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ABSTRACT

Advection of angular momentum by the mean meridional circulation is important in the quasi-biennial and
semiannual oscillations of the tropical middle atmosphere. The advection is nonlinear, implying a finite horizontal
or vertical displacement of angular momentum surfaces. Horizontal advection contributes to the easterly phase
of the semiannual oscillation, and is sensitive to extratropical body forces. The mean meridional circulation
may be thought of as a hybrid Hadley/body-force circulation driven by radiative heating and Eliassen~Palm
fiux convergence. Realistic steady states are obtained when a mesospheric friction layer, representing gravity
wave drag, is included in the problem. This device resolves an ambiguity in the inviscid theory of the middle
atmosphere Hadley circulation. Nonlinear advection is also important in the quasi-biennial oscillation; it is
responsible, in part, for the strong asymmetry between east and west phases. Diabatic advection of westerly
shear displaces angular momentum surfaces downward at the equator in agreement with observations. From
this initial condition, it is shown that a self-propagating westerly jet is excited that differs substantially from the
linear-diffusive propagation discussed by Dickinson.

These results are derived from high-resolution, two-dimensional models of the atmosphere. Realistic simulations
of the quasi-biennial and stratopause semiannual oscillations are obtained without ad hoc forcing of semiannual
easterlies. It is argued, however, that a spectrum of Kelvin or gravity waves may be necessary for the westerly
acceleration phase. A novel result is that the period of the quasi-biennial oscillation is increased by extratropical
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body forces, due to the time mean Brewer-Dobson circulation.

1. Introduction

Conservation of angular momentum is a founda-
tional principle in dynamical meteorology. But it was
not until fairly recently that this law in its exact finite-
amplitude form was applied to axially symmetric cir-
culations (Schneider 1977; Held and Hou 1980;
Schneider 1983; Lindzen and Hou 1988; Dunkerton
1989a). The importance of nonlinear advection in this
problem derives from a positive feedback between ad-
vection and forcing terms. An angular momentum
constraint prevents the flow from attaining thermal
equilibrium; hence, a thermally driven mean meridi-
onal circulation persists indefinitely. This circulation
displaces angular momentum surfaces by a finite
amount, so the conservation law must be satisfied ex-
actly, without linear approximations. Remote body
forces can intensify the circulation (Dunkerton 1989a).
Equilibration is achieved only when the surfaces of an-
gular momentum become parallel to mass streamlines
or body forces balance the meridional transport. For
the nearly inviscid, rectanguiar cell of Held and Hou
(1980) the latitudinal gradient of angular momentum
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tends to zero in the upper branch, and a simple theo-
retical model of the Hadley circulation can be con-
structed. To derive this steady state, one simply assumes
that the disturbed upper-level flow is an angular mo-
mentum-conserving parabola confined between two
latitudes. Outside of these latitudes, the flow is in ther-
mal equilibrium. The choice of parabola and terminal
latitudes form the three unknowns of the nearly inviscid
problem that are determined from the integrated equa-
tions of thermal wind balance, potential temperature
conservation, and continuity of temperature. Held and
Hou (1980) presented solutions for thermal equilibria
symmetric about the equator. Their symmetric solu-
tions have been generalized to solstitial conditions by
Schneider (1983), Lindzen and Hou (1988), and
Dunkerton (1989a). Lindzen and Hou (1988) ob-
served that small displacements of the thermal equi-
librium off the equator can magnify the winter circu-
lation cell at the expense of the summer cell, in agree-
ment with observations (Oort 1983). Schneider (1983)
and Dunkerton (1989a) considered more extreme dis-
placements for which the solution is essentially that of
a single Hadley cell. Dunkerton noted that the strength
and extent of the cell is increased by a negative body
force in the winter hemisphere, and argued that this
effect enhances cross-equatorial advection of angular
momentum in the solstitial middle atmosphere. Such
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a force is necessary to maintain the polar night jet near
its observed magnitude when the radiative forcing
would accelerate the westerlies to several hundred me-
ters per second.

In fact, this theoretical model of the middle atmo-
sphere Hadley circulation produces realistic results only
when the flow is bounded vertically at some level near
the stratopause. Several experiments were described by
Dunkerton ( 1989a) with a rigid lid placed in the upper
stratosphere where the thermal forcing was tapered to
zero. These simulations gave reasonable results for the
stratospheric flow. But the theory predicts, in agreement
with other numerical results, that as one expands the
domain to include the mesosphere, the Hadley circu-
lation becomes progressively deeper, wider, and gen-
erates stronger equatorial easterlies. The result shown
in Fig. 19d of Dunkerton (1989a) demonstrates that
if one assumes a thermal drive all the way to 84 km
(as expected from radiative transfer), the inviscid
equatorial easterlies achieved under perpetual solstice
conditions exceed —280 m s~'! It is doubtful, then,
that air parcels materially conserve angular momentum
anywhere in the upper mesosphere, including the sum-
mer hemisphere.

There is evidence that upward-propagating gravity
and Kelvin waves transport momentum to mesospheric
heights (Vincent and Reid 1983; Fritts 1984; Fritts and
Vincent 1987, Fritts and Yuan 1989; Hirota 1978;
Salby et al. 1984; Coy and Hitchman 1984; Hitchman
and Leovy 1988). The momentum flux divergence is
not known precisely, but appears to have the order of
magnitude needed to compensate for Coriolis torques
associated with the diabatic circulation. This assump-
tion has been made in several theoretical studies
(Lindzen 1981; Matsuno 1982; Dunkerton 1982a;
Holton 1983). Further support is provided by general
circulation models (Miyahara et al. 1986; Hamilton
and Mahlman 1988). Therefore, it seems that the an-
gular momentum problem is alleviated in the upper
mesosphere (cf. Leovy 1964). It is unclear how the
theory of the nonlinear Hadley circulation can accom-
modate a mesospheric “friction layer” needed to
achieve realistic zonal winds. Nevertheless a modified
nonlinear theory may be possible. It will be shown be-
low that if one assumes a realistic distribution of neg-
ative body force in the winter westerlies, well beneath
this mesospheric friction layer, the resulting horizontal
advection of angular momentum (/) near the tropical
stratopause generates an interior saddle point in M as
observed. The magnitude of cross-equatorial flow and
distortion of M-surfaces is proportional to the extra-
tropical body force, and realistic equatorial easterlies
are achieved when the polar night jet is constrained to
its observed magnitude. Therefore, the conclusions
obtained by Dunkerton (1989a) remain valid when a
mesospheric friction layer is included, but the effective
depth of the nonlinear circulation region is less than
the depth of thermal forcing.
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The base of the friction layer cannot be exactly rep-
resented by a rigid lid. There is vertical mass flux
through this level due to the so-called “principle of
downward influence” or downward “control” (Haynes
et al. 1990). A positive drag on summer easterlies in
the upper mesosphere induces upwelling into this layer
from below, while a negative drag on winter westerlies
forces subsidence toward lower levels (Andrews et al.
1987, p. 306). This vertical motion causes a departure
from radiative equilibrium below the layer in which
the drag is actually applied, and by mass continuity
the effect decays exponentially in proportion to the
number of density scale heights below the layer. De-
partures from radiative equilibrium are induced below
the friction layer, and one can say that the applied
body force exerts a downward influence in this manner.
Even if the region below the friction layer is completely
free of angular momentum sources, one cannot assume
radiative equilibrium exactly. A second complication
is that air parcels in the friction layer do not materially
conserve angular momentum sufficiently well to allow
any assumption to be made about the zonal velocity
profile. It is difficult to make further theoretical progress
with the “rectangular circulation” approximation of
Held and Hou (1980). Despite this problem, it is in-
teresting to note with hindsight that the actual steady
state obtained with a numerical model has several fea-
tures that could be anticipated from their theory if it
were assumed that the effective nonlinear circulation
depth extends to within a scale height or two of the
friction layer. One of the more important predictions
of the theory is that cross-equatorial advection increases
when drag is applied in the winter hemisphere (Dunk-
erton 1989a). If the inviscid region is bounded by a
rigid lid, the maximum distortion of M-surfaces occurs
at the level of the lid. On the other hand, friction op-
poses the horizontal displacement of M-surfaces. An
interior saddle point is produced when frictional body
forces destroy unrealistically large values of angular
momentum in the winter hemisphere.

It should not be surprising that extratropical body
forces affect the tropical flow also. The principle of
downward influence is valid in extratropical latitudes
where the surfaces of angular momentum are nearly
vertical. In the vicinity of the saddle point, there exist
nearly horizontal surfaces of M that traverse the tropics
before turning downward (or upward) in the summer
subtropics. (An example of this pattern will be shown
below.) With body forces in the winter hemisphere ad-
jacent to a tropical region of nearly horizontal M-sur-
faces one might refer to a “principle of sideways influ-
ence” as a way of noting this sensitivity of the tropical
flow.

One purpose of this paper is to determine steady-
state regimes for the middle atmosphere Hadley cir-
culation when the domain is extended to 84 km and
a mesospheric friction layer is included (with additional
drag in the winter stratosphere) to generate realistic
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zonal winds. This work is a sequel to Dunkerton
(1989a). As an application, it will be shown that the
easterly phase of the stratopause semiannual oscillation
can be generated in this configuration, with no ad hoc
or in situ sources of easterly momentum at the equator.
But the magnitude and altitude of this “pocket” of
easterlies is determined to a large degree by extratrop-
ical wave drag. Some previously reported simulations
of the semiannual cycle failed to give a realistic oscil-
lation because this advection was underestimated. The
role of a spectrum of Kelvin and gravity waves in the
westerly acceleration phase of the oscillation will also
be noted.

A second purpose of the paper is to simulate—for
the first time in a high-resolution model—the quasi-
biennial oscillation (QBO) and seasonal cycle together.
A method of modeling the QBO in two dimensions
has been developed (Dunkerton 1985).! Simulations
of the ozone QBO have been done using a simple ver-
sion of this technique in a photochemical model (Gray
and Pyle 1989; Gray and Dunkerton 1989), but with
little attention given to the effects of the seasonal cycle
on the dynamical QBO. Some of these effects will be
discussed below, including the role of time-mean up-
welling in the equatorial lower stratosphere associated
with the Brewer-Dobson circulation. The period of the
dynamical QBO is apparently sensitive to this circu-
lation.

Using a very high-resolution version of the model
in the lower stratosphere it will also be possible to elu-
cidate (in better detail than before) how the QBO-in-
duced mean meridional circulation affects the structure
of east and west wind regimes. One of the more inter-
esting features observed in the descending west phase
is a narrow band of positive acceleration at the equator
(Hamilton 1984; Dunkerton and Delisi 1985a). Very
high-resolution simulations establish that this narrow,
descending equatorial westerly jet can be simulated
without any equatorial wavedriving; it is strictly a dia-
batic circulation effect as hypothesized by Hamilton
(1984). The mean flow evolution is substantially dif-
ferent from Dickinson’s (1968) “linear-diffusive” re-
gime in which angular momentum perturbations decay
as they descend. Dickinson’s regime does not conserve
angular momentum. The true westerly jet intensifies
its vertical shear as it descends and conserves angular
momentum by contracting in latitude. The behavior
is reminiscent of a decaying vortex pair. This is not to
say that the west phase of the QBO does not require
equatorial wavedriving; the “solitary” westerly jet in
practice becomes much too narrow and descends too
slowly. However, the diabatic effect survives when
equatorial wavedriving is included. Conversely, the

! This method will also be useful for three-dimensional general
circulation models that invoke a “balance approximation” or in which
equatorial waves are otherwise suppressed by dissipation, inadequate
resolution, etc.
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QBO east phase is markedly wider and descends more
slowly than the west phase. This point will be dem-
onstrated with equal and opposite wave forcings.

Theoretical background for the nonlinear Hadley
circulation is briefly reviewed in section 2, and the nu-
merical models used in this study are described in sec-
tion 3. Discussion begins with the QBO model in sec-
tion 4, and is extended to include the seasonal cycle
and mesospheric flow in section 5, together with some
simple integrations of the semiannual oscillation. Ef-
fects of the Brewer—-Dobson circulation on the QBO
will also be discussed in section 5.

2. Theory of mean meridional circulations

a. Governing equations

The equations of axially symmetric flow in log-pres-
sure coordinates are

_ ({1 a _ __ _
u,+v(aé}-ucos()—f)+wuz—F (2.1a)
—2
ra+ :la“" +3,=0 (2.1b)
(E)zt + t_)J)zy + M_)(Nz + J’zz) = Q_ (2.1c)
(cos8)~'d(D cos8)/dy + po'd(pow)/dz=0 (2.1d)

where gradient wind balance is assumed in (2.1b). The
notation follows that of Holton (1975) in which #,
v, and w are mean zonal, meridional, and vertical ve-
locity; ¢ is geopotential, N? is static stability squared,
po = ps exp(—z/H) is basic state density, f = 2Q sinf
is the Coriolis parameter, and €, g are angular rotation
and earth radius, respectively. Equations (2.1a~d) may
represent either the Eulerian or transformed Eulerian
mean (TEM) flow depending on the definition of
source terms F, Q (Andrews and Mclntyre 1976; An-
drews et al. 1987). Here, it will be assumed that (,
w) represent the TEM circulation and Q is approxi-
mated by the Eulerian mean diabatic heating. From
(2.1d) the residual streamfunction may be defined:

9 1\- _
'(E - E)"’ = 1 cosf (2.22)
/3y = W cosh (2.2b)

which becomes the solution variable in the inversion
of an elliptic equation derived from (2.1a—c), as dis-
cussed in section 3a below. It is useful to define a mass
streamfunction

’Zmasx = pO\Z (2.3)

contouring streamlines of the mean meridional cir-
culation:

(2.4a)
(2.4b)

'—6;&mass/ 9z = poU cosf

6\7’mass/ay = poW cosé.
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Defining the absolute angular momentum per unit
mass
M = ii cosf + Qa cos?d
(divided by a) it follows from (2.1a,c) that
po COSOM, + J(Ypassy M) = po cos?0 F  (2.6a)
po €080 8, + J(Ypmass, ©) = po cos8Q  (2.6b)

(2.5)

where @ is potential temperature. For _steady flow,
streamlines are parallel to M-surfaces if F = 0; that is,
if the flow materially conserves angular momentum.
It does not follow that ¥,,,.; = Q = 0, but rather

\Zmass \_bmass(M) M ( 2'7 )

Thermal equilibrium is generally impossible to attain
in the tropics (Held and Hou 1980; Dunkerton 1989a).

b. Simple model of the nonlinear Hadley circulation

When Q is represented by linear relaxation to ther-
mal equilibrium, the conservation equation (2.6b) im-
plies that temperature integrated over the area enclosed
by a streamline is equal to the equilibrium temperature
integrated over the same area:

fL poar(® — F)dudz = 0

where u = sinf and a7 is the thermal relaxation rate.
If the streamlines or M-surfaces are approximately ver-
tical, the area integral may be calculated over a rect-
angle bounded by sidewalls at y;, g, extending from
the surface to the top of the domain (or maximum
altitude of thermal forcing). This approximation was
made by Held and Hou (1980) and extended to the
quasi-compressible case by Dunkerton (1989a). It
should be recognized as an approximation to the real
atmosphere in which angular momentum surfaces are
not exactly vertical. Finally, it is assumed that the mean
flow at the top of the domain is an angular momentum-
conserving parabola to within an unknown constant.
This constant and the boundaries of the circulation are
to be determined as part of the solution.

Even in this simple model, solutions are difficult or
impossible to obtain in closed form; an equal-area
method is more useful (Held and Hou 1980). Their
graphical construction illustrates basic properties of the
nonlinear circulation, such as the width of the circu-
lation cell(s) and manner in which the flow is driven
away from rather than towards thermal equilibrium in
the tropics. It has not been previously noted in the
context of this theoretical model that extratropical
friction in the winter hemisphere enhances the tropical
circulation, although this fundamental result was
prominent in numerical calculations. The reason may
be seen in Fig. 1b if, for instance, there is a flat tem-
perature profile in the winter hemisphere, polewards
of # = 0, in place of thermal equilibrium [as in Fig.

(2.8)
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la; see also Fig. 6 of Dunkerton 1989a; and the paper
by Held and Hou (1980) for further discussion of the
equal-area rule]. The flat profile is taken to represent
the effect of strong drag on the extratropical westerly
flow, such as might occur during a stratospheric major
warming. In this case, the area enclosed between 0 and
OF, integrated as in (2.8), is substantially greater than
before, and stronger equatorial easterlies are required

F

0.1

FIG. 1. Graphical construction of potential temperature conser-
vation from the integral (2.8) for (a) inviscid Hadley circulation and
(b) solution with strong frictional drag in extratropical latitudes (such
that the westerlies are reduced to zero). Thermal equilibrium is in-
dicated by the straight diagonal line.
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(with a deeper temperature profile at the equator) to
compensate for the increased area. This simple argu-
ment leads us to expect that remote body forces in the
winter hemisphere will affect the steady tropical flow,
as one might also expect as part of the transient re-
sponse to an imposed body force.

3. Numerical models

Two numerical models were used in this study; both
were derived from Dunkerton (1989a). The first model
(hereafter Model I) was designed to simulate the QBO
alone with very high vertical resolution. It extends from
17 to 32 km and from pole to pole on a sine latitude
grid. Ninety-seven grid points were used in both direc-
tions, providing a vertical resolution of 156 m and a
horizontal resolution near the equator of about 1° lat-
itude. This vertical resolution is comparable to what
has been used in one-dimensional studies of the QBO;
it is almost an order of magnitude finer than Dunk-
erton’s ( 1985) two-dimensional model (1 km). Results
from Model I will be discussed in section 4.

The second model (hereafter Model IT) uses the same
97 X 97 array size but extends from the surface to 84
km and from pole to pole. The vertical resolution of
Model II, though reduced a factor of five from Model
I, is still better than Dunkerton’s (1985), and that of
Gray and Pyle (1989) (3.5 km). While there is some
degradation of QBO simulations relative to Model I,
Model II allows the seasonal cycle to be included with
an overlying mesosphere and can therefore produce a
more realistic middle atmosphere response to differ-
ential heating than the model of Dunkerton (1989a).
Model 11 has been used in section 5 to study the effects
of the seasonal cycle on the quasi-biennial and semi-
annual oscillations.

a. Solution method

The solution method is identical to that of Dunk-
erton (1989a); the governing equations (2.1a-d) are
reduced to an equation for the mean meridional
streamfunction (2.2a,b) after replacing gradient wind
balance with geostrophic balance in (2.1b) and ne-
glecting ¢,, relative to N? in (2.1c). The resulting
equation (Eq. Al of Dunkerton, 1989b) is of mixed
elliptic/hyperbolic type when the near-equatorial flow
is inertially unstable. Lacking a better parameterization
of inertial instability, the technique of Dunkerton
(1989a) was adopted in which the coeflicients of the
streamfunction equation contributing to hyperbolic
behavior were reset to zero if necessary (the “parabolic”
approximation ). No inertial adjustment was used in
the mean flow equations.

The streamfunction equation was inverted with
routines from the MUDPAK library with boundary
conditions impermeable to ¥ everywhere. Mean ve-
locities were obtained from (2.2a,b) and inserted into
(2.1a). Upstream differencing was used for the hori-
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zontal advection of angular momentum. The time step
used in Model I is 34 560 s; in Model 11, 8640 s.

b. Thermal forcing and dissipation

For Model 11, the seasonal cycle was driven by simple
relaxation to thermal equilibrium as in Dunkerton
(1989a):

Q_ = aT(O)(a)zE - (}z)

In terms of temperature TF, the thermal equilibrium
consists of a temporally constant part symmetric about
the equator, and a sinusoidally varying part antisym-
metric about the equator (Dunkerton 1989a); an ex-
ample of T* at the NH solstice is shown in Fig. 2. This
profile is similar to the radiative equilibrium of Wehr-
bein and Leovy (1982) (less global average ), although
the gradient near the polar night is smoothed some-
what. A token troposphere was included with 77 sim-
ilar to the observed temperature so that quasi-realistic
jet streams are generated without eddy transport. (A
consequence is that the tropospheric Hadley circulation
is much weaker than observed.) The symmetric part
of Fig. 2 was held constant in time, while the antisym-
metric part varied with the annual cycle maximizing
at the solstices. The length of year was taken to be 360
days with solstices at day 0, 180, 360, etc.

For Model I, 7% = 0 as in Dunkerton (1985). All
previous QBO studies with the exception of Gray and
Pyle (1989) and Gray and Dunkerton (1989) have
made this assumption. It turns out to be quite critical
to the QBO dynamics as shown in section 5 below.

The Newtonian cooling coefficient for the zonal
mean state is denoted ar(0) (where “0” signifies in-

(3.1)

FIG. 2. Thermal equilibrium temperature of Model II at the NH
solstice (less global average). Contour interval: 10°K.






