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ABSTRACT

This Part I presents selected major features of the quasi-stationary (monthly mean) wave field in the tropo-
sphere and stratosphere of the Southern Hemisphere. It is confirmed that the quasi-stationary wave with zonal
wavenumber 1 (QS-wave 1) is by far the dominant component of the geopotential height field at tropospheric
and stratospheric levels. The amplitude of this wave is largest at about 60°S all year round and reaches a
maximum during September and October in the upper troposphere and stratosphere.

Analysis of the Elliasen—Palm flux vector suggests that at high latitudes the quasi-stationary wave field is
primarily forced from lower latitudes, most prominently from the Indian Ocean region during June and October.
Orographic and thermal forcing from Antarctic regions seem to also be important sources of wave activity in
polar and high latitudes, particularly over southern South America and the Atlantic Ocean.

The contribution to the quasi-stationary flow by the transient component of the flow is also analyzed. This
analysis suggests that at high latitudes, the low-frequency transients act to strengthen QS-wave 1, while high-
frequency transients weaken it. The values found for these contributions suggest that the low-frequency com-
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ponent is dominant.

i. Introduction

This is a two-part study of the quasi-stationary, plan-
etary wave field in the Southern Hemisphere. In Part I,
we present outstanding features of the field, with em-
phasis on the following aspects: 1) seasonal evolution,
2) propagation of planetary wave activity, and 3) forc-
ing by transients. In Part II, we examine hypotheses on
the generation mechanisms of the field.

Most previous studies of quasi-stationary waves in
the Southern Hemisphere focused on the winter and
summer seasons (e.g., van Loon and Jenne 1972; Hart-
mann 1977; Trenberth 1980; Karoly 1985). Randel
(1988) examined other seasons and showed that the
quasi-stationary wave variance in the southern tropo-
sphere has relative maxima at upper levels in the lati-
tude bands 30°-40°S and 50°-60°S during late austral
winter/early austral spring. The wave variance in the
southern stratosphere has relative maxima in the lati-
tude band 50°-60°S during the austral fall and spring
seasons. The primary contribution to the quasi-station-
ary wave variance and corresponding poleward fluxes
of momentum and heat in both the southern tropo-
sphere and stratosphere is provided by the component
of the flow with zonal wavenumber 1. We will refer to
this component of the quasi-stationary flow as QS-
wave 1. Other planetary waves in the Southern Hemi-
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sphere are primarily eastward moving (Mechoso and
Hartmann 1982).

The existence of a prominent QS-wave 1 in the
southern troposphere and stratosphere at high and polar
latitudes (50°-70°S and 70°-90°S, respectively) has
been linked to the zonal asymmetries in the Antarctic
orography (e.g., James 1988) and in the strong subsi-
dence associated with the efficient radiative cooling at
the Antarctic surface (e.g., James 1989; Parish 1984).
Our two-part study challenges this view for the high
latitudes, where QS-wave 1 has the largest amplitudes.
We will present evidence that strongly supports the hy-
pothesis that QS-wave 1 in these latitudes is primarily
forced by factors other than the Antarctic orography
and associated thermal effects. We will also present
evidence, however, that other planetary waves are sig-
nificantly influenced by the zonal asymmetries of Ant-
arctica and other geographic features of the southern
polar region.

We follow a two-pronged approach for this investi-
gation: 1) observational data is analyzed to characterize
the quasi-stationary wave field and 2) a general circu-
lation model (GCM) of the atmosphere is used to test
hypotheses on the mechanisms at work for generation
of the field. Part I concentrates on the first approach,
and is organized as follows. Section 2 introduces the
observational datasets selected for the study. Section 3
describes the seasonal variations of QS-wave 1 in the
southern troposphere and stratosphere, with emphasis
on the austral spring (October). Section 4 compares
the contributions of QS-wave 1 and other planetary
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waves to the total zonal variance during October. Sec-
tion 5 examines the propagation of planetary wave ac-
tivity in the southern troposphere. Section 6 estimates
the effect of low- and high-frequency transients on the
time-mean flow. A summary of the results obtained in
Part I is presented in section 7. Part II will discuss the
GCM experiments and analyze their results.

2. Data

For the troposphere, we use the U.S. National Me-
teorological Center (NMC) daily analyses of geopo-
tential and temperature fields produced by the Global
Data Assimilation System (GDAS) for the pressure
levels 1000, 850, 700, 500, 400, 300, 250, 200, 150,
and 100 mb (MacPherson et al. 1979). For the strato-
sphere, we use the daily analyses produced by the Cli-
mate Analysis Center section of the NMC for the pres-
- sure levels 70, 50, 30, 10, 5, 2, 1, and .4 mb. The data
corresponds to the period January 1979 through De-
cember 1990. Randel (1988) compared the seasonal
evolution of QS-wave 1 obtained by using the analyses
compiled by NMC for the period 1979-1986 and by
the World Meteorological Center at Melbourne, Aus-
tralia, for the period 1979—1985. He found that despite
the differences in periods, observing systems and meth-
ods of analysis, the results obtained for middle and high
latitudes agree very well between the two datasets. This
agreement increases our confidence in the results ob-
tained in this investigation.

Concerning the notation used in the text, let &(\, ¢,
p) be any quasi-stationary (monthly mean ) field, where
\ is longitude, ¢ is latitude, and p is pressure. The zon-
ally asymmetric component of ® is defined as

o* =0~ [9], (1)

where the square brackets denote a zonal mean. The
total zonal variance of ® is given by

A7 = (2 - [2D* (2)

We can write the zonal wavenumber k component of
® as

®, = Ai(d, p) cos[kN + ax(d, p)], (3)
where A, and a, are the amplitude and phase of the

component, respectively. It is clear that

= 2. Ai(¢, p). (4)
k=1

In our case, K = 36 since we interpolate the NMC
tropospheric and stratospheric analyses to a 5° long
X 2.5° lat grid.

3. Seasonal variability of the quasi-stationary
wave field

Figure 1 shows an ensemble average of the zonally
asymmetric component of the geopotential height field
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FiG. 1. The 300-mb zonal asymmetries of geopotential height for (a)
February, (b) June, and (c) October. Dark and light shading corresponds
to positive and negative values. The contour interval is 15 m.
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at 300 mb for months in the austral summer (Febru-
ary), winter (June), and spring (October) during the
1979-90 period. The maps in Fig. 1 are very similar
both in pattern and magnitude. In all cases, the largest
amplitudes are at high latitudes (50°-70°S ), where the
signature of QS-wave 1 is apparent. At these latitudes,
the region of positive values extends roughly over the
South Pacific Ocean, with largest amplitudes of about
100 m southeast of Australia. In both June and October,
there are secondary maxima in the South American sec-
tor. The area of negative values is roughly over the
south Atlantic and Indian Oceans, with largest magni-
tudes of about 120 m around 100°E. In February there
is another area of strong negative values around 15°E.
At polar latitudes (70°-90°S) the positive (negative)
values are roughly south of the negative (positive) val- :
ues at high latitudes. There is a prominent low center 90°E
over the Ross Sea, and positive values over the Weddel
Sea and parts of East Antarctica. At midlatitudes (30°-
50°S) the pattern is in almost opposition of phase with
that at high latitudes.

Figure 2 shows the zonally asymmetric component
of the temperature field at 300 mb for February, June,
and October. In general, the largest values are at polar
latitudes, where the signature of QS-wave 1 is apparent.
There are temperatures about 2°C colder than the zonal
mean over East Antarctica, and warmer than the zonal
mean over West Antarctica. At high and middle lati- 180° B
tudes, contributions from smaller-scale waves to the \
temperature wave field are apparent.

Figure 3 shows maps of QS-wave 1 in the geopoten-
tial field at 300 mb for February, June, and October.
For the months of June and October, the similarity be-
tween Figs. 1 and 3 is evidence of the dominant con-
tribution of QS-wave 1 to the geopotential field in the
southern troposphere. In February, QS-wave 1 contrib-
utes less. At high latitudes, the center of positive values
is located in the South Pacific Ocean around 135°W. ¢ 300 mb October
The wave amplitude increases about 40% from Feb-
ruary to October. The wave phase, on the other hand,
varies only slightly with time, as the pattern shown in
Fig. 3 rotates slightly eastward. The wave phase at 300
mb tilts westward south of about 40°S, and eastward
north of this latitude. A comparison between Figs. 1
and 3 shows that the center of negative values in the
high latitudes at about 100°E is associated with waves 180° F
shorter than QS-wave 1. In June and October, there are
two less conspicuous centers of positive values at about
90°W and the date line, which are associated with QS-
waves 2 and 3.

Figures 4 and 5 show longitude—height cross sec-
tions of QS-wave 1 in the geopotential height field at
55° and 75°S for February, June, and October. At 55°S
in the stratosphere, the amplitude of QS-wave 1 in-
creases systematically from February to October, when
the largest values reach about 470 m at around 7 mb.
At 75°S, QS-wave 1 in the stratosphere is slightly Fic. 2. As in Fig. 1 except for the temperature field.
weaker than at 55°S. In the lower troposphere, there are The contour interval is 0.5°C.

February

180° f°

b 300 mb June

90°E
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FIG. 3. The component with zonal wavenumber 1 of the fields
shown in Fig. 1 (QS-wave 1). The contour interval is 15 m.

significant differences between Figs. 4 and 5 as QS-
wave 1 at 55° and 75° are in opposition of phase. The
structure of the geopotential height field in the lower
troposphere reflects the semipermanent low-pressure
center over the Ross Sea (e.g., Jenne et al. 1974), and
high-pressure center over East Antarctica. The phase
of QS-wave 1 tilts westward with height in the strato-
sphere. Consistent with this westward tilt and the in-
crease in amplitude, the meridional heat transports as-
sociated with QS-wave 1 (not shown) also increase
from February to October. These results are in general
agreement with those reported by Randel (1988).

A comparison between Figs. 4 and 5 suggests that
the Antarctic elevations induce anticyclonic vorticity
on a shallow surface layer. (The vertical resolution of
our dataset does not allow for an accurate estimate of
the depth of this layer.) There is cyclonic vorticity
above this layer. Such a vertical structure is expected
as a consequence of a very efficient surface cooling,
which results in strong drainage winds (katabatic
winds). Katabatic winds blow toward the periphery of
Antarctica inducing surface divergence that has to be
balanced with convergence aloft. A meridional direct
circulation is established by this mechanism (e.g.,
James 1989; Parish 1984). Recently, Juckes et al.
(1994) have argued that this circulation is maintained
through the action of synoptic-scale eddies that limit
the strength of the polar vortex.

Figure 6 shows the seasonal variation of the ampli-
tude of QS-wave 1 in geopotential height in the lower
stratosphere (50 mb) and upper troposphere (300 mb).
The values in Fig. 6 correspond to a 15-day running
mean of the daily data. In the upper troposphere, the
largest amplitudes of QS-wave 1 are in late austral win-
ter—early spring (August and September) at high lati-
tudes. There is also a weaker secondary peak in mid-
latitudes during late austral winter. This behavior dif-
fers from that in the Northern Hemisphere (not
shown ), which shows a more pronounced seasonal cy-
cle. In the lower stratosphere, the largest amplitudes
are in the high latitudes with maxima in the austral
winter and spring. Note the minimum in late austral
winter, which does not have a clear counterpart in the
troposphere.

The seasonal evolution of QS-wave 1 in the upper
troposphere and stratosphere is qualitatively consistent
with predictions of linear wave theory. The strong
westerlies characteristic of the winter circulation are
not suitable for vertical propagation of stationary wave
activity from the troposphere into the stratosphere
(Chamney and Drazin 1961). The deceleration of the
westerlies during spring as the final warming develops,
therefore, is consistent with the strong planetary-scale
disturbances that develop especially during the break-
down of the polar night vortex. Nevertheless, the evo-
lution of the final stratospheric warming comprises
both processes that are connected with others in the
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FiG. 6. Latitude—time diagrams of the seasonal evolution of the amplitude of wave 1 at 50 and 300 mb (contour interval 10 m).
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troposphere, and others that primarily develop in situ
(Mechoso et al. 1988; Mechoso 1990).

4. The zonal variance in October

Since the amplitude of QS-wave 1 is largest during
October in the Southern Hemisphere, we concentrate
on this period in this section. Figure 7 shows the total
zonal variance in the October-mean geopotential height
at 300 mb, the contributions to this variance of QS-
waves 1, 2, and 3, and the range of values obtained for
the period of analysis. In the Southern Hemisphere, the
largest total variances are around 60°S, with hints of
local maxima at about 35°S and 75°S. In the Northern
Hemisphere there is a broad peak at about 55°N. The
variability of the total variance is quite large, particu-
larly in the high latitudes of the Northern Hemisphere.
There are significant interhemispheric differences in
the contributions of QS-waves 1, 2, and 3 to the total
variance. At around 60°S and 45°N, QS-wave 1 con-
tributes about 70% and 55% to the total zonal variance,
respectively. In the Southern Hemisphere, the zonal
variance for QS-wave 1 has a narrow bell-shaped dis-
tribution centered at high latitudes. In the Northern
Hemisphere, the zonal variance of QS-wave 1 shows a
more irregular structure over a wider latitudinal do-
main. In October, QS-wave 2 contributes about 10% to
the total variance at 60°S, and about 55% at 60°N; QS-
wave 3 contributes about 20% and 45% at those lati-
tudes. Thus in October, QS-wave 1 is the main con-
tributor to the Southern Hemisphere quasi-stationary
wave field, and QS-waves 1 and 2 provide comparable
contributions in the Northern Hemisphere.

5. Propagation of quasi-stationary planetary waves
in the Southern Hemisphere

To study planetary wave propagation we inspect the
distributions of the Eliasen—Palm (E—P) flux vector.
Plumb (1985) derived a generalized expression for the
E—P flux of wave activity for three-dimensional, sta-
tionary wave propagation. The expression for F derived
by Plumb can be written as

F= (Ehv Ev)7 (5)
where
1 O(v*d*)
- *2 _
Ex acos¢[v 2aQd sin2¢ O’
1 I(u*P*)
— gy Ky %k
W e sin2g O ] ©
E,=¢ cosqb{ §2 sin2¢
S
1 8(T*®*)
xPk
x [” T~ asinze  on ]} 7
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Here, o is the ratio between pressure and surface pres-
sure; u and v are the zonal and meridional components
of the horizontal wind, respectively; ® is geopotential
height; T is temperature; ) and a are the angular ve-
locity and radius of the earth, respectively; and S is the
vertical temperature lapse rate (6.5 K km™'). Here F
can be interpreted as a measure of the net transfer rate
of wave activity from one location to another (see An-
drews and McIntyre 1976). Even in conservative flow,
it can be shown that the vertical component of F, E,,
is zero only if the vertical velocity at the surface is zero
(see Plumb 1985). Thus, topography is a source of
stationary wave activity. The usefulness of the E—P
flux diagnostics for analysis of quasi-stationary wave
propagation is supported by the results obtained by us-
ing observational data (e.g., Plumb 1985; Karoly et al.
1989; Yang and Gutowski 1994 ); however, care must
be exercised when interpreting the results of these di-
agnostics. Firstly, F was derived under a quasigeo-
strophic assumption and therefore its validity at low
latitudes is suspect. Secondly, Plumb (1985) has
shown that F is a nearly phase-independent quantity in
the limit of almost-plane waves (i.e., the phase of the
wave is a slowly varying function of space and time),
and therefore we must be careful interpreting the short-
scale quasi-stationary waves.

Before proceeding to inspect the E—-P fluxes ob-
tained for the Southern Hemisphere, we examine the
distributions of the zonal component of the wind and
meridional gradient of absolute vorticity. Divergent
and convergent E—P fluxes in regions of westerly flow
indicate sinks and sources of wave activity, respec-
tively. Further, wave activity tends to be refracted to-
ward regions where the meridional vorticity gradients
are positive, and away from regions where it is negative
(e.g., Hoskins and Karoly 1981; Webster and Holton
1982; Branstator 1983).

Figure 8 shows the zonal wind at 300 mb for Feb-
ruary, June, and October. In February, there is a single
jet at high latitudes from the southeast Pacific to south
of Australia, with maximum wind speeds of about 30
m s~ over South America and south of Africa. In June,
a narrow subtropical jet centered at about 30°S extends
from the Indian to the Pacific Ocean, with strongest
winds from eastern Australia to the central Pacific. The
jet at high latitudes extends from the Atlantic to the
Pacific, so that a jet split is apparent over New Zealand.
In the vertical, the jet core is between 300 and 200 mb
(not shown). The zonal wind distribution in October
is very similar to that in June, except that the jet split
disappears in the lower stratosphere, where there is
only a polar jet with speeds of about 45 m s5' over the
Magadascar sector (not shown).

Figure 9 shows that, in general, the meridional gra-
dients of absolute vorticity are generally strongest near
the strongest winds, and negative on the poleward side
of the polar jet. In June and October, there are also
negative meridional vorticity gradients on the poleward
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and equatorward sides of the subtropical jet. According
to the distributions shown in Fig. 9, the zonal wind
during the austral winter and spring would act as a
waveguide to focus the propagation of planetary wave
activity in the Pacific and Indian Oceans from mid- to
high latitudes. During February (i.e., the austral sum-
mer), the zonal wind distributions show weaker hemi-
spheric asymmetries than during June and October, so
that a different pattern of planetary wave propagation
can be expected.

Figure 10 shows E,, and contours of E, at 300 mb for
February, June, and October. We start by discussing
the results for E,. In February, the distribution of E, is
not well organized, consisting primarily of small-scale
features with weak magnitudes. In June, there are pos-
itive values of E, over southern South America extend-
ing eastward, with largest values over the southwestern
Atlantic at high latitudes and south of Australia. A pair
of positive maxima is located at middle latitudes over
the Western and Eastern Pacific. There are negative
values in subtropical latitudes of the Eastern Hemi-
sphere and at midlatitudes over the Pacific Ocean, as
well as along the coast of East Antarctica. In October,
E, shows two prominent centers of positive values over
southern South America and adjacent Atlantic Ocean
and south of the Australian—New Zealand region. Neg-
ative values have generally small magnitudes at middle
and subtropical latitudes over the Indian Ocean, the
Western Pacific and over East Antarctica. Consistent
with amplification of QS-wave 1 in the upper tropo-
sphere and stratosphere, we found significantly larger
positive values for E, at 100 mb (not shown). Also,
the pattern of E, is more zonally symmetric at higher
levels, with maxima positioned again over the Austra-
lian—New Zealand region and over South America and
the Atlantic Ocean.

Figure 11 shows that E, at 500 mb for June and Oc-
tober has features not clearly seen at 300 mb. The larg-
est positive values for E, at 500 mb are over the Ross
Sea and parts of Antarctica. A small region of negative
values is over the periphery of East Antarctica. At high
latitudes, there are positive values south of Australia.
Another common feature to the maps for June and Oc-
tober is the tongue of positive values extending north-
east from the Antarctic periphery toward southern
South America. The distributions shown in Fig. 11 are
in general agreement with those substantiated by Ka-
roly (1985), who found that stationary waves in the
winter and summer troposphere are not associated with
sensible heat transports since they have an equivalent
barotropic structure.

The distribution of E, for February displayed in
Fig. 10 is consistent with little or no propagation
from the Tropics. The distributions of E, for June and
October in Fig. 10 show the signature of wave prop-
agation from the Tropics along western and southern
Australia. A comparison between Figs. 8 and 10 sug-
gests that quasi-stationary wave activity in June and
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October propagates preferentially along the wave-
guides defined by the zonal wind distribution. This
wave propagation pattern is in agreement with results
obtained during the austral winter by Karoly et al.
(1989) and Yang and Gutowski (1994). From south
of Australia, wave propagation continues poleward
and eastward until either the waves are refracted
equatorward over the central Pacific or continue
propagating around Antarctica. The distributions of
E,, corresponding to June and October in Figs. 10 and
11 also show propagation of wave activity northward
and eastward from Antarctica into high latitudes over
the Atlantic Ocean. This suggests that Antarctica is
a source of wave activity not only at polar latitudes
but also at high latitudes. The Antarctic orography
and strong surface cooling are obvious candidates for
this source of wave activity.

The significance of small-scale features over polar
regions may come into question, since the contribution
to the divergence of F by E, is usually smaller than that
of E, particularly during February. During June and
October the contributions are of similar magnitude. De-
spite this problem we found the distributions of E, to
be vertically coherent in June and October.

In summary, the observational evidence suggests
that propagation from both lower and polar latitudes
contributes to the existence of QS-wave 1 in the high
latitudes of the Southern Hemisphere. In this respect,
the most important feature is propagation of wave ac-
tivity from the tropical Indian Ocean into the high lat-
itudes of the Pacific Ocean.

6. Effects of large-scale transient eddies on the mean
flow

Transient eddies can also force quasi-stationary fea-
tures of the flow. To explore this issue, we use the
following equation (Holopainen 1978; Holopainen et
al. 1982) for the time change of the quasi-stationary
geopotential height (&) field,

5%
ot

iv*(k-v X Ap),
(8)

where ¢ is time, fis the Coriolis parameter, g is gravity,
€ = (g/f)V?®, overbars indicate monthly average. In
addition,

- -Lvamvgeni+

A, = A\ + Ayj, 9)
1 ou'u’ 1 Ou'v'cos¢p u'v’
Ay=— — + tandg,
VT N amp M
| (10)
Ay = - 1 Jdu'v'
acos¢p O\

1 v'v'cosd u'u’
— + ,
acos¢ 7).\ a tang, (11)
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FiG. 10. The Eliassen—Palm flux of wave activity flux (F) at 300 mb for (a) February, (b) June, and (c) October. The arrows re;
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and the contours represent the vertical component of F (E,). The reference arrow is 2 m? s ™2
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00

FiG. 11.

where primes indicate fluctuations (i.e., the transient ed-
dies), from the 12-yr mean (1979-1990). The high- and
low-frequency transients of the flow are defined by ap-
plying a low-pass filter with a 15-day cutoff frequency to
the resulting time series (see Blackmon 1976 for details
about the filter). Transient eddy statistics are computed
for each individual October and an ensemble average of
these monthly statistics is then taken. The second term on
the right-hand side of (8) represents the contribution to
the time rate of change of the quasi-stationary geopoten-
tial height field by the transient eddies.

We start by presenting plots of the kinetic energy of
the transient eddies, as well as that of the low- and high-
pass transients (see Fig. 12). The kinetic energy of the
transient eddies is largest at middle latitudes in a broad
latitude belt that extends from the Pacific to the Indian
Ocean, with maxima that approximately correspond to the
location of subtropical and polar jet cores (see Fig. 8).
This distribution is similar to that of the low-pass tran-
sients. The kinetic energy for the high-pass transients has
comparable values, particularly over the Pacific and In-
dian Oceans and southeast of South America.

Figure 13 shows the zonally asymmetric component
of the contribution to the time change of the quasi-
stationary geopotential height field by transient eddies,
as well as the contributions by the low- and high-pass
transients. The contribution by transient eddies at mid-
dle, high, and polar latitudes has a zonal wavenumber
1 pattern, which resembles that of QS-wave 1 at high
latitudes (see Fig. 2). The contribution by the low-pass
transients has an even stronger resemblance with QS-
wave 1. The contribution by the high-pass transients,
on the other hand, primarily consists of small-scale
structures and its zonal wavenumber 1 component is
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b 500 mb October

180°

.....

-
s 2 -

As in Fig. 10 except for June and October at S00 mb.

almost 180° out of phase with QS-wave 1 at high lati-
tudes. At polar latitudes, all contributions are almost in
quadrature of phase with QS-wave 1. These results sug-
gest that, at high latitudes, the low-pass transient eddies
act to strengthen QS-wave 1, and that the high-pass
transient eddies act to weaken it.

7. Summary and conclusions

Part I of this two-part study presents an observational
characterization of the quasi-stationary wave field in
the Southern Hemisphere troposphere and stratosphere.
We used a 12-year long record (1979-90) of obser-
vational data prepared by the National Meteorological
Center. We confirmed that the quasi-stationary wave
with zonal wavenumber 1 (QS-wave 1) is by far the
dominant component of the geopotential height field in
the troposphere and stratosphere of the Southern Hemi-
sphere, and concentrated on this feature of the flow.

The amplitude of QS-wave 1 is largest at high lati-
tudes (50°-70°S) all year round. The wave amplitude
is approximately constant in time, except for a period
of intense growth during the austral spring, particularly
in the upper troposphere and stratosphere. The waves
with zonal wavenumbers 2 and 3 contribute less to the
quasi-stationary wave field, as they are primarily east-
ward traveling.

One of the principal results of this analysis is that
remote forcing seems to play a key role in the gen-
eration and maintenance of QS-wave 1 at the high
southern latitudes during the austral winter and
spring. Our results of E—P flux computations show a
prominent southward wave propagation from the In-
dian Ocean at subtropical latitudes. At high latitudes

00
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south of Australia the wavetrain is refracted north-
ward over the central Pacific Ocean. This behavior is
consistent with previous studies of propagation of
Rossby waves on the sphere forced by low-latitude
diabatic heating (e.g., Hoskins and Karoly 1981;
Hendon and Hartmann 1982), in which stationary
waves with long wavelengths propagate strongly
poleward and eastward.

Studies of Rossby waves propagating meridionally
in a zonally homogeneous flow (e.g., Held 1983) show
that the amplitude of stationary waves must increase as
the wavetrain approaches a turning point. This can be
qualitatively understood by recalling that the E-P flux
is proportional to the product of meridional group ve-
locity and the wave activity density (which in turn is
proportional to the square of the wave amplitude) and
is constant along a wavetrain. Thus the wave amplitude
is expected to increase as the wavetrain approaches a
turning point where the meridional group velocity is
small. At high latitudes the Indian Ocean wavetrain
reaches its turning point, which coincides with the lat-
itudes where the amplitude of QS-wave 1 isclargest.

In October at tropospheric levels, consistent with
large meridional heat transports, vertical propagation
of wave activity is largest at high latitudes. In contrast,
in June, vertical propagation is weaker since waves in
this time of the year exhibit a more barotropic vertical
structure than in October and are thus associated with
smaller meridional heat transports. During June and
October wave activity also propagates horizontally and
vertically from polar latitudes into high and middle lat-
itudes over South America and the Atlantic Ocean.

The distribution of the vertical component of the E—
P flux for October at various levels in the southern
troposphere suggests that a fraction of the vertically
propagating wave activity can be traced to the lower
troposphere over the Antarctic region. Another source
of vertically propagating wave activity is located south
of Australia at about 60°S. We also analyzed the con-
tributions of the quasi-stationary component of the flow
by the low- and high-pass transients. The largest con-
tributions by low-pass transients (periods longer than
15 days) were found in high latitudes, where QS-wave
1 has largest amplitudes. At these latitudes, the contri-
bution is dominated by its component with zonal wave-
number 1, which is almost in phase with QS-wave 1.
The contribution by high-pass transients (periods
shorter than 15 days), on the other hand, is less dom-
inated by its component with zonal wavenumber 1,
which is in almost opposition of phase with QS-wave
1. The low-pass transients, therefore, act to strengthen
QS-wave 1, whereas the high-pass transients weaken
it. Since the magnitude of the former contribution is far
stronger than that of the latter, these results suggest that
the net effect of the transients is to enhance QS-wave
1. At polar latitudes, both the low- and high-frequency
transients act to weaken the quasi-stationary wave field.
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