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A standing wave climatology for the southern hemisphere has been prepared from
ten years of daily hemispheric numerical analyses from the World Meteorological
Centre, Melbourne for the period September 1972 till August 1982. Standing wave
diagnostics of the geopotential height, wind and temperature on seven pressure lev-
els are presented for summer and winter. These are compared to those from the earlier
southern hemisphere climatology of Taljaard et al. (1969) and to the standing waves
in the northern hemisphere.

In general, the standing waves in the southern hemisphere have large zonal and short
meridional length scales and an equivalent barotropic vertical structure. There is very
little variation of the standing wave amplitude with season. At high latitudes, there
is a westward phase tilt of the standing waves with height, indicating upward propagat-
ing waves. The results suggest that thermal and orographic forcing associated with
Antarctica are the major forcing of standing waves in the southern hemisphere. In
the subtropics, there is a shorter zonal length scale and a phase reversal of the stand-
ing waves between summer and winter, indicating the influence of continent-ocean
temperature contrasts.

The major differences from the earlier southern hemisphere climatology are the larger
amplitude temperature standing wave and the greater importance of smaller scales
in middle and high latitudes. The different analysis systems used for the two clima-

tologies have led to some differences in the standing wave results.

Introduction

Standing waves, the zonally asymmetric component
of the time-mean atmospheric flow, have long been
a subject of meteorological interest. They are the
zonal variations of the mean atmospheric conditions.
They can be forced by a variety of factors; e.g. zonal
variations in the earth’s surface, in the diabatic
processes in the atmosphere or in the exchanges with
transient eddies. A detailed description of the stand-
ing waves in the atmosphere has been limited by the
lack of atmospheric data over some regions of the
globe and for extended periods.

The observed three-dimensional structure of the
standing waves in the northern hemisphere (NH) has
been well documented recently (Lau 1979; White
1982; Lau, White and Jenne 1981; Lau and Oort
1981) but a similarly detailed description of the
standing waves in the southern hemisphere (SH) does
not exist. There are a number of possible reasons for
this; the strong circumpolar vortex and the appar-
ent smaller amplitude of standing waves in the SH,
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the lack of observational data with uniform cover-
age for the SH and the greater interest in the NH.

Some characteristics of the standing waves in the
southern hemisphere have been described by van
Loon and Jenne (1972) and van Loon et al. (1972)
from the climatology of Taljaard et al. (1969), which
is broadly representative of the decade 1957-66. More
recently, Trenberth (1979, 1980) has described some
aspects of the standing waves in the SH using 7 years
of daily hemispheric numerical analyses for'
1972-1978 from the World Meteorological Centre
(WMC), Melbourne.

Wallace (1983) has reviewed the observed struc-
ture of the climatological mean standing waves in
both hemispheres. He used the Taljaard et al. (1969)
climatology and some single season averages of the
European Centre for Medium Range Weather Fore-
casting (ECMWF) operational analyses to descrrbe
the SH standing waves.

A climatology of 10 years of SH analyses from
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WMC, Melbourne has recently been compiled by Le
Marshall et al. (1985). This is based on an extended
period of daily hemispheric numerical analyses, dur-
ing which there were no major changes in the analy-
sis procedure. This climatology will be referred to
as the Australian SH climatology (ASHCL). The
purpose of this paper is to provide a description of
the zonally asymmetric component of the time-mean
fields from this climatology. This is compared to the
standing waves in the earlier SH climatology of Tal-
jaard et al. (1969) and the standing waves in the NH,

Data analysis

The source of the data for the standing wave clima-
tology was archived daily numerical analyses at 0000
GMT for the southern hemisphere prepared at the
World Meteorological Centre, Melbourne. Ten years
of these daily analyses from September 1972 to Au-
gust 1982 have been used to construct a climatology
of the southern hemisphere, which is described in
Part I of this series by Le Marshall et al. (1985). De-
tails of the analysis procedure are given there,
together with a description of the major features of
the climatology. Only a brief outline of the analysis
procedure is given here.

The data base for the analyses included the fuil
conventional network, satellite imagery, satellite-
derived winds and temperature soundings and float-
ing buoy data. Manual methods were used to speci-
fy mean sea level pressure and 1000-500 mb thick-
ness from cloud pictures when no other data were
available (Guymer 1978). The analyses at 0000 GMT
have been used for the climatology as they general-
ly had a more extensive data base than the 1200 GMT
analyses. Verification of the analysis climatology us-
ing a climatology of SH radiosonde observations (Le
Marshall et al. 1985) showed that the mean analysis
fields agreed very well with the station observations.
Trenberth (1979) compared some of these analyses
with SH analyses from other sources and with sta-
tion data and concluded that they were the best SH
analyses available although they contained some
imperfections.

The ten-year means for each month for the geo-
potential height (z), zonal and meridional
wind (u, v) and temperature (T) fields are used. The
overbar (" )indicates the ten-year mean monthly mean
of the daily grid-point values. The standing waves
are defined as the zonally asymmetric part of the ten-
year means i.e. z* = z — [z], where [ ] indicates
zonal mean and * indicates the zonally asymmetric
part. The fields are interpolated onto a 5° x 5°
latitude-longitude grid south of 10°S. Standing wave
diagnostics have been computed for each month and
then averaged over the summer months; December,
January, and February, and the winter months;
June, July, and August.

These standing wave diagnostics are compared
with those from the SH climatology of Taljaard et
al. (1969). This earlier climatology was based on

long-term mean monthly surface observations and
upper-air station observations for the SH. The proce-
dure for obtaining the climatology was described by
Taljaard et al. (1969) and summarised by Swanson
and Trenberth (1981), who also commented on pos-
sible sources of error in the climatology. The clima-
tology is broadly representative of the decade
1957-1966.

Zonal mean statistics

The distribution of the zonal mean spatial variances
of the climatological fields shows the regions of large
standing wave amplitude and can be used as a crude
measure for comparison of the standing waves be-
tween hemispheres or between data sets.

In Fig. 1 is shown the root mean square zonal var-
iance of geopotential height [z**]*, temperature
[T*3)*, zonal wind [u*?]% and meridional wind
[v**]* for summer and winter. At low levels and
high latitudes, some of the pressure surfaces are be-
low the surface of Antarctica and, although data are
available in the climatology, the zonal asymmetries
are meaningless. The variances in this region are not
shown. An obvious difference from the NH (Lau
1979) is the small seasonal change of the variances,
with little change in the distributions and only a slight
reduction in amplitude from winter to summer. In
general, the variance in the SH winter is about half
that in the NH winter but in summer, the variance
in the SH is larger at middle latitudes and smaller
in low latitudes than in the NH.

The maximum zonal variance of the geopotential
height occurs at about 55 °S in both winter and sum-
mer, slightly poleward of that in the NH winter. This
maximum extends up into the stratosphere in winter
but not in summer, in agreement with the theory of
planetary wave propagation of Charney and Drazin
(1961).

The temperature zonal variance is largest at low
levels, with a maximum in the subtropics, related to
the distribution of land masses, and a second maxi-
mum at high latitudes, related to thermal contrasts
between ocean, sea-ice, and Antarctica. The value
of this high latitude maximum is difficult to deter-
mine because of the presence of Antarctica. The
maximum low-level temperature variance in the sub-
tropics occurs at 850 mb. The temperature variance
in the Taljaard climatology (shown in Fig. 2) is lar-
gest at the surface in the subtropics. This would be
expected if the zonal variations of atmospheric tem-
perature were forced by variations of the surface tem-

_perature. The vertical displacement of the maximum
temperature variance in the ASHCL is a result of
the numerical analysis procedure used for the WMC,
Melbourne hemispheric analyses. There are large er-
rors in the ASHCL temperature analyses at 1000 mb,
the lowest analysis level (Le Marshall et al. 1985).

The zonal wind zonal variance has two major max-
ima in winter at 25°S and 45°S, related to zonal
asymmetries in the double jet in the SH flow. In sum-
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Fig. 1 Root mean square zonal variance for: (a) summer
and (b) winter geopotential height [z**]": (contour
interval 20 m), (c¢) summer and (d) winter tempera-
ture [T**]** (contour interval 0.5K), (¢) summer
and (f) winter zonal wind [u**]": (contour interval
2 m s 1), and (g) summer and (h) winter meridional
wind [v*?]": (contour interval 0.5 m s-').
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mer, there is a single variance maximum at 45°S. In
the NH, there is a single maximum for the variance
of the zonal wind.

The meridional wind zonal variance in the SH is
much smaller in middle latitudes than in the NH, in-
dicating not only a smaller standing wave amplitude
in geopotential height but also a larger zonal length
scale in the SH. In the subtropics, there is a low-level
maximum and an upper-level maximum in meridi-
onal wind variance. The low-level maximum is not
found in the NH.

Fig. 2 Winter root mean square spatial variances from the
Taljaard climatology, as for Figs 1 (b), (d), (f) and
(h).
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The wintertime zonal mean spatial variances from
the Taljaard climatology are shown in Fig. 2. In
general, the distribution and magnitude of the vari-
ances are very similar for the two climatologies in
both winter and summer. The major differences in
the Taljaard climatology are; the low-level temper-
ature variance is larger at low latitudes and smaller
at high latitudes, the zonal wind variance is larger
at high latitudes and the meridional wind variance
is smaller at high latitudes. The comparison for sum-
mer is similar and the summer data from Taljaard
et al. (1969) are not shown here to save space.

The zonal mean meridional transports of momen-
tum [u*v*], heat [v*T*], geopotential energy

Fig. 3 Zonal mean standing wave meridional transport of:
momentum in (a) summer and (b) winter, [u* v*]
(contour interval 1 m? s-?); heat in (c) summer and
(d) winter, [v* T*] (contour interval 1K m s-'); ge-
opotential energy (e) summer and (f) winter, [v* z*]
(contour interval 5 m? s-'); and relative vorticity in
(g) summer and (h) winter, [v* {*] (contour inter-
val 1 x 10-°* m s-?),
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[v*2*] and relative vorticity [v* {*] by the standing
waves in summer and winter are shown in Fig. 3.
It should be noted that the meridional transports by
standing waves in the SH are generally much smaller
than by the transient waves in the SH (Trenberth
1981). The magnitude of the momentum flux in
winter is much less than in the NH but, in summer
in middle latitudes, it is larger than in the NH sum-
mer. The distribution changes from summer to
winter with regions of equatorward momentum flux
in winter. The predominantly poleward momentum
flux in both winter and summer is consistent with
equatorward propagation of the standing waves. The
meridional heat flux is small except over Antarctica

Fig. 4 Winter zonal mean standing wave meridional trans-
port of (a) momentum and (b) heat from the Tal-
jaard climatology, as for Figs 3 (b) and (d).
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and at low levels in the subtropics. Even there, it is
much smaller than in the NH. The zonal mean geo-
potential energy transport by the geostrophic flow
is zero so the transport in Fig. 3 is a result of ageos-
trophic flow. This ageostrophic flow is due to the
use of gradient wind assumption in the wind ana-
lyses at WMC, Melbourne. The magnitude of the
geopotential energy transport is similar to that found
by Lau (1979) for the NH from NMC analyses, even
though the magnitude of the geopotential height and
meridional wind variances are much smaller than in
the NH. The distribution of relative vorticity trans-
port has five maxima between 10°S and the pole,
with short meridional length scale. This is an indi-
cation of the short meridional length scale of the
zonal wind asymmetries in the SH.

The wintertime meridional transport of momen-
tum and heat by the standing waves in the Taljaard
climatology are shown in Fig. 4. The differences
from ASHCL are larger than for the spatial variances
and they are in the distribution of the transports since
the magnitudes are similar. The largest difference is
in the meridional heat transport at low levels in the
subtropics, which is equatorward in ASHCL but
poleward in the Taljaard climatology. Since the flow
in the Taljaard climatology is geostrophic, the zonal
mean geopotential energy transport is zero.

It should be noted that the standing wave meridi-
onal transports in both climatologies are small and
comparable to estimates of the transports due to
analysis errors alone. Thus the differences in the
meridional transports may be due to differences in
the analysis systems used.

Three-dimensional structure

The three-dimensional structure of the standing
waves is presented by displaying the zonally-
asymmetric component of the climatological fields
on horizontal maps at specific levels and using
longitude-height cross-sections at specific latitudes.
It is then possible to relate the standing waves to the
distribution of continents and oceans.

First, the horizontal distributions of the zonal
asymmetries are shown in Fig. 5. The maximum var-
jance of geopotential height occurs near the
tropopause level so horizontal maps of the geopoten-
tial height asymmetries on the 300 mb pressure sur-
face are used. The largest amplitude asymmetries oc-
cur near 55°S in summer and winter, as expected
from the spatial variances. The asymmetries have
large zonal and short meridional length scales, with
three sign reversals between 10°S and the pole along
the 180° meridian. In contrast, the NH winter geo-
potential asymmetries have maximum amplitude at
about 45°N, shorter zonal and larger meridional
length scales, with a single sign reversal at about
30°N. '

Few theoretical or modelling studies have been
made of standing waves in the SH. Grose and
Hoskins (1979) looked at the steady response of a

linearised, barotropic numerical model to orographic
forcing. As a simple model of Antarctica, they used
a circular mountain centred at 80 °S, extending over
the pole, and found a dominant zonal wavenumber
one response, with short meridional and large zonal
length scales, spiralling away from the pole. The
response to a smoothed representation of the SH
orography was much the same, with some effect
from the Andes, and was quite similar to the geo-
potential asymmetries in Fig. S, particularly in mid-
dle and high latitudes.

The largest temperature variance occurs just above
the surface so horizontal maps of the temperature
asymmetries on the 850 mb pressure surface are used.
At high latitudes, the 850 mb surface is below the
surface of Antarctica so the temperature asymmetries
south of 70°S are meaningless. The largest ampli-
tude temperature asymmetries occur in the subtrop-
ics due to continent/ocean thermal contrasts and at
high latitudes, due to the thermal contrasts between
ocean, sea-ice, and Antarctica. The three continents
in the subtropics give a zonal wavenumber three pat-
tern, with shorter zonal length scale than at higher
latitudes. N

The zonal asymmetries of the geopotential height
in winter and temperature in summer from the Tal-
jaard climatology are shown in Fig. 6. The differ-
ences between the two climatologies are generally in
the magnitudes of the asymmetries rather than in
their positions. The geopotential height asymmetries
from the ASHCL are larger in the dateline (or day-
time) sector and smaller in the Greenwich meridian
(or night) sector than those from the Taljaard clima-
tology. This may be associated with the time of the
WMC, Melbourne analyses used for the ASHCL
since there are more upper-air soundings in the day
sector than in the night sector. The temperature
asymmetries in the ASHCL generally have smaller
length scales than in the Taljaard climatology, with
smaller amplitude in the subtropics in summer and
larger amplitude at high latitudes. This suggests that
the apparent standing wave thermal forcing in the
subtropics due to continent-ocean temperature con-
trasts is smaller in the latter climatology. However,
deficiencies in the low-level temperature analyses in
the ASHCL have been described by Le Marshall et
al. (1985) and are mentioned in the previous section
and place doubt on this conclusion. Swanson and
Trenberth (1981) have looked at differences between
a shorter climatology of WMC, Melbourne analyses
and the Taljaard climatology and they suggested that
the thermal continentality effect was smaller in the

_later climatology. Whether there has been a real

change in the intensity of the low-level thermal asym-
metries has still to be determined.

The vertical structure of the geopotential height
asymmetries is shown in Fig. 7 using longitude-height
cross-sections at the latitudes of large spatial vari-
ance. In the subtropics, the asymmetries have little
phase tilt with height and a short length scale. In
summer, they have a phase reversal in the middle
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Fig. 5 Zonal asymmetries of: mean geopotential height at 300 mb in (a) summer and (b) winter (contour interval 20 m)
and mean temperature at 850 mb in (c) summer and (d) winter (contour interval 1K). Negative contours are dashed.
Temperature asymmetries south of 70°S are meaningless.
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troposphere, as for low latitude, diabatically-forced
monsoonal circulations. At 55°S, the latitude of lar-
gest spatial variance, there is an equivalent barotropic
vertical structure, with little phase tilt with height and
increasing amplitude from the surface to the
tropopause. The zonal variation has larger length
scale than in the subtropics and is dominated by
zonal wavenumber one. At high latitudes, there is
large westward phase tilt with height, a characteris-
tic of vertically propagating waves and consistent
with the poleward heat transport at high latitudes.
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The vertical structure of the NH geopotential height
asymmetries has westward phase tilt in middle and
high latitudes and a shorter zonal length scale.
The vertical structure of the temperature asym-
metries is shown in Fig. 8. In the subtropics, the lar-
gest amplitudes occur at 850 mb and near the
tropopause, as found in low latitude, diabatically-
forced circulations. At 50°S the surface is ocean but
the largest temperature asymmetries still occur at 850
mb. The zonal length scale is much larger, suggest-
ing that the temperature asymmetries are related to
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Fig. 6 Zonal asymmetries of (a) mean geopotential height at 300 mb in winter and (b) mean temperature at 850 mb in
summer from the Taljaard climatology as in Figs 5(b) and (c).

Fig. 7 Longitude-height cross-sections of the zonal asymmetries of mean geopotential height at: 25°S in (a) summer and
(b) winter, 55°S in (c) summer and (d) winter and 75°S in (¢) summer and (f) winter. Contour interval is 20 m and
negative contours are dashed. )
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