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(Manuscript received 2 August 2000, in final form 24 July 2001)

ABSTRACT

Seasonal variations in the Southern Hemisphere (SH) storm track characteristics and associated wave prop-
agation are studied using 19 years of NCEP–NCAR gridded data. It is found that the SH storm track is strongest
in the austral autumn season and weakest in spring. The characteristics of wave packets are studied by computing
1-point lag correlation maps with unfiltered meridional wind at 300 hPa. It is found that the eastward group
velocities of waves are much higher than the phase velocities in the transition seasons. This shows that the
downstream development occurs throughout the year and is a basic feature of upper-tropospheric waves in the
midlatitudes of the SH. This extends previous studies made for winter and summer seasons. Based on the indices
that show wave coherence and correlation maps, it is found that the pathways in the transition seasons split into
two branches east of Australia, in a way similar to what happens in the zonal wind distribution.

1. Introduction

Pioneering studies by Charney (1947) and Eady
(1949) showed that the midlatitude westerlies are bar-
oclinically unstable. Several subsequent investigations
established that extratropical disturbances grow baro-
clinically extracting available potential energy from the
meridional temperature gradient by transporting sensi-
ble heat poleward and converting available potential en-
ergy into kinetic energy by zonal and vertical thermally
direct circulations. The concept of these energy ex-
changes evolved by considering a zonal mean flow and
its deviations (Lorenz 1955). These ideas supported fur-
ther theoretical studies that considered a zonal mean
westerly current and a disturbance superimposed on
that. The characteristics deduced from these theoretical
studies, such as the most unstable wavelength and its
vertical structure, seem to agree with the observed fea-
tures.

In the middle and late 1970s a different methodology
has been used to study the midlatitude disturbances
(Blackmon 1976; Blackmon et al. 1977). Instead of a
zonal mean and its deviation, a time mean and deviation
are adopted. These observational studies have shown
that synoptic disturbances are organized mainly into
‘‘storm tracks’’ situated slightly poleward and down-
stream of the positions of the middle-latitude mean jet
maxima (Blackmon et al. 1977). Storm tracks are re-
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gions where the variance of variables like geopotential
and meridional wind is largest.

Although several investigations have been made to
study storm tracks in the Northern Hemisphere (NH)
(Blackmon et al. 1984a,b; Wallace et al. 1988; Lim and
Wallace 1991), similar studies for Southern Hemisphere
(SH) storm tracks are much smaller in number. Tren-
berth (1981, 1982) examined transients in the SH and
their role in the momentum fluxes using analysis pre-
pared by the World Meteorological Centre in Mel-
bourne, Australia. Trenberth (1991) used 11 years of
European Centre for Medium-Range Weather Forecasts
(ECMWF) analysis to study the SH storm tracks. He
found that the SH storm track is mostly zonally oriented
along 508S during all seasons. The variance of bandpass
filtered (2- to 8-day period) variables is highest over the
Indian Ocean and lowest in the eastern sector of the
Pacific Ocean. Randel and Stanford (1985) showed that
in the SH summer, medium-scale waves (wavenumbers
6–7) exhibit baroclinic life cycles similar to those of
unstable normal modes in simplified numerical models.
Randel and Held (1991) found that eastward-moving
medium-scale waves (zonal wavenumbers 4–7) domi-
nate the spectra of lower-tropospheric heat fluxes in both
the hemispheres in all seasons. From these observations,
Lee and Held (1993) inferred that the summer storm
track is more oriented meridionally. This they suggested
as favorable for higher wave coherence in summer since
coherent eddies are generally easier to obtain when there
is only one dimension in which the eddies can propa-
gate. Using three-dimensional instability theory Fred-
eriksen and Frederiksen (1993) showed that in the SH,



1030 VOLUME 59J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

maximum amplitudes in January and July are located
somewhat downstream of the regions of maximum ob-
served baroclinicity.

Observational studies (e.g., Namias and Clapp 1944;
Cressman 1948; Hövmoeller 1949) for the NH and van
Loon (1965) for the SH have shown that downstream
development of baroclinic waves occurs in the mid- and
upper troposphere. Simmons and Hoskins (1979)
showed that downstream development of baroclinic
waves occurs in nonlinear integrations of model sim-
ulation using a localized nonmodal perturbation as ini-
tial condition. Recently, Orlanski and Katzfey (1991),
Chang (1993), Lee and Held (1993), Berbery and Vera
(1996), Chang and Yu (1999), and Chang (1999)
showed that baroclinic waves in the midlatitude storm
tracks tend to be organized in localized wave packets
that clearly exhibit downstream development. Chang
(1993) and Berbery and Vera (1996) showed that time
filtering can alter artificially the temporal evolution
characteristics of wave packets and hence the use of
unfiltered data is necessary.

Regarding the dynamics of downstream-developing
wave packets, Orlanski and Katzfey (1991), Orlanski
and Chang (1993), Chang and Orlanski (1993), and
Chang (1993) found that growth of new perturbations
toward the downstream side of existing waves is trig-
gered by energy fluxes from existing upstream pertur-
bations. Orlanski and Katzfey (1991) found that an east-
ward ageostrophic geopotential flux can provide the ini-
tial triggering mechanism for downstream development.
This is different from the usual concept of life cycle of
baroclinic waves in which the waves grow baroclinically
and decay barotropically (Simmons and Hoskins 1978;
Randel and Stanford 1985).

In his recent study of wave packets in the upper tro-
posphere, Chang (1999, hereafter referred to as C99)
documented the seasonal variations in both the hemi-
spheres. However, he examined only summer and winter
seasons. As we shall see later, the SH storm tracks (as
given by the variance of unfiltered meridional wind) are
strongest in austral autumn season and weakest in austral
spring. This necessitates a study of storm tracks in all
the four seasons. In a previous study, Trenberth (1991)
also noted that the storm tracks in the SH are strongest
in the austral autumn season. However, he defined storm
tracks in terms of 2–8-day filtered standard deviation of
geopotential height. Chang and Yu (1999) noted dif-
ferences between storm tracks identified in geopotential
height and meridional (nongeostrophic) wind data. For
example, Chang and Yu (1999) did not find a break
between the North Pacific and North Atlantic storm
tracks. Such a break was noted in bandpass-filtered 500-
hPa geopotential height data (e.g., Blackmon 1976).
This is because winds in the eddies are strongly super-
geostrophic over the western North America, such that
the variance in total meridional wind does not display
a significant minimum between the Pacific and Atlantic
storm tracks (Lau 1978; Chang and Yu 1999). Also, as

pointed by Chang (1993) and Berbery and Vera (1996)
time filtering can alter erroneously temporal evolution
characteristics of wave packets. Thus, it would be nec-
essary to reexamine the storm tracks in the SH with
unfiltered meridional wind. In the present paper we ex-
tend the analysis of C99 by studying the characteristics
of storm tracks and associated wave packets in the SH
in all the four seasons giving emphasis to the transition
seasons.

2. The data source and method of analysis

In the present study we use the gridded data from the
National Centers for Environmental Prediction–Nation-
al Center for Atmospheric Research (NCEP–NCAR) re-
analysis for the period January 1979 through December
1997. Although data were available to us from 1973
onward, we restricted analysis from 1979 since satellite
observations improved the reliability of data since 1979.
We use daily 300-hPa meridional wind y. A detailed
description of the NCEP–NCAR assimilation systems
and output was given by Kalnay et al. (1996). Since
time filtering can alter the temporal evolution charac-
teristics of wave packets (Chang 1993; Berbery and
Vera 1996), we use in this study unfiltered data. Data
are given on a 2.58 latitude 3 2.58 longitude grid. Since
we are interested in transient waves, we removed the
stationary component by subtracting long period month-
ly mean from individual daily values. This is represented
by y9. Assuming a simple wave function for y9, y9 5
A sin vt, it can be shown that 5 A2/2, where the2y9
overbar is a time mean over one period. Thus the in-
stantaneous amplitude of y9 is represented as the square
root of the envelope function, after multiplying the
squared time series of y9 by a factor of 2. Since the
(square rooted) envelope function represents a local,
instantaneous amplitude of the fluctuations in y9, it
should be a good measure of the local amplitude (or
activity) of baroclinic waves. This we represent by y e.
This method of obtaining y e is essentially the same as
the one used by Nakamura and Wallace (1990) except
that they used filtered geopotential height data.

3. Results

a. Storm tracks in the transition seasons

Figure 1 shows the standard deviation of the merid-
ional component of wind ( ) for each of the four2Ïy9
seasons. The maximum (shading corresponds to more
than 14 m s21) corresponds to the midlatitudes storm
tracks, which vary both in the strength and shape in all
the four seasons. The SH storm track is strongest and
most extensive in austral autumn [March, April, and
May (MAM)] with the largest extension of values 16
m s21 or more. In this season, the storm track covers
the entire SH around 508S except for a small region in
the Atlantic near the tip of South America. The storm
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FIG. 1. Standard deviation of 300-hPa y9. Contour intervals are 2 m s21. Shaded areas denote values
greater than 14 m s21.

track is weakest and least extensive in austral spring
[September, October, and November (SON)]. During
austral winter [June, July, and August (JJA)] the storm
track shows a spiral around the SH, starting over Aus-
tralia, running across the Pacific, South America, and
Southern Atlantic, passing south of Africa and the south
Indian Ocean and then running south of Australia and
New Zealand to farther south of the northern storm track
starting over Australia. Such a spiral can also be seen
in C99 and Berbery and Vera’s (1996) standard devi-
ation in relative vorticity. In Fig. 1c because of polar
stereografic projection, however, the spiral is better de-
fined. Compared to the values of standard deviation of
meridional wind in C99, his Fig. 2, our values are slight-
ly lower. Chang (2000) showed that the SH storm tracks
are stronger in the ECMWF reanalysis than in the
NCEP–NCAR reanalysis.

Comparing Fig. 1 with the figure for the standard
deviation of y e (figure not shown), we see that char-
acteristics of the storm tracks are similar except that the

storm track is smoother. Again, we see that the storm
track in autumn is strongest. The spiral in winter seasons
is also clearly seen.

In order to see clearly the monthly variation, Fig. 2a
is prepared. Mean y e for 458–558S for each longitude
is shown. From Fig. 1 it can be seen that the principal
storm track is between 458 and 558S in all 12 months,
although in winter an additional branch of storm track
is seen at 208–308S between the longitudes 1508 and
908W. Thus the average between 458 and 558S will take
into account the small seasonal migration of the prin-
cipal storm track. In Fig. 2a the isolines of y e are
smoothed using a 31-day running average along the time
(y) axis and a 5-point average along the x axis. At the
300-hPa level the baroclinic activity is most dominant
in the begining of April (as given by 19 m s21 contour).
The values of y e start increasing from around the end
of October reaching a maximum in April. In order to
see the effect of taking average over a broader latitude
band, we prepared Fig. 2a taking the average over 408–
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FIG. 2. (a) Time–longitude section of y e. The isolines of y e are
smoothed using a 31-day running average along the time (y axis) and
a 5-point average along the longitude (x axis). (b) Time–latitude
section of y e. Contour interval: 1 m s21.

608S latitude band. This figure (not shown) confirms
that the storm track is weakest in October and strongest
in April.

Figure 2b shows the time–latitude section of wave am-
plitude based on zonal average over 1208E–1208W. The
seasonal migration of the storm track (as given by 15 m
s21 contour) clearly shows an equatorward penetration
in winter starting in the begining of June. This subtropical
storm track starts weakening from the middle of August.
In winter months two branches of storm tracks, one
around 278S and the other around 558S, can be seen (see
Fig. 1 for a hemispheric view). In this figure (Fig. 2b)
also the storm track is strongest (as given by 18 m s21

contour) and widest in the austral autumn season.
Figure 3 shows the distribution of mean (of 19 years)

zonal wind for transition seasons at 300 hPa. The char-
acteristics of mean zonal wind for December, January,
and February (DJF) and JJA (figure not shown) are sim-
ilar to those noted in C99. Particularly, noteworthy fea-
tures are the zonally symmetric distribution of the west-
erly jet in DJF and a split in the jet in JJA associated
with poleward spiral starting at about 308S over the In-
dian Ocean (608E) and returning to the same longitude
at a higher latitude. The split jet occurs also in SON and
MAM (Fig. 3). Later, while discussing the characteristics
of the wave propagation for the transition seasons (sec-
tion 3d), we found that the wave train appears to split
into two branches to the east of Australia propagating
along the subtropical and subpolar jets in SON and MAM
in a way similar to what was noted for JJA in C99.

b. Characteristics of the waves and wave packets

We obtained the characteristics of wave packets by
computing 1-point lag correlation maps. These maps are
obtained by calculating the correlation of time series of
300-hPa y9 at each grid point on a 2.58 3 2.58 grid
between 108 and 708S with time series of 300 hPa y9 at
every other grid point in the SH. At lag 0 these maps
show a wave train extending generally along the latitude
circles, showing centers of positive and negative corre-
lations. Based on these maps, we can estimate the dom-
inant wavelength of the waves at each location. The char-
acteristic phase speed of waves picked out by correlation
analysis can be estimated by tracking the movement of
the maximum positive center from day 21 and day 11.
The characteristic period of waves can be found by di-
viding the wavelength by the phase speed. Based on this
methodology the characteristic wavelength, phase speed,
and period are calculated for all the seasons in the SH.
However, we present here the characteristics of waves in
the transition seasons since results for summer and winter
seasons are nearly similar to those obtained by C99.

The results of wavelength are displayed in terms of
wave numbers (figure not shown). At about 508S, the
main latitude of storm track, the dominant wavenumber
is around 5–6 in both the transition seasons. The wave-
numbers seem to decrease toward higher latitudes in
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FIG. 3. Mean zonal wind (m s21) at 300 hPa for the transition
seasons. Shading corresponds to values greater than 20 m s21.

both the transition seasons. In both the transition seasons
the dominant wavenumber increases toward lower lat-
itudes reaching 7–8 at 308S and then decreases toward
the equator. This is a little different than what happens
in summer (Fig. 3a of C99) when the wavenumbers in
the lower latitudes seem to be slightly higher. In both
winter and summer seasons (Fig. 3c of C99) the wave-
numbers in the high latitudes of the SH are somewhat
higher compared to the transition seasons.

It would be interesting to obtain the phase velocity
that can be compared with group velocities. The phase
speed is eastward in all seasons except in summer (figure
not shown) near the equator where it is less than 2 m
s21 or negative. In both the transition seasons a band
of high phase velocities (around 10 m s21) is seen
around 508S over the Indian Ocean. This value (10 m
s21) is somewhat less than that obtained by C99 for
summer and winter seasons (his Fig. 4). The charac-
teristic period of the waves lies between 3 and 8 days
in all the seasons between 208 and 658S.

The group velocity of the wave packets is determined
by objectively tracking the movement of the centers of
correlation obtained with y e from day 21 to day 11.
A comparison of zonal phase and group velocities shows
that group velocity is much higher than phase velocity
in all the seasons (figures not shown). Thus the down-
stream development occurs in all seasons. The merid-
ional group velocity (figure not shown) is equatorward
on the equatorward side of the storm track and poleward
on the poleward side, indicating divergence of wave
energy away from the storm tracks. The features found
in DJF and JJA agree in general with those of C99, and
here we extended his study to other seasons also point-
ing out the differences and similarities.

c. Characteristics of seasonal variations in wave
propagation coherence

To obtain the relative importance of downstream and
upstream development, downstream–upstream asym-
metry index is calculated. Figure 4 shows the down-
stream–upstream asymmetry index for the transition
seasons. This index is equal to the sum of the maximum
negative correlation upstream at day 21 and that down-
stream at day 11 divided by the sum of maximum
downstream negative correlation at day 21 and up-
stream correlation at day 11. A ratio greater than 1
indicates that the downstream development occurs,
whereas values smaller than 1 indicate upstream de-
velopment and values close to 1 indicate that the waves
are simply advected by the steering flow (C99). In Fig.
4 it can be seen that in all the transition seasons the
index is more than 1 over most regions indicating the
occurrence of downstream development. Results of C99
and our results (figure not shown) show that downstream
development occurs also in summer and winter seasons.
This suggets that downstream development occurs over
most regions in all the four seasons.

In order to see wave coherence, the wave coherence
index (Fig. 5) is calculated for the transition seasons.
This is the average of the maximum (positive or neg-
ative) correlation upstream on day 22 and the down-
stream on day 12. This index indicates how well the
waves in each location correlate with upstream waves
2 days earlier and dowstream waves 2 days later, thus
showing the tendency of downstream development of
waves. Highest index (0.55) occurs in summer (figure
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FIG. 4. Downstream–upstream asymmetry index. Contour interval: 0.2. Shading represents
values greater than 1.6.

not shown) over the south Indian Ocean around 508E
and 508S and zonal symmetry is high in this season.
This is similar to what C99 noted. A characteristic not
noted by C99 is that in summer a region of high co-
herence is seen on the eastern Pacific near 108–158S and
continues to the west coast of South America. This sug-
gests that there are coherent disturbances travelling
westward (because of the easterlies) in this region.

In autumn (Fig. 5a) when the storm track is most
intense, the wave coherence is zonally most extensive
around 508S with values of 0.5 or more. Our values
seem to be a little higher than those of C99 for summer

and winter. Also in autumn (Fig. 5a) the band of 0.5
extends over a substantially larger latitudinal band to
the east Australia around 1808. In spring (Fig. 5b) also
around 508S there is a zonal band of 0.5 with a break
from 1508E to 1808. To the east of 1808 the zone of
high coherence (values $0.5) is meridionally more ex-
tensive. This is similar to what happens in winter. In
winter (see Fig. 9b of C99) a band of high coherence
occurs between 458–658S in the south Indian Ocean and
east of this region around 1208E the band appears to
split into two regions of high coherence with lower val-
ues in between. As we shall see later (section 3d), indeed
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FIG. 5. Wave coherence index. Contour interval: 0.05. Shading represents values greater than
0.5.

in spring and autumn the wave train appears to split
into two branches to the east of Australia propagating
along the subtropical and subpolar jets. We have seen
earlier (section 3a) that the split jet occurs in SON and
MAM in a way similar to winter.

d. Characteristics of wave propagation in the
transition seasons

The characteristics of wave propagation in JJA and
DJF were discussed by C99. Here we examine wave
propagation in the transition seasons SON and MAM

to identify similarities and differences. From Fig. 3 it
can be seen that the zonal wind at 300 hPa shows a
poleward spiral in MAM and SON. Thus it would be
interesting to examine whether the wave packets prop-
agate along such a spiral. For this we select a base point
to the east of Australia in the middle of subtropical jet
maximum. Figure 6a shows the lag correlation maps
based on time series of y9 at the base point (258S, 1658E)
for SON. Figure 6a for lags 2 and 4 shows poleward
and eastward propagation of wave packets. The corre-
lation coefficients are of lower magnitude in the figure
for lag 4, and the wave propagation in this figure is less



1036 VOLUME 59J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

F
IG

.
6.

(a
)

O
ne

-p
oi

nt
la

g
co

rr
el

at
io

n
fo

r
S

O
N

y9
at

th
e

ba
se

po
in

t
25

8S
,

16
58

E
fr

om
da

y
2

4
to

da
y

1
4.

C
on

to
ur

in
te

rv
al

:
0.

1.
N

eg
at

iv
e

va
lu

es
ar

e
sh

ow
n

by
br

ok
en

li
ne

s.



15 MARCH 2002 1037R A O E T A L .

F
IG

.
6.

(C
on

ti
nu

ed
)

(b
)

S
am

e
as

(a
)

bu
t

fo
r

th
e

ba
se

po
in

t
45

8S
,

85
8E

.
(c

)
S

am
e

as
(a

)
bu

t
fo

r
th

e
ba

se
po

in
t

40
8S

,
70

8W
.

(d
)

S
am

e
as

(a
)

bu
t

fo
r

th
e

ba
se

po
in

t
60

8S
,

14
58

W
.



1038 VOLUME 59J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

clear compared to that noted by C99 for JJA. Figure 6a
for lags 24 and 22 shows that in the upstream side
wave packets move northward and eastward. More im-
portantly, the waves that propagate through this base
point seem to have propagated from southwest. How-
ever, the correlations in Fig. 6a for lag 24 are weaker.

Figure 6b for lags 0, 2, and 4 shows the situation on
the downstream side of 458S, 858E. These figures sug-
gest that the wave train splits into two branches to the
east of 1108E, one branch propagating northeastward
and the other southeastward. A close examination of
figure for y e in SON (not shown) shows, although less
clearly than figure for winter, the split in the storm track
east of Australia. Thus the split in the wave train to the
east of Australia occurs also in spring similar to what
was noted for JJA in C99. On the upstream side (Fig.
6b for lags 24 and 22), we can track the wave train
toward the South Atlantic and South America.

Figure 6c shows the correlation maps for the base
point 408S, 708W. As in the case of JJA (C99), the wave
trains passing through this area have propagated from
the subtropical jet stream. However, the magnitudes of
the correlation coefficents are less in our case, and the
number of centers of high correlation (positive or neg-
ative) are also less. This suggests that, although the
characteristics of wave propagation are similar in JJA
and SON, the propagation is less coherent in SON. An-
other interesting aspect of wave propagation seen in Fig.
6c for lags 2 and 4 is the tendency for the wave train
to move equatorward on the lee side of Andes. In fact,
Gan and Rao (1994) have suggested the role of Andes
Cordillera in this type of wave propagation. Figure 6d
shows the propagation of waves over the high-latitude
branch of split jet. This figure shows the correlation
maps for the base point 608S, 1458W. It can be seen that
the orientation of wave trains appears to be along the
axis of the storm track. Thus a comparison of charac-
teristics of our Figs. 6a, 6b, 6c, and 6d with those of
C99 (his Figs. 10, 11, 12, and 13) shows that the wave
propagation in SON is similar to that of JJA, although
the wave propagation is less coherent (weaker corre-
lation coefficients) in SON. In particular, the split in the
wave propagation to the east of Australia occurs in SON
also in a way similar to what happens in JJA. In order
to take into account the seasonal shift of the general
circulation, we repeated the analysis (figures not shown)
with base points shifted 58 latitude to the pole compared
to JJA. Essentially, the same results are obtained.

Figures 7a and 7b show, respectively, the correlation
maps for MAM for the base points (258S, 1658E) and
(458S, 858E). The poleward spiral in the zonal wind (Fig.
3) can be seen in MAM in a way similar to SON, al-
though the subtropical branch is less intense. Thus we
selected the same base point as in the case of SON to
verify wave propagation. From Fig. 7a at lag 24, it can
be seen that, just as in the case of JJA and SON, wave
trains can be traced on the upwind side of this base
point. Figure 7b is prepared to verify whether the split

in the wave train occurs in MAM in a way similar to
what happens in SON. Indeed, the split in the wave train
occurs to the east of about 1108E. One branch of the
wave train seems to deviate northeastward into the sub-
tropical jet stream and the other branch southeastward
into the subpolar jet. Maps of correlation coefficients
for the base points 408S, 708W and 608S, 1458W for
MAM (figures not shown) show characteristics similar
to SON. We repeated calculations for DJF also (with
long series of data), and the characteristics are similar
to those noted in C99. Thus, our results for all the four
seasons show that the split in the propagation of waves
to the east of Australia occurs in MAM, JJA, and SON
and not in DJF. In fact, a careful examination of the
figure for y e (figure not shown) shows that the split to
the east of Australia shows a tendency to occur in all
the seasons except summer.

There is a problem with NCEP–NCAR reanalysis data
for the period 1980–1992. During this period PAOBS
(SH bogus surface pressure observations produced by
Australia) data were misplaced. Chang (2000) has
shown that at the 300-hPa level (in our study the data
are for this level) even in the presence of erroneous
surface observations, the upper-air analysis of NCEP–
NCAR is highly correlated with the ECMWF reanalysis,
which does not suffer from this problem. However, we
repeated the calculations with recent data for 1993–97
(which do not suffer the misplacement problem). The
results confirm the split in the wave propagation in
MAM, JJA, and SON to the east of Australia.

4. Summary and conclusions

In this paper we used 19 years (January 1979 through
December 1997) of NCEP–NCAR reanalysis data to
study the seasonal variations in the SH storm tracks and
associated wave propagation. It is found that the SH
storm track is strongest in MAM and weakest in SON.
A time–latitude section of y e also showed the autumn
maximum and spring minimum. Most of the previous
studies (C99; Berbery and Vera 1996) examined only
summer (DJF) and winter (JJA) storm track character-
istics. The present study, thus extends these previous
studies, to the transition seasons.

The characteristics of wave packets are studied by
computing 1-point lag correlation maps with the unfil-
tered meridional wind at 300 hPa. Here we extended
C99’s previous study of winter and summer by inves-
tigating all the four seasons.

The group velocity of the wave packets is determined
by objectively tracking the movement of the centers of
correlation obtained with y e from day 21 to day 11.
It is found that the group velocities are much higher
than the phase velocities in all seasons. Thus, it can be
concluded that the downstream development occurs
throughout the year and so is a basic feature of upper-
tropospheric waves in the midlatitudes of the SH. This
extends the previous conclusions of C99 and Berbery
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and Vera (1996), who found downstream development
in winter and summer seasons only.

Wave coherence defined as the average of the max-
imum (positive or negative) correlation upstream on day
22 and the downstream on day 12 is calculated for all
the seasons. Based on this index and individual corre-
lation maps the pathways in which the waves propagate
preferentially can be inferred. The characteristics of the
pathways or wave guides in winter and summer seasons
are similar to what was found by C99.

In the present paper we extended the study of wave
propagation to the transition seasons. We found that the
wave propagation in spring is very similar to what hap-
pens in winter. In particular, the split of wave propa-
gation to the east of Australia occurs also in spring in
a way similar to what happens in winter. The split in
the wave train occurs also in autumn to the east of
Australia in a way similar to what happens in winter
and spring. Thus, it can be concluded that the split in
the wave train occurs to the east of Australia in all the
seasons except summer.
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