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ABSTRACT

The classical problem of viscosity-driven, axially symmetric meridional circulation, partly solved only for the
midlatitudes by Charney, is solved here analytically in the whole globe and for any value of viscosity coefficient
v. The solution satisfies Hide’s theorem for any Ekman number when Ro < 80E?, where Ro is the Rossby
number and E is the Ekman number. For Ro > 80E?, the linear solution ceases to be asymptotically valid. The
nonlinear, nearly inviscid regime of Held and Hou presumably is a subset of the second regime (for E = 0

and Ro fixed).

1. Introduction

Axially symmetric models have played an important
role historically in the understanding of the general cir-
culation of the earth’s atmosphere, although we now
understand that the atmosphere is far from an eddy-free
state and that zonally averaged circulations need not
resemble their symmetric counterparts, especially in
the extratropics. An excellent review of this subject can
be found in chapter 7 of Lindzen (1990). The present
study concerns the viscous solution of the symmetric
circulation, the so-called Charney problem, in the case
of small Rossby number.

The study of viscous symmetric circulations is mo-
tivated by two considerations. First, if we treat the real
atmospheric flow as consisting of a symmetric (zonally
averaged) circulation and superimposed large-scale ed-
dies (deviation from zonally symmetry), it often turns
out that the irreversible mixing by the eddies can be
parameterized as diffusion of angular momentum |[see
Tung (1986) for the case of isentropic diffusion]. The
coefficient of ““viscosity’’ in this case can be rather
large, with the result that the circulation can be thought
of as viscosity dominated. This apparently is the case
for earth’s atmosphere in the extratropics. In the trop-
ical troposphere, cumulus friction may more appropri-
ately play the role of (vertical) diffusion. With this
consideration in mind (but not specifically offering a
model of the real atmosphere), we seek the solution to
the Charney problem of viscous symmetric circulation,
which so far remains unsolved. Second, to better ap-
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preciate the role played by the large-scale eddies in
forcing the mean circulation, one often attempts to seek
an answer to the hypothetical question, What happens
when eddies vanish? A simple-minded extrapolation of
the viscous solution valid for finite viscosity to vanish-
ing viscosity seems to suggest that the mean circulation
would vanish and the atmosphere would tend to radi-
ative equilibrium. This is in general not true. From the
work of Schneider (1977), Held and Hou (1980), and
Plumb and Hou (1992), we now know that while for
some forms of heating profiles this is indeed the case,
for the more physically relevant case of nonzero heat-
ing at the equator it is likely that a nonlinear angular
momentum conserving Hadley circulation would span
the tropical region. There is also the additional possi-
bility, as we will discover, that in the case of small but
nonzero viscosity there exists in the equatorial region
a viscosity-dominated circulation, valid for the case of
weaker horizontal heating contrast. These two types of
circulations are both valid but pertain to distinctly dif-
ferent regimes of the parameter space. The Held—Hou-
type nonlinear circulation is, in a relative sense, a better
model of earth’s tropics because the parameter regime
in which the nonlinear solution is valid is physically
more relevant than is the case for Charney’s linear vis-
cous solution. However, a lack of systematic asymp-
totic analysis of the problem has led to some confusions
in the past, with the result that the nonlinear circulation
was justified not by the relevance of its parameter re-
gime of validity but by the implication that the linear
viscous solution is somehow incorrect (e.g., that it is
singular at the equator, or that it violates a viscous con-
straint). Some clarification will be provided in the pres-
ent work. :

The governing equations are nonlinear and vis-
cous. Their solutions have been sought traditionally






