravity waves (as suggested originally by Lindzen 
and Holton [1968]), and perhaps meridionally propagat- 
ing extratropical Rossby waves [Dunkerton, 1985; Kin- 
netsIcy and Pawson, 1995], are needed to drive the QBO 
and that successful QBO simulations must account for 
the diabatic heating effects of the ozone QBO ILl et al., 

This paper describes QBO simulations using a 2D 
middle atmospheric radiative-chemical-dynamical model 
(hereafter denoted the WISCAR model)that integrates 
temperature in time, but diagnoses zonal wind. Other 
models of the QBO calculate zonal winds by integrating 
the zonal momentum equation in time. The WISCAR 
model was designed for multiple decade integrations and 
has a time step of 15 days, rather than minutes. Recog- 
nizing the importance of the QBO to climate problems, 
we attempted to include the QBO while retaining this 
model architecture and hence the capability for long 
time integrations. This is interesting from a modeling 
and theoretical standpoint. It has been known since the 
late 1960s [Wallace, 1967a,b; Dickinson, 1969] that the 
QBO temperature perturbations must be maintained 
against radiative damping by meridional circulations. 
Thus, radiative damping should affect the thermal forc- 
ing required to achieve observed QBO zonal wind mag- 
nitudes. 

Three QBO forcing parameterizations that produce 
good simulations of the QBO in dynamic fields and 
trace constituents will be described. Emphasis was 

placed upon developing relatively simple, robust forc- 
ing parameterizations expressed as analytic functions 
which are readily differenttable and integrable in time 
and space. Observations of the zonal wind QBO are 
condensed into a compact analytic function in section 
2. In section 3 the relevant governing equations of 
she WISCAR model and the three QBO forcing meth- 
ods are described. Section 4 presents results from a 
control run with no QBO and salient results for the 
best QBO simulation (diabatic-forcing method), as de- 
termined by comparison with observations and previ- 
ous benchmark simulations, as well as significantly dif- 
ferent results for the wave-driving and thermal-nudge 
methods. Section 5 explores several specific modeling 
and theory issues raised by these experiments, including 
model resolution, coupling of tropical and extratropical 
middle atmospheric circulations, vertical dependence of 
the phase relationship among dynamical variables, and 
the changeover from dynamical to chemical control of 
the ozone QBO in the middle stratosphere. Section 6 
contains conclusions and describes ongoing additional 
research. The interested reader is referred to [Huang, 
1996] for applications of this parameterization to non- 
linear feedback studies in the WISCAR model. 

2. Observations 

Initial QBO wind observations were reported by Ver- 
yard and Ebdon [1961], Reed et al. [1961], [1965a,b], and 
Angeli and Korshover [1962]. A useful survey of QBO 
observations and theoretical explanations was given by 
Wallace [1973]. QBO wind climatologies have been pro- 
duced by Coy [1979], Hamilton [1984], Dunkerton and 
Delisi [1985], and Naujokat [1986]. These observations 
may be fit with a simple analytic functional form: 

Uc•Bo(y,z,t) = UoA(z)r(z,t)M(y) . (1) 

The observed maximum QBO wind speed amplitude, 
Uo, is about 25 m/s near zo = 28 km. Significant QBO 
zonal wind amplitudes are contained approximately be- 
tween 16 km and 40 kin, so an amplitude envelope in 
altitude is specified: 

A(z) - cos • • = •r (z - Zo) ' 24 km ' (2) 
with A = 0 for z >40 kmor z <16 km. The phase 
factor is chosen to represent the average observed QBO 
period of 27 months (821 days) and the zero wind line 
descent rate of 1 km/month: 

•'t •(: - :ø) (a) P(z,t)- cos •, •- 821 days + 27 km ' 
One may include different descent rates for easterly and 
westerly shear. For this study equal descent rates were 
chosen to isolate other feedback effects more readily. 
From Wallace [1973], the observed QBO wind signal is 
seen to be roughly symmetric about the equator, decay- 
ing meridionally to (1/e) of its equatorial value near 150 
latitude. This suggests a Gaussian meridional envelope 
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M(y) = e -(y/y')' , (4) 
where y* is the meridional e-folding scale in meters, 
taken to correspond to 15 ø or 20 ø, as indicated below. 

3. Experimental Design 

3.1. WISCAR Model 

The WISCAR model is an interactive, zonally aver- 
aged middle atmospheric model described by Brasseur 
et al. [1990]. Photochemical calculations are done in- 
teractively, using the results of dynamic and radiation 
calculations. The radiation module is from the National 

Center for Atmospheric Resear• (NCAR) Community 
Climate Model version 2 (CCM2). The model domain 
is 85øS to 85øN latitude and 0 km to 85 km altitude, 
with resolutions of 5 ø and I kin, respectively. This 
somewhat coarse meridional resolution leads to different 

amplitudes required for the three forcing methods. In- 
teractive parameterizations of gravity and Rossby wave 
drag are included. The model is capable of simulat- 
ing the effects a wide range of chemical and dynamical 
perturbations over many decades. The model code has 
been improved for the QBO simulations. The model 
tropopause heights, tropospheric zonal winds and tem- 
peratures now vary monthly according to the NCAR 
zonally averaged climatology of Randel [1987]. A more 
realistic distribution of vertical eddy diffusion coefficient 
has been introduced. Climatological stratospheric sul- 
fate aerosol distributions calculated from a decade of 

Stratospheric Aerosol and Gas Experiment (SAGE) I 
and II, and Stratospheric Aerosol Measurement (SAM) 
II, satellite data [Hitchman et al., 1994] affect the ozone 
chemistry. Initial model chemical constituent concen- 
trations are based upon 1990 estimates. The seasonal 
variation of the tropospheric Hadley circulation is spec- 
ified by an internal boundary condition on the merid- 
ional stream function at 15 km. 

Model integration begins with calculation of the zon- 
ally averaged diabatic heating, Q, and net wave driving 
by Rossby and gravity waves: F - Fn+F•. The param- 
eterizations of F• by Lindzea [1981] and Fn by Hitch- 
man and Brasseur [1988] depend on model zonal winds. 
Then the zonal mean meridional mass stream function, 
X, is diagnosed to be compatible with the patterns of 
forcing by Q and F: 

= + f ' (5) 
where "L 2" is a spatial Laplacian operator defined by 
Brasseur ei al. [1990]. This determines the transformed 
Eulerian mean, or residual, circulation (v', w*). Given 
this circulation and net heating, Q, temperature is in- 
tegrated with a 15 day time step: 

OT v* OT w. TN• Ot + -•-y+ =Q, (6) g 

where NB is the buoyancy frequency. Zonal winds are 
then calculated by the thermal wind law, 

2u tan4) Ou ROT f+ = . (7) a H Oy 

Equatorial zonal winds are obtained by averaging values 
at 5øN and 5øS. 

3.2. QBO Forcing Methods 

Three different methods were tested for introduc- 

ing a QBO into the WISCAR model. The "thermal- 
nudge" method adds a temperature tendency term to 
the right hand side of (6), while the "diabatic-forcing" 
and "wave-driving" methods add heating or equivalent 
wave driving to the rhs of (5). Note that the sign of 
the response is different for the thermal- nudge method 
than for the stream function forcing methods. For pos- 
itive forcing, the thermal-nudge method yields a warm 
anomaly, which leads to anomalous radiative cooling 
and, hence, descent. For positive forcing of extra heat- 
ing in (5), ascent results, yielding a cool anomaly. Thus 
positive forcing for the thermal-nudge method generates 
a westerly QBO pattern, while positive forcing for the 
diabatic-forcing method generates an easterly QBO pat- 
tern. In all cases, the model behaves energetically like 
the actual QBO: vertical motion and net heating corre- 
late positively, and both correlate negatively with tem- 
perature tendency. This is consistent with the QBO's 
thermally indirect, wave-driven behavior. 

3.2.1. Thermal-nudge method. Using the an- 
alytical expressions for zonal wind (1)-(4), differentiat- 
ing in z, using the thermal wind law on an equatorial f] 
plane, •y (OU/Oz) = - (R/H) (OT/Oy), and integrat- 
ing in y, one obtains 

-UoHl•y '2 
Tqro = 2R M(y) x 

•r sin • cos • + cos • sin • (8) 24 km 27 km ' 

where y* is in meters, R=287 Jkg- •K-t, H=7000 m, 
a=6.37 x 106 m, and/• = 2.29 x 10 -tt m-rs -t. Ob- 
servations indicate that the QBO temperature and in- 
ferred meridional circulation signatures reverse sign in 
the subtropics. An exponential meridional dependence 
for Uqt•o does not capture this subtlety adequately, so 
an additional meridional nodal factor was used: 

(9) 

where yn is an adjustable effective meridional nodal 
scale length. Differentiating (8) in time and multiplying 
by (9), the QBO thermal nudge added to (6) is then 
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-UoH/3y* 2 2 • 
Qqro - 2R M(y) N(y) 82i days X 

27 km cos • cos • - 24 k TM sin • sin • . (10) 
This leads to a temperature perturbation, ST, in (6) •d 
altered net heating Q • -ST in the next time step. 
This both rel• ST via (6) and chang• the meridional 
circulation via (5). Thus, • initiM QQ•o • 0 • 
Q • -ST ( 0 in the radiative code • w ( 0 via (5), 
with a warm anomaly in w•terly shear. In simulations 
using the thermM-nudge method, we cho• initially Uo 
= 25 m/s, with y* and yn corr•ponding to 15'. It w• 
discovered empirically that reinable QBO sisals in 
zonM wind were obt•ned only after Uo w• incre•d 
by a factor of 4. This is perhaps to be •pected, since 
r•iative damping reduc• the effect of QQ•o. 

3.2.2. Diabatic-forcing method. In the diabatic- 
forcing method, QQ•o from (10) is added to Q in 
(5), directly forcing the meridional circulation. In this 
method an initial QQ•o • 0 • w • 0 in (5) 
• •T ( 0in (6) • Q • -ST • 0inthera- 
diative code, with a cool anomaly in e•terly shear. It 
w• found that Uo had to be incre•d from 25 m/s by 
a factor of 40 to achieve a •tisfactory QBO. In this 
method a thermal perturbation must be maintained 
against damping by Q, which directly compet• with 
QQao in (5) for driving the requisite vertical motion. 
Although this augmentation of 40 ari• from numerical 
i•u•, this method produc• the b•t QBO signMs in 
dyn•icM and •emicM distributions. "Negative •- 
plitude" simulations were al• performed, with Uo mul- 
tiplied by (-1), in order to •s the effects of initial 
forcing magnitude on model r•ponse; th• is equivalent 
to shifting the ph• by •. 

3.2.3. Wav•driving method. In the wav•driving 
method, additionM effective wave driving, FQ•o, w• 
added to F in (5). One may co•ider FQ•o • a gener- 
alized forcing by Kelvin, m•ed •by-gravity, inertia- 
gravity, and taller gravity wav•. FQso is derived by 
equating the two forcing terms in (5), differentiating 
Qqro in y, in,grating in Mtitude, and then multiply- 
ing by N(y)' 

2•Uo 

toro - a.y (11) 
InitiMly, the choic• of Uo=25 m/s and y* = y• corr• 
sponding to 20* were made. In this c•, Uo had to be 
increded only by a factor of 1.75 to obt•n satisfactory 
QBO signMs in dynamic fields and trace constituents. 
This reduction in Uo relative to the diabatic- forcing 
method may be •counted for by model numeric. 

4. Results 

First, a short description of a control run with no 
QBO forcing will be presented. The diabatic-forcing 

method generated the best overall QBO signatures, so 
its results will be described second and in greatest de- 
tail. Results from the wave-driving method were almost 
identical to those of the diabatic-forcing method, so 
they will not be shown. Thermal-nudge results are then 
presented, emphasizing departures from the diabatic- 
forcing method. 

4.1. Control Run 

A time-height section of equatorial zonal wind for the 
control run is shown in Figure 1. There is no detectable 
QBO in zonal wind. Time mean westerlies of --10 m/s 
occur in the upper troposphere, but the easterlies near 
30 km are ~10 m/s weaker than observations [Barnett 
and Corney, 1985]. The interaction between the model 
annual cycle and parameterized gravity waves generates 
a mild semi-annual oscillation (SAO) in the mesosphere. 
Although zonal wind seems to equilibrate within the 
first few time steps, some chemical constituents take up 
to a year to settle into regular behavior. After the first 
year, the control run column ozone signal (not shown) 
compares well with observations in the tropics, both 
in terms of timing and magnitude [e.g., Bowman and 
Kreuger, 1985]. This is also true in the extratropics, 
but minima are overpredicted and maxima are under- 
predicted by ~10-60 Dobson units (DU). These depar- 
tures are modest for 2D model simulations [e.g., New- 
man, 1993]. 

To isolate differences due to the QBO forcing it is de- 
sirable to filter out the annual cycle, which is defined to 
exclude the initial two years of chemical equilibration. 
In presenting results in Figures 3-11, monthly means 
for years 3 through 10 were subtracted out. A Fourier 
filter was also applied, which eliminates timescales of 
less than I year in all figures except Figures 1,2, and 9. 

4.2. Diabatic-forcing Method 

Figure 2 shows the equatorial time-height section of 
Qqro defined in (10). Heating maxima of ~1.3 K/d 
occur at 28 km, with regular descent of Qqso heating 
anomalies confined between 16 and 45 km. Figures 3a, 
4, and 5a show equatorial time-height sections for zonal 
wind, temperature, and vertical wind. As argued quali- 
tatively in section 3.2.2., initial positive heating near 28 
km leads to rising cool air in easterly shear. Initial neg- 
ative heating (not shown) leads to sinking warm air in 
westerly shear. Zonal wind maxima near 30 km are ~22 
m/s, reasonably close to observations [Naujokai, 1986]. 
Near 30 km, westerly and easterly wind signatures de- 
cay significantly by 4-30* latitude from their respective 
maxima (Figure 3b), also in accord with observations 
[Wallace, 1973]. A descent rate asymmetry was not in- 
cluded in the forcing equation. However, simulations 
without an imposed meridional nodal factor displayed 
westerly shear predominance in the lower stratosphere 
(not shown). 

The QBO temperature signal maximizes at ~3 K 
near 28 km and is largely confined below 45 km (Figure 
4), in accord with observations and other simulations 
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Figure 1. Equ•toriM time-height section of control run zonM wind, with contour interval of 5 
m/s. All simulations are of 10 years' duration. 

[Plumb and Bell, 1982b; Dunkerton, 1985]. A signif- 
icant cold perturbation occurs in the mesosphere due 
to model equilibration. Near 28 km, temperature and 
zonal wind shear are positively correlated, but there is 
an interesting phase shift with altitude, which will be 
addressed in section 5. 

Simulated QBO vertical motion signal amplitudes 
(Figure 5) approach that of the Brewer-Dobson circu- 
lation, which is probably always upward in the trop- 
ical lower stratosphere [Dunkerton, 1978; Andrews et 
al., 1987]. Throughout there is a strong anticorrela- 
tion between temperature and vertical wind (Figures 4 

45 
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15 

[ I [ I ' I i I [ 

6/4 6/5 6/6 6/7 6/8 6/9 

Simulation Month/Year 

5/10 

10 fi 

Figure 2. Equatorial time-height section of QBO heating (Qqao) in the diabatic forcing method. 
Dashed contours indicate net diabatic cooling. The contour interval is 5 x 10 -6 K/s. 
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Figure 3. QBO zonal wind signal for the diabatic-forcing method, after removal of monthly 
means and filtering to remove all signal oscillations with period less than 360 days: (a) equatorial 
time-altitude section, (b) time-latitude section at 30 km altitude. Contour interval is 2.5 m/s. 

and 5a). QBO vertical motions peak at ~ :1:0.3 mm/s 
(~0.8 km/month) near 30 km. Total vertical motion in 
the lower stratosphere ranges from ~0.5 mm/s during 
QBO easterlies to ~0.01 mm/s during QBO westerlies. 
A significant signal in vertical motion is seen well into 
the mesosphere. Mesospheric vertical motions are in 
phase with the sign of QqBo near 35 km. 

The subtropical return branches of the meridional cir- 
culation are highlighted in Figure 5b, which shows a 
time-latitude section of w at 30 km. Subtropical anoma- 
lies are reversed in sign, being about half as strong as 
coincident tropical maxima. This meridional circulation 
has important implications for column ozone. Since the 
source for ozone maximizes near 30 km, ascent within 
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Figure 4. Equatorial time:altitude section of QBO temperature signal for the diabatic-forcing 
method, after removal of monthly means and filtering; contour interval is 0.5 K. 

QBO westward shear and poleward advection near the 
westward maximum diminishes tropical column ozone, 
while column ozone is enhanced in the subsiding sub- 
tropical return circulation. This is the essence of the 

phase reversal for column ozone across the subtrop- 
ics near +150 shown by Reed [1965], Shah [1967], An- 
gell and Kors•over [1073], Oltreart, and London [10821, 
Hasebe [1983], gawodny and McCormick [1991], nag 
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Figure 5. As in Figure 3, except of vertical wind, with contour interval of 0.05 mm/s. 
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Figure 5. (continued) 

and Yahõ [1994b], and Hamiltoa [1995]. Equatorward 
advection near an eastward maximum and subsidence 

below acts to enhance tropical column ozone and dimin- 
ish subtropical ozone. Thus, more ozone is made avail- 
able for transport into the extratropics during QBO 
easterlies. Antarctic and Arctic column ozone amounts 

tend to be greater during tropical QBO easterlies [Gat- 

cia and Solomon, 1987; Angeli, 1993; Batchart and 
Austin, 1996]. 

Figure 6 shows the column ozone departure from the 
annual mean of the last eight simulation years. The 
first year's chemical equilibration is very evident in col- 
umn ozone, with large values occurring with the en- 
hanced middle stratospheric Brewer-Dobson circulation 
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Figure 6. Time-latitude section of QBO column ozone signal for the diabatic-forcing method, 
after removal of monthly means and filtering; contour interval is 5 D U. 
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during QBO easterly shear. After the first few years a 
QBO in tropical column ozone emerges, with ampli- 
tudes of ~10 DU, similar to observations. Tropical col- 
umn ozone maxima occur when eastward she•r dom- 

inates below 30 kin, while ozone mimima occur when 
westward shear dominates (cf. Figure 3•). A phase 
reversal between tropical and subtropical anomalies oc- 
curs •t about -4-15 ø, a result which is sensitive to the 
choice of •/,. Similar behavior has been obtained in the 
simulations of Gray and Dunkerton [1990], Chipperfield 
and Gray [1992], Gray and Ruth [1993], and Tung and 
Yang [1994a]. 

Extratropical anomalies are slightly greater (~14 DU) 
than in the tropics, with intermittent annual modula- 
tion. In middle and polar latitudes, column ozone varies 
with a periodicity of ~20 months, nearly the beat fre- 
quency between the QBO and the annual cycle [Hamil- 
ton, 1995]. An annual modulation of the ozone QBO 
should occur due to transport by extratropical plane- 
tary Kossby waves [Gray and Pyle, 1989]. Tung and 
Yang [1994b] provide an interesting discussion of dy- 
namical mechanisms regarding the extratropical QBO 
in column ozone. In the WISCAR model, transport by 
extratropical planetary waves depends on model winds, 
and the tropopause wave activity is specified to be 
weaker in the southern winter. The rudiments of this 

wave- mean flow feedback effect on extratropical col- 
umn ozone operate in this model. Southern hemisphere 
maxima occur in the midlatitudes, while northern hemi- 
sphere ma•dma tend to include the highest latitudes. 

Figure 7 shows an equatorial time-height section of 
the ozone QBO signal. The ozone signal maximizes 
•round 28 km, with amplitudes reaching 1 ppmv, or 
~10% of the long-term average. Below ~32 km the 
ozone anomaly is anticorrelated with vertical motion, 

being high in subsiding QBO westerly shear. A distinct 
transition occurs near 32 km, from advective control 
below to photochemical control above. In the photo- 
chemical regime, upward motion coinciding with lower 
temperatures reduces ozone destruction by odd nitro- 
gen species, N O•, and promote its formation. We find 
that the QBO affects ozone destruction by NO• both 
by modulating the advection of NO• and by modulating 
the temperature-dependent reaction ratez. 

Figure 8a shows an equatorial time-height section 
of the QBO signal in NO• = NO + NO2 + NOs + 
HO2NO2 + CIONO2 + HNOs + 2N2Os. NO• is pri- 
marily responsible for ozone destruction in the upper 
stratosphere, with N O• concentrations peaking near 40 
km. Unlike ozone, the NO• signal is very weak below 
25 kin. Maximum anomalies of ~1.5 ppbv occur near 
32 kin. By comparing with Figure 5a it is apparent that 
QBO ascent decreases N O• and QBO descent increases 
NO•. Thus in the photochemical control region during 
QBO easterly shear, reduced NO• and lower tempera- 
tures coincide with higher ozone, while enhanced NO• 
and higher temperatures coincide with lower ozone (Fig- 
ure 7). 

Figure 8b shows that the NO• signal extends well into 
middle latitudes. Tropical and extratropical responses 
•re consistently out of phase, yet the latitudinal phase 
relationship is somewhat different than for vertical mo- 
tion (cf. Figure 5b). The magnitude of the subtropical 
NO• signal is ~75% of the tropical signal. This NO• 
signal is similar to that of Gray and Dunkerton [1990], 
but the tropical signal is stronger, in accordance with 
the stronger QBO meridionM circulation. Chipperfield 
and Gray [1992] and Chipperfield ei al. [1994] found 
that N O• modulation dominates the ozone QBO signal 
changes above 28 km and that NO• QBO signals can 
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Figure 7. As in Figure 3a, except of ozone mixing ratio, with contour intervM of 0.12 ppmv. 
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Figure 8. As in Figure 3, except of NOy mixing ratio with contour interval of (a) 0.5 ppbv and 
(b) 0.25 ppbv. 

have very broad meridional extent. Section 5 contains a 
more detailed discussion of the major chemical families' 
contributions toward QBO ozone destruction. 

4.3. Other Forcing Methods 

In the wave-driving simulation, Fq•o was calculated 
via (11) and used in (5), with •,: •* equivalent to 
20 ø and Uo multiplied by 1.75. Results were similar to 
those obtained by the diabatic-forcing method, so they 
are not shown. Significant differences appeared only in 
the meridional structures of the wave-driven QBO sig- 

nals. The extratropical QBO vertical wind and temper- 
ature signals are stronger than in the diabatic-forcing 
method simulation, yet in the extratropics the ozone 
and N Oy QBO signals are more meridionally confined. 
These differences are related to the value of//* and the 
imposition of N(g) on FqBo after solving from QqBo. 

The thermal-nudge method is distinct from the other 
forcing methods in that the meridional circulation is 
induced indirectly through thermal relaxation of the 
forced temperature anomaly. Differences in QBO zonal 
wind and temperature signals with respect to the two 
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stream function forcing methods are striking. Although 
the range in thermally driven QBO zonal wind signal 
(not shown) is similar to that of the other two methods, 
the temperature range is ~25% greater in the thermal- 
nudge method, yet is more confined to the forcing re- 
gion. Due to this confinement, the QBO in ozone and 
NOy are weaker everywhere (not shown). 

5. Discussion 

Several issues raised by the model results are now 
addressed: influences of model numerics on simulated 

QBO signals, dynamical feedbacks, signal amplitudes 
and phase relationships, and the effect of the QBO on 
ozone destruction by various chemical families. 

5.1. Model Numerics 

In the thermal-nudge, diabatic-forcing, and wave- 
driving methods, the forcing amplitude was multiplied 
by a factor of 4, 40, and 1.75, respectively. In focusing 
on the diabatic-forcing method, it is possible that the 
factor of 40 might reflect a decoupling between the en- 
ergy reservoir associated with the thermal perturbation 
(PE) and that of the zonal mean zonal wind (•). 
Indeed, Plumb and Bell [1982a] estimated the ratio of 
K E/PE to be ~40 in the tropical stratosphere. The 
concern is that any model which does not explicitly inte- 
grate an equation for the zonal mean meridional motion 
cannot account for this energetic coupling. Yet the tem- 
perature and zonal flow are exactly related through the 
thermal wind law, so this coupling is effectively instan- 
taneous. An alternative explanation lies in the coarse 
meridional resolution of the QBO forcing. 

For all forcing methods, the QBO zonal wind sig- 
nal is very sensitive to the value of the meridional 
nodal position y,. In the diabatic-forcing simulation, 
y, = 10 ø eliminated the QBO for any forcing ampli- 
tude. With a model meridional resolution 6y = 5 ø and 
with y, = 10 ø, equatorial forcing is nonzero at only 
three tropical points. On the other hand, yn = 20 ø and 
25 ø gave equatorial QBO zonal wind amplitude maxima 
of 50 m/s and 80 m/s, respectively. In the "best" simu- 
lation using the diabatic-forcing method with yn = 15 ø , 
the meridionM stream function forcing is given by a fi- 
nite difference representation of OQ/Oy, which maxi- 
mizes at -I-10 ø. In the wave-driving method, the merid- 
ional stream function responds to OF/Oz, which is a 
vertical finite difference in altitude, at a resolution of 
I km, of a function which contains an analytic rep- 
resentation of OQ/Oy. Moreover, y, was taken to be 
larger for the wave-driving simulation. This resulted 
in a much smaller multiplication factor in the wave- 
driving simulation. The value of ny also determines 
whether or not a shear zone asymmetry forms. Further 
study of the effects of 6y and n• is warranted. A model 
version with 2.50 resolution is currently under devel- 
opment. Despite this uncertainty, a result common to 
all methods is that when one forces a QBO thermM!y, 

augmentation is required to offset radiative damping of 
forced thermal anomalies intended to generate a z•nal 
wind QBO. 

5.2. Dynamical Feedbacks 

QBO signals defined as a deviation from the control 
run fields are not shown in this work. However, they 
do show some interesting behavior. Many QBO signals 
so defined possess meridional asymmetry; chemical sig- 
nals usually are more intense and extend farther into 
the northern hemisphere. This meridional asymmetry 
of QBO signals is due to a combination of several fac- 
tors: hemispheric asymmetries in Rossby wave activity, 
the specified annual cycle in the Brewer-Dobson circula- 
tion, insolation intensity, chemical sources, and nonlin- 
ear gravity wave feedback in the model. In the extra- 
tropics, annual modulation of QBO trace constituent 
signals is due to modulation of Rossby wave trans- 
port. During QBO easterlies, the winter hemisphere 
zero wind line is closer to the pole, focusing P•ossby 
wave activity and eddy transport poleward. But dur- 
ing the westerly phase, t{ossby waves propagate into the 
(sub)tropics, thus reducing wave activity and poleward 
eddy transport. There is also a hemispheric asymme- 
try in stratospheric •by wave activity, favoring the 
northern hemisphere, which is explicitly included in the 
model. Stratospheric Rossby wave activity is therefore 
relatively smaller in the southern winter. 

5.3. QBO Amplitude and Phase l•elationshlps 

The evolution of equatorial zonal wind, temperature, 
and ozone at 25 and 35 km are shown in Figures 9a 
and 9b. Below 30 km, ozone is controlled advectively 
and is highly correlated with temperature, since de- 
scent brings down higher values of ozone and entropy. 
Above 32 kin, ozone is controlled photochemically, and 
is highly anticorrelated with temperature. This is con- 
sistent with SAGE data [Hasebe, 1994]. Hazebe sug- 
gested that the feedback due to ozone solar heating 
would enhance QBO temperature anomalies in the ad- 
vective regime. Subsiding warm ozone-rich air would 
absorb more sunlight, helping to maintain the warm 
anomaly, while ascending cool ozone-poor air would ab- 
sorb less sunlight, helping to maintain the cool anomaly. 
Qualitatively, this effect is also occurring in the WIS- 
CAt{ model, but we defer a more detailed interpretation 
until further quantitative analysis. Here it is of interest 
to focus on the phase shift between temperature and 
wind with altitude. 

Near 25 km (Figure 9a), temperature le•ts zonal 
wind by about a 1/4 cycle, while at 35 km temperature 
leads by nearly a 1/2 cycle. The latter situation is a dis- 
tinct departure from canonical views of the QBO. Yet it 
is to be expected since there are vertical and meridional 
amplitude envelopes imposed on the vertical sinusoid 
via (2) and (4), and zonal wind is a vertical integral 
of meridionM temperature gradients in layers below, as 
in (7). Thus temperatures near 28 km contribute most 
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Figure 9. Evolution of QBO in zonal wind (solid, 
m/s), temperature (dashed, K), and ozone (short/long 
dashed, ppmv times 10) over the equator at (a) 25 km 
and (b) 35 km. 

to zonal winds above that layer. When a warm max- 
imum occurs near 28 km, the smaller cold maximum 
aloft cannot close off the QBO westerly jet. The zonal 
wind solution is "taller" than the temperature solution 
(compare Figures 3a and 4), with a tendency to become 
out of phase at higher altitudes. 

This is seen more clearly in Figure 10, which shows 
amplitudes and phases for QBO u, T, w, Os, and NO v 
anomalies over the equator. Below 32 kin, the zonal 
wind signal displays a vertical envelope structure simi- 
lar to A(z) in (2). iIowever, the zonal wind signal de- 
viates above this level, extending well above the QBO 
forcing regime. The vertical wind field actually reaches 
a secondary maximum around 60 km (Figure 5a), and 
the vertical advection forces QBO signals in ozone and 
NO v to extend well above 42 km. The minimum in 
ozone signal amplitude near 31 km marks the transition 
from advective to photochemical control. The upward 
extension of a significant QBO response is due to non- 
linearities in the model response to vertically confined 
thermal forcing. 

The phase lag of T, w, Os, and NO v with respect to 
zonal wind shows a significant vertical dependence (Fig- 
ure 10b). Below ~28 km temperature leads zonal wind 
by ~3-4 months, but this lead becomes larger with alti- 
tude, with temperature becoming nearly anticorrelated 
with zonal wind by 45 km. Vertical motion tends to stay 
anticorrelated with temperature at all levels, meaning 
that near 20 km u and w are out of phase, but near 40 
km they are in phase. This shift in phase between u and 
T or w is quite striking and invites further study. Be- 
low 30 km, ozone is out of phase with vertical velocity. 
Beyond the transition zone, above 32 km, ozone is out 
of phase with NOv, a relationship which is explored fur- 
ther in the next section. The altitude dependence of the 
u-w relationship is important to keep in mind when in- 
terpreting ozone feedbacks in terms of zonal wind shear 
zones. Below 30 km, ozone maxima precede zonal wind 
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Figure 10. (a) Amplitude and (b) phase lag in months 
relative to zonal wind for the diabatic-forcing method, 
after subtraction of monthly means and Fourier filtering 
to remove all signal oscillations with period less than 
360 days: zonal wind (squares, m/s), ozone (circles, 
ppmv times 10), NOy (diamonds, ppbv), vertical mo- 
tion (asterisks, 10 -4 m/s), and temperature (triangles, 
K). In Figure 10b, thin horizontal lines mark phase lags 
of: 0 cycle (0 months), 1/4 cycle (6.75 months), 1/2 
cycle (13.5 months), 3/4 cycle (20.25 months), and 1 
cycle (27 months). 
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maxima by 3-4 months, while above 32 km ozone max- 
ima lag zonal wind maxima by 7-8 months. 

5.4. Ozone Destruction in the QBO 

The ozone concentration QBO displays a rich vertical 
structure (Figure 7), in part due to the vertical variation 
of ozone destruction by chemical families. Figures 11a- 
11d show equatorial time-altitude sections of the QBO 
ozone destruction signal in the diabatic-forcing method 
simulation for the NOy, (Figure 11a), HOt = H + HO 
+ HO2 (Figure lib), Or = O + Os (Figure 11c), and 
CI= -- CIO + HCI + CI + HOCI -I- OCIO + 2 C1202 
+ CIONO2 (Figure lid)families. Values contoured in 
Figure 11 are the QBO departure of ozone destruction 
for a given family, divided by the total ozone destruction 
for all families. In the control run, the net destruction 

of ozone is a maximum at 42 km, and ozone destruction 
is dominated by HOt between 15 km and 20 km, Clr 
between 20 km and 27 kin, as well as above 45 km, 
and NOy between 30 km and 45 kin; Or destruction is 
competitive, but not dominant, at around 30 km and 
50 kin. 

The strongest signal in QBO destruction of ozone by 
NOy at the equator (Figure 11a) occurs primarily be- 
tween 28 km and 40 km, and ranges between +5% and 
-5%, not including the initial equilibration period. In 
this region, control run NOy destruction of ozone in- 
creases upward from near 20% at 30 km to 50% at 40 
kin, with slight annual variations. Maxima (minima) 
in QBO signals in NOy destruction of ozone are coin- 
cident with ozone signal minima (maxima) around 35 
km. But NOy destruction signal maxima extend down 
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Figure 11. Percent QBO anomaly of ozone loss rate due to a given chemical family, relative to 
total ozone loss from all families for (a) NOy, (b) HO•, (c) O•, and (d) CI•. The contour interval 
is 1%, except for 0.5% in Figure 11c. 
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Figure 11. (continued) 

to 25 km, contributing to the dephasing of ozone, zonal 
wind, and temperature signals. A latitude-time section 
of QBO NOy destruction of ozone (not shown) appears 
almost identical to that of NOy itself, with significant 
extensions into middle latitudes. 

The strongest simulated QBO signal in ozone destruc- 
tion by HO• outside of the initial model equilibration 
(Figure 1 lb) ranges between +6% and -6% and is cen- 
tered near 22 km. Control run HO• destruction of ozone 
decreases upward from near 90% at 15 km to 45% at 22 
km, with slight annual variations. The HO• ozone de- 
struction signal is antiphased with respect to the ozone 
signal in the advective control regime. Bowever, the 
two signals are in phase in the photochemical control 
regime. The Or ozone destruction signal (Figure 11c) 
behaves Similarly. Net upward motion at 21 km will en- 

hance HOt, decrease ClOt and decrease Os. At 25 km, 
extratropical signal maxima (minima) in QBO HOt de- 
struction of ozone are well correlated with ozone signal 
minires (maxima). The Clr ozone destruction signal 
(Figure 11d) is strongest near the bottom of the QBO 
forcing regime and is antiphased with respect to the 
ozone signal. However, there is a secondary amplitude 
maximum centered at the transition level between ad- 
vective and photochemical control. 

The QBO produces signals in chemical constituents 
also through variations in the distribution of sulfate 
aerosol and development of PSC, via heterogeneous pro- 
cesses. Further model simulations, using stratospheric 
aerosol distributions derived for distinct phases of the 
QBO [Hitchman et al., 1994] are addressing the aerosol 
QBO signal and its chemical effects. 
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6. Conclusions 
The present work shows the methods •nd results 

of introducing simple, •n•lytic function par•meteriz•- 
tions of v•rious QBO forcings into • 2D middle •t- 
mospheric model in which the thermodynamic equa- 
tion, not the zonal momentum equation, is integrated in 
time. Adopting • pragmatic •ppro•ch, the model's gov- 
erning equations permitted three forcing methods, e•ch 
derived from • single idealized functional representation 
in sp•ce •nd time of QBO perturbation zonal winds. 
One forcing method stems from • simple thermal wind 
relationship: a QBO thermal perturbation is added at 
each time step, which in turn generates a distinct QBO 
wind perturbation. The two other approaches proceed 
through the wave driving and diabatic heating forcing 
terms in the meridional stream function equation. 

Of the three forcing methods, the simulation us- 
ing the diabatic-forcing method gave the best results, 
as compared with observations and theoretical results. 
The wave-driving method simulation was almost as suc- 
cessful as the diabatic-forcing method simulation, but 
the trace species signals and meridional extent of the 
dynamic signals were weaker. The thermal-nudge sim- 
ulation produced generally poorer QBO signals over- 
all, particularly in the trace species signatures. In this 
model, the tropically forced QBO generates a global 
meridional circulation, creating substantial extratropi- 
cal signals by interacting with extratropical planetary 
wave-driven circulations [Dickinson, 1968; Plumb and 
Bell, 1982b; Garcia and Solomon, 1987]. QBO signals 
in temperature, meridional circulation, diabatic heat- 
ing and cooling reach well into middle latitudes, and 
the QBO signals in the trace species, such as ozone 
and NO•, at some vertical levels are strong into middle 
latitudes. The results indicate that the QBO vertical 
motion signal in the lower stratosphere is comparable 
to, but never reverses, the Brewer-Dobson circulation 's 
persistent upward motion. 

This work suggests several areas for future model im- 
provement. Successful QBO simulations with a pre- 
scribed analytic basic state variation now allow explo- 
ration of a more interactive parameterization using lin- 
ear theory for Kelvin, mixed Rossby-gravity and inertia- 
gravity waves. This should allow a shear zone asymme- 
try and variable QBO period to develop. The condi- 
tions under which shear zone descent asymmetry devel- 
ops in the model are important, since empirical orthog- 
onal function (EOF) analysis by Fraedrich et al. [1993] 
shows rather uniform descent, while a similar EOF anal- 
ysis by Wallace et ai. [1994] argues that the strong 
phase progression of the zonal wind QBO dominates 
any annual cycle contribution. Yao [1994] suggests that 
the apparently slow descent of QBO easterlies is due 
primarily to incomplete removal of the local annual cy- 
cle. Further studies will compare the relative influences 
of this QBO dynamical parameterization and climato- 
logical distributions of aerosol surface area compiled for 
the two phases of the QBO. 
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