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ABSTRACT

A global, nonlinear, equivalent barotropic model is used to study the isentropic mixing of passive tracers by
barotropic instability. Basic states are analytical zonal-mean jets representative of the zonal-mean flow in the
upper stratosphere, where the observed 4-day wave is thought to be a result of barotropic, and possibly baroclinic,
instability. As is known from previous studies, the phase speed and growth rate of the unstable waves is fairly
sensitive to the shape of the zonal-mean jet; and the dominant wave mode at saturation is not necessarily the
fastest growing mode; but the unstable modes share many features of the observed 4-day wave. Lagrangian
trajectories computed from model winds are used to characterize the mixing by the flow. For profiles with both
midlatitude and polar modes, mixing is stronger in midlatitudes than inside the vortex; but there is little exchange
of air across the vortex boundary. There is a minimum in the Lyapunov exponents of the flow and the particle
dispersion at the jet maximum, For profiles with only polar unstable modes, there is weak mixing inside the
vortex, no mixing outside the vortex, and no exchange of air across the vortex boundary. These results support
the theoretical arguments that, whether wave disturbances are generated by local instability or propagate from
other regions, the mixing properties of the total flow are determined by the locations of the wave critical lines
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and that strong gradients of potential vorticity are very resistant to mixing.

1. Introduction

The 4-day wave is an eastward propagating planetary
wave disturbance in the polar winter upper strato-
sphere. Since it was discovered by Venne and Stanford
(1979), a number of authors have used observational
(Venne and Stanford 1982; Prata 1984; Lait and Stan-
ford 1988; Manney 1991) and theoretical (Hartmann
1983; Manney et al. 1988; Manney and Randel 1993;
Ishioka and Yoden 1993 ) approaches to investigate the
dynamics and origin of the wave. Randel and Lait
(1991) summarized the previous observational studies
and examined a single month of high-quality data. They
noted that the wave has three salient characteristics:

1) It appears in the upper stratosphere in both winter
hemispheres, but is stronger in the Southern Hemi-
sphere (SH). The maximum variance is located be-
tween 60° and 70° latitude and between approximately
1 and 10 mb.

2) It has an equivalent barotropic vertical structure.

3) It is dominated by wavenumber 1, but actually
consists of at least waves 1—4 traveling with the same
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phase speed to form *‘warm pools’’ that circle the pole
with roughly a 4-day period (Prata 1984; Lait and Stan-
ford 1988).

On the basis of the observed heat and momentum
fluxes, they concluded that, during their period of
study, the source of the wave was. predominantly baro-
tropic instability, although one event during their pe-
riod of analysis had a significant baroclinic component.

Several authors have examined instability of ideal-
ized and observed climatological zonally averaged jets
as a potential source for the 4-day wave. Hartmann
(1983) found linearly unstable barotropic modes sim-
ilar to the 4-day wave for analytical wind profiles. The
modes fell into two categories: 1) polar modes and 2)
midlatitude modes. The two types of modes are asso-
ciated with the reversed potential vorticity (PV) gra-
dients on the poleward and equatorward flanks of the
jet, respectively. The most unstable polar modes had
zonal wavenumbers 1 and 2 with periods on the order
of 3—4 days and 1.5-2 days, respectively. The most
unstable midlatitude modes were wavenumbers 1
through 3, but the periods were on the order of one
week.

Manney et al. (1988) examined the barotropic sta-
bility of asymmetric analytical jet profiles and of ob-
served time-averaged profiles at 10, 5, and 2 mb for






