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ABSTRACT

We examine some of the effects of “partial equilibration” and an Ekman lower boundary condition on
baroclinic instability by considering the linear quasi-geostrophic stability of two classes of zonal flows. These
flows, which are simple models of the partially equilibrated basic states that may result when a growing baroclinic
wave modifies the constant shear zonal wind profile of the Charney problem, have reduced vertical shear and
negative or zero potential vorticity gradients at low levels. The unstable eigenmodes of increasingly equilibrated
zonal wind profiles have, in general, increased amplitudes in the mid- and upper troposphere, and the growth
rates of these instabilities have decreased sensitivity to the presence of an Ekman lower boundary condition.
To the extent that the nonlinear equilibration of a baroclinic wave can be modeled by wave—mean flow interactions,
our results are consistent with the upper-level maxima in eddy amplitudes and fluxes found in both observations
and nonlinear numerical ‘life-cycle’ calculations. The wave overreflection properties of the basic states provide
insight into many of the characteristics of the instabilities.

1. Introduction

Baroclinic instability is generally accepted as the
mechanism which generates synoptic-scale cyclones in
the extratropical atmosphere. Since the original work
of Charney (1947), the problem of linear, inviscid
baroclinic stability has been investigated in many
forms. The temporal and spatial scales predicted by
such stability calculations agrée to some extent with
those of observed midlatitude synoptic disturbances.

It is interesting to note that the above calculations
predict that the most unstable baroclinic waves will be
confined to the lower troposphere. In the Charney
problem, instability requires the existence of a lower
boundary and the modes which are most unstable (or
nearly so) are boundary modes with appreciable am-
plitudes only near the lower boundary. The fastest
growing mode for more realistic basic states is also
trapped at the lower boundary (Kuo 1979; Geisler and
Garcia 1977). However, time averages of transient eddy
amplitudes and fluxes are distributed over the entire
depth of the troposphere or, possibly, concentrated near
the tropopause in both observed atmospheric data
(Oort and Rasmusson 1975) and nonlinear model in-
tegrations (Simmons and Hoskins 1978). The external
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nature of the most unstable modes also suggests that
inviscid calculations may substantially overestimate
instability, since the effects of viscosity are largest near
the ground. In fact, growth rates for all wavelengths in
the Charney problem are reduced by factors of 3 or
more by the addition of an Ekman lower boundary
condition (Card and Barcilon 1982).

In this paper, we examine the linear stability of var-
ious zonal wind profiles having, as in the Charney
problem, constant vertical shear and positive meridi-
onal gradient of potential vorticity aloft, but with re-
duced shear and zero or negative potential vorticity
gradient at low levels. These zonal wind profiles are
assumed to arise from the modification of the basic
state of the Charney problem toward increasing stability
by growing baroclinic waves. The smoothing of gra-
dients in the zonally averaged wind and temperature
near the ground is consistent with the nonlinear baro-
clinic life-cycle calculations of Simmons and Hoskins
(1979) and the work of Schoeberl and Lindzen (1984)
concerning the equilibration of a barotropic point jet.
The baroclinic instability of flows with negative poten-
tial vorticity gradients at low levels has also been con-
sidered by Lindzen et al. (1980), Lindzen and Farrell
(1980) and James and Hoskins (1985). The study of
the linear stability of profiles assumed to arise from
the nonlinear interaction of instabilities with the mean
flow may seem a priori to be inconsistent. However,
as noted by Nielsen and Schoeberl (1984) and Schoe-
berl and Nielsen (1986), the results obtained from full






