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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
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FIG. 1. Zonally averaged (a) wind and (b) potential vorticity profiles at ¢ = 0 (dashed) and ¢ = 100 days (solid). Notice the formation
of a steep PV gradient at the edge of the polar vortex and the absence of a steepening of the PV gradient in the subtropics.

stratospheric general circulation models (Mahlman
1985; Boville et al. 1991; Pierce et al. 1993).

To the best of our knowledge, previous one-layer
studies of stratospheric dynamics (Juckes and MclIntyre
1987; Juckes 1989; Salby et al. 1990a,b,c; O’Sullivan
and Salby 1990; Waugh 1993a; Yoden and Ishioka
1993) have not focused on the issue of a subtropical
edge to the surf zone. Recently, Norton (1994 ) showed
the existence of a subtropical edge to the surf zone and
poleward wave breaking in his global shallow-water
simulations. However, the mechanisms that control the
properties of this edge and wave breaking in the sub-
tropics remain to be elucidated.

In this paper, we specifically address the question of
the formation of the subtropical edge to the strato-
spheric surf zone and the transport of subtropical air
into and out of the surf zone via planetary wave break-
ing. We do this by studying the dynamics of a shallow-
water model at high resolution, under a range of cir-
cumstances. We consider first (section 3 ) the adiabatic,
inviscid response to topographic forcing of a flow ini-
tially typical of the winter stratosphere and find that,
for forcing amplitudes that produce realistic tightening
of PV gradients around the polar vortex, the breaking
region extends well beyond the main surf zone, in fact,
all the way into the high latitudes of the summer hemi-
sphere. While a main surf zone can be identified in the
midlatitudes, its subtropical edge is indistinct and wave
breaking occurs both ways across that edge. We next
describe experiments that include diabatic relaxation to
a state typical of the computed radiative equilibrium
state of the stratosphere (section 4). In these experi-
ments, a steep PV gradient forms on the equatorial side
of the surf zone, with no apparent equatorward transfer

of air across it (i.e., a subtropical transport barrier). In
section 5 we discuss experiments in which a surf zone
is formed by the combined effect of wave forcing and
thermal relaxation from initial conditions approximat-
ing those of early autumn. Contour advection calcula-
tions are used in section 6 to quantify transport into the
surf zone from both the polar vortex and the tropics in
these. A summary and discussion of the key results and
their implications can be found in section 7.

2. The model

We study the flow of a one-layer incompressible
fluid on the surface of the sphere obeying the shallow-
water equations

L =-V-(vl)

6=~ % V2(v+v) + K-V X (Vi) — gV3(h + hp)

h = =V-(hv) — 75" (h — hg), (1)
where {, 6, and h are the vorticity, divergence, and
layer thickness; {, is the absolute vorticity, defined by
L, = € + f(fis the Coriolis parameter); v = (u, v) is
the velocity; and hjp is the height of the bottom topog-
raphy [see Eq. (3)]. The last term in the third equation
crudely represents the thermal relaxation process (see
section 4) by relaxing the fluid depth to an equilibrium
distribution Az, with an e-folding time 7.

In all the calculations we initialize with a zonally
symmetric state. Once a zonal flow is specified, 4 is
obtained by numerically integrating the balance equa-
tion
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FiG. 2. The response of a polar vortex to topographic forcing in the absence of thermal relaxation. Contours show the potential vorticity
in intervals of 0.25 X 1078 m~! s™!; negative values are dashed. Time, in days, is in the upper left-hand corner of the maps. This is a cylindrical
longitude/latitude projection; 0° of longitude corresponds to the center of the frame. Notice the familiar steepening of the gradients around
the polar vortex, and the breaking in the surf zone that extends all the way into the Southern Hemisphere.

’

gh(yp) = ghy — f au(yp') (f+ tar:p u(<p’)) dy’,

(2)

where u(¢p) is the zonal wind, ¢ indicates latitude, and
a is the radius of the earth. Throughout the paper, we
have chosen the constant h, so that the global mean
layer thickness is equal to 8 km.

This zonal flow is perturbed by topographic forcing
hg of the form

hs(p, N, t) = HgT(1)®(p) cos(N), (3)

where T(t) = 1 — ™7, B(p) = e W= w/20 [ is

a constant amplitude, and \ is longitude. The topog-

raphy generates a stationary Rossby wave of zonal
wavenumber 1. The time dependence T(¢) allows the
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FIG. 4. The evolution of PV for the adiabatic experiment of Fig. 2 at (a) 75°N, (b) 45°N, (c) 15°N, and (d)
45°S. Contour interval is 1.25 X 107* m™' s™' in (@), 0.75 X 10~ * m~' s™' in (b), 0.50 X 107 ¥ m™' 57! in (c),
and 0.25 X 107 m~"' s! in (d). Note the westward propagation at 15°N and 45°S and the eastward propagation

(after day 50) at 75°N.

forcing to be introduced without generating strong un-
balanced components to the flow. In all the calculations
presented here, we have used 7 = 5 days, ¢, = 45°N,
and Ay = 15°.

The shallow-water equations (1) are numerically in-
tegrated, using a global, spectral model at resolution
T85. Our code is based on the one developed at NCAR
by J. Hack and Collaborators, which we have adapted
to incorporate topographic forcing and thermal relax-
ation; for a detailed discussion of the code, see Brown-
ing et al. (1989). To handle the enstrophy cascade to
small scales, a standard V® hyperviscosity is introduced
on the right-hand side of (1); we have used a coeffi-
cient of 1.0 X 10% m® s~!. The robustness of our nu-
merical results was tested by running several calcula-

tions at double the resolution (T170), which permits a
smaller hyperviscosity coefficient. The qualitative re-
sults are identical at both resolutions; a detailed com-
parison and discussion of the quantitative impact of
resolution on these and similar calculations will be ad-
dressed in a forthcoming paper.

3. Adiabatic response

In this section we consider the response of a polar
vortex to simple topographic forcing in the purely adi-
abatic case [i.e., we set 7' = 0 in (1)]. The flow is
initialized with a zonal wind profile typical of the win-
ter middle stratosphere; it comprises a westerly 50
m s~! jet at 55°N, a zero-wind line around 23°N and






