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Abstract

Non-linear dynamics of a barotropically unstable circumpolar vortex in a forced-dissipative system
is investigated numerically with a high-resolution barotropic model on a spherical domain. Horizontal
transport and mixing processes of a passive tracer are also investigated for several types of evolving flow
fields with a high-resolution transport model. '

Vacillating and irregular solutions are obtained within some parameter ranges as well as s!:_eadyfwave
solutions. In the vacillation, planetary waves propagate eastward, changing the horizontal structure pe-
riodically. Stepwise transitions from steady-wave solutions to irregular ones via vacillations are found for
a sech-type jet which is unstable mainly on the poleward flank of the jet, while no irregular solutions are
obtained for a tanh-type jet which is unstable on the equatorward flank of the jet within realistic parameter

- ranges of the stratosphere. '

Time evolutions of an ideal passive tracer field show that the edge of the circumpolar vortex is so
robust that mixing through the edge hardly occurs whether the solution is steady or not. Exceptionally
intermittent intrusion and ejection of fluid through the vortex edge occur in the irregular solutions for the
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sech-type jet.

1. Introduction

Two kinds of eastward-propagating planetary
waves have been observed in the southern hemi-
sphere stratosphere during winter and spring by
satellite observations. One is the wave of zonal
" wavenumber 2 (Wave 2) discovered by Harwood
(1975) in the temperature field and by Hartmann
(1976) in the geopotential height field. Wave 2 has
its maximum amplitude around 50°S and the pe-
riod is about 8~20 days. The other is the wave of
zonal wavenumber 1 (Wave 1) discovered by Venne
and Stanford (1979, 1982). Wave 1 has its max-
imum amplitude around 70° in both hemispheres
and the period is about 4 days; thus it is sometimes
called “4-day wave”. Details in recent observations
are summarized by Manney, Farrara and Mechoso

(1991) for the Wave 2 in middle latitudes and by

Manney (1991) for the Wave 1.

Since these waves are observed during winter and
spring when the stratospheric polar night jet is in-
tense, Hartmann (1983) made a linear stability anal-
ysis of an idealized polar night jet to show that
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barotropic ‘instability of the polar night jet may .
cause the eastward-propagating waves. He obtained
two kinds of unstable eigenmodes; one is associated
with negative regions of latitudinal gradient of ab-
solute vorticity on the equatorward side of the polar
night jet and the other is associated with those on
the poleward side of the jet. He called the former
the “mid-latitude mode” and the latter the “polar
mode”. The period of each mode and latitude of
its maximum amplitude are similar to those of the
corresponding waves observed in the southern hemi-
sphere.

After Hartmann (1983), many analyses have been
done on the linear stability of the polar night jet
with'more realistic jet profiles (Manney, Nathan and
Stanford, 1988; Manney, Mechoso, Elson and Far-
rara, 1991; Manney and Randel, 1993). However,
there has been no study on the non-linear phase of
the barotropic instability of the polar night jet, at
which phase the linear unstable modes grow to have
a finite amplitude and non-linear interactions be-
come important, until that of Ishioka and Yoden
(1994, hereafter referred to as IY94). They showed
that dominant zonal wavenumber often decreases in
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the non-linear phase of the instability from the most
unstable wavenumber in the linear phase and that
the absolute vorticity is mixed enough to stabilize
the jet. While their results may have some implica-
tions, it is not straightforward to apply those to the
real stratosplere because their model is a conserved
system without any forcing or dissipation.

Tracer transport and mixing processes by the
barotropically unstable waves were studied by Bow-
man and Chen (1994). They traced Lagrangian tra-
jectories for large numbers of particles advected by
unstable waves at finite amplitude in a non-linear
shallow-water model. The main conclusion in the
study is that there is little exchange of air across
the vortex boundary, while the air is mixed both in
middle latitudes and inside the vortex by the mid-
latitude modes and polar modes, respectively. This
is very interesting, because it supports the theoreti-
cal argument that strong gradients of potential vor-
ticity are very resistant to mixing (McIntyre, 1989).
However, the numerical experiments were done for
some limited cases and the effect of the forcing that
maintains the unstable jet was not sufficiently inves-
tigated.

Thus, in this study, we investigate the non-linear
phase of the instability and the tracer transport in
a more realistic situation with a forcing to maintain
the unstable zonal jet and dissipation correspond-
ing to the radiative damping. With such a forcing
and dissipation, several kinds of flow régimes are
expected to exist, depending on some experimen-
tal parameters as in the S-channel experiments by
Kwon and Mak (1988). We sweep a parameter space
which determines the prescribed jet profiles of the
forcing. The model and experimental procedure are
described in Section 2. Results of non-linear evolu-
tion are given in Section 3. Discussion is given in
Section 4 and conclusions in Section 5.

2. The model

The system under consideration is non-divergent
two-dimensional flow over the earth, which flow is
governed by the vorticity equation in the form

D ae-t+0 (v 5) @-m) @
where g(\, ¢, 1) = V21)+2Q sin ¢ is the absolute vor-
ticity, (), ¢, t) the streamfunction, A the longitude,
¢ the latitude, ¢ the time, a the radius of the earth
(= 6.37 x 10 m), Q the angular speed of rotation
of the earth (= 7.29 x 107%/s), V? the horizontal
Laplacian:
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and D/Dt the material derivative:
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The first term on the right hand side of Eq. (1)
means a linear “radiative” relaxation to a zonally
symmetric equilibrium state gy(¢), which is the ab-
solute vorticity profile for the prescribed jet forcing
defined below, and the second term is an artificial
viscosity term introduced to smooth numerical be-
havior. Throughout this study, we fix the relaxation
time as o' = 10 days and the viscosity coefficient v
at a small constant which gives the dissipation time
of 1 day at the largest total wavenumber (N = 85)
in our model. We employ a damping rate o that is
rather smaller than the realistic value for middle and
upper stratosphere in order to examine various flow
régimes which depend on the external parameters;
when ¢ is too large, the variety of flow régimes is
limited because the damping has a stabilizing effect
on the system (see, e.g., Kwon and Mak, 1988).

The prescribed equilibrium state, which is
barotropically unstable, is either of two types of jet
profiles introduced by Hartmann (1983):

tanh-type jet:
1 -
iio(¢p) = Ucos¢ - 3 (1 + tanh ¢ B¢D> , (4)
sech-type jet:

To(8) = U cos g - sechﬁBL"), (5)
where U is a measure of the intensity of the jet, B
its width, and ¢¢ its position. Thirty six experi-
ments are done for each type of jet profile, changing
the values of the three parameters around the values
used by Hartmann (1983). Examples of the profiles
of Tp(¢) and gy(¢) are illustrated with dotted lines
in Fig. 3 for the tanh-type jet and in Fig. 9 for the
sech-type jet. The tanh-type jet has negative lati-
tudinal gradient of zonal mean absolute vorticity on
the equatorward flank of the jet axis, while for the
sech-type jet it is mainly on the poleward flank of
the jet axis. Note that U is not representative of
the actual flow speed because of the factor of cos ¢
in Eqgs. (4) and (5); the maximum of %y (¢) is about
a half of U.

Transport and mixing processes are also inves-
tigated using a passive scalar transport model de-
scribed as:

D

S =V (6)
where x(\, ¢,t) is a passive scalar and v, is an ar-
tificial hyper-diffusion coefficient, which is fixed at
a small constant with the diffusion time-scale of 0.1
day at the largest total wavenumber (N = 173) in
the transport model.

Equation (1) is integratéd numerically for 200
days from an unstable jet profile gy with a small dis-
turbance, while the integration of Eq. (6) is started
at a certain time of the integration period of Eq. (1)
from an axisymmetric initial distribution: x = sin ¢.
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Fig. 1. Régime diagram for tanh-type jet
as a function of U, B, and ¢o. Symbol
S refers to a steady-wave solution and
V' a vacillation. The lower suffix indi-
cates dominant zonal wavenumber, and
the upper suffix for a steady-wave solu-
tion indicates 27 /c in days, where c is
the angular phase velocity of the steady
wave.

The initial disturbance is the same one used by
1Y 94; the results are insensitive to the structure of
this disturbance. The advection term is computed
using a spectral transform method with a triangu-
lar truncation of T85 for Eq. (1) and T173 for Eq.
(6). The Runge-Kutta-Gill method is used for time-
integrations with an increment of 1/150 day.

3. Results

‘8.1 The tanh—type jet
1) dynamical features

Figure 1 is a régime diagram which shows each ‘

flow régime as a function of the forcing parameters,
U, B and ¢g. The symbol § refers to a steady-wave
state and V refers to a vacillation in which the wave
changes its structure periodically. The lower suf-
fix indicates the dominant zonal wavenumber, and
the upper suffix for a steady-wave solution indicates
2m/c in days, where c is the angular phase veloc-
ity of the steady wave. That is, the upper suffix
indicates the time needed for the steady wave to
travel round the pole. Here, the steady-wave solu-
tion of zonal wavenumber 2 is obtained over a wide
range of parameters. Such dominance of Wave 2
is consistent with the result in the conserved sys-
tem obtained by IY94 and the dominance in the
parameter space is more remarkable in the present
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Fig. 2. Evolution of the domain-averaged
kinetic energy associated with mean
zonal How and Waves 1, 2, 3, and 4
for a tanh-type jet with U = 270 m/s,
B = 4°, and ¢o = 55°.. The time is mea-
sured after a 105-day integration from
the initial state when the energy of zonal
component has a maximum value.

forced-dissipative system. The angular phasé veloc-
ity of the steady waves, which mainly depends on
U, is comparable to the observed waves. A steady-
wave solution of Wave 3 is obtained for a weak low-
latitude jet (U = 180 m/s and ¢ = 35°). The exis-
tence of the Wave 3 régime for the low-latitude jet is
due to longer parallel of latitudes along the jet axis.
Several vacillating solutions are also obtained for the
three values of ¢g. However, the nature of the vacil-
lation for ¢ = 35° and for ¢y = 45° with B = 8° is
different from that for ¢g = 45° with B = 4° and for
¢$o = 55°. Vacillations for ¢9 = 35°, which appear at
the boundary between S5 and S; régimes, have very
slight variation of wave amplitude, and the vacilla-
tion for ¢y = 45° with B = 8° has the same nature.
On the other hand, the vacillations for ¢g = 45°
with B = 4° and for ¢ = 55°, which appear when
the jet forcing is narrow (small B) and intense (large
U), have a large variation of wave amplitude. De-
crease of dominant zonal wavenumber from 3 to 2
along the U axis at ¢y = 35° is consistent with the
result obtained by Kwon and Mak (1988).

Figure 2 shows an example of the evolution
of domain-averaged kinetic energy associated with
zonal mean zonal flow and planetary waves (see IY94
for the definition) for the vacillation of U = 270 m/s,
B = 4°, and ¢9 = 55°. The energy is mainly ex-
changed between the mean zonal flow (dotted line)
and Wave 2 (solid line) with a period of 7.36 days.
The variation of the wave energy is as much as 50 per
cent of the time-mean value. The variation of zonal
profiles, @ and g, for the vacillating solution is shown
in Fig. 3. The negative region of dg/d¢ in the initial
profile (around ¢~50°) almost disappears owing to
vorticity mixing by the Wave 2. Corresponding to
this change of § profile, the jet becomes weak and
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" Fig. 3. Variation of the latitudinal profiles of zonal mean zonal wind %(¢) and zonal mean absolute
vorticity g(¢) for a tanh-type jet with U = 270 m/s, B = 4°, and ¢ = 55°. The dotted line shows
the prescribed equilibrium profile (or, the initial state); the solid line and broken line show the profiles

at Day 0 and Day 3.68 in Fig. 2, respectively.
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Fig. 4. Evolution of the absolute vorticity (g) field for a tanh-type jet with U = 270 m/s, B = 4°,
and ¢o = 55° (every quarter of the vacillation cycle is shown). The value is scaled by © and dark
shading corresponds to high g. Lambert equal area projection is used only for a hemisphere (¢ > 0°).

Meridians and parallels are shown every 30°.

wide. The maximum speed of the jet around ¢~65°
fluctuates about 10 per cent in this vacillation cycle.
Negative regions of dj/d¢ exist in middle latitudes
when the zonal flow has a maximum energy (solid
line), while they disappear when the wave energy
has a maximum (broken line).

Figure 4 shows the evolution of absolute vorticity
(q) field in the vacillation. The polar vortex changes
its shape; stretching (a — c¢) and shrinking (¢ — e)
in the vacillation cycle. Since the vacillation cycle
is 7.36 days, (e) and (f) show the same patterns as
(a) and (b), respectively, except for the longitudinal
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Fig. 5. Evolution of a passive scalar (x) field for a tanh-type jet with U = 270 m/s, B = 4°, and ¢g = 55°
(every two cycles of the vacillation is shown). Each date corresponds to that in Fig. 2.

0.5 0.6 0.7 0.8 0.9 1

Fig. 6. The passive scalar field after a 73.6 day-integration for a tanh-type jet (a): vacillation with
U =270 m/s, B =4°, and ¢o = 55°, (b): the steady-wave solution with U = 270 m/s, B = 6°, and
¢o = 55°. (c): trajectory of a tracer in the same steady-wave solution as (b).

The Wave 2 pattern propagates eastward
=1

phase.
with an angular phase velocity of 27/16.26 day
on average.

2) tracer transport

To investigate tracer transport and mixing pro-
cesses in the vacillation, Eq. (6) is integrated for
73.6 days (i.e., 10 cycles of the vacillation) from an
axisymmetric initial distribution, x = sin¢. Fig-
ure 5 shows the evolution of the passive scalar (x)
field over every two cycles of the vacillation. At the

early stage of the evolution, thin filaments of fluid
are formed and circling around two low-q areas in
middle latitudes (b). Then the fluid in middle lat-
itudes is mixed thoroughly through stretching and
folding of these filaments (c, d). Finally, the fine
structures in middle latitudes are smoothed by the
hyper-diffusion and the yellow region spreads (e, f).
On the other hand, the fluid inside the polar vor-
tex is isolated from surroundings; in other words,
no fluid is exchanged across the vortex boundary
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Fig. 7. Same as Fig. 1, except for a’
sech-type jet. Symbol I refers to an ir-
regularly fluctuating solution.

around ¢~60°.

For the present initial dlstrlbutlon of x, such a
mixing in middle latitudes is not peculiar to vac-
illating solutions. Figure 6 compares two x fields
after a 73.6-day integration from the same axisym-
metric initial distribution for the vacillation (a) as
shown in Fig. 5f and for the steady-wave solution
with U = 270 m/s, B = 6°, and ¢ = 55° (b).
The mixing in middle latitudes occurs also in the
steady-wave solution through shearing rather than
stretching and folding. Figure 6¢ is the stream-
function in the co-moving reference frame with the
steady wave shown in (b), which streamfunction
gives the particle trajectory (Flierl, 1981; Polvani
and Touma, 1992). Heteroclinic orbits connecting
two saddle points are drawn by green lines, which
separate the anti-cyclonically trapped regions from
polar and low-latitude regions. Particles (tracer) in-
side the trapped regions move eastward in accor-
dance with the eastward-propagating steady wave.
Note that fluid in the polar region is also isolated by
the heteroclinic orbits. The apparent mixing in Fig.
6b is a transient feature which arose from the choice
of the initial distribution of y; the mixing through
shearing continues until the pattern in the passive
scalar field corresponds to the trajectory pattern (c).
If one chose the streamfunction field shown in Fig.
6¢ as the initial distribution of the passive scalar,
one would not see any subsequent mixing. On the
other hand, such a steady trajectory does not exist
for the vacillation and “chaotic mixing” (Pierrehum-
bert, 1991) occurs in the separatrix layers around
the heteroclinic orbits. The early stage of the mixing
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Fig. 8. Same as Fig. 2, except for a
sech-type jet with U = 270 m/s,
B = 10°, and ¢o = 50°. The time

is measured after a 100-day integration
from the initial state.

mainly due to shearing is common to steady-wave
and vacillating solutions, while the effective mixing
indicated by large yellow area as shown in Fig. 5e,
5f is a result of the chaotic mixing in the vacillation.

3.2 The sech-type jet

1) dynamical features

The régime diagram for the zonal flow forcing of
sech-type jet is shown in Fig. 7. Here, a new symbol
I refers to an irregularly fluctuating solution. When
B = 20° (wide jets), all the runs fall into steady-
wave solutions of zonal wavenumber 1. The angular
phase speed of the wave is faster than the observed
“4-day wave” because the jet analyzed here is rather
intense. For narrower jets, however, an irregular
flow régime as well as a vacillation régime exists;
stepwise transitions from a steady-wave régime to ir-
regular flow via vacillation take place as B decreases
at ¢g = 50°: The wave field has some dominant
zonal wavenumbers in these vacillation and irregu-
lar flow, because a negative dg,/d¢ area exists not
only in high latitudes but also in middle latitudes
for the smaller B(= 15°,10°) (¢f. Fig. 9). The in-
teraction between the waves originating from these
two unstable regions leads to either vacillation or
irregular fluctuation.

Figure 8 shows an example of the evolution of
domain-averaged kinetic energy for an irregular so-
lution with U = 270 m/s, B = 10°, and ¢o = 50°.
The dominant wavenumber is 3 for most of the time,
but Wave 1 grows occasionally and Wave 3 decays
simultaneously, leading to the dominance of Wave 1
during the periods of Days 0-10, 34—45, and 75-80.
Wave 1 is generated in the unstable region in high
latitudes while Wave 3 is in middle latitudes. Wave
3, Wave 1 and zonal mean flow interact with one an-
other to cause irregular fluctuation; anti-correlation
between zonal mean flow and Wave 3 is evident.

Figure 9 shows variation of the latitudinal profiles
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Fig. 9. Same as Fig. 3, except for a sech-type jet with U = 270 m/s, B = 10°, and ¢o = 50°. Solid lines
show the latitudinal profiles drawn every day from Day 0 to Day 80. .

(b)

day 10.00

(e)

Fig. 10. Same as Fig. 4, except for a sech-type jet with U = 270 m/s, B = 10°, and ¢o = 50°. Lambert
equal area projection is used for an area of ¢ > 30°.

of @ and g for the irregular solution. Two unstable
areas where dg,/d¢ < 0 in the prescribed forcing
profile (dotted line) exist both in poleward and equa-
torward flanks of the jet. Momentum transport by
the fluctuating waves removes the unstable regions
of dg/d¢ < 0 and makes the jet weak and wide. The
zonal mean % and § fluctuate both in high latitudes
and in middle latitudes, but more significantly in
high latitudes.

Evolution of the absolute vorticity field for the ir-

regular solution is shown in Fig. 10. The area of
highest ¢ does not exist over the pole but is located
in a zonal band around ¢~60°. Negative gradients
of g in the polar region shown in Fig. 9 reflect these
distributions of ¢. The shape of the polar vortex
changes irregularly, reflecting the variation of Wave
1 and Wave 3 shown in Fig. 8. Corresponding to the
dominance of Wave 3 between Day 15 and 30, the
shape of the polar vortex characterized by sharp gra-
dient of ¢ becomes roughly triangular at Day 30(d).
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At Day 40(e), on the other hand, the high-g area
has large anti-symmetry about the pole owing to
the growth of Wave 1, and the edge of the polar
vortex is broken around A~270° (a gap of the sharp
gradient appears). Note here that a clear boundary
to the polar vortex often exists around ¢~50°.

2) tracer transport

Figure 11 shows the evolution of a passive scalar
field for the irregular low shown in Fig. 10. In mid-
dle latitudes around ¢~45°, the fluid is mixed vi-
olently by Wave 3 and others (b, ¢, d), and even-
tually the distribution of passive scalar is smoothed
out (e, ). Unlike the cases of the tanh-type jet, the
fluid inside the polar vortex is also mixed by Wave 1
and others (b—f). Note that a thin filament of fluid
in middle latitudes occasionally intrudes deeply into
the polar region (the yellow area in (e)) from the
broken edge of the polar vortex around A~270° (cf.
Fig: 10e). At the same time a thin filament of polar
fluid flows out of the edge. In the greater part of the
evolution, the polar fluid is isolated from surround-
ings and a very sharp gradient of the passive scalar
field is maintained at the edge of the polar vortex
(around ¢~50° in (f)).

Figure 12 shows the passive scalar fields after a
50-day integration from the same axisymmetric dis-
tribution as Fig. 11a for three kinds of flow régimes
with U = 270 m/s and ¢9 = 50°: (a) irregular
flow (B = 10°), (b) vacillation (B = 15°), and (c)
steady-wave solution (B = 20°). Here, (a) is the
same as Fig. 11f. In the vacillation (b), the fluid
in middle latitudes is mixed sufficiently and gradi-
ents of the passive scalar field is largely smeared out
owing to the wave disturbances {dominantly Wave
3) generated by the instability in the equatorward
flank of the jet. Inside the polar vortex, the fluid
initially in -the polar region shown by purple color
is shifted to ¢~80° by Wave 1 in high latitudes.
The chaotic mixing in the vacillation, mainly due
to the interaction between the Wave 1 and Wave 3,
smooths the passive scalar distribution to some ex-
tent (that is, the blue area in (b) spreads), although
the vacillation cycle is so long (34 days) that the
chaotic mixing is not effective in the 50-day integra-
tion. In the steady-wave solution (c), on the other
hand, the fluid in middle latitudes is hardly mixed
because there is no unstable region in the equator-
ward flank of the jet. The fluid initially in the po-
lar region is split into two parts by Wave 1; one is
the major part centered at ¢~80°, keeping its ini-
tial round shape, and the other is the minor part
around ¢~60°, which shape is a crescent. This pat-
tern of the passive scalar distribution changes little
afterward and keeps circling around the pole east-
ward. The pattern corresponds to the trajectory
associated with the steady wave (not shown) as Fig.
6b corresponds to Fig. 6¢; the streamfunction in the
co-moving frame with the Wave 1 has only one sad-
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dle point (A~45° and ¢~50° at day 50).
4. Discussion

We used two types of jet profile introduced by
Hartmann (1983) for the zonal flow forcing, sweep-
ing wide parameter ranges which determine the
structure of the jet profile. One of the major dif-
ferences between the régime diagrams obtained for
the two types of the jet profiles is the existence of
the irregular régime for the sech-type jet. This is
because unstable regions can exist in both poleward
and equatorward flanks of the sech-type jet. Interac-
tions between the waves originating from these two
unstable regions lead to the irregular fluctuations in
the flow field. On the other hand, no irregular solu-
tion was obtained for the tanh-type jet, which has
an unstable region only on the equatorward flank of
the jet, even if an unrealistically unstable jet was
assumed as intense as U = 450 m/s with B = 4°
and ¢p = 55°.

Another significant feature in these régime dia-
grams is the dominance of Wave 2 for the tanh-type
jet, which dominance is more remarkable than that
in the conserved system investigated by 1Y94. It
is consistent with the satellite observations that an
eastward-propagating Wave 2 is usually dominant in
middle latitudes in the southern hemisphere strato-
sphere during winter and spring (Harwood, 1975;
Hartmann, 1976). This correspondence suggests
that the eastward-propagating Wave 2 observed by
satellites can be caused by the barotropic instability
of the circumpolar vortex.

In the analyses of the tracer transport, a common
result for both types of jet profile is the robustness
of the edge of the polar vortex in resisting exchange
of fluid between the inside and outside of the vortex
as reported by Bowman and Chen (1994). For the
tanh-type jet, there is an unstable region only on
the equatorward flank of the jet, so that the fluid is
mixed only in middle latitudes. Even if both equa-
torward and poleward flanks of the jet are unstable
for sech-type jet, fluid mixing occurs inside and out-
side the vortex independently (e.g. Fig. 12b). The
isolation of the polar vortex is “noticed” in the real
atmosphere. The quasi-horizontal transport and
mixing properties in and out of the Antarctic po-
lar vortex were investigated by Chen et al. (1994)
and Chen (1994) with a semi-Lagrangian transport
model and a contour advection technique using an-
alyzed winds; in the middle stratosphere the polar
vortex is isolated from the midlatitude surf zone in
late winter and early spring owing to sharp latitu-
dinal gradients of potential vorticity at the vortex

~edge, while it is not so isolated in the lower strato-

sphere.

However, irregular flow for the sech-type jet isan
exception: when the jet is so unstable that the edge
of the polar vortex is distorted and broken to form
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Fig. 11. Same as Fig. 5, except for a sech-type jet with U = 270 m/s, B = 10°, and ¢o = 50°. Lambert
equal area projection is used only for an area of ¢ > 30°.

(a) Mday 50.00 (b)

270 90°

day 50.00 (c)

Fig. 12. The passive scalar field after a 50-day integration for sech-type jets with U = 270 m/s and
do = 50°. (a): irregular flow with B = 10°, (b): vacillation with B = 15°, (c): the steady-wave

solution with B = 20°.

a gap occasionally, fluid outside the vortex intrudes
into the vortex while polar fluid inside the vortex is
ejected outside in a filamentary structure (e.g. Fig.
1le). Similar intrusion and ejection events in the
winter stratosphere are observed in LIMS ozone data
(Leovy et al., 1985) and in GCM study of Mahlman
and Umscheid (1987). Recently, the detail of such
a horizontal transport process was investigated us-
ing the contour advection technique with analyzed
winds (Waugh, et al., 1994; Plumb, et al., 1994)

and using a high-resolution numerical model (Nor-
ton, 1994). In these studies, intrusion and ejec-
tion events occur owing to the breaking of Rossby
waves propagating from the troposphere. On the
other hand, there is no wave forcing in our model,
so that the result of our study proposes another
possibility that such intrusion dnd ejection events
can be caused by the instability of the polar vor-
tex alone, although the aforementioned studies have
been mainly focused on the middle and lower strato-
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sphere while this work might be relevant to the up-
per stratosphere.

In connection with the contour advection method,
we have to- comment on the use of hyper-diffusion
in our tracer transport model. The use of hyper-
diffusion is artificial and inevitable for passive scalar
models with grid or spectral methods. The hyper-
diffusion smooths fine structures close to the grid
scale selectively and gives a kind of coarsely av-
eraged view (in the T173 truncation, AA~0.7°).
Then, the area smoothed by the hyper-diffusion
must be filled with very fine structures if the con-
tour advection method is used. However, the effect
of hyper-diffusion would be justified if sub-grid scale
mixing processes take place owing to local shear
and/or convective instabilities which might be asso-
ciated with gravity waves propagating in the strato-
sphere.

Pierrehumbert (1991) did pioneering work on the
chaotic mixing in a geophysical fluid, mainly with
a kinematic study. We showed an example of the
chaoti¢ mixing in vacillation (quasi-periodic flow
field) by comparing with the mixing due to shearing
in a steady-wave solution (periodic flow field). This
is the first attempt to get a dynamically consistent
simulation of the chaotic mixing in a quasi-periodic
flow field. On the other hand, previous studies on
the Rossby wave breaking have shown examples of
irreversible mixing in an irregular non-periodic flow
field (e.g., Juckes and Mclntyre, 1987). A common
feature of these mixing processes is the importance
of the saddle point in the co-moving frame with a
steady wave (Fig. 6¢), or the stagnation point used
in the kinematic analysis by Polvani and Plumb
(1992). These points are defined as points where
flow speed is identical to the phase velocity of the
wave. For the case of forced waves, the points are lo-
cated in the critical layer, in which irreversible mix-
ing occurs dominantly as reported for several flow
configurations (Juckes and Mclntyre, 1987; Polvani
and Plumb, 1992; Bowman, 1993; Nakamura and
Plumb, 1994). In our study, the existence of the
saddle point in the steady-solution is essential to
the chaotic mixing in the separatrix layers shown
in Figs. 5 and 6. The kinematics of particle mo-
tions around this point is common to these mixing
processes, whether the flow field is quasi-periodic or
chaotic.

While the studies cited above investigated sev-
eral aspects of the transport processes by numerical
means, relevant laboratory experiments were con-
ducted by Sommeria, Meyers and Swinney (1989).
They produced barotropically unstable jets by
pumping fluid in a rotating annular tank with a slop-
ing bottom and investigated tracer transport associ-
ated with waves generated by the barotropic insta-
bility by injecting dye into the fluid. They showed
that the jet acts as a barrier to tracer transport and

Vol. 73, No. 2

observed filamentary intrusion and ejection of fluid,
which is consistent with our results. However, the
intrusion is not so dramatic as we observed in the ir-
regular solution for the sech-type jet because of the
annular geometry that suppresses the flow toward
the vortex center.

Finally, another correspondence of the results
with the real atmosphere is a coherent blob of abso-
lute vorticity circling eastward around the pole ob-
tained for the sech-type jet (it is.-not shown, but its
structure is similar to the passive scalar field shown
in Fig. 12¢). This coherent blob of absolute vorticity
may correspond to the “warm pool” circling the pole
with a period of nearly 4 days, which is reported by
Prata (1984) and Lait and Stanford (1988). It will
be an interesting subject to analize the dynamical
features of the stratosphere during the pertods when
the warm pool is observed.

5. Conclusions

Non-linear aspects of a barotropically unstable
circumpolar vortex in a forced-dissipative system
are investigated numerically with a high-resolution
barotropic model on a spherical domain. Linear
relaxation to a prescribed zonal jet, of which the
meridional profile satisfies the instability condition,
is assumed with a plausible value of the relaxation
time in the stratosphere. To investigate the flow
régimes, thirty six experiments are done for each
of two types of jet profile introduced by Hartmann
(1983), changing three parameters which determine
the structure of the jet profile. Horizontal transport
and mixing processes of a passive scalar are also in-
vestigated for several types of evolving flow fields
with a high-resolution transport model.

Vacillating and irregular solutions are obtained
within some parameter ranges as well as steady wave
solutions. In the vacillation, planetary waves prop-
agate eastward, changing the horizontal structure
periodically. Wave-zonal flow interaction is impor-
tant to generate the vacillation in a tanh-type jet
which is unstable on the equatorward flank of the
jet, while wave-wave interactions are also important
for a sech-type jet which is unstable mainly on the
poleward flank of the jet. Stepwise transitions from
steady wave solutions to irregular ones via vacilla-
tions are found for the sech-type jet, while no irreg-
ular solutions are obtained for the tanh-type jet. A
steady-wave or vacillation régime of zonal wavenum-
ber 2 is dominant for the tanh-type jet within real-
istic parameter ranges of the stratosphere.

Time evolutions of an ideal passive tracer field
show that in vacillating and irregular solutions the
fluid is mixed through stretching and folding of fluid
as well as shearing in a steady-wave solution. Large-
scale mixing takes place in middle latitudes for the
tanh-type jet, while the fluid initially in the polar
region is advected off the pole for the sech-type jet.
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‘Since the mixing occurs inside or outside of the vor-
tex independently, the mixing through the edge of
the vortex hardly occurs for either type of jet pro-
file. For the sech-type jet, however, intermittent in-
trusion and ejection of fluid in a filament structure
can occur through the vortex edge, when the vortex
is so unstable that the flow fluctuates irregularly.
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