15 MARCH 1996

BOWMAN

KeNNETH P. BOWMAN
Climate System Research Program and Department of Meteorology, Texas A&M University, College Station, Texas

(Manuscript received 21 April 1995, in final form 4 October 1995)

ABSTRACT

Lagrangian trajectories are used to calculate isentropic mixing properties for unfiltered and filtered Southern
Hemisphere stratospheric winds. In wintertime significant mixing is confined to the surf zone between the Tropics
and the edge of the polar vortex. The mixing barrier at the edge of the vortex is located near the core of the
polar jet stream (where the maximum wind speeds occur), which is also approximately where the meridional
potential vorticity gradient is largest. In summer there is significant mixing throughout the hemisphere, and no
high-latitude mixing barrier exists.

When the winds are filtered by zonal wavenumber to retain either the planetary-scale waves (1--3) or the
smaller-scale waves (4—12), mixing in the surf zone is generally reduced but not eliminated. When the winds
are filtered by phase speed, however, mixing is significantly reduced in restricted latitude zones where the phase
speeds of the filtered waves are close to the speed of the local zonal-mean zonal wind. These results indicate
that mixing primarily occurs near the critical lines for Rossby waves, where the waves would be expected to
break. The presence of the mixing barrier around the polar vortex can be interpreted as a result of the lack of
waves with fast phase speeds comparable to the speed of the jet. Artificially amplifying the fast-moving waves
can destroy the mixing barrier around the vortex. In summer, when winds are weaker, waves break throughout
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the hemisphere and the mixing barrier disappears.

1. Introduction

Observational, theoretical, and numerical modeling
studies have shown that the wintertime polar vortices
in the lower and middle stratosphere contain strong bar-
riers to mixing that effectively isolate the interiors of
the vortices from the exteriors (Juckes and McIntyre
1987; Mcintyre 1989; Hartmann et al. 1989; Schoeberl
et al. 1989, 1992; Bowman 1993a,b; Pierce and Fairlie
1993; Waugh et al. 1994; Dahlberg and Bowman 1994,
1995; Chen et al. 1994; Chen 1994; Pierce et al.
1994ab). This isolation is especially strong in the
Southern Hemisphere, where the wintertime vortex
persists into the spring season and the Antarctic ozone
hole forms in the cold, sunlit conditions of the vortex
interior. Isentropic trajectory calculations by Bowman
(1993b), Chen et al. (1994 ), Chen (1994), and Pierce
et al. (1994 a,b) show that the interior of the vortex is
surrounded by a nearly impenetrable barrier, reducing
mixing and exchange of air between the interior and
exterior of the vortex to nearly zero, at least until the
vortex breaks down in middle to late spring. The Arctic
vortex is more perturbed than the Antarctic, and as a
result it breaks down earlier, before a large, distinct
ozone hole can form. Despite the deformation of the
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Arctic vortex by the large-amplitude waves of the
Northern Hemisphere, it remains relatively well iso-
lated from midlatitude air (Dahlberg and Bowman
1994). Both vortices are eroded from the edge by
breaking planetary-scale waves that produce long nar-
row filaments of air by folding and stretching of ma-
terial lines (McIntyre and Palmer 1983; Leovy et al.
1985; Bowman and Mangus 1993; Waugh et al. 1994).
Large-amplitude distortions of the Arctic polar vortex
can also allow some intrusion of midlatitude air into
the vortex (Plumb et al. 1994; Dahlberg and Bowman
1994). Nakamura and Plumb (1994) have shown that
whether the wavebreaking events break into or out of
the vortex depends on the detailed shape of the wind
profile and that the observed wind profiles favor out-
ward wavebreaking. The direction of wavebreaking
would determine whether entrainment into the vortex
or ejection outward would be the dominant mixing
mechanism during periods when mixing does occur,
which is typically late winter or early spring.

Aside from the direction of wavebreaking, an im-
portant question that remains is why the vortices have
such strong barriers to mixing. Mclntyre (1989) pro-
posed that the strong potential vorticity (PV') gradients
of the jet are resistant to meridional displacements
through the Rossby wave restoring mechanism. An-
other important factor is the location of critical lines
for the large-scale waves in the stratosphere. Randel
and Held (1991) showed that Rossby waves tend to
break (as indicated by Eliassen—Palm flux diver-
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FiG. 1. Schematic showing the locations of discrete components of
the space—time spectrum in the zonal wavenumber-frequency (k—v)
plane and an example of a “*band-gap’’ phase speed filter (shaded
area).

gences) in latitude zones close to their critical lines.
When the phase speed of a wave matches the speed of
the basic-state flow, an air parcel remains stationary
with respect to the phase of the wave. Rather than mov-
ing through the wave and experiencing an oscillating
meridional velocity (and oscillating meridional dis-
placements ), the parcels have a nearly constant merid-
ional velocity and can ‘‘surf’’ in the meridional direc-
tion. This process is usually limited by the shear in the
background flow. As the parcel moves into a region
where its zonal velocity no longer matches the phase
speed of the wave it loses. the wave. The result is the
classic Kelvin’s cat’s eye of a breaking wave.
Monochromatic waves tend to mix vigorously in a
zone near their critical lines. The width of the mixing
zone for a single wave depends on the amplitude of the
wave and the background shear (Bowman 1995). Us-
ing a global equivalent barotropic model, Salby (1992)
showed that transience in the planetary waves tends to
spread the spectrum in frequency or, equivalently, in
phase speed. As a result, mixing occurs through a wider
latitudinal zone but at a slower rate. Bowman (1993b)
showed that in a shallow-water-type model the domi-
nant observed waves in the Southern Hemisphere (sta-
tionary zonal wavenumber 1 and eastward-moving
zonal wavenumber 2) mix strongly in the subtropics
and on the equatorial flank of the polar vortex (by
wavebreaking ) but do not mix midlatitude and vortex
air across a barrier that is roughly coincident with the
jet maximum. The eastward phase speed of the wave-
number 2 disturbance is substantially less than the max-
imum wind speed during the winter and most of the
spring. In late spring the jet slows to near the phase
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speed of the wave 2 disturbance, the entire interior of
the vortex becomes a ‘‘critical zone,”’ and the vortex
breaks down rapidly. This suggests as a hypothesis that
the mixing barrier around the polar vortices results
from the absence of waves with eastward phase speeds
as fast as the wind speeds at the jet maxima. With no
critical lines near the core of the jet, there is no wave-
breaking and little mixing. The jet maxima are also
regions of strong PV gradients, so the absence of crit-
ical lines and a strong resistance to meridional displace-
ment together produce the mixing barrier. The polar
vortex is resistant to mixing even when unstable (Bow-
man and Chen 1994).

Bowman (1995 proposed a simple model of diffu-
sive mixing resulting from repeated breaking of waves
with varying critical line locations (varying phase
speeds with respect to the mean flow). In that simple
kinematic model, a mixing barrier is created by a lati-
tude zone in which no critical lines occur.

The absence of critical lines near the jet maxima does
not imply the absence of planetary-scale waves. In fact,
wave amplitudes are largest near the jet core (Randel
1992). Since the flow is moving faster than the waves
and there are no critical lines in that region, however,
even large amplitude waves produce reversible dis-
placements. Parcels are carried through the wave so
quickly by the high-speed zonal flow that they are re-
versibly displaced poleward and equatorward, rather
than “‘surfing’’ and breaking with the wave. Waves
propagate nearly vertically through this region from the
upper troposphere, first decelerating the basic state and
then reaccelerating it as they propagate into the middle
and upper stratosphere. In the lower stratosphere the
net deceleration from the waves is weak. The strongest
dissipation tends to occur higher and on the equator-
ward flank of the jet in the surf zone (Randel 1990).

In a companion paper, the relationship between the
phase speed of the waves and the mixing barrier is
tested further using a global equivalent-barotropic
model by forcing waves with known phase speeds on
a specified basic state. Here we use observed winds to
test the hypothesis that the mixing barrier is a result of
the absence of waves with phase speeds close to the
speed of the jet maxima. Reasons for the absence of
fast eastward-moving waves are discussed in the con-
clusions.

2. Data and methods
a. Data

. The principal technique used here to analyze large-
scale horizontal mixing is area-filling trajectory calcu-
lations. Large numbers of passive Lagrangian tracer
parcels are initialized throughout a wide latitude band
on an isentropic surface in the lower stratosphere. The
isentropic trajectories of the parcels are computed nu-
merically using the analyzed winds. The data source
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FiG. 2. Climatological monthly mean zonal-mean zonal wind at 70
hPa for August and January and local phase speeds for waves with
constant angular velocities. The labels indicate the phase speed of
the waves at 45°.

for winds is 14 years (1980-1993) of daily (1200
UTC), global, geopotential heights from the Climate
Analysis Center stratospheric analysis (70-0.4 mb)
and the National Meteorological Center (NMC, cur-
rently known as the National Centers for Environmen-
tal Prediction) tropospheric—-lower-stratospheric anal-
ysis (1000-100 mb) that have been assembled into a
single data set by Randel (1992). Randel transformed
the gridded NMC analyses to zonal Fourier compo-
nents (up to wavenumber 12) on a 40-point Gaussian
grid. Some gaps were interpolated in time, and some
bad values have been replaced by interpolated values.
Details of the dataset and known problems can be found
in Randel (1992) and Trenberth and Olson (1987).

b. Methods

Temperatures are computed from the hydrostatic
equation using finite differences in log pressure. Winds
are derived from geopotential heights as in Randel
(1992). Zonal-mean winds are obtained from the gra-
dient-wind equation. Higher zonal harmonics are ob-
tained from the linear balanced wind equations. The
linear wind equations can become singular, in which
case geostrophic winds are used.

Lagrangian trajectories are computed for one-month
periods on isentropic surfaces using a standard fourth-
order Runge—Kutta scheme. Details can be found in
Bowman (1993b). The validity of the adiabatic as-
sumption and the accuracy of the trajectory calculations
has been discussed in Schoeberl et al. (1992), Bowman
(1993b), and Dahlberg and Bowman (1994 ). Trajec-
tories are calculated for large numbers of parcels (typ-
ically 1282 = 16 384) initially arranged on a regular
longitude—latitude grid. Halving or doubling the num-
ber of parcels produces only small changes in mixing
statistics, so the mixing statistics do not appear to be
sensitive to the number of parcels at this resolution.
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The geopotential height fields are filtered in various
ways before winds are computed. The control case uses
unfiltered winds. The simplest filters remove different
spatial scales by zonal wavenumber. Two different spa-
tial filters are used: the first in which waves 4—12 (me-
dium-scale and smaller waves) are removed, and the
second in which waves 1-3 (planetary-scale waves)
are removed.

The second type of filter removes waves by zonal
phase speed. The filtering is carried out in the spectral
domain. The geopotential heights at each latitude and
pressure are expanded in a space—time Fourier series
as

Z()\ia tx) = Z 2 Zk,uei(k)\~w), (1)
k v

where Z is the geopotential height, the \; are the lon-
gitude grid points, the ¢, are the daily time samples, &
and v are discrete spatial and temporal frequencies (k
is the zonal wavenumber), and z;, is the complex am-
plitude of each wave. The complex two-dimensional
spectrum, z;,, is computed using fast Fourier trans-
forms; the spectrum is multiplied by a filter that de-
pends on the phase speed of each traveling wave com-
ponent, ¢ = v/k; and the inverse transform is computed
to produce the filtered height fields. Three different
sample lengths were tested for the temporal transform:
32-, 64-, and 128-day periods centered on the month
of interest. Changing the length of the sample had min-
imal effect on the mixing statistics; results shown here
are for a 64-day window.

Since observed wave modes tend to be coherent in
that they propagate with angular velocities that are in-
dependent of latitude, the phase speed ¢ (in degrees of
longitude per day) is computed for each wavenumber—
frequency pair in the transformed field; and the ampli-
tudes of components with phase speeds falling in the
TANge Cpin <= € < Cpyy are set to zero. If ¢, > — and
Cmax = @ the filter is a low-pass filter, while if ¢, = —®
and ¢y, < * it is a high-pass filter. If ¢y, and ¢, are
both finite, the filter is a ‘‘band-gap’’ (rather than a
bandpass) filter. The band-gap filter is illustrated in Fig.
1. Dots indicate the discrete spatial and temporal fre-
quencies for =k and *+v. (Since the input data are real,
the spectral components reflected through the origin are
complex conjugates.) For the band-gap filter, spectral
components falling within the shaded area are set to

TABLE 1. Period of a wavenumber 1 disturbance
for selected phase speeds at 45° latitude.

Phase speed (m s™*) Period (days)

5 65.6
10 32.8
20 16.4
30 10.9
40 8.2
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FiG. 3. Ensemble-mean space~time power spectra at 70 hPa for August and January at three different latitudes:
68.9°S (inside the wintertime polar vortex), 55.5°S (in the midlatitude surf zone), and 33.3°S (in the subtropics).
Some contour lines near the large peaks for stationary wave 1 are omitted for clarity. The dotted lines are
isopleths of phase speed as a function of wavenumber and frequency. The labels give the phase speed relative
to the ground at 45°S. The contour interval for each plot is indicated.
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zero. The zonal-mean components (k = 0) are always
left unchanged by the filter. The stationary wave com-
ponents (v = 0) may be affected, depending on the
choice of filter limits. Note that the phase speed of a
coherent wave relative to the ground (in ms™') de-
pends on latitude. The filter used here removes waves
with the same angular velocity at each latitude, rather
than waves with the same phase speed relative to the
ground. In the tables and figures the phase speed filters
are labeled by the phase speed of the waves relative to
the ground at 45°S to make it easier to compare wave
phase speeds with the speed of the zonal wind.

In a few cases the space—time spectra have been
“‘antifiltered.”’ That is, the spectral components within
a phase-speed band have been multiplied by a factor
greater than 1.0 to increase their amplitudes. This
makes it possible to evaluate the effect of a hypothetical
increase in the amplitude of waves with certain phase
speeds. In all cases, effective diffusion coefficients are
estimated from the trajectories for each month from the
rate of increase of the variance of parcel latitudes
(Schoeberl et al. 1992; Bowman 1993).

3. Results
a. Basic-state wind profiles and wave spectra

Trajectories are computed with unfiltered winds on
the 500 K isentropic surface for every month of the 14-
yr dataset. Statistics are ensemble-averaged by calendar
month. For brevity, results from two months are pre-
sented here: August (winter) and January (summer).
Some aspects of the seasonal cycle of mixing can be
seen in Bowman (1995). Climatological monthly mean
zonal-mean zonal winds are plotted in Fig. 2 for the
two months. The maximum wind speed in August is
greater than 40 m s ™', while the maximum in January
is less than 10 m s ™', The average latitude of the center
of the jet is about 55°S in August, but the jet moves
equatorward in January, so that the jet maximum lies
near 45°S at this level. The zero-wind line also moves
from approximately 10°S in August to 30°S in January.
The dotted lines in Fig. 2 show the local phase speed
relative to the ground (in m s ') for wave modes with
constant zonal angular velocities. The labels indicate
the phase speed at 45° latitude. The periods for a wave-
number 1 disturbance with the given phase speeds are
listed in Table 1 for reference.

Traveling wave power spectra for the two months
are shown in Fig. 3 for the 70-mb geopotential heights
at three latitudes: 33.3° 55.5°, and 68.9°S. These power
spectral estimates were computed by ensemble aver-
aging the 14 raw periodograms for the individual years.
Note that the contour intervals vary between the dif-
ferent graphs. The stationary wave components lie
along the abscissa (infinite period). The zonal-mean
components (wavenumber 0) have been omitted. The
dotted lines indicate the zonal phase speeds for the
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waves. The largest component by far in all of the plots
is the stationary wave 1. In some of the graphs, some
contour lines are omitted near the stationary wave 1
peaks for readability. In general, the bulk of the vari-
ance is at periods longer than 10 days and wavenum-
bers lower than 4. During the summer (January), there
is relatively more power at higher wavenumbers. Near
the jet in wintér (August, 55.5°S) there is some power
between 5 and 10 days.

The fractional variance within the various phase
speed bands is given in Table 2. In August waves near
the jet core with phase speeds faster than 20 m s ' typ-
ically amount to about 10% of the total wave variance.
Eastward-moving waves, excluding stationary waves,
comprise about 50% of the total variance; the stationary
waves are about 20%-30% of the variance; and the
westward-propagating waves, therefore, are the re-
maining 20%-30% of the total variance. During Jan-
uary the eastward moving waves amount to relatively
less of the total variance, while the stationary and east-
ward-moving waves comprise a larger fraction.

b. Unfiltered trajectories

The dispersion of the parcels in the surf zone and
inside the vortex is illustrated in Figs. 4a and 4b by
plotting the locations of two subsets of parcels at the
beginning and end of the 1-month trajectory calcula-
tions. Results from all 14 years of the 1-month integra-
tions are plotted in each figure. The upper left panel of

TaBLE 2. Percentage wave variance in selected phase-speed bands.

Latitude
Phase speed range
(ms™') —68.9° —55.5° -33.3°
August
W<c<o 6.5 3.1 2.4
W<c<w 14.5 10.5 74
0<c<m 29.7 30.3 252
O0<c<w 459 50.6 48.8
O0sc<w 76.2 779 71.5
c=0 303 273 22.8
—o<cs0 54.1 49.4 51.2
—o<c<0 23.8 221 28.5
—5<c<5 37.7 371 37.6
~-10<c< 10 56.2 59.2 59.8
January
W<e<w 38 4.0 39
W<c< 6.7 84 7.1
WW<ec<® 14.5 18.8 17.8
0<c<w 255 353 45.6
O0sc<w 67.8 72.8 61.0
c=0 423 375 15.5
—o<cs0 745 64.7 54.4
—o < c<0 322 272 39.0
-5<c¢<5 47.5 49.3 40.0
-10<c¢c< 10 67.1 66.5 61.5
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FiG. 4. (a) Ensemble parcel dispersion (1980 through 1993) for several filtered and unfiltered trajectory
calculations for the month of August. Top left: initial parcel locations on 1 August (50°~55°S). Top right:
parcel locations on 31 August using unfiltered winds. Bottom left: parcel locations on 31 August using winds
with waves with phase speeds ¢ > 10 m s™' removed. Bottom right: parcel locations on 31 August using
winds with waves with ¢ > 20 m s™' amplified by a factor of 4.

Fig. 4a shows the locations at the start of the integration
(1 August). In this case the subset consists of all par-
cels initially between 50° and 55°S. These parcels are
in the surf zone just outside of the polar vortex. The
upper-right panel shows the locations of those parcels
at the end of August, with trajectories computed using
unfiltered wind fields. During the course of the month
the parcels disperse through the midlatitudes but do not
penetrate into the polar vortex. Because the figure su-
perimposes the results from 14 individual months, the
boundary of the polar vortex appears fuzzy. In fact, the
vortex boundary for each individual year is quite dis-
tinct, and the fuzziness is due to the superposition of
the varying vortex boundary locations on 31 August of
the available years. The top two panels of Fig. 4b show
similar results for parcels originally located inside the

vortex between 70° and 75°S. In this case the parcels
do not escape from the vortex into the surf zone but
remain closely confined. The bottom panels in Figs. 4a
and 4b are discussed below.

Figure 5 shows a similar set of maps for January. In
this case the subset consists of those parcels initially
located between 20° and 25°S. This latitude zone is on
the equatorward side of the jet maximum. Parcels are
dispersed throughout the hemisphere, and it is clear that
there is no mixing barrier around the weak polar vortex
in summer (top right panel). Parcels initially located
at high latitudes also mix throughout the hemisphere
(not shown).

The mixing behavior for the two months is sum-
marized by estimated diffusion coefficients plotted as
a function of latitude in Fig. 6 (solid lines). The iso-
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Unfiltered, 31 August

¢ > 10 ms™ removed, 31 August

>

FiG. 4. (Continued) (b) As in (a) except that the initial parcel locations are inside the vortex (70°-75°S).

lation of the wintertime vortex is clearly evident, with
the vortex boundary or mixing barrier lying slightly
equatorward of 60°S. At that latitude the mixing rate
jumps dramatically and then increases through the mid-
latitude surf zone into the Tropics. Note that the mixing
barrier coincides closely with the maximum wind speed
in the jet (Fig. 2). In January the maximum mixing
rates are somewhat lower, and there is no longer any
evidence of a mixing barrier around the polar vortex,
as the diffusion coefficients remain high throughout the
hemisphere.

c. Filtering by zonal wavenumber

Figure 6 also shows the diffusion coefficients for
wind fields that have been filtered by zonal wavenum-
ber k. Two filters are used: a low-pass filter (waves 4
through 12 removed) and a high-pass filter (waves 1
through 3 removed). The diffusion coefficients indi-

cate that in August the large-scale waves are more im-
portant than the smaller-scale waves just outside the
vortex, but elsewhere the two wavenumber bands are
roughly equally important. In January the large-scale
waves are more important near the pole (this is prob-
ably an effect of the spherical geometry), while the
smaller-scale waves are more important in the Tropics
and subtropics. In neither case is it possible, however,
to attribute the bulk of the mixing to waves with par-
ticular spatial scales.

d. Filtering by phase speed

Results from the calculations with low-pass and
high-pass phase speed filters are shown in Figs. 7 and
8, respectively. As in Fig. 6 the diffusion coefficients
from the unfiltered runs are plotted for comparison
(solid lines). In Fig. 7 the other curves indicate the
diffusion coefficients for low-pass filtered winds as the
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Unfiltered, 31 January
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FiG. 5. Ensemble parcel dispersion (1980 through 1993) for several filtered and unfiltered trajectory
calculations for the month of January. Top left: initial parcel locations on 1 January (20°-25°S). Top right:
parcel locations on 31 January using unfiltered winds. Bottom left: parcel locations on 31 January using
winds with waves with —5 < ¢ < 5 m s™' removed. Bottom right: parcel locations on 31 January using

winds with waves with ~10 < ¢ < 10 m s™' removed.

upper limit of the filter is reduced and progressively
slower eastward-propagating waves are removed from
the wind fields. The labels indicate the upper cutoff of
the low-pass filter. Thus, ¢ > 20 m s~ indicates that
all waves with phase speeds greater than 20 m s ™' (at
45°S) are removed. In Fig. 7 it is clear that mixing is
steadily reduced beginning at the vortex edge as slower
and slower waves are removed. Thus, as expected, the
fastest waves mix primarily where the winds speeds are
highest, on the flank of the jet. Mixing in the subtropics
decreases significantly only when the stationary waves
are removed, as would be expected with a zero-wind
line located in the nearby Tropics.

The end of month parcel locations for one of the
low-pass-filtered cases (¢ > 10 m s~ removed) is
shown in the lower left panels of Figs. 4a and 4b. As

expected, removing the fast waves greatly reduces
the parcel dispersion on the flank of the jet (Fig. 4a).
Parcels initially inside the vortex (Fig. 4b) are con-
fined as before.

Comparing the low-pass results for August in Fig. 7
with the high-pass results in Fig. 8 emphasizes the im-
portance of the eastward-propagating waves. Remov-
ing all westward-propagating waves (negative phase
speeds) has only a small effect on the mixing, reducing
it on the order of 25% in the subtropics and midlati-
tudes. Mixing on the flank of the jet, where wind speeds
are higher, is hardly affected at all. If the stationary
waves are removed as well, the mixing decreases to
approximately one-half of its unfiltered value in the
Tropics, but there is still little change near the vortex
boundary, further illustrating the importance of the fast
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FiG. 6. Diffusion coefficients (K,,) as a function of latitude estimated from parcel dispersion statistics
for unfiltered winds and winds filtered by zonal wavenumber m.

eastward moving modes in mixing on the equatorward
flank of the jet.

Returning to the January results in Fig. 7 it can be
seen that removing fast eastward moving waves (c
> 10 m s™') has almost no effect on the flow, which
is expected since they comprise only a very small por-
tion of the total wave variance and the maximum wind
speed is less than 10 m s ' on average. As the slower-
moving and stationary waves are removed, however,
the mixing decreases substantially throughout the
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hemisphere. As in the August case, the westward-prop-
agating waves have much less impact on the mixing
(Fig. 8), until the stationary waves are removed.
From earlier results it can be seen that removing fast
eastward-moving waves reduces the mixing where
winds speeds are high—on the flank of the jet.
Conversely, we would expect that removing slow
eastward- or westward moving or stationary waves
should reduce mixing where winds speeds are low—
in the Tropics and subtropics. Figure 9 shows the dif-
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FiG. 7. Diffusion coefficients (X,,) as a function of latitude estimated from parcel dispersion statistics for unfiltered winds
and winds low-pass filtered by wave phase speed c. The labels indicate the upper limits of the low-pass filter.
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Fic. 8. Diffusion coefficients (K,,) as a function of latitude estimated from parcel dispersion statistics for unfiltered winds
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fusion coefficients for the band-gap filtered winds, in
which waves with phase speeds between two finite lim-
its are removed. In August, removing only the station-
ary waves primarily affects the mixing in the subtrop-
ics. As the width of the band-gap increases to include
slow-moving eastward and westward propagating
waves, the reduction in mixing extends into midlati-
tudes, with the equatorward flank of the jet affected the
least. In January, when winds are weaker, mixing is
reduced throughout the entire hemisphere.

The effects of eliminating the slow moving waves
on the trajectories can be seen in the lower two panels
of Fig. 5. When waves with phase speeds between —5
and 5 m s~' are removed, parcels no longer disperse
from the subtropics throughout the hemisphere. When
a large band-gap is selected (—10 to 10 ms™"), dis-
persion is reduced even further.

e. Amplifying selected phase speeds

As a final test of the hypothesis that a lack of fast
eastward propagating waves is responsible for the mix-
ing barrier around the polar vortex, trajectory calcula-
tions are carried out with *‘antifiltered’” winds. In these
experiments the amplitudes of the very fastest waves
in the observed wind fields are amplified rather than
attenuated. Results are shown in Fig. 10 along with the
estimated diffusion coefficient for the unfiltered cal-
culations. When the amplitudes of all waves with phase
speeds greater than 30 m s~ (eastward moving) are
multiplied by a factor of 4, the isolated region of the
vortex shrinks poleward, while the mixing increases
dramatically in the region of the jet core. In midlati-
tudes and the subtropics, on the other hand, where wind

speeds are lower, the mixing increases much less. As
the amplified portion of the phase speed spectrum ex-
pands, the isolated part of the vortex continues to shrink
and the mixing barrier disappears.

Parcel locations from one case (¢ > 20ms~' X 4)
are shown in the lower right panel of Figs. 4a and 4b.
For both vortex and surf zone parcels the mixing barrier
disappears. Amplifying only the fastest moving waves
(c > 30 ms™") is not sufficient to break the mixing
barrier (although it does displace it poleward). Am-
plifying the slower moving waves, which have critical
lines outside the jet, and increasing the width of their
critical layers does break the mixing barrier down com-
pletely.

4. Conclusions

The trajectory calculations presented here provide
strong evidence that Rossby wavebreaking and large-
scale mixing in the stratosphere are controlled by the
location of wave critical lines (or critical surfaces in a
three-dimensional view). The presence of a mixing
barrier around the polar vortices in the winter season
is due primarily to the absence of waves of significant
amplitude with phase speeds as fast as the winds in the
core of the jet. The large amplitude waves found near
the jet core have phase speeds much lower than the
zonal wind, and the relatively large potential vorticity
gradients near the jet provide a strong Rossby wave
restoring mechanism. As a result, parcel displacements
due to the waves are almost entirely reversible. Cooling
of the Antarctic stratosphere due to ozone depletion
should, therefore, tend to increase the strength of the
jet (through thermal wind balance) and increase the
isolation of the polar vortex.
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In summer the Southern Hemisphere stratosphere is
well mixed on a monthly timescale. Since wind speeds
are weak (typically less than 10 m s~'), there are no
latitude zones that are free of critical lines and breaking
waves. Additional work is currently underway on the
transitional seasons and the breakdown of the polar
vortex.

These calculations do not provide much information
about the subtropical edge of the surf zone since the
balance relations used to estimate the winds lose their
validity at low latitudes. Therefore, the diffusion co-
efficients at the subtropical end of the graphs in Figs.
6~10 should be viewed with skepticism. Preliminary
results from trajectories calculated from general cir-
culation model winds show good evidence for a mixing
barrier on the subtropical side of the surf zone. Those
results will be reported separately.

The reasons for the absence of waves with fast phase
speeds may be complex. Observed large-scale waves
in the stratosphere appear to be primarily waves that
originate in the upper troposphere, either from insta-
bilities or nonlinear interactions, from whence they
propagate vertically through the stratosphere. If the
waves are the result of instabilities, they will have crit-
ical lines in the source region in the upper troposphere.
An upper limit on the phase speed of the waves would
thus be the maximum wind speed in the upper tropo-
sphere. Since the stratospheric winds increase with
height, stratospheric Rossby waves are propagating
into a region of higher wind speeds. Therefore, they
will have phase speeds slower than the stratospheric
flow and no critical lines near the jet core. If the waves
are the result of nonlinear interactions in the upper tro-
posphere, a simpie theory for the phase speed of the

resultant waves is not available. It is apparent, however,
that nonlinear interactions do not produce waves with
high phase speeds in this case.

In the upper stratosphere and lower mesosphere
some large-scale waves may be the result of local in-
stabilities. [See Randel and Lait (1991) for a sum-
mary.] Surprisingly, even when the vortex is barotrop-
ically unstable it is still quite resistant to mixing (Bow-
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FiG. 10. Diffusion coefficients (K,,) as a function of latitude esti-
mated from parcel dispersion statistics for unfiltered winds and winds
antifiltered by wave phase speed c. The labels indicate the lower
limits of the amplified part of the phase speed spectrum. Wave am-
plitudes are increased by a factor of 4.



916

man and Chen 1994; Ishioka and Yoden 1994). In the
unstable case the critical lines for the growing waves
tend to lie on the poleward or equatorial flanks of the
jet, and the mixing does not cross the jet maximum.
The polar vortices of both hemispheres, therefore, tend
to be quite well isolated during the winter season
through much of their depth in the stratosphere despite
the presence of large-amplitude propagating waves and
local instabilities.
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