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ABSTRACT

The dynamical state of the stratosphere influenced by radiative heating, with no internal sources or sinks of
angular momentum, is examined. It is shown that there exists a nonlinear Hadley regime driven by antisymmetric
(or more generally, asymmetric) thermal equilibria typical of the middle atmosphere at the solstices. This regime
consists of a single mean meridional cell, equatorial easterlies, and strong winter westerlies. Outside of the

circulation region the flow is in thermal equilibrium.

The effect of one-sided friction, acting as a drag on midlatitude westerlies only, is to expand the Hadley cell
into the winter hemisphere and increase the magnitude of cross-equatorial flow. This result is possible even in
the steady state when the advection of angular momentum in the tropics is made small by reducing the gradient
of angular momentum in this region instead of the advecting velocity.

.

1. Introduction

It is well known that a local source of heat or angular
momentum induces a mean meridional circulation in
a rotating, stratified, axially symmetric flow if the flow
is to remain in a state of geostrophic or thermal wind
balance (Eliassen 1951), The linear theory of this cir-
culation has been widely studied (Leovy 1964; Dick-
inson 1968, 1971; Schneider and Lindzen 1977; Mat-
suno and Nakamura 1979; Plumb 1982; Garcia 1987;
Dunkerton 1988). However, if the forcing is of suffi-

. cient strength, or persists for a sufficiently long time,
the combination of forcing and induced circulation can
change the basic state by a significant amount, affecting
the distribution of angular momentum and potential
temperature. This change will, in turn, alter the induced
mean meridional circulation. In such cases the linear
theory is inadequate. We do not have to go far to find
good examples. For instance, radiative heating will de-
stabilize an initially stable troposphere, leading to con-
vective overturning. Differential radiative heating, as
at the solstices, will induce cross-equatorial flow and
redistribute angular momentum near the equator.
Cross-equatorial flow can, in turn, produce symmetric
overturning or inertial instability.

Given its importance, it is surprising that the non-
linear problem has not been as widely studied as the
linear theory. The problem has not been completely
overlooked, however. Schneider (1977) emphasized the
role of nonlinear advection in the context of a Hadley
circulation driven by differential heating. Following on
his work, Held and Hou (1980) formulated a simple
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Boussinesq theory based on the constraints of angular
momentum and potential temperature conservation
in a hypothetical “nearly inviscid™ limit, symmetric
about the equator. The theory predicts, among other
things, the width of the Hadley cell and distribution of
surface and upper-level winds given an assumed ther-
mal equilibrium proportional to

—Py(sind) = % (1 — 3sin%) (1.1)
where P; is the second Legendre polynomial. Their
nearly inviscid Hadley circulation extends out to some
latitude 6, inside of which the mean flow is nearly
angular-momentum conserving, Qutside of this lati-
tude, the mean flow is in geostrophic balance with the
thermal equilibrium (implying, in this case, solid-body
rotation). The two regions are sharply divided by a
mean flow discontinuity.

Held and Hou (1980) were able to simulate this cir-
culation by integrating a high-resolution, zonally sym-
metric primitive equation model. Time-dependent
calculations analogous to theirs have been performed
for the quasi-compressible case using a numerical
method outlined below. Some results for symmetric
heating are shown in Figs. 1 and 2. The two examples
shown here differ only in the assumed thermal relax-
ation rate, shown in Fig,. 3. As in Held and Hou, all of
the tropospheric thermodynamic processes have been
compressed into a simple relaxation to equilibrium.
The equilibrium temperature profile is convectively
stable everywhere and simply equal to (1.1) times 20
K. The relaxation rate shown in Fig. 3, and used in
Fig. 2, is semi-realistic in the sense that it is much slower
in the lower stratosphere than elsewhere (e.g., Fels






