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ABSTRACT '

A nongeostrophic theory of zonally averaged circulation is formulated using the nonlinear primitive equations
on a sphere, taking advantage of the more direct relationship between the mean meridional circulation and
diabatic heating rate which is available in isentropic coordinates. Possible differences between results of non-
geostrophic theory and the commonly used geostrophic formulation are discussed concerning (i) the role
of eddy forcing of the diabatic circulation, and (ii) the “nonlinear nearly inviscid” limit versus the geostro-
phic limit.

A set of general diagnostic tools comparable in scope to their geostrophic counterparts is given in Part I,
including (i) a generalized definition of Eliassen-Palm flux divergence (without restriction to small amplitudes,
to steady state or to adiabatic flows), the vanishing of which is a necessary condition for nonacceleration, (ii) 2
generalized nonlinear Taylor formula that relates the flux of Ertel’s potential vorticity to the Eliassen-Palm flux
divergence and (iii) a relationship between the Eliassen-Palm flux divergence and isentropic mixing coefficient,
K,y, used in chemical tracer transport equations in isentropic coordinates. From the mean momentum budget,
we give in Part II an estimate of the Eliassen-Palm flux divergence using fitted “observed” field of net radiative
heating rate. From this an estimate of the magnitude and latitudinal/seasonal variation of K, is also provided.
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1. Introduction

Great progress has been made in our understanding
of the zonally averaged circulation in the atmosphere
since the introduction of the concept of residual cir-
culation by Andrews and Mclntyre (1976) and Boyd
(1976), which helps put in a proper perspective the role
of “eddies” (i.e., deviations from zonal symmetry) in
driving the mean (zonally symmetric) circulation.
However, our present understanding is based largely
on a geostrophic version of the general theory (see Ed-
mon et al, 1980; Dunkerton et al.,, 1981; Palmer,
1981a,b; and Andrews et al., 1983). In its geostrophic
form, the set of transformed zonally averaged equations
of motion shows clearly that, in the absence of an
Eliassen-Palm flux divergence, eddies do not accelerate
the zonal mean flow, a result first recognized by Char-

ney and Drazin (1961) and Dickinson (1969). A more

controversial consequence of the geostrophic theory is
that at equilibrium, an “almost frictionless™ (molecular
diffusion only say) stratosphere in the absence of large-
scale eddies would be “extremely close™ to radiative
equilibrium, in which the absorption of solar insolation
is simply balanced by an increase in local temperature,
without inducing a meridional circulation (see Mahl-
man et al., 1984). It is therefore often concluded (see
WMO/NASA, 1985, Chapter 6) that global pattern of
rising and descending motions in the stratosphere
“owes its existence to the presence of asymmetric mo-
tions™,

While the role of the eddy driving of mean circu-
lation is undeniably important, it is interesting to note
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that there exist a number of zonally symmetric calcu-
lations based on the nonlinear primitive (i.e., non-
geostrophic) equations that produce realistic looking
Hadley circulations in the absence of large-scale eddies
but in the presence of small-scale mixing (i.e., viscosity)
(Schneider and Lindzen, 1977; Schneider, 1977; Nak-
amura, 1978; Held and Hou, 1980).

While these “thought experiments” of a hypothetical
axisymmetric atmosphere are useful in highlighting the
qualitative difference between the geostrophic and
nongeostrophic formulations, they do not address the
more practical question: Is our atmosphere in the geo-
strophic regime? Or is the “nonlinear nearly inviscid”
regime (Held and Hou, 1980) more applicable? These
issues cannot be addressed using a formulation that
adopts the a priori assumption of geostrophy.

It is an objective of the present work to point out (i)
the different regimes an atmosphere can be in depend-
ing on the magnitudes of eddy forcing in a primitive
equation formulation, and (ii) to find out which of these
regimes our atmosphere is in during different seasons.
Task (i) is discussed in the present Part I, while task
(ii) is attempted in Part II.

Another objective of the present work is to develop
a complete set of general diagnostic tools that are com-
parable in scope to the corresponding geostrophic di-
agnostics.' In order to make our diagnostics more easily

! Such a set of diagnostics for nongeostrophic flow is hitherto not
available, although a general (nongeostrophic) definition of the Elias-
sen-Palm flux divergence in pressure coordinates has been given by
Andrews and McIntyre (1976, 1978a) and Boyd (1976) and used by
Andrews et al. (1983).






