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ABSTRACT

The seasonal (wintertime ) development of middle atmosphere circulation in opposite phases of the equatorial
quasi-biennial oscillation (QBO) was simulated with a three-dimensional nonlinear numerical model. In the
stratosphere, the effect of equatorial QBO was generally consistent with the extratropical QBO observed by
Holton and Tan, namely, a stronger midwinter polar vortex in the westerly phase, and vice versa. However, the
extratropical response to the QBO was sensitive to other factors such as mesospheric gravity wave drag and the
amplitude of Rossby waves specified at the model’s lower boundary. The extratropical QBO was realistic only
when a drag parameterization was included and Rossby wave amplitudes lay in an intermediate range close to
the observed. At somewhat stronger forcing, the model’s response was largest in the mesosphere where (in this
case) westerlies were stronger in the easterly phase of equatorial QBO. This was apparently due to a shielding
effect.

The theory of planetary wave—mean flow interaction suggests that the sensitivity to equatorial QBO should
be greatest for wave forcings near a “‘bifurcation’’ point. Below this threshold the stratosphere approaches
radiative equilibrium, shutting off vertical propagation of planetary waves. Supercritical forcing leads to a major
warming. The model’s sensitivity to forcing, while consistent with this idea, was most apparent in perpetual
solstice runs without parameterized wave drag. Seasonal integrations with wave drag produced a more realistic
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extratropical QBO, making the bifuircation less conspicuous.

1. Introduction

It is currently thought that the equatorial quasi-bien-
nial oscillation (QBO) affects the wintertime circulation
of the extratropical middle atmosphere. The strato-
spheric polar vortex is weaker and more disturbed by
planetary waves in the easterly phase of the QBO (Hol-
ton and Tan 1980, 1982; Wallace and Chang 1982; La-
bitzke 1982, 1987; van Loon and Labitzke 1987; Dunk-
erton and Baldwin 1991; Baldwin and Dunkerton
1991). During the westerly phase there is a colder,
stronger vortex with greater potential for ozone deple-
tion (Bojkov 1986; Garcia and Solomon 1987; Lait et
al. 1989). In the Northern Hemisphere, this ‘‘extratrop-
ical QBO’’ is strongest in early to midwinter (Dunkerton
and Baldwin 1991, 1992). It is not uniform in all years
but (for reasons not well understood ) seems more prom-
inent near solar minima (Labitzke and van Loon 1988)
in late winter (Dunkerton and Baldwin 1992).

Planetary waves play an important role in the extra-
tropical QBO as measured by their Eliassen—Palm flux
and divergence (Dunkerton and Baldwin 1991 —their
Fig. 16). Whether they are the main cause of the ex-
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tratropical QBO is not readily answered from obser-
vations, but is suggested by recent numerical investi-
gations (O’ Sullivan and Salby 1990; Dameris and Ebel
1990; Holton and Austin 1991; O’Sullivan and Young
1992). Starting from initial conditions differing only
in the phase of equatorial QBO (with planetary Rossby
waves forced at a tropopause lower boundary), twin
experiments gradually diverge over several weeks until
the extratropical mean flow is weakened by wave trans-
port—the overall deceleration being somewhat larger
in the easterly phase of the QBO. There can be a sig-
nificant extratropical difference induced by the equa-
torial QBO that is most realistic for intermediate wave
forcings (Holton and Austin 1991; O’Sullivan and
Young 1992). Large forcings cause the vortex to break
down prematurely (as in a major warming ) irrespective
of the QBO, while weak forcings produce a weak or
negligible effect.

According to numerical results, it is not the instan-
taneous linear difference of planetary wave structure
due to equatorial QBO that is important, but rather the
cumulative effect of planetary wave—mean flow inter-
action over a period of time.! The model’s extratropical

. ! Linear structural changes are possible, but their effect on EP flux
divergence is confined mainly near subtropical critical latitudes
(O’Sullivan and Young 1992).
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QBO is therefore a quasi-linear or nonlinear phenom-
enon rather than a linear one.

By the same token, the extratropical QBO evolves
during winter. The mean zonal wind difference be-
tween west and east phases is maximum in midwinter
(December—January), while that of the EP flux max-
imizes a bit earlier (November—December) (Dunker-
ton and Baldwin 1991 —their Figs. 10, 20). To model
the seasonal development realistically requires time-
dependent forcings and diabatic cooling of the ob-
served magnitude. O’Sullivan and Young (1992) ig-
nored the seasonal development and relaxed the flow
to an equilibrium zonal wind similar to the observed
(50% stronger than their initial condition in midlati-
tudes), rather than radiative equilibrium. Consequently
their radiative forcing was too weak, as was the induced
meridional circulation. Holton and Austin (1991) used
a sophisticated radiative algorithm, but began their ex-
periments in mid-January, which is after the maximum
of observed extratropical QBO.

One purpose of this study was to model the seasonal
development of extratropical QBO with realistic ther-
mal drive; another was to understand its sensitivity to
various parameters, such as the amplitude of Rossby
waves entering the stratosphere. Theory suggests that
weak waves allow the mean state to approach radiative
equilibrium, impeding further wave propagation. Con-
versely, strong waves decelerate the mean flow, en-
hancing propagation until the vortex experiences a ma-
jor warming. Simple one-dimensional models predict a
‘‘bifurcation’” between extremes that is a function of
wave forcing amplitude and other parameters (Holton
and Mass 1976; Holton and Dunkerton 1978; Yoden
1987a,b,c, 1990).

In light of the 1D theory, it is interesting to consider
the effect of some external influence, like the equatorial
QBO, in conjunction with planetary waves forced at
the extratropical tropopause. If the wave forcing is such
that for one phase of the QBO the forcing is subcritical,
while for the opposite phase it is supercritical, we ex-
pect maximum sensitivity to the equatorial QBO. If the
forcing is above or below this threshold in both phases
alike, we expect minimum sensitivity. This behavior is
consistent with previous numerical studies of the ex-
tratropical QBO but deserves further investigation, for
example, to determine whether the bifurcation occurs
in a nonlinear, three-dimensional model of the middle
atmosphere,? and what effect the seasonal cycle has.
Other factors may also affect the extratropical response
to the QBO. The effect of gravity wave drag on plan-
etary wave—mean flow interaction will be emphasized
in the discussion to follow.

2 Holton and Wehrbein (1981) demonstrated that vacillation was
possible in a 3D quasi-linear model, and nonlinear barotropic inte-
grations showed evidence of bifurcation (Salby et al. 1990; Yoden
and Ishioka 1993).
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Section 2 briefly describes the numerical model and
the parameterization of thermal and mechanical forc-
ings. Section 3 describes the seasonal mean-flow evo-
lution with and without parameterized wave drag, and
the variation of extratropical QBO as a function of
wave forcing in a baseline series of experiments. These
results are discussed further in section 4 along with
possible causes of extratropical QBO variability.

2. Numerical model

The numerical model used in this study was the same
as that of O’Sullivan and Young (1992): a global,
primitive equation model extending from 10 to 70 km
with geopotential specified at the lower boundary. Sim-
ulations were performed at T42/21 horizontal resolu-
tion (spherical harmonics with total wavenumber up to
42 and zonal wavenumber up to 21 are included) with
20 equally spaced levels in log p(Az = 3 km). Sixth-
order horizontal diffusion was included to suppress
grid-scale motions (v = 2.5 X 10 m® s!'). The time
step was 15 minutes. Time integrations began on ‘11
September’’ and extended thereafter for 200 days. The
mean thermal forcing and perturbation lower-boundary
condition varied through the seasonal cycle as de-
scribed below.

The main differences relative to O’Sullivan and
Young (1992) were the parameterization of thermal
and mechanical drive, modified to produce a more re-
alistic wintertime circulation, and integration through a
seasonal cycle. Radiative heating and unresolved body
forces were parameterized as linear relaxation. This ap-
proach allowed many integrations at relatively low
cost.

a. Thermal and mechanical forcings
Zonally averaged diabatic heating was of the form

0@y, z, 1) = ar(D)[Te(y, 2, t) — T(y, 2z, )], (2.1)

where Ty is the ‘‘radiatively determined’’ profile of
Shine (1987). This is not the true radiative equilibrium
under perpetual conditions but a radiatively determined
temperature in the seasonal cycle. When used in con-
junction with a temporally fixed Newtonian cooling
rate,

z—35

)] day™', (2.2)

realistic solstitial heating and cooling are obtained. This
was verified by comparison to K. Shine’s MIDRAD
algorithm in a 2D model. Newtonian cooling rates im-
plied by that algorithm vary in latitude and time, an
effect which is ignored in (2.2) but is implicit in our
use of radiatively determined, rather than radiative
equilibrium, temperature. Identical damping was ap-
plied to the deviation from zonal-mean temperature.
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The temporal dependence of radiative forcing was fur-
ther simplified by adopting only the solstitial profile of
Tg, holding its symmetric part about the equator fixed
while letting the antisymmetric part vary sinusoidally
through the annual cycle. .

As noted by Shine (1987) and many others, the ra-
diatively determined state in the middle atmosphere
yields an enormous zonal wind at winter solstice. To
overcome this problem requires body forces that retard
the mean flow. Two kinds of body force can play a
role. (i) Planetary Rossby waves forced at the model’s
lower boundary (section 2b) decelerate the polar vor-
tex. These waves can have a large effect, but (in the
absence of other body forces) their ability to retard the
vortex turns out to be quite sensitive to forcing ampli-
tude (section 3a). (ii) Unresolved disturbances such as
gravity waves exert a substantial drag on the mean
flow, particularly in the mesosphere.

An investigation of gravity waves in the middle at-
mosphere’s three-dimensional circulation would be in-
teresting (Dunkerton and Butchart 1984 ) but outside
the scope of this paper. It will be assumed instead that
the cumulative effect of unresolved waves is to retard
" the zonal-mean westerlies to something like their cli-
matological value. This was achieved in the numerical
model by inserting in the zonally averaged zonal mo-
mentum equation a one-way friction (Dunkerton 1991)
"designed to relax overly strong westerlies to the cli-
matological average profile of mean zonal wind i,
(Barnett and Corney 1985) if and only if &# > ig,. Pro-
files of monthly mean i), were derived from Barnett
and Corney for each of the 12 calendar months, and
interpolated to the current time step. The mechanical
damping coefficient was zero for winds below 25
m s ', increasing to 0.5 per day for winds in excess of
50 m s~'. One-way friction had little effect on the polar
lower stratosphere and no direct effect in the Tropics
or summer hemisphere, but severely restricted the me-
sospheric jet and thereby maintained a strong diabatic
circulation at upper levels. Hereafter the friction will
be referred to as ‘parameterized wave drag.”’

Although this device was used mainly for simplicity,
gravity wave momentum flux divergence can be written
as linear relaxation when momentum flux is propor-
tional to the negative of mean flow (as suggested by
some observations), and the mean flow varies slowly
over a density scale height. Similar results might be
achieved with a more sophisticated gravity wave pa-
rameterization (Fritts and Lu 1993) tuned to produced
realistic winds.

b. Rossby wave forcing

Geopotential was specified at the lower boundary
(10 km). The forcing consisted solely of stationary zo-
nal wavenumber 1 with maximum amplitude at 60°N
as in Eq. (2) of O’Sullivan and Young (1992). It was
turned on gradually over the first ten days to an initial
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value 150 m at ¢ = ¢, (= September 21). Thereafter,
a slow seasonal amplification was assumed

. (t —1y)
2n = 150% + b? sin| 2% .
bson 0 sm[ 180 days] , (23)

as suggested by Randel’s (1992) climatology. Here
¢eon is the maximum value of wavenumber one ampli-
tude on the lower boundary. The parameter b was var-
ied from one experiment to the next to investigate the
effect of forcing amplitude on the extratropical QBO.
Hereafter we denote this variation in terms of a param-
eter ¢,,, the maximum value of ¢4y attained at winter
solstice. Values of ¢,, ranged from 150-350 m, like
those observed (~200-280 m).

Slowly varying forcing is an idealization of the real
atmosphere with its transient waves. Pulsations of wave
activity cause episodes of enhanced mixing and decel-
eration (O’Sullivan and Salby 1990), but so long as
quasi-stationary waves dominate the spectrum, the ex-
tratropical QBO should be much the same.

¢. Equatorial QBO

The model was initialized with an equinoctial zonal
wind profile typical of September, together with a con-
tribution from the equatorial QBO like that of O’Sul-
livan and Young (1992) —a Gaussian profile in lati-
tude and height, centered on the equator between about
20 and 40 km—but (in our case) having an e-folding
width of 10° (15°) latitude and maximum amplitude 15
ms~! (=20 m s7!) in westerly (easterly) phase. Nu-
merical experiments showed that the extratropical QBO
was unrealistically large for wider equatorial QBOs.
Interestingly, most of the extratropical QBO was due
to the westerly equatorial phase; results in easterly
phase did not differ much from control experiments
with no QBO.

West-phase experiments included a small restoring
force to prevent erosion of equatorial winds. This de-
vice might represent the positive acceleration associ-
ated with equatorial Kelvin waves not included in the
model.

3. Results
a. Experiments without wave drag parameterization

O’Sullivan and Young (1992) relaxed mean tem-
perature to an equilibrium state similar to the observed.
Consequently their mean zonal wind was realistic but
diabatic cooling and mean meridional circulation were
not. Here mean temperature was relaxed to a radiatively
determined state so that, without dynamical heat fluxes
or opposing body forces, the polar vortex becomes ex-
tremely strong. This ‘‘cold bias’’ can be alleviated by
transport due to planetary Rossby waves, gravity
waves, or both. It is interesting (and perhaps amusing)
to consider first the situation without gravity waves,
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where vertically propagating planetary waves alone are
responsible for mean flow deceleration. Our largest ex-
tratropical QBO was obtained in perpetual solstice runs
(temporally constant Tz, ¢,, after the initial 10-day
ramp) without parameterized wave drag. In some of
these, the time-averaged difference of mean zonal wind
between west and east QBO phases exceeded 160
m s~ in the mesosphere, the pattern being similar in
other respects to that of O’Sullivan and Young (1992;
their Fig. 6a).

Time series illustrating the QBO’s effect are shown
in Fig. 1. The mean zonal wind in both cases acceler-
ated under radiative control until day 50, after which
the east, but not west, case decelerated— gradually at
first, and then more rapidly. The magnitude of this ‘‘ex-
tratropical QBO’’ at days 120-150 (ten times the ob-
served) revealed, in essence, the difference between a
radiatively determined state (west phase) and a major
warming (east phase). The time-averaged difference
was greatest when the averaging interval was located
after the first major warming in the east-phase run, and
wave forcing was optimally chosen to lie near a ‘‘bi-
furcation point’’ so there was no major warming in the
west-phase run. The bifurcation was anticipated by
simple one-dimensional models (Holton and Mass
1976; Holton and Dunkerton 1978) and its effect in
this case was quite dramatic. In east-phase experiments
(similar to those with no equatorial QBO), wave forc-
ings ¢,, = 300 m led to a major warming. Smaller
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forcings (e.g., ¢,, = 275 m) could not prevent the ap-
proach to radiative equilibrium. The effect of the QBO
was to shift the bifurcation point toward greater ¢,, in
the west phase, so that twin experiments with identical
wave forcing near the original bifurcation produced a
large west-minus-east (W—E) difference. Remarkably
the bifurcation was just as sharp in the 3D model as in
simple 1D calculations of Holton and Dunkerton
(1978; see also Yoden 1987a,b).

Comparable, though less dramatic, results were ob-
tained when the seasonal cycle was included (without
parameterized wave drag) as in sections 2a,b. Figure 2
shows the time-averaged December—February (DJF)
mean zonal flow in a pair of runs with ¢,, = 375 m
(Figs. 2a,b), and their difference (Fig. 2c). The aver-
aging interval was 90 days, beginning on day 80 of the
model run (December 1); this interval will apply
throughout the paper unless otherwise noted. None of
the experiments revealed any significant difference be-
tween east and west phase in early winter (prior to
December), even with parameterized wave drag, so
there was little point in including this time period in
the averaging interval. [The model’s early winter was
defective, since observations show a QBO effect in No-
vember (Dunkerton and Baldwin 1991).] As in per-
petual solstice runs near the bifurcation, there was a
major warming in east phase (Fig. 2b), but not west
phase (Fig. 2a), resulting in a large DJF W-E differ-
ence (Fig. 2c). The difference was-exaggerated by the
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FiG. 1. Time series of mean zonal wind at 75°N, 0.5 mb in perpetual solstice runs without parameterized
wave drag; forcing amplitude ¢,, = 325 m constant in time.
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approach to radiatively determined conditions in the
west phase, resulting in a mean flow (Fig. 2a) almost
the same as if there were no planetary wave forcing
at all.

Figures 3a,b display the seasonal evolution of mean
zonal wind at 75°N, 0.5 mb in west and east phase,
respectively, in several runs without parameterized
wave drag. These time series can be compared to Yod-
en’s (1990, his Fig. 5) and are qualitatively similar.
West-phase experiments were radiatively determined,
except those with forcings in excess of 400 m. Mean
zonal wind near the pole increased slightly with in-
creasing forcing, due to asymmetric displacement of
the vortex off the pole (which should not obscure the
fact that integrated angular momentum is diminished
by the vertical EP flux entering the domain at the lower
boundary). East-phase experiments were perturbed by
forcings exceeding 300 m; some of these contained
strong vacillations after the initial breakdown. Al-
though sharp bifurcations were not apparent, there was
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FIG. 2. DJF mean zonal wind in seasonal integrations with-
out parameterized wave drag; forcing amplitude ¢,, = 375 m.
(a) West phase; (b) east phase; (c) difference between west
and east phase.

a maximum sensitivity of DJF mean flow to forcing
amplitude, located between 400 and 450 m in the west
phase and 325 and 375 m in the east phase. Forcings
between 350 and 400 m therefore maximized the effect
of the QBO (cf. Fig. 2¢).

The QBO’s influence could be visualized as a shift
of the bifurcation point, which in this case is no longer
a ‘“‘point’’ (as in perpetual solstice runs) but rather a
range of ¢,, values over which the time-averaged flow
is most sensitive to changes in ¢,,. The shift is toward
greater ¢,, in the west phase, compared to east-phase
integrations and control runs with no QBO. Alterna-
tively, the QBO’s effect is analogous to a change in
¢.., a flip from west to east phase being roughly equiv-
alent to a 75—100 m increase of forcing.

In seasonal integrations, the response of time-aver-
aged flow to Rossby wave forcing was therefore a
smooth function of ¢,,, unlike perpetual solstice runs
with a near-discontinuity at the bifurcation point. The
radiative drive and lower boundary forcing varied as a
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Fi16. 3. Time series of mean zonal wind at 75°N, 0.5 mb in seasonal integrations without
parameterized wave drag. (a) West phase; (b) east phase.

function of time. It was not merely a question of warming would occur and (if so) how large it would
whether a major warming would occur for a particular be. In seasonal integrations there are more degrees of
¢, (as in perpetual solstice runs), but when such a freedom, as it were, that determine the response to ¢,,.






