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ABSTRACT

Theory and observations suggest that the Antarctic polar vortex is relatively isolated from midlatitudes,
although others have interpreted the observations to indicate that there is substantial mixing from the interior
of the vortex into middle latitudes. The equivalent barotropic model of Salby et al. is used to study quasi-
horizontal mixing by the large-scale flow in the lower stratosphere during Southern Hemisphere spring, which
is when the Antarctic ozone hole appears and disappears. The model is forced by relaxation to observed cli-
matological monthly mean zonal-mean winds and by an idealized wave 1 or 2 forcing at the lower boundary.
Mixing and transport are diagnosed primarily through Lagrangian tracer trajectories. For September, October,
and November basic states, there is little or no mixing in the interior of the vortex. Mixing occurs near the
critical lines for the waves: in the tropics and subtropics for a stationary wave 1, and in midlatitudes on the
equatorward flank of the jet for an eastward-moving wave 2. For the December basic state, the wave 2 forcing
rapidly mixes the interior of the vortex. Mixing of Lagrangian tracer particles can be significant even when the
waves do not “break,” as evidenced by the potential vorticity field. In the model there does not appear to be
any significant transport of air out of the interior of the polar vortex prior to the vortex breakdown. The principal
factor that leads to the vortex breakdown and mixing of the vortex interior is the deceleration of the jet to the
point where winds in the interior of the vortex are close to the phase velocity of the wavenumber 2 forcing. The
tracer transport is very similar to many aspects of the behavior of the total ozone field during the spring season.
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1. Introduction

Each spring in the Southern Hemisphere (September
through November), the Antarctic ozone hole forms
as chemical reactions rapidly destroy ozone within the
Antarctic polar vortex in the region poleward of 65°
to 70°S latitude. The boundary varies with the position
of the vortex (Proffitt et al. 1989). Observational and
modeling studies support the theory that the ozone de-
struction is the result of complex heterogeneous chem-
ical reactions requiring the presence of polar strato-
spheric clouds (PSCs) (Solomon et al. 1986; McElroy
et al. 1986; Anderson et al. 1989). The PSCs denitrify
the interior of the polar vortex and provide a reaction
surface that allows catalytic photochemical destruction
reactions involving chlorine and bromine to occur
much more rapidly than in other parts of the strato-
sphere. The existence of the ozone hole depends on
the very cold temperatures of the springtime polar vor-
tex, which allow the PSCs to form. Unlike the Arctic
stratosphere, in the Antarctic the low polar tempera-
tures and strong polar vortex, which are characteristic
of the wintertime circulation, persist after the end of
the polar night. In the Arctic the stratosphere is gen-
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erally too warm for PSCs to form at the end of the
polar night, and the vortex is much weaker.

To a large extent, the interior of the Antarctic polar
vortex, where it is cold enough for PSCs to form, ap-
pears to be isolated from the exterior of the vortex in
the sense that there is little interchange of air between
the two regions (Hartmann et al. 1989; Schoeberl et
al. 1989; Schoeberl et al. 1992). Mclntyre (1989) has
reviewed the dynamical arguments for isolation of the
polar vortex. Tuck (1989) and Proffitt et al. (1989),
however, have argued that there is significant down-
ward vertical motion within the polar vortex. They
suggest that air from within the vortex is mixed con-
tinuously with high ozone air outside the vortex by
synoptic-scale waves. This disagreement has implica-
tions for the ozone destruction rate, since significant
downward transport of ozone into the vortex by the
mean meridional circulation and mixing of ozone-de-
pleted air into midlatitudes would require a higher
ozone destruction rate to produce the observed ozone
depletion within the ozone hole. A better understanding
of the quasi-horizontal mixing processes will help ad-
dress one aspect of this problem.

Planetary waves propagating upward through the
stratosphere induce reversible transport events as the
vortex deforms and then returns to approximate zonal
symmetry (Bowman 1990). The propagation of large-
scale waves in the springtime Antarctic stratosphere
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has been described by Randel (1987a, 1988, 1990),
Farrara and Mechoso (1986), Mechoso et al. (1988),
Mechoso (1990), and Manney et al. (1991). In a com-
panion paper to this one, Bowman (1993) has pre-
sented data from the Total Ozone Mapping Spectrom-
eter (TOMS) suggesting that there is considerable ir-
reversible horizontal mixing on the equatorward flank
of the polar vortex throughout the spring season. The
mixing results from the folding and stretching of air
masses by large-scale waves. Occasional wave 1 events
can also be seen to pull strands of low ozone air from
the interior of the vortex. This behavior of the total
column ozone is similar to that of other tracers, in-
cluding potential vorticity, in what have come to be
called wave breaking events. Observational and mod-
eling studies show horizontal folds in tracer fields that
are associated with “breaking” planetary-scale waves,
illustrated schematically in Fig. 1 (Hsu 1980; McIntyre
and Palmer 1983; Lyjak and Smith 1983; Leovy et al.
1985; Juckes and Mclntyre 1987; Juckes 1989; Polvani
and Plumb 1992). For a schematic cross section see
Fig. 5 in Mclntyre (1989). The wrapping-up of tracer
fields can also be seen in analytical models (Stewartson
1978; Warn and Warn 1978; Ottino 1989), other
barotropic models (Salby et al. 1990a), and three-di-
mensional models (O’Neill and Pope 1988; Robinson
1988). At the spatial scale resolved by most strato-
spheric satellite instruments, the breaking wave patterns
appear as large comma-shaped deformations of the
tracer field. Numerical simulations like those of Juckes
(1989) or Salby et al. (1990a,b) show finer structure
in two-dimensional tracer fields, similar to the features
in the TOMS data.
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FIG. 1. Schematic of the behavior of a material
line near a critical line.
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The TOMS data also exhibits two different mixing
regimes during the course of the spring season. This is
evident in the climatological total ozone (Bowman and
Krueger 1985) and in the zonal-mean total ozone from
individual years. Throughout most of the spring, the
mixing appears to be restricted to the exterior of the
vortex, with occasional large amplitude wave events
possibly pulling low ozone air from inside the vortex
(Bowman 1993, Figs. 1 and 2). Late in the spring,
however, as polar temperatures warm and the vortex
weakens, the vortex suddenly breaks down and high
ozone air is mixed into the vortex interior (Bowman
1993, Fig. 3). The total ozone poleward of 70°S typ-
ically increases by 100 Dobson units or more in one
to two weeks as the vortex breaks down (Bowman
1990). As temperatures rise, the PSCs evaporate, the
chemical destruction of ozone stops, the ozone hole is
mixed away, and ozone levels begin to return to near-
normal unperturbed values.

This paper presents a modeling study of the large-
scale horizontal mixing processes in the springtime
Southern Hemisphere lower stratosphere and the dy-
namical factors that control the mixing. In particular,
the following questions are addressed. 1) What is the
origin of the folding and stretching that produces the
finely layered horizontal structure seen the TOMS
ozone data? 2) Is there significant transport of air out
of the polar vortex prior to the vortex breakdown? 3)
What factors determine the transition from reversible
to irreversible ozone transport within the vortex? Or
equivalently, what factors lead to the final warming
and the vortex breakdown?

2. Methods
a. The numerical model

A full description of the model is given in Salby et
al. (1990a); the principal features are reviewed briefly
here. By integrating vertically in isentropic coordinates
and assuming that the vertical scale of the motion field
is large compared to the vertical scale of the mass field,
the primitive equations can be reduced to a two-di-
mensional system similar to the shallow-water equa-
tions. The model variables are the column-averaged
horizontal wind velocities 1 and v; a thickness variable
h, which corresponds to the pressure on the lower-
bounding material surface through hydrostatic equi-
librium; and the potential temperature 8. There is no
upper surface in this system and thus no true height
in the usual sense. The numerical model uses the spec-
tral transform method to solve the dynamical equa-
tions. The spectral basis functions for u, v, and # are
chosen to be Hough functions, which are the eigen-
functions of the linearized shallow-water equations.
This choice of basis functions provides some advan-
tages in the time integration, since the linear terms can
be solved directly. The # equation is solved by using
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spherical harmonics as basis functions, since there is b. Basic state

no special advantage to using Hough functions.
Diabatic processes are represented by a linear relax-

ation (Newtonian cooling) to a zonally symmetric basic

The basic state is taken to be the climatological
monthly mean zonal-mean u component of the wind
. . . A - . Thi is chosen because the
state in the 8 equation. The relaxation time scale used °% the 45.0 K surfac_:e T}ns lgvel 8¢ .
is 20 days. Theqmodel represents small-scale mixing of eddy variance at this height is well co rrelated with the
momentum by an eddy viscosity term in the # and v column ozone transport of ozone 1nferr§:d from the
equations, and also includes a scale-dependent dissi- TOMS data. The basic-state wind field 15 calculated
pation applied in the spectral domain. Its purpose is from the global dataset ofRa_n .del ( 19.87b)’ 1nteypolated
to prevent the accumulation of energy and enstrophy tothe 450-K surfag:e. The 1n1tla}l basw—state. height ﬁpld
at the smallest spatial scales resolved by the model. For 15 calculated to t?e in geostrophic balance ‘.'Vlth. tl.le'vymd
all of the experiments described here, the dissipation field. The meridional component of the wind is initially
is proportional to V*. assumed to be zero. )

The model can represent motions that are relatively Four Q1ﬁ“erent mo.nths spanning the vortex break-
deep, that is, on the order of a scale height or more, down period are used: S_eptember, October, November,
which are typical of planetary-scale waves in the and December (abbrewated SEP, OCT, NOV, DE(.:)'
stratosphere. All experiments here are carried out at The zonal-mean wind profiles and the phase velocity
H20 resolution horizontally (roughly equivalent to R20 gf thze ‘:ﬁ?tv‘.’a:d'lgp ;llmg vlzave 2 gogflsng are sl;owtn n
truncation for spherical harmonic models), which uses blg' ﬂi € JeI’\IW 1€ bpea S nel:(ar i gh?lrmi% °p st,: m-
a 64 X 64 point transform grid to avoid nonlinear al- ter b r(:ugél " tc:vem eZ{(, we? rigs S'n N Y obm ep(i
iasing. Salby et al. (1990a,b) have discussed the model tim cr Ok ctober, w P e}?'sftu ertl o;e.m Der, an
behavior and transport properties. The model does not b enﬂ;;;ea ens agagll?n § hl ;etq;la otr\t;a'r tllil £ ecem-
appear to be highly sensitive to the resolution used (cf. mer. N Zfro'wén p 1111116,3/1 (1)0° Sli oc:jzes olsn d c rop;ff,
Fig. 13 in Salby et al. 1990a), although the details of °.Ve§ poleward 1ro 0 uring this
integrations will, of course, be scale dependent. Mixing perod.
in the Lagrangian sense can occur even for smooth
flows (Ottino 1990), and this paper concentrates on
the large-scale behavior of the flow and gross properties During the Southern Hemisphere spring waves 1 and
of mixing. Some of the numerical and dynamical 2 usually dominate the eddy variance, with wave 1
properties of the model were also investigated in Bow- normally being quasistationary and wave 2 eastward
man et al. (1993). Calculations were carried out with moving with a period between 10 and 20 days (Randel
an IBM 6000 Model 320 workstation. One 60-day 1987a, 1988, 1990; Farrara and Mechoso 1986; Me-
simulation requires approximately 4 hours of cpu time. choso et al. 1988; Mechoso 1990; Bowman 1990). The
In contrast to three-dimensional models, this permits observed daily amplitudes of waves 1 and 2 on the
large numbers of simulations to be carried out. 450-K surface are shown in Figs. 3a and 3b as a func-

¢. Forcing

—10-day wave 2

Zonal-mean wind (m/s)

Latitude

F1G. 2. Climatological monthly mean zonal-mean zonal wind profiles used as background
states in the model. The smooth curve is the phase speed of an eastward-moving wave 2 disturbance
with a 10-day period.
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FIG. 3. Observed amplitude in meters of waves 1 and 2 on the 450-K surface
for September through December of 1983 in the Southern Hemisphere.

tion of latitude for 1983. The corresponding daily evo-
lution of the total ozone wave amplitudes and the two-
dimensional structure of the total ozone field are shown
in Bowman (1990). Both waves have maximum am-
plitudes of ~400 m, although at different times during
the period. This behavior is typical of this time of year,
although there is considerable interannual variability.
The space-time structure of the idealized forcing
applied at the lower boundary of the model is

zZ(N, @, 1) = % cos(¢) exp[(%@)]

L
X z z;cos(IN — wit) T(t),
=0

where z is the bottom elevation, X is longitude, ¢ is
latitude, / is the zonal wavenumber, and wj is the fre-
quency. This function represents a smooth bump in
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the latitudinal direction centered at latitude ¢y = 60°S
with a width ¢ of 20° latitude. The forcing effectively
vanishes north of 20°S. The time dependence of the
forcing is

T(t) = % [1 + tanh(%)] ,

where ¢ is in days. The forcing grows from near zero
at the beginning of each integration to a fixed amplitude
near 10 days, as in Salby et al. (1990a). Beyond 10
days, the forcing is maintained at a steady amplitude.

The amplitudes and periods of the waves are given
in Table 1 for each of the experimental designs. Three
types of experiments are conducted to represent real-
istic planetary wave behavior: wave 1 only, wave 2 only,
and waves 1 and 2 together. Two additional experi-
ments are carried out with unrealistic wave behavior
to test the importance of critical line location: an east-
ward-moving wave 1 and a stationary wave 2. In ex-
periments with both waves 1 and 2, the waves are ini-
tially in phase, so they are again in phase at each suc-
ceeding 10-day interval. Three different amplitude
levels are used with each set of waves: 250, 500, and
750 m. These are referred to as weak, intermediate,
and strong forcing. The strong forcing is considerably
larger than the typical maximum wave amplitudes
found in the NMC analyses. For the experiments with
both waves, the amplitudes of the two waves are the
same. Since four different monthly mean background
states are used, the total number of experiments is 60.
For each run the model is integrated for 60 days to
allow sufficient time for the model to respond to the
forcing. It should be noted that the actual forcing is
proportional to v+ Vz, which means that the forcing
by wave 2 is twice as large as by wave 1 for the same
wave amplitude.

Figure 2 also shows the phase velocity of the wave-
number 2 traveling wave forcing applied in the model.
Unlike the critical lines for stationary waves, which are
located in the tropics, the critical lines for traveling
waves are located in middle to high latitudes. The im-
plications for mixing processes are discussed below.

BOWMAN
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d. Diagnostics

Tracer behavior is examined in two ways in the
model. The first is through the evolution of the poten-
tial vorticity (PV), which is well conserved by the large-
scale flow on time scales less than the radiative damping
time. With a radiative damping time of 20 days there
can be significant nonconservation of PV during a 60-
day integration. The second is by following Lagrangian
tracer particles placed in the flow. The initial condition
of the model is zonally symmetric, and the particles
are initially placed in concentric latitudinal circles at
5¢ latitude intervals from 5°S to 80°S. Each ring can
be thought of as an approximate material line. The
particles are then passively advected by the velocity
field of the model.

Mixing rates and deformation of the material lines
are evaluated by computing the length of each material
line. Displacement of the vortex off the pole or weak
deformation of the vortex produces little change in the
length of the material lines, although they will be
sheared with respect to each other by the basic-state
flow. Folding of the material line, as illustrated in Fig.
1, increases the length of the line of particles, and pro-
duces smaller-scale interleaving of fluid properties. The
combination of daily maps of the particle locations
and the length of each material line provides good in-
formation on the deformation of the flow and La-
grangian mixing processes.

3. Results
a. Stationary wave 1 forcing (experiment A)

Figure 4 shows the PV field (contours) and the lo-
cation of the tracer particles for the October back-
ground state at day 60 for the intermediate forcing case.
The wave 1 forcing induces folding and stretching of
material lines in the latitude zone from about 15° to
30°S, on the poleward side of the zero wind line, which
is located at ~15°S. Poleward of the folding zone, near
the peak of the jet and in the interior of the vortex, the
concentric particle rings are displaced off the pole by
the forcing but the material lines are undeformed, even

TABLE 1. Experimental design of the forcing. Each design was carried out for each month (Sep through Dec) and
for three different amplitudes (z, = 250, 500, and 750 m).

Wave 0 Wave | Wave 2

Amplitude Amplitude Period Amplitude Period

(m) (m) (days) (m) (days)
Experiment A (stationary wave 1) Zo Zo 0 0 0
Experiment B (eastward-moving wave 2) 2 0 0 Zo 10

Experiment C (stationary wave 1 and

eastward-moving wave 2) Zo Zo 0 Zo 10
Experiment D (eastward moving wave 1) Zo Zo 20 0 0
Eastward E (stationary wave 2) 2o 0 0 Zo 0
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F1G. 4. Nondimensional potential vorticity ( heavy lines) and lo-
cation of particle tracers at day 60 for the October background state
with a stationary wave 1 forcing amplitude of 500 m. Latitude circles
(dashed lines) are drawn at 0°, 30°, and 60°S.

at the end of the integration. Closer to the equator, the
material lines deform by wrapping around themselves,
or folding. The potential vorticity field shows hints of
folding in middle latitudes, but none of the PV contours
actually fold back upon themselves.

The lengths of the material lines in units of the earth’s
circumference are shown in Figs. 5a, 5b, and 5c as a
function of time for weak, intermediate, and strong
forcing, respectively. The material lines in the folding
zone show a relatively steady, nearly linear increase in
length that begins earlier as the strength of the forcing
increases. The material lines equatorward of 15°S in
the tropics and the material lines poleward of 35°S
undergo little or no stretching in any of these experi-
ments.

The rate of stretching and the width of the latitude
zone in which the folding occurs increase as the am-
plitude of the forcing increases. In the weak forcing
case (Fig. 5a), the folding is limited to the latitude
zone between 15° and 20°S. The stretching rate is very
low, and folding does not begin until very late in the
integration. In the strong forcing case (Fig. 5c), the
stretching is more rapid and the folding zone expands
to 45°S late in the integration.

The dependence of the deformation on the back-
ground state is shown in Figs. 6a, 6b, and 6c¢. The strong
forcing case is shown to make the response more easily
visible. The rate of stretching is slightly faster in Sep-
tember and slower in November than in October. There
is so little stretching for the December background wind
that the stretching in December for the strong forcing
is comparable to the stretching in October for the weak
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forcing. For all of the experiments with stationary wave
1 forcing, no significant stretching of material lines oc-
curs poleward of 45°S.

The results of the wave 1 experiments are summa-
rized in Fig. 7, which shows the length of the material
lines as a function of latitude on day 60 for the strong
forcing experiments. This figure clearly shows that the
mixing rate decreases and the mixing region moves
poleward during the spring, as the jet weakens and the
zero wind line moves poleward. The region of no mix-
ing poleward of 45° is also apparent.

b. Eastward-moving wave 2 forcing (experiment B)

The behavior of the particles under wave 2 forcing
is both qualitatively and quantitatively different from
that of wave 1. Figures 8a and 8b show the location of
the particle tracers at 12 and 30 days into the integra-
tion with October background winds and intermediate
forcing amplitude. Folding of material lines occurs in
the latitude zone between 35° and 50°S, with weak
folding on the margins of the zone. This latitude zone
is on the equatorward flank of the vortex, near the
critical line for a 10-day wave 2 disturbance. Because
of the wave 2 structure of the forcing, folds in the ma-
terial lines occur symmetrically on opposite sides of
the vortex. On day 12 the individual material lines are
still easily identifiable; by day 30 the latitude zone has
been well mixed by continued wrapping of the material
lines around themselves. Weak folds are visible in the
PV contours, but, as in the wave 1 case, the Lagrangian
tracers are deformed much more than the PV field.
This is due to the thermal damping and viscous dis-
sipation.

The time dependence of the stretching is shown in
Fig. 9a. Stretching and folding of the particle rings be-
gins much earlier, within ~ 10 days of the start of the
experiment, and takes place much faster than for
wave 1.

As is the case of the wave 1 forcing, the width of the
latitude zone in which folding occurs and the rate of

" stretching increase as the forcing amplitude increases.

The particle rings in the interior of the vortex are very
weakly distorted for the September, October, and No-
vember background winds. The stretching reaches to
higher latitudes as the spring season progresses. In No-
vember there is some deformation in the interior of
the vortex for the strong forcing case.

The behavior with the December background state
is quite different from the case with wave 1 forcing.
For wave 2 forcing stretching occurs in a broad zone
from 45°8S to the pole, as shown in Fig. 9b. In the wave
1 case there is no deformation in the interior of the
vortex in any of the experiments.

The wave 2 experiments are summarized in Fig. 10.
Comparison with Fig. 7 shows that the mixing region
has moved poleward to the region of the wave 2 critical
line. Stretching rates are much faster than the wave 1
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case, reaching lengths in 20 days comparable to the
wave 1 experiments at 60 days. As in the wave | case,
the stretching rate decreases and the mixing zone moves
poleward along with the critical line. Unlike the wave
1 case, December sees mixing throughout the interior
of the vortex. .

¢. Combined wave 1 and 2 forcing (experiment C)

The stretching of the material lines under the com-
bined stationary wave 1 and eastward-moving wave 2
forcing is qualitatively similar to a superposition of the
individual wave 1 and wave 2 cases. The stretching
history for October and December is shown in Figs.
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FIG. 5. Length of the material lines as a function of time for the
October background state with a stationary wave | forcing amplitude
(a) of 250 m, (b) of 500 m, and (c) of 750 m.

11a and 11b. The combined forcing amplitude is larger
than in either of the single wave cases, so the stretching
occurs slightly earlier and more rapidly than in either
of the individual wave experiments. The stretching also
occurs over a wider latitude zone, reaching from the
tropics to near the center of the jet. For the October
case, the particle tracer maps (not shown) show that
the wave 2 folding begins first in the midlatitudes, and
the wave 1 folding grows later in the tropics and sub-
tropics. Unlike the single wave cases, for the November
background winds the deformation extends from the
tropics all the way to the pole, although the interior of
the vortex still retains its identity, and particles are not
mixed out of the vortex to lower latitudes.
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F1G. 7. Length of the material lines as a function of latitude for
each background state. The forcing is a stationary wave 1 with an
amplitude of 750 m.
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FIG. 6. Length of the material lines as a function of time for (a)
the September, (b) the November, and (c) the December background
state with a stationary wave 1 forcing amplitude of 750 m.

The behavior of the particles for the December
background winds is quite different, as is seen in Figs.
12a and 12b. In December the deformation of material
lines occurs only in the high latitudes, and does not
extend into the midlatitudes or subtropics. The vortex
initially becomes distorted by a very large wave 2 pat-
tern, and then folds back upon itself. On day 30 (Fig.
12b) the original material lines are still fairly well de-
fined, although they cannot easily be distinguished in
the figure. By day 45, however, the interior of the vortex
appears to be well mixed. The combined forcing mixes
the vortex interior more rapidly than the wave 2 forcing
alone. Part of the reason appears to be the additional
asymmetry induced by the simultaneous presence of
both waves.
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Fi1G. 8. Potential vorticity and location of particle tracers (a) at day 12 and (b) at day 30 for the October
background state with a 10-day wave 2 forcing amplitude of 500 m.

The combined forcing experiments are summarized
in Fig. 13. At day 20 the length of the material lines
closely resembles the wave 2 experiments (Fig. 10),
since the wave 1 forcing has not yet had time to cause
significant stretching in the subtropics. The mixing
zone during September, October, and November is
slightly wider than the wave 2 case, and mixing in the
interior of the vortex in December is somewhat faster.

3
October mean wind "’\_/\/
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d. Shifting the critical lines (experiments D and E)

The results with the idealized wave forcing indicate
that the location of the critical lines is probably the
most important factor in determining the location of
the deformation zone. This hypothesis is tested by two
sets of “artificial” wave forcing experiments. The first
uses wave 1 forcing alone, but the wave is assumed to

December mean wind
500 m 10-day wave 2

Material line length

73

0 10 20 30 40 50 60
Time (days)

FIG. 9. Length of the material lines as a function of time (a) for the October and (b) for the December
background state with a 10-day wave 2 forcing amplitude of 500 m.
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FiG. 10. Length of the material lines as a function of latitude for
each background state. The forcing is an eastward-moving wave 2
with an amplitude of 500 m.

be eastward moving with a period of 20 days. This is
not entirely unrealistic, since wave 1 does have transient
episodes, as in October of 1986, although the period
in that case was closer to 30 days (Bowman 1990).
This eastward phase velocity shifts the latitude of the
wave | critical line from the tropics to the middle lat-
itudes, on the equatorward flank of the jet. The second
set of experiments uses wave 2 forcing alone, but the
wave is assumed to be stationary.

As anticipated, the eastward-moving wave 1 forcing
shifts the mixing region poleward relative to the sta-
tionary wave 1 (Fig. 14a shows the stretching for the
October basic state), but stretching rates are relatively
slow. For the November background wind profile, the
mixing region is located at the center of the jet, and
extends into the interior of the vortex. There is no
stretching of the material lines for the December back-
ground wind.
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Also as expected, forcing with a stationary wave 2
shifts the deformation region equatorward relative to
the eastward-moving wave (Fig. 14b). The stretching
rates are faster than for the stationary wave 1 and slower
than the transient wave 2, some of which may be as-
cribed to the stronger forcing by wave 2 for the same
wave amplitude.

e. Summary of results

The results from the numerical model are summa-
rized below in terms of the seasonal evolution of the
polar vortex.

In September and October:

e Stationary wavenumber 1 produces some defor-
mation in the tropics, little on the equatorward flank
of the polar vortex, and none in the interior of the
vortex, even when the forcing is larger than is typically
observed.

® Eastward-moving wavenumber 2 produces con-
siderable deformation and mixing on the equatorward
flank of the vortex for observed wave amplitudes, but
little or none in the interior.

e The response to forcing with combined waves 1
and 2 is similar to the superposition of the two indi-
vidual cases, with wave 2 deformation appearing first
in midlatitudes, and wave 1 deformation later in the
tropics and subtropics.

In November:

¢ The behavior of stationary wave 1 is similar to the
earlier months, but the stretching rate is smaller.

e The response to wave 2 is also similar, but if the
wave 2 forcing is strong (750 m), then the stretching
begins to reach into the interior of the vortex.

December mean wind
500 m stationary wave 1
500 m 10-day wave 2

~%

Material line length

] 10 20 30 40 50 60
Time (days)

FI1G. 11. Length of the material lines as a function of time (a) for the October and (b) for the December
background state with a combined stationary wave 1 and 10-day wave 2 forcing amplitude of 500 m.
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FIG. 12. Potential vorticity and location of particle tracers (a) at day 15 and (b) at day 30 for the December background state
with a combined stationary wave 1 and 10-day wave 2 forcing amplitude of 500 m.

¢ The combined wave 1 and 2 forcing produces weak
deformation in the interior of the vortex for interme-
diate forcing, and stronger deformation for strong
forcing. There is still little interchange of air with lower
latitudes.

In December:

e All waves mix very weakly on the exterior of the
vortex.

e Wave 1 alone still produces no stretching in the
interior of the vortex also.

e Wave 2 causes steady stretching in the vortex in-
terior.

e Combined waves 1 and 2 mix the interior of the
vortex thoroughly within a period of ~45 days (starting
from symmetric conditions).

500 m stationary wave 1

g*‘ 500 m 10-day wave 2
g 31 Day 20
g oCT SEP
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.§ 2 DEC Nov
[ ~
=]
z

1 k - v
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FIG. 13. Length of the material lines as a function of latitude for
each background state. The forcing is a combined stationary wave 1
and eastward-moving wave 2. Both waves have an amplitude of 500
m.

General:

¢ Until late November or early December, when the
vortex begins to break down, there is little horizontal
mixing of air from the exterior of the vortex into the
interior. Air parcels are stripped off of the equatorward
flank of the vortex and mixed into lower-latitude air.

e The speed of the mixing depends on the amplitude
of the forcing—stronger forcing produces more rapid
mixing.

¢ The latitudinal width of the mixing zone depends
on the strength of the forcing—stronger forcing pro-
duces a wider mixing zone.

e Except for the strongly forced cases, the defor-
mation is a relatively steady winding of material lines
into “cat’s-eyes.”

4. Discussion

The Lagrangian transport characteristics of this
equivalent barotropic model are consistent with many
aspects of tracer transport in the springtime Antarctic
stratosphere. The deformation and mixing behavior of
the model falls into different regimes depending pri-
marily on the background state (month) and the type
of forcing (wave 1 or wave 2). Changing the amplitude
of the forcing changes the rate of deformation and the
latitudinal width of the deformation zone, but does
not cause qualitative changes in mixing behavior.

The dramatically different response to the stationary
wave 1 and eastward-moving wave 2 appears to be the
result of the location of their respective critical lines.
For the wave 1 case, the midlatitude forcing is distant
from the critical line, which is located in the tropics or
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14. Length of the material lines as a function of time (a) for the October background state with a 20-day wave 1 forcing amplitude

of 500 m and (b) for the December background state with a stationary wave 2 forcing amplitude of 500 m.

subtropics. Some time is required, therefore, for the
wave 1 disturbance to propagate to the critical line,
and some dissipation of the wave can occur. The re-
sponse at the critical line is, therefore, delayed and weak
in comparison to the wave 2 forcing. The model does
not produce the wave 1-type events seen in the TOMS
data (Bowman 1993 ) that pull low ozone air from the
interior of the vortex under the boundary conditions
used here.

The folding and stretching of material lines occurs
within a latitude zone of finite width between the zero
wind line and locus of the forcing. This is due in part
to the fact that the transient ramp-up of the stationary
wave | forcing is equivalent to forcing a broad spectrum
of eastward and westward traveling waves. Because
the wave spectrum has a range of phase velocities, crit-
ical line absorption occurs over a range of latitudes
where the phase speed matches the background flow,
as discussed by Tung (1983). Held and Phillips (1987)
found that nonlinear disturbances decelerate the zonal
flow farther from the critical line as the amplitude of
the wave is increased. Robinson ( 1988) discussed the
role of both these processes in a three-dimensional
model of wave-mean flow interactions. Using obser-
vational data, Randel and Held (1991) have shown
that transient waves in the atmosphere are dissipated
on the poleward side of their critical lines. Waves typ-
ically do not reach their critical latitudes, and the largest
deposition of pseudomomentum is found 10° to 20°
away from the critical line.

Garcia (1991) has developed a parameterization for
dissipation of planetary waves by wave breaking anal-
ogous to Lindzen’s theory for breaking of internal
gravity waves (Lindzen 1981). In his development, the

dissipation depends on the group velocity of the wave,
which becomes small as the critical line is approached,
so the maximum dissipation occurs before the wave
reaches the critical line itself. Garcia et al. (1992) used
the wave breaking parameterization in a two-dimen-
sional dynamical-chemical model of the stratosphere.
They found mixing by planetary wave breaking to be
confined to the exterior of the vortex in the Southern
Hemisphere winter stratosphere. The mixing moved
to higher latitudes as the vortex weakened in late spring.
They found consistent behavior in simulated tracers,
such as N,O, which had relatively weak gradients in
middle latitudes as a result of mixing, and a sharp gra-
dient at the polar vortex boundary. They concluded
that the “surf zone” in the Southern Hemisphere is
confined to middle and subtropical latitudes, and that
the Southern Hemisphere polar vortex acts as a “‘con-
tainment vessel” for trace species.

For the wave 2 case, the location of the midlatitude
forcing encompasses the critical line for the 10-day
wave 2 in September through November. As a result,
the response to the forcing is both more rapid and larger
in amplitude than for wave 1. In Garcia’s parameter-
ization, the mixing rate depends on the group velocity,
which in turn depends on the zonal wavenumber. This
could explain the increased mixing rates for wave 2,
but the applicability of a WKB-type theory in this sit-
uation is questionable.

The dependence of the stretching rates on the am-
plitude of the forcing can be explained in the following
way. As the forcing amplitude increases, the meridional
velocities increase, which increases the dispersion of
parcels in the mean flow. The larger the dispersion, the
greater the shear acting to separate the particles, and
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the faster the stretching rate. A similar argument holds
for the dependence of the stretching rates on the back-
ground states. The background shear decreases steadily
through the season, so equal particle displacements lead
to smaller stretching rates as the season progresses. The
forcing also decreases since it is directly proportional
to the wind velocity.

The tongues of air in the folding regions are some-
what wider than those usually seen in the TOMS data.
This may be due to the resolution of the numerical
model (~3°) and to the simple one- or two-wave forc-
ing applied. The very narrow strands of high ozone air
seen in the TOMS maps may involve medium-scale
or synoptic-scale waves as well.

The vortex breakdown occurs more slowly in the .

model than is usually the case in the real atmosphere.
In the year presented in Bowman (1993), for example,
the entire breakdown process occurred in two weeks.
This may be a result of the lack of transience in the
wave forcing beyond the initial ramp-up, since accel-
erations and decelerations in the flow may produce
larger particle dispersion. Future experiments will study
the effects of transience in the forcing and mixing by
medium and synoptic-scale waves.

Answers to the questions posed in the Introduction
can now be given in the context of the barotropic model
results. 1) The folding and stretching that produces the
finely layered horizontal structure seen in the TOMS
ozone data is consistent with the deformation produced
by planetary-scale waves interacting with the mean
flow, especially the traveling wave 2. The wave breaking
pattern appears in the Lagrangian tracer even when
folding is weak in the potential vorticity field. 2) In
this model at least, there does not appear to be any
significant transport of air out of the polar vortex prior
to the vortex breakdown. 3) The principal factor that
leads to the occurrence of the vortex breakdown is the
deceleration of the jet to the point where winds in much
of the interior of the vortex are close to the phase ve-
locity of the 10-day wave. At this time, the interior of
the vortex becomes a wide critical zone, rather than a
critical line, and the wave forcing mixes the entire in-
terior of the vortex.
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