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ABSTRACT

The formation of a subtropical *‘transport barrier’’ in the wintertime stratosphere is investigated in the context
of a high-resolution shallow-water model in which Rossby waves are topographically forced on a zonally sym-
metric basic state. Two sets of experiments are performed: in the first **adiabatic’’ set, no dissipation or forcing
of the mean state is imposed; in the second set, the layer thickness is relaxed to an equilibrium state taken to be
representative of middle stratospheric radiative equilibrium temperatures. It is found that in the adiabatic case
only a very weak subtropical barrier forms for forcing amplitudes that generate realistically steep potential
vorticity gradients at the edge of the polar vortex; the vigorous wave breaking in the surf zone generates sec-
ondary waves that spread and, in turn, break well into the summer hemisphere. In contrast, the inclusion of
relaxation to a realistic thermal equilibrium leads to the formation of a subtropical region of steep PV gradients.
The strong subtropical shear induced by the diabatic relaxation is shown to be an important factor for the
formation of the subtropical edge of the surf zone. Furthermore, the authors demonstrate that a simple one-layer
shallow-water model can capture the full process of the formation of a surf zone with both polar and tropical
edges starting from conditions typical of the early fall —that is, with a flow in which the polar vortex is not
initially present. Finally, the authors quantify the mixing of polar and subtropical air into the midlatitude surf
zone with the help of the contour advection technique. Although the quantitative estimates depend sensitively
on how the edges of the surf zone are defined, our results indicate that more tropical than polar air is entrained
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into the surf zone.

1. Introduction

It is now well established that in the wintertime
stratosphere the polar vortex is surrounded by what
MclIntyre and Palmer (1983, 1984 ) have named a *‘surf
zone.”” The poleward edge of this surf zone, which
marks the edge of the polar vortex, is distinguished by
steep isentropic gradients in potential vorticity (PV);
the formation and development of this ‘‘PV barrier”
has been the subject of much recent work (for a recent
review, see Mclntyre 1992). Much less attention, in
contrast, has been given to the equatorward edge of the
surf zone, although the observations indicate the exis-
tence of at least a partial barrier to transport in the sub-
tropical stratosphere and the occurrence of sporadic
‘‘wave breaking’’ events that mix subtropical air pole-
ward into the midlatitude surf zone.

The most direct evidence of the weak transport out
of the tropics comes from the longevity (two years or
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more ) of tropical maxima in the concentration of debris
from atmospheric nuclear tests (Feely and Spar 1960)
and of aerosol produced by tropical volcanic eruptions
(e.g., Dyer and Hicks 1968; Trepte and Hitchman
1992). Satellite and airborne lidar observations after
the recent eruption of Mt. Pinatubo, in particular, have
shown the tropical confinement of the volcanic aerosol,
with a sharp edge in the subtropics (e.g., McCormick
and Veiga 1992; Read et al. 1993; Trepte et al. 1993;
Grant et al. 1994), strongly suggesting the presence of
a barrier to transport there. Strong gradients in the trop-
ical regions are also found in in situ aircraft measure-
ments of the ratio of reactive nitrogen and ozone ( Mur-
phy et al. 1993).

Furthermore, the satellite observations show poleward
transport occurring in narrow ‘‘tongues’” drawn out of
the subtropics into the midlatitudes. Strong gradients in
the subtropics and tongues of tropical air are observed
in satellite measurements of tracers in the middle and
upper stratosphere (Leovy et al. 1985; Randel et al.
1993; Manney et al. 1993). Poleward transport from the
subtropics has been reproduced in contour advection cal-
culations using balanced winds from stratospheric anal-
yses (Waugh 1993b) and in tracer simulations with






