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Abstract

An observational study is made of low-frequency variations of the general circulation in the
Southern Hemisphere troposphere with the aid of daily data analyzed at the National Meteorological
Center (NMC).

In the winter of 1983 there exist two typical patterns of the zonal mean geostrophic wind in the
meridional plane. We name them the single jet regime and the double jet regime, each of which per-
sisted with a characteristic duration of a month and appeared twice alternatively. In the single jet
regime, the subtropical jet at the tropopause level is strong and the stationary wave of zonal wave-
number (WN =) 3 has a larger amplitude than WN = 2, On the other hand, in the double jet regime
the subtropical jet is weak and the polar night jet extends down to the surface at about 55°S. Domi-
nant stationary planetary waves are WN = 1 and 2. These two regimes are also observed in the three
years 1980-1982.

In terms of the quasi-geostrophic Eliassen-Palm (E-P) flux diagnostics, the vertical component of
the E-P flux, which is proportional to the horizontal eddy heat flux, is larger around the mid-latitude
troposphere in the single jet regime than in the double jet regime. Consequently, the convergence of
the E-P flux, which acts as a wave drag on the mean westerly wind, is larger around the mid- and high
latitude tropopause level in the single jet regime than in the double jet regime. The larger wave drag
tends to keep the weaker westerlies in the single jet regime.

An empirical orthogonal function (EOF) analysis is made to define an index of the zonal mean
wind of two dimension. The first component of EOF, which represents over 40% of the total variance,
corresponds to the variations between the two regimes. The amplitude of this component is used as a
kind of ‘zonal index’. Time-variation of the zonal index is not considered an internal oscillation
with an intrinsic frequency because the ‘period’, which is not an appropriate concept for the present
phenomenon, is different in each year. The transition between the regimes is rather rapid compared
with the duration of each regime. No clear relation is found between the regime transitions and the
annual variation. These observational evidences support an interpretation that this low-frequency
variation of the zonal index is the transition between multiple planetary flow regimes in the Southern
Hemisphere.

Intzoduction low frequency atmospheric variability .
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themselves there still exists an enigma of the

It is well known that the general circulation
of the atmosphere has low-frequency variability
with time scales of a week or longer. Wallace and
Blackmon (1983) documented some of the
characteristics of the low-frequency variations by
reviewing recent observational studies and also
discussed some causes of them by referring
theoretical works. However, as mentioned by
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In this paper we show another observational
example of low-frequency variations in the
Southern Hemisphere troposphere. It is an
irregular fluctuation of zonal mean geostrophic
winds during wintertime. The fluctuation is
characterized by the persistence with characteris-
tic duration of a month and rather rapid transi-
tion to another state.

One possible interpretation of this low-
frequency variation is the transition between
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different climatic regimes, which is one of the
six causes exemplified by Wallace and Blackmon
(1983). They stated that there is a possibility of
two or more preferred climatic states that might
coexist in the presence of the same external
forcing. The multiplicity of climatic regimes may
be permitted to exist because the atmosphere is a
highly nonlinear system. Theoretical background
of this concept was introduced by Lorenz (1968)
in terms of the ‘almost-intransitive system’ and
revived by Charney and DeVore (1979) in the
problem of blocking.

There are some observational studies on the
multiplicity of climatic states. Dole (1982) in-
vestigated the persistent anomalies of wintertime
circulation well known as blocking phenomena.
He showed that the duration of individual ano-
maly events is highly variable and that the de-
velopment and decay of these events are rather
abrupt compared with the duration. Wallace
and Blackmon (1983) gave a similar example of
two different flow regimes over the Rocky
mountains. One regime is related to the Pacific/
North American correlation pattern (Wallace and
Gutzler, 1981) and the other is very similar to
the long-term climatology. They used a subjec-
tive approach to identify the circulation patterns
associated with preferred flow regimes, but it is
justifiable in the absence of detailed theoretical
guidance. In these studies climatic states were
defined regionally.

On the other hand, there are some observa-
tional studies in which the climatic state is de-
fined in the hemisphere. Sutera (1986) made an
analysis of the 500 mb geopotential height field
in the Northern Hemisphere winter. He found
that a measure of the planetary wave compo-
nents of the atmospheric flow has a bimodal
density distribution, i.e., two preferred kinetic
energy levels. Mo and Ghil (1987) obtained two
types of persistent SO0 mb height anomalies with
distinct statistical features in the Southern
Hemisphere. They tried to explain these anoma-
lies as belonging to multiple planetary flow
regimes by making the same analysis for an
idealized dynamical model by Legras and Ghil
(1985).

Our approach is different from those in the
previous studies cited above; we mainly take note
of the day-to-day variation of the zonal mean
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wind as an index of the variation of planetary-
scale (hemispheric) flow. Time-variations of
zonally asymmetric components are also investi-
gated in relation to those of the zonal mean. The
reason why we choose the Southern Hemisphere
is that the contamination of the forced annual
variation is small compared with the Northern
Hemisphere. (In this study we are interested in
the transition between different climatic regimes,
which is essentially free variation of the atmos-
phere.) The smallness of the annual variation is
explained by the fact that a large part of the
Southern Hemisphere is covered by the ocean,
which has a large heat capacity.

We use the NMC data for four years from
1980 to 1983. Description of the data set is given
in Section 2. Variations of the general circulation
in 1983 are investigated first in detail: Variations
of the zonal mean geostrophic wind are described
in Section 3 and those of zonally asymmetric
components in Section 4. In Section 5 a similar
investigation is made fot the other three years in
order to reveal the characteristic variations more
clearly. Relations to previous observational
studies and numerical model works are discussed
in Section 6 and the conclusions are given in
Section 7.

2. The data set

Our data are the NMC daily geopotential
height and temperature analyses in the Southern
Hemisphere for 12 pressure levels from 1000 mb
up to 50 mb. For a detailed description of the
data sources and analysis procedure, see Geller
et al. (1983). Originally the NMC analyses
covered the globe with 2.5° x 2.5° longitude-
latitude grids at twice-daily intervals. In order
to reduce the data we adopted a coarse grid of
5° x 5° in the Southern Hemisphere and used
only once daily analysis at 1200 GMT.

The analyzed period is four years from
January 1980 to December 1983. There exist
five periods in which the data are continuously
missing for seven days or more: February 1 — 7,
1981; August 30 — September 5, 1981 ; October
4 —10,1981; June 30 — July 17, 1982 and April
9 — 30, 1983. There also exist sporadically
missing data besides these periods but the rate
of missing data is 7%. We made a linear interpola-
tion in time for the missing data.
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3. Variations of the zonal mean wind in 1983

The zonally averaged geostrophic zonal wind
[ul(¢p, p, t)was computed between 5°S and 85°S
using a centered difference at intervals of 10°
latitude. The notation is listed in Appendix A.
Fig. 1 shows time latitude sections of [u](¢p, p,, 1)
at p; = 200 mb and 500 mb. The annual varia-
tion of [u] is not as large as that in the Northern
Hemisphere. In particular the seasonal march in
wintertime is not conspicuous from May to
October. This feature is more evident at the
lower level (500 mb).

In wintertime low-frequency variations with
characteristic duration of about a month are
dominant. At the 200 mb level, in addition to
the primary jet of [u] between 25°S and 35°S,
a second maximum in [u] exists at about 50°S
from July to August and after September. The
position of the westerly jet at 500 mb varies
between 30°S and 60°S in concert with the ap-
pearance of the secondary jet at 200 mb.

The winter period from June 11 to October
20 (132 days), with which we are mainly con-
cerned, is divided into four periods according

Zonovl Wind
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to the position of westerly jet (Fig. 1). The
subdivided periods are not the same length but
all are between 25 days and 41 days (see bottom-
left in Fig. 2). Although this division is a subjec-
tive one, there are only a few alternatives because
of fast transitions of the westerly jet.

The time average and the standard deviation
of [u] are computed within each sub-periods
(denoted by Period = 1 ~ 4 in the figures) as
well as the whole period (Total). Fig. 2 shows
the time average [#] and [&] # standard devia-
tion of [u] at the 200 mb level for each averag-
ing period. The zonal wind has a single jet profile
with a maximum near 30°S for periods 1 and 3.
On the other hand, for periods 2 and 4 there
exists a secondary maximum of [u] at 55°S. The
primary jet in the subtropics in these periods is
weaker than that in periods 1 and 3. The average
for the whole period resembles none of the sub-
periods. The resemblance of the [u] profile is
notable between periods 1 and 3.

The standard deviation of [u] for the whole
period takes on large values near 30°S, 60°S and
80°S. At these latitudes variations of [&] among
sub-periods are large and contribute to the large
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Time-atitude sections of the zonal-mean geostrophic wind [u] at

200 mb (top) and 500 mb (bottom). Local maximum of [u] (i.e., position
of westerly jet) is denoted by dot. Data from April 9 to April 30 are linearly
interpolated. Oblique lines are drawn for negative {u] of easterly wind.
Winter period is divided into four sub-periods (1 ~ 4), which are bordered

by vertical lines.
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Fig.2 Meridional profiles of the zonalimean geostrophic wind at 200 mb
averaged in the whole period and in the four sub-periods. Broken lines

denote the average + one standard deviation.
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Fig. 3 Meridional cross section of the zonal-mean geostrophic wind averaged

in the whole period (top-left) and the sub-periods (middle and bottom).
Standard deviation in the whole period is also shown (top-right). Contour

interval is 5 ms™ for averaged wind and 1 ms™ for standard deviation.

standard deviation for the whole period. In
particular at 60°S the difference of [u] between
periods 1 and 2 (or 3 and 4) exceeds 10 ms™ .
The standard deviation for each sub-period is
small at all latitudes except for the polar region.

Meridional cross sections of [u] (¢, p)

Vol.'65,No. 4

are

shown in Fig. 3 for each averaging period. The
top two panels are the average and the standard
deviation of [u] for the whole period. The sub-
tropical jet has a maximum value of about
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40 ms™ at 30°S and 200 mb. The distribution
of [u](¢e, p)' for the whole period is close to the
climatological one for July obtained by Tren-
berth (1984). The standard deviation for the
whole period is largest around 60°S at all levels.
There also exists a second maximum near the
subtropical jet.

In periods 1 and 3, the subtropical jet is
strong and there is no secondary jet at all levels
in the troposphere. On the other hand, in periods
2 and 4, the subtropical jet is weak and the polar
night jet extends down to the surface at about
55°S, so that a double jet structure is prominent
in the upper troposphere. The two-dimensional
profiles of [u] (¢, p) in the troposphere resemble
one another for periods 1 and 3 and for periods
2 and 4. From now on, we call periods 1 and 3
single jet regime and periods 2 and 4 double jet
regime.

In order to see the day-to-day variation of
zonal mean winds, an empirical orthogonal func-
tion (EOF) analysis in the meridional plane is
performed on the basis of the cross-covariance
matrix of [u]. Details of the EOF analysis were
reviewed by North et al. (1982). It is a good
method to obtain a characteristic spatial pattern
of the variations, which is given by an eigenvec-
tor E,(¢;, p;) of the matrix, and to know time-
variations of each component by computing an
amplitude A4,(¢).

We define the amplitude A, (¢) as

17 10
An([):ax i%:l jZ::lEn(gDi, pj)X[:u:I((pl-, Pj, l)

3.1

where ¢; denotes i-th latitude grid and p; j-th
pressure level. Coefficient & is a positive definite
to set 4, ~ O (1). The amplitudes, especially the
first component can be used as a kind of ‘zonal

EOF 1 (47.47)
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index’.

EOF patterns .E,(p, p)' for the largest two
components are shown in-Fig. 4. Here the data
at 50 mb and 70 mb have been discarded because
the variations in the stratosphere have a large
component of the seasonal march (see, e.g.,
Shiotani and Hirota, 1985). The variance as-
sociated with the first EOF component represents
about a half of the total variance of [u] below
100 mb. The eigenvalue is 3.4 times as large as
the second one. It is expected the sampling error
is small, because this is a case of ‘stand out’ EOF
named by North et al. (1982).

There exist two regions with large modulus
of Ey: All levels at about 60°S and the upper
troposphere at about 25°S. These regions have
opposing signs; the variations of this component
are out of phase between middle and low lati-
tudes. The sign of £ in very high latitudes is the
same as that in low latitudes.

Time variations of 4, (¢) are presented in Fig.
5. The amplitude 4,(¢) has a same sign within
the duration of about a month. This component
is closely related to the single/double jet regimes;
the single jet regime corresponds to negative
A; (= —1.5 ~ =2) and the double jet regime to
positive 4; (= 1 ~ 2). High-frequency variations
are seen around the average values over each
period (the dotted lines in Fig. 5). In the time-
variations of A, the transitions from one regime
to the other are very rapid compared with the
duration of each regime. This feature reminds us
of typical variations in an almost intransitive
system. A possibility of the oscillation with an
intrinsic period of about two months will be
denied in Section S.

The second component EOF2 has a connec-
tion with variations in the stratosphere. At the
highest levels E,(¢, p) has opposing maxima in

EOF 2 (13.87)

I

)
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Pressure (mb)
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Fig.4 EOF patterns E, of the zonal-mean geostrophic wind (n = 1 and 2).

Negative values are over oblique lines.
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Fig.5 Time variation of EOF amplitude 4,. In the panel of EOF 1 the

average value in each sub-period is drawn by a dotted line.

middle and high latitudes. The amplitude 4,
has a seasonal variation with largest negative
values during winter. Some intermittent varia-
tions with time-scales of a few weeks are super-
posed on the seasonal march. Large changes
occur at the end of July and at the beginning of
September. In both periods an abrupt decrease
follows a more gradual buildup of 4,. Time-
variations of 4, bear a close relation to the
seasonal variation in the Southern Hemisphere
stratosphere (Shiotani and Hirota, 1985).

4. Variations of zonally asymmetric compo-
nents in 1983

Non-zonal components such as planetary
waves, long waves and local disturbances appear
to have some variations related to the single/
double jet regimes. Fig. 6 shows the geopotential
height at the 500 mb level averaged over the

whole period (Total) and the sub-periods 1 ~ 4.
The shaded area is where the zonal component of
the geostrophic wind & exceeds 20 ms™ . Average
values over the whole period can be compared
with similar climatic charts by Trenberth (1979,
1982). The resemblance is well at first sight.
There exists a difference in the Pacific Ocean
(90°W—150°W); the zonal component of geo-
strophic winds for this year is smaller than that
obtained over a long period by Trenberth (1982),
although the difference might be related with the
difference between the data sets.

If we take an average over each sub-period,
however, the geopotential height fields are dif-
ferent from that for the whole period. Meanders
of the isopleths are conspicuous in periods 1 and
3. A wavenumber three pattern in middle lati-
tudes is striking for period 3.

Fig. 7 shows a result of Fourier harmonic

Period |

—‘ Period 2

Fig.6 Geopotential height (unit: dam) at 500 mb averaged in the whole period and four sub-
periods. Shaded area is where the zonal component of geostrophic wind exceeds 20 ms™,
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Fig. 7 Amplitude and phase of the stationary height
wave along 55°S in Fig. 6. Average in the whole

period is denoted by dot and those in the sub-period
by four different lines.

analysis along 55°S. The amplitude and phase
of the stationary waves in the geopotential height
were computed for the whole period and the
sub-periods. The phase is defined as a position of
maximum in longitude. It is apparent that amp-
litudes and their variations among sub-periods are
large for planetary waves (WN = 1 ~ 4). The
amplitude and. phase of WN = 1 do not vary
significantly among sub-periods (about 80 gpm
and 130°W). The difference mainly comes from
WN =2 ~4 . In period 1 both WN =3 and 4 have
larger amplitudes (30 gpm) than WN =2 and in
period 3 WN = 3 attains 60 gpm of amplitude. In
periods 2 and 4, on the other hand, WN =2 has a
larger amplitude than WN = 3 and 4. Thus, in
the single jet regime the stationary planetary
wave of WN = 3 (or 3 and 4) is prominent while
WN =2 is in the double jet regime. The predomi-
nance of WN = 3 (and 4) in periods 1 and 3 has
a close relation to some diffluent flow patterns
in middle latitudes (Fig. 6): 120°E—150°E in
period 1; 150°E—180° and 60°W—90°W in
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period 3. This kind of flow pattern is suggestive
of persistent blocking events.

Areas of strong zonal winds also vary among
the sub-periods. The variation is large in the
Pacific Ocean (150°E—90°W); strong zonal winds
blow along 30°S in periods 1 and 3, and along
60°S in periods 2 and 4. In the south Indian
Ocean, on the other hand, strong zonal winds of
over 25 ms™ blow along 45°S but the difference
among the sub-periods is not noticeable. The
variation in the Pacific Ocean is related to that of
the zonal mean wind described in the previous
section.

The intensification of the zonal wind around
60°S in periods 2 and 4 has some relation to the
deepening of the polar vortex. If we pay atten-
tion to a particular isopleth, say, 500 dam, it is
along 60°S in these periods. On the other hand,
there is no circumpolar isopleth of 500 dam in
periods 1 and 3.

To see the nature of time-variations of the
zonally asymmetric component we show the
Hovmoller diagrams. Figs. 8 and 9 are time-
longitude sections of the height wave (defined
as deviation from the zonal mean in each day)
along two latitudinal bands, 40°S—50°S and
20°S—30°S, respectively. In the figures a run-
ning-mean of 5 days and Fourier composition
of WN =1 ~ 8 were taken to remove the high-
frequency and small-scale components.

In middle latitudes (Fig. 8) the disturbances
have large amplitudes in periods 1 and 3. In
periods 2 and 4, on the contrary, there are a few
disturbances with large amplitudes. This feature
is not clear in lower latitudes (Fig. 9). Namely,
there appear large amplitude disturbances in
some periods but they have little relation to the
single/double jet regimes.

If we take note of individual disturbances, we
can observe rather persistent highs with a large
amplitude in middle latitudes accompanied by
low-pressures in low latitudes (marked by A—D
in Figs. 8 and 9). The phase speed is small com-
pared with other disturbances. The longitudes of
these highs correspond to those of the diffluent
flow patterns in Fig. 6. These disturbances might
be identified as persistent blocking highs.
 In these timelongitude sections, we some-
times observe wavetrains with intensified troughs
and ridges (e.g., X and Y in Figs.8 and 9). These
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Fig.9 As in Fig. 8 but for the latitudes between 30°S and 20°S. Contour
interval is 20 m.
do not seem to have any relation to the single/ F=(F(¢), F(2)), (4.1)
double jet regimes, but it is interesting to note
that these wavetrains roughly satisfy a relation  where
¢+ cy =2 [u] derived from the dispersion rela-

. ; . F(p)=— *¥ .
tion of one dimensional Rossby.waves (c: phase () pa cos plu*v*] 4.2)
velocity and ¢, : group velocity). The gradient f )

— J_ * (¥

of dotted lines X and Y in the figures gives the F(zy=+pa cos S0(N2>D) o:1, (4.3)
group velocity c,. and

Next we describe differences in wave activity
between the sirgle and double jet regimes, by _ 1 F (4.4)
presenting the quasi-geostrophic E—P flux and pacos ¢ )
its divergence. In details about the formalism of
the E—P flux diagnostics, the reader may consult ~ Where
with Edmon e't al. (1?80) and Dunkerto.n- et al. B 1 d(F(¢) cos @) | OF(z)
(1981). We briefly write down the definition of VF=— 3 =,

X ) a ¢ ¢ z

the quasi-geostrophic E—P flux F and wave
driving D, as (4.5)
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Fig. 10  Latitude-height sections of the E~P flux F and wave driving D, for
the four periods. Contour interval of D, is 2.5 x 10”° ms™? ; negative values
are shaded. Reference arrow shows 1.0 x 10° kgs™? for horizontal direction
and 1.0 x 10°/c (¢ = 317) kgs* for vertical direction. (See text for the

scaling).

The wind field was estimated geostrophically

from the geopotential height data and wave com-

ponent was used from WN = 1 ~ 6. The result
is essentially similar even if we take into account
of higher wavenumber components. Hereafter

we refer to F(p) as F(y).

To extract the difference of wave behavior
among the four periods we show period-mean
latitude-height cross sections of the E—P vectors
F and wave driving p, (Fig. 10). They were
calculated from averages of daily values, not
from the period mean field. In plotting the E—P
flux in the meridional cross-section we follow
the graphical convention as described by Baldwin
et al. (1985); we have multiplied F by the factor
exp (z/H).

From Fig. 10 we see that:

(1) General pattern of E—P vectors for each of
the four periods resembles climatological
observations such as Karoly (1982) and
Mechoso er al. (1985); the E—P vectors
point upward from the troposphere to the
stratosphere, turn equatorward in the mid-
latitude upper troposphere, and point almost
equatorward at low latitudes.

(2) Maximum F (z) around 50°S in the tropo-

(3)

sphere is larger in periods 1 and 3 than in

periods 2 and 4; values of F (z) at 50°S and
500 mb for the four periods are 1.16,0.88,
1.12 and 0.75 (x10° kgs™), respectively.
On the other hand, F (z) in the stratosphere
is larger in periods 3 and 4 than in periods 1
and 2. This is consistent with the observa-
tional result by Shiotani and Hirota (1985);
they showed that the stratospheric wave
activity during the 1981 winter in the
Southern Hemisphere was more vigorous in
late winter than in early winter.

The difference of F(y) among the four
periods is not as clear as that of F (z) from
these figures. However, it has larger positive
values (equatorward) at mid-atitudes in
periods 2 and 4 than in periods 1 and 3;
values of F (y) at 35°S and 300 mb for the
four periods are 5.05, 6.76, 5.70 and 7.67
(x 107 kgs™), respectively. On the contrary,
it has larger negative values (poleward) at
high latitudes in periods 1 and 3 than in
periods 2 and 4; values of F(y) at 65°S
and 300 mb for the four periods are —2.98,
—0.94, —1.41 and —0.43 (x 107 kgs?),
respectively .
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(4) There is a strong convergence zone of the
E-P flux around the 300 — 400 mb at high
and mid-latitudes. The wave driving D, has
larger negative values in periods 1 and 3 than
in periods 2 and 4. This stronger D, in
periods 1 and 3 tends to maintain the weaker
westerlies around 50—60°S in the tropo-
sphere, namely the single jet wind profile.
The main contribution of the wave driving
Dy, comes from the vertical derivative of
F(2).

Wave statistics can be divided into stationary
and transient parts. We define the stationary
wave as the period-mean height and temperature
fields. Then the E—P flux due to the stationary
wave is given by

F=(Fi(¢), F(2)) (4.6)
where

Fi(p)=—pa cos p[u*v*] 4.7)

Fia)=+pacoso( L) w01, (3)

The E—P flux due to the transient wave (F,) is
defined by subtracting F, from the total E—P
flux, F:

F,=F—F,. (4.9)

As we showed in Fig. 10 the main difference
in wave properties between the single and double
jet regimes is characterized by the difference
of F(z) and consequently wave driving D,.
Thus we show in Fig. 11 the contribution of
stationary and transient waves to the total F (z)
at 55°S and 400 mb. The latitude and height
were selected because the wave driving 3; has
the largest negative values around this level and
F (z) has the largest positive values around this
latitude.

The contribution of the transient waves is
prominent and nearly equal during each period,
although there exists a small difference between
the two regimes. The difference of the total F (z)
between the single and double jet regimes is
largely contributed by the stationary waves.
There is a similar result in Wallace and Blackmon
(1983). By using an eddy index £, defined as
eddy variance of 500 mb height integrated over
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Fig.11 Bar graph showing contribu-

tions of the transient waves (hatched
column) and stationary waves (white
column) to the total (wavenumber 1
to 6) F(z) at 400 mb and 55°S for
the four period. Units are 10° kgs™.

the Northern Hemisphere, they contrasted the
circulation during high and low index regimes
and showed that the higher values of £ in the low
index regime is mainly due to the larger contribu-
tion of the stationary waves.

5. Variations during 19801983

In the previous two sections we described
variations in the general circulation during the
winter of 1983 in terms of multiple planetary
flow regimes, i.e., the single jet regime and the
double jet regime. In this section we expand our
analysis of zonally averaged geostrophic winds
[u] over the four year period 1980—1983 in
order to confirm the above discussion.

Figs. 12 and 13 show time-latitude sections of
the zonal mean geostrophic wind at the 200 mb
and 500 mb levels, respectively. Here we used a
low-pass filter (> 30 days) to isolate the low-
frequency variations which we are interested in.
The adequacy of the filtering is revealed by com-
parison with the non-filtered result of 1983 in
Fig. 1.

Even in the wintertimes of 1980—1982, we
can discern single jet regimes and double jet
regimes at the 200 mb level, both of which per-
sist for a month or so. A primary jet exists at
about 30°S for the ‘winter as a whole. A sec-
ondary jet appears at about 50°S—60°S when
the primary jet is weak. At the 500 mb level
the position of the jet varies between 30°S
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Fig. 12

Time-latitude sections of the zonal mean geestrophic wind (low-pass filtered) at

200 mb. Contour interval is 5 ms™ and easterly wind is over oblique lines. Position of

westerly jet is indicated by dot.
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Fig. 13

and 60°S. When the double jet appears at the
200 mb level, the primary jet at the 500 mb
level is located around 50°S—60°S. In the three
years typical episodes characterized by a single
jet regime are July 1980 and July—August 1981.
On the other hand, typical episodes characterized
by double jet regimes are June and October
1980, October—November 1981 and September
1982 . Because the appearance of single jet or
double jet regimes is not regular, it is difficult
to consider the variations to be a result of oscil-
lation or a regular seasonal variation.

The interannual variability is large in the polar
region, especially at the 200 mb level. Easterly
winds are strong in 1983 compared with the
other three years. In low and middle latitudes,
where the position of the jet varies in wintertime,
variations of the zonal wind [u] from year to
year are rather weak.

Again we perform an EOF analysis for four

As in Fig. 12 but for 500 mb level. Contour interval is 2.5 ms™.

years in order to identify the day-to-day varia-
tion about the single/double jet regimes. A
cross-covariance matrix is computed from the
unfiltered [#](¢, p, 1) over 528 days from June
11 to October 20 in 1980—1983. Since the
interannual variation is prominent in the polar
region, we discard the data south of 75°S.

The first EOF pattern E; is presented in

- EOF 1 (42.07)
o 50— . . .
o [
Z too}
® 00} w
S :
a i
o 500 &
. /i ]
o 1000 0 e o

Laotitude

Fig. 14 EOF1 pattern of the zonal-
mean geostrophic wind for 528 days
(from June 11 to October 20 in
1980-1983).
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Fig. 15 Timewvariation of amplitude 4, for F; defined in Fig. 14. Dotted

lines denote averages in each sub-period.

Fig. 14. Compared with Fig. 4, there is little dif-
ference of the pattern. The contribution of this
component is 42.0% to the total variance and
the second component is 17.6%. This is also
the case of ‘stand out’ EOF as in 1983, Therefore
the sampling error is expected to be small. The
similarity of the spatial pattern E,(¢, p) and the
large eigenvalue reveal that the first component
obtained in 1983 is also prominent in winter-
times 1980—-1983.

The amplitude variation is shown in Fig. 15.
The dotted lines denote averages of A, () over
periods defined subjectively. The variation in
1983 is not much different from that in Fig. S,
because E,(¢, p) has a large modulus in middle
and low latitudes. As in 1983 the variation of
A, (¢) has a close relation to the single/double jet
regimes observed in the other three years. Large
positive values of 4, correspond to the double
jet regime and negative ones to the single jet
regime. However, there also exist some durations
of small 4; in 1980-1982. These periods of
small 4; might be considered as a third regime.

It is clear that the variations between the
regimes do not result from an internal oscillation
with an intrinsic frequency, because there is no
prominent oscillation with period of about two
months in the other three years. Contamination
by the seasonal march (the annual variation) does

not appear to be a serious problem for the first
EOF component. Hence, the low-frequency
variation of the zonal index A4;, which is a
measure of the variation between the single/
double jet regimes, might be considered as an
almost intransitive variation with multiple
planetary flow regimes. High-frequency fluctua-
tions with periods of about'ten days around a
mean value and rapid transitions between the
regimes support the almost intransitivity .

6. Discussion

Since the appearance of the single/double jet
regimes is fundamentally irregular, climatic
values of the zonally averaged zonal wind are
different depending upon the averaging period.
Some of them resemble the single jet regime and
some others the double jet regime. In earlier
studies there are some examples of the single jet
regime: July 1973 (Hartmann, 1977) and July
19721977 (Trenberth, 1979, 1984)." On the
other hand, those of the double jet regime are
July 1957-1966 (van Loon, 1972) and July
1979 (Bengtsson et al., 1982).

There have been some discussions suggesting
that the difference of climatic values can be
understood by the interannual variability or long-
term changes (e.g., Trenberth, 1979, 1984).
However, we have to be careful when we discuss
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the interannual variability by using monthly
averaged data, because the variability of zonal
mean wind in wintertime is attributed primarily
to the alternating appearance of the single and
double jet regimes with a characteristic duration
of a month. The ‘interannual variabﬂity’ may
result from different appearance of the single
and/or double jet regimes in a particular month
of each year.

Webster and Keller (1975) is the first to in-
vestigate the periodic variations of zonal indices,
i.e., the vacillations in the Southern Hemisphere.
They analyzed the EOLE constant density
balloon data set from September 1971 to June
1972 and found that the zonal indices have
strong 18—23 day variations. Their cross-spectral
analysis suggests that the vacillation appears as
a barotropic interaction between the zonal wind
and planetary waves. It is interesting to make a
comparison between the vacillations and the low-
frequency variations obtained here.

The variations between the single and the
double jet regimes seem to have little relation to
the vacillations. The period, which is not an ap-
propriate concept for the present phenomenon,
is about two months in 1983 and much longer
in 1980—1982 (Fig. 15). Fluctuations of 4; with
periods of about ten days around a mean value
might be related to the vacillations. Another
evidence to discriminate between these phenom-
ena is the importance of baroclinic process. That
is, the variations between the single/double jet
regimes are closely related to the variations of
eddy heat flux around 50°S in the lower tropo-
sphere (Fig. 10).

It is well known that there exist 40—50 days
oscillations of the zonal wind in the tropics
(Madden and Julian, 1971). The period is about
two months but the present phenomenon does
not seem to have a close. relation to the oscilla-
tions in the tropics, because the EOF of the first
component -shown in Figs. 4 and 14 has small
modulus in the tropics.

In Section 4 we pointed out the relation
between the time-averaged zonal wind and sta-
tionary planetary waves, which are defined as the
time-averaged waves in the sub-periods. The amp-
litude of WN = 3 is large in the single jet regime,
while WN =2 is larger than WN = 3 in the double
jet regime (Fig. 7). The predominance of WN =3
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in the single jet regime is reconfirmed by some
observational studies on the planetary waves in
the Southern Hemisphere. Hartmann (1977)
showed that the amplitude of WN = 3 in July
1973 is largest in the middle-latitude troposphere
and that the zonal wind has a single jet structure.
Wallace and Hsu (1983) obtained a zonal wave-
number 3 pattern for the period July 6 — August
4 1981, which falls into the single jet regime as
seen in Figs. 12, 13 and 15. However, we need
more detailed analysis with longer data to show
the relation between the WN = 3 pattern and the
single jet regime because there also exists another
type of WN = 3 pattern with an opposite phase
15°E—20°E (Mo, 1986).

It is interesting to refer some GCM experi-
ments in relation to the variation of zonal mean
wind in the Southern Hemisphere. Volmer et al.
(1983) analyzed a 6-year integration of the
ECMWF spectral model with forcings of a cli-
matological annual cycle. They studied low-
frequency variations of the results by making an
EOF analysis of the 500 mb geopotential field
after subtraction of the mean year. The first
component of EOF has most of its variability
in the Southern Hemisphere and has a strong
zonal structure. Geostrophic winds expected
from it are consistent with Fig. 14, in which the
EOF has a node around 40°S. They also showed
time-variation of the amplitude of this compo-
nent. Strong anomalies lasting several weeks are
observed; in the longest case the amplitude
remained positive (corresponding to the double
jet regime) during 86 days. The persistency is
also the characteristics of our observational
result (Fig. 15).

The double jet structure of the zonal mean
wind is obtained in simple GCMs without land-
sea contrast (Williams and Holloway, 1982;
Hoskins, 1983). Although the multiplicity of
planetary flow regimes was not their interest and
not reported in their papers, it is worth while
noting that the double jet structure is obtained
for a similar lower boundary condition to the
Southern Hemisphere without longitudinal con-
trast. As an observational fact the double jet
structure of the zonal mean wind does not
persist in the Northern Hemisphere where large
longitudinal contrasts exist at the lower bound-
ary.
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7. Conclusion

The low-frequency variability of the zonal
mean wind in the Southern Hemisphere tropo-
sphere observed in the present study is indicative
of transitions between multiple planetary flow
regimes. In the winter of 1983, in which the
characteristics is very clear, there existed a single
jét regime and a double jet regime. Both regimes
have a characteristic duration of a month. In
the single jet regime, the subtropical jet around
30°S and 200 mb exceeds 40 ms™? and the sta-
tionary planetary waves of WN = 3 (and 4) have
large amplitudes in addition to WN = 1. Some
persistent diffluent patterns are observed in this
regime around Australia and south-east of South
America. In the double jet regime, on the other
hand, the subtropical jet is weak and the polar
night jet extends down to the surface at about
55°S. The dominant planetary waves are WN = 1
and 2.

In terms of the E—P flux diagnostics the dif-
ference of wave properties between the two
regimes are summarized: The vertical component
of the E—P flux F (z), which is proportional to
the horizontal eddy heat flux, is larger in the
single jet regime than in the double jet regime.
Consequently, the wave driving D, to which the
vertical derivative of F (z) mainly contributes,
has larger negative values in the single jet regime
than in the double jet regime. The larger wave
driving tends to keep the weaker westerlies
around 60°S of the troposphere in the single jet
regime.

The single/double jet regimes were observed
also in the other three years 1980—1982. In
these years there existed an intermediate state

between the single and the double jet regimes.

The time-variation among the regimes is irregular
and there is no preferred period. Hence, the
variation does not seem to result from an internal
oscillation with an intrinsic frequency. The
transition between the regimes is rather abrupt
compared with the duration of each regime.
Furthermore, the forced annual variation is not
closely related with the variation among the
regimes. These characteristics of the variations
support the existence of multiple planetary flow
regimes.

As our future observational study there re-
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main some important questions: How are the
single/double jet regimes sustained? When and
how do the transitions take place? What triggers
off the transition or what is a precursor?
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Appendix A
List of Symbols

: latitude
: pressure
: time
: log-pressure height (= —H In (p/p;))
: reference pressure (1000 mb)
: reference density (density at z =0)
: basic density profile (= p, exp (—z/H))
: Coriolis parameter
: buoyancy frequency
: scale height
: zonal velocity
: meridional velocity
. vertical derivative of geopotential
)] :zonal mean
* : departure from zonal mean
: time average
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