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ABSTRACT

Simple analytic solutions are constructed for an axially symmetric, nonlinear, slightly viscous circulation in
a Boussinesq atmosphere in the presence of intense convection at an intertropical convergence zone. The lati-
tude—height extent of the Hadley circulation is obtained, as well as its streamfunction, zonal wind, and temper-
ature distribution. Numerical solutions of the viscous primitive equations are also obtained to verify the analytic
solutions. The strength of the circulation is stronger than previous results based on dry models and is now close
to the observed value. The extent of the Hadley region is also quite realistic.

1. Introduction

From the late 1970s, a series of studies (Schneider
and Lindzen 1977; Schneider 1977; Held and Hou
1980; Lindzen and Hou 1988; Hou and Lindzen 1992;
Plumb and Hou 1992) advanced our understanding of
the dynamics of the Hadley circulation in the absence
of eddies. In these studies, many features of the Hadley
circulation, such as its meridional extent, flat horizontal
temperature gradient, angular momentum conserva-
tion, and the intensification of the winter circulation
cell have been explored.

Schneider (1977) noted that the nonlinear advection
of angular momentum is important and the absolute
angular momentum is conserved if friction is negligi-
ble. Held and Hou (1980), Lindzen and Hou (1988),
and Hou and Lindzen (1992) developed a simple ap-
proximate theory using the concept of angular momen-
tum conservation. In these studies, all thermal forcing
are idealized by a simple Newtonian cooling processes:
Q = (Tg — T)/7, and frictional processes are parame-
terized by viscous diffusion. Hereafter, we will refer to
these models as Newtonian cooling models (NC mod-
els). The physical interpretation of T is the tempera-
ture at equilibrium in the absence of large-scale merid-
ional circulation. In this formulation, T, can be viewed
as the consequence of the local convective-radiative
equilibrium in the Tropics. When a large-scale circu-
lation (the Hadley circulation) is present, the temper-
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ature T in the NC models differs from its equilibrium
state T in the region of the circulation.

It is well known that moisture convergence and la-
tent heat release in the intertropical convergence zone
(ITCZ) play an important role in the dynamics of the
Hadley circulation (Riehl and Malkus 1958). There
have been attempts to incorporate latent heating in the
NC models by simply changing the specification of T
in an otherwise dry model. For example, Hou and Lind-
zen (1992) used a latitudinally concentrated T to in-
clude the effect of a concentrated latent heating in the
ITCZ.

Although one could include some effects of moist
convection this way, for example, by defining T to be
that obtained under convective—radiative equilibrium
instead of the value obtained under radiative equilib-
rium, there is a fundamental conceptual difference be-
tween a moist convecting and a dry atmosphere in the
way temperature adjustment is accomplished, which
has only recently been clarified (see Emanuel et al.
1994; Yanai et al. 1973; Cane and Sarachik 1989).
Since cumulus convective adjustment is probably a
much faster process, the local temperature in regions
of active convection should be nearly in convective-
radiative equilibrium—that is, T ~ Ty. The effect of
the large-scale circulation on T is of second order and
affects mainly the conditions for convection (e.g., the
availability of moisture convergence) and to a less ex-
tent the lower-level temperature in the subcloud layer
(Emanuel et al. 1994 ). In other words, the temperature
profile itself, rather than the net heating, is controlled
by convection. Such a conceptual change in the way
we view the relationship between temperature and heat-
ing actually results in considerable simplification in
theoretical models of Hadley circulation.






