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Variability in the strength of the westerly wind component at 500 hPa over the
Australian sector of the Southern Ocean is investigated by means of a zonal index
(ZI) obtained from daily analyses of the Australian Bureau of Meteorology. This
index reveals a marked seasonal variation, from a maximum in January to a mini-
mum in July. Interannual variability of the westerlies is also demonstrated by the
index, and appears to be modulated by the phase of the Southern Oscillation. This
response of the ZI is shown to be related most closely to variability of geopotential
heights of the 500 hPa surface over southern Australia. During warm El Niiio-
Southern Oscillation (ENSQ) events, above average annual means of geopotential
height are normally observed, but the variability, as determined by the standard
deviation of the daily heights, is low. In the years prior to the ENSO events of 1982
and 1987, variability of daily geopotential heights was high, but annual mean geo-
potential heights were near or below average. The high variability in the years prior
to an ENSO may provide an indication of a significant circulation change in the

Australian region.

Introduction

The difficuity of studying the upper atmosphere
in the southern hemisphere has been highlighted
by numerous authors (e.g. Venter 1957; Tren-
berth 1979; Van Loon and Shea 1988; Karoly
1989). Unlike the northern hemisphere, which
has extensive populated land areas in the middle
and high latitudes, the ‘water hemisphere’ is
largely devoid of occupied land between about
45°S and 65°S. Consequently, mid-tropospheric
winds have to be largely inferred from upper air
analyses. This technique can lead to marked dif-
ferences between data sets based on different
analyses.
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Trenberth (1979) has drawn attention to signifi-
cant differences detected in monthly and long-
term means of zonal geopotential height and wind
at 500 hPa, between a data set obtained from op-
erational analyses produced by the Australian
Bureau of Meteorology for the period 1972 to
1978, and earlier analyses of Taljaard et al. (1969)
and Van Loon et al. (1971). Although conceding
that many of these differences merely arise from
the different data periods chosen, Trenberth
(1979, p. 1515) asserts that “all of these problems
should be reduced by using daily synoptic analy-
ses which are able to make use of continuity,
observations by ships and aircraft and satellite
data’. Mean fields derived by Trenberth (1979)
are based on the 0000 UTC hemispheric analyses
of the Australian Bureau of Meteorology, which
he regarded as the best hemispheric data set
available at that time.
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The examination of statistical relationships be-
tween atmospheric pressure fluctuations and Aus-
tralian weather elements, notably rainfall, has
formed an important part of climatological re-
search throughout this century (Allan 1988). A
climatology of the interplay between atmospheric
pressure variations in the Australasian region and
the tropical Pacific Ocean has gradually emerged.
The dominant cycle of pressure variations occurs
between two main regions, the tropical Australian
and Indonesian area, and the southeastern trop-
ical Pacific (Philander 1990). There is a strong
negative correlation between pressure variations
in these two regions and its cyclical behaviour has
been given the name Southern Oscillation. Ac-
cording to Philander (1990), the crucial relation
between sea-surface temperature (SST) fluctu-
ations in the tropical Pacific and the Southern
Oscillation was first established in the 1960s. The
term El Nifio has been expanded to encompass the
phase of the Southern Oscillation when SST in the
central and eastern tropical Pacific Ocean are
anomalously high, and La Niiia has been used to
describe the other extreme of the cycle (Philander
1990). The more general expression, El Nifio-
Southern Oscillation (ENSO), will be used here
for the warm phase, when positive SST anomalies
migrate into the eastern equatorial Pacific.

Although the Southern Oscillation is a con-
sequence of the interannual variability of the trop-
ical Pacific SST, the variations in SST are now
believed to be linked to the surface wind vari-
ations which are induced by the Southern Oscil-
lation. Graham and White (1988) contend that
the SST, zonal wind stress and the depth of the
warm upper layer of the ocean interact through a
complex feedback process and produce a natural
oscillation of the ocean-atmosphere system in the
tropical Pacific, with links to higher latitudes.

Drosdowsky (1988) has demonstrated the re-
lationship between the phase of the Southern
Oscillation and geopotential heights in the Aus-
tralian region, while Karoly (1989) has investi-
gated circulation anomalies in the southern
hemisphere during ENSO events. However, links
between the mid-tropospheric zonal flow south of
Australia and the Southern Oscillation have not
been explored in detail. Here the interannual
variability of the zonal wind component in the
Australasian sector of the Southern Ocean is
examined in relation to the phase of the Southern
Oscillation.

This paper investigates the use of a zonal index
(ZI) derived from geopotential height gradients
on the 500 hPa surface, between 35°S and 55°S.
The Z1 thus provides an indicator of seasonal and
interannual variability of the zonal wind over the
Southern Ocean in the Australian region. The
data set has been developed from the output of
daily hemispheric analyses issued by the Aus-
tralian Bureau of Meteorology at 1200 UTC, and

extends from March 1971 to December 1989.
Although it would have been consistent to use the
0000 UTC analyses as the basis of this study, as in
Trenberth (1979), the daily 500 hPa grid-point
data transmitted from the National Meteoro-
logical Centre (NMC), from which the-ZI has
historically been calculated, are extracted from
the 1200 UTC analyses.

Prior to 1971, attempts were made by meteor-
ologists in Hobart to develop a measure of the
strength of the westerly winds in the mid-
troposphere at middle latitudes in the belief that
the identification of significant features in this
current could be a useful forecasting tool (Hutch-
inson 1991, personal communication). The region
selected as being significant extended from the
central Indian Ocean to just east of New Zealand.
Within that region, the strength of the westerly .
winds at 500 hPa was estimated by calculating the
difference between the grid-point heights at 35°S
and 55°S and summing to produce an index, the
Z1 referred to in this paper. In this study, the defi-
nition of the ZI and its applicability as a clima-
tological tool are examined further by analysis of
long-term means, comparison with previous
studies, and statistical correlations.

The data

Grid-point values of geopotential height at the
500 hPa pressure level are generated by numerical
methods from the 1200 UTC hemispheric analy-
sis each day and transmitted by landline from
NMC to Regional Forecasting Centres (RFC)
around Australia. These data are available at 10°
latitude-longitude grid-points for the entire hemi-
sphere.

The data employed in this study comprise geo-
potential heights of the 500 hPa surface at lati-
tudes 35°S and 55°S. The values were manually
extracted from the coded messages dispatched
from NMC each morning and plotted by the staff
of the Tasmanian Bureau of Meteorology in the
eastwards sense from 75°E to 175°W, at 10° inter-
vals. The region included in the analysis and the
twelve meridians along which geopotential height
differences were calculated can be seen in Fig. 1.
The difference (AZ) between the geopotential

‘heights at 55°S (Zss) and 35°S (Z35) was computed

for each standard longitude. Hence:
AZ=Z35_Z55 |

As the values of Z35 are normally larger numeri-
cally than Zss, AZ is positive in the vast majority
of cases. Over limited regions of the hemisphere
there can be occurrences where Zs; is greater than
Z5. These situations are typical of slow eastward
movement of systems and are often associated
with ‘blocking’ patterns. Although AZ is negative
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Fig. 1 The sector of the Southern Ocean for which the
Z1 was calculated, showing the 12 standard mer-
idians. Grid-points are indicated by a + and AZ
represents the geopotential height difference be-
tween 35°S and 55°S at each meridian.
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in these regions it is outweighed by significant
positive values for the remainder of the hemi-
sphere or, in this case, the section of the hemi-
sphere under consideration.

The differences in geopotential decametres
(dam) at each selected meridian were summed to
produce a ZI for each day. Thus:

ZI=S(AZ)=AZ,+AZ,+... 4+ AZ,, ...2

Typical values of the index range from 350 to
about 750 dam. Additionally, monthly and
annual mean upper wind data for Wagga,
Adelaide and Albany, stations near 35°S, and
Macquarie Island, near 55°S, have been used in
the analysis for comparative purposes. These data
were supplied by the National Climate Centre for
all years of record, up to and including 1987.

Analysis

Monthly means

Mean values of the ZI for each month of the study
from March 1971 to December 1989 were ana-
lysed to produce overall monthly means for all
years of record. These results are displayed in
Fig. 2. The highest values of the ZI are found in
summer (January) and the lowest in winter (July)
with a mean difference between the extremes of
approximately 100 dam. Another peak is evident
in spring (October) when the circumpolar trough
at sea level reaches maximum intensity and
moves closer to the Antarctic continent (Van
Loon and Shea 1988). There follows a slight de-
crease in November followed by a steady rise to
the January peak. As the ZI is a measure of the
difference between geopotential heights across a

20° latitude band, separation of the annual cycles
of mean geopotential height at 35°S and 55°S indi-
cates the seasonal variability operating at the
northern and southern boundaries. From Fig. 3, it
is apparent that the northern boundary is respon-
sive to the behaviour of the subtropical ridge,
which oscillates between maximum northern ex-
tent in the winter months and maximum southern
extent in summer. By way of contrast, variability
at the southern boundary is out of phase with the
subtropical atmosphere. The minimum height oc-
curs in September, at the time of maximum ice
extent around Antarctica (Van Loon and Shea
1988), while the peak occurs in March, at the
opposite phase of the sea-ice cycle.

Fig.2 Monthly mean ZI (dam) computed for the period
1971 to 1989.
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Fig. 3 Monthly mean 500 hPa height (dam) averaged
over the 12 grid-points at 35°S and 55°S for the
period 1979 to 1989.
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Figure 4 shows.the annual range in monthly
means of geopotential height at each of the grid-
points in the study. Clearly, the greatest variation
occurs in the Indian Ocean sector at 55°S, for the
grid-points at 75°E and 85°E. However, for each of
the grid-points east of 105°E, the annual cycle at
the northern boundary exceeds the seasonal vari-
ations in the 500 hPa height over the Southern
Ocean. The atmosphere over subtropical Aus-
tralia undergoes a marked annual cycle of 500 hPa
height between a maximum in summer and a
minimum in winter. As an example, the mean geo-
potential height of the 500 hPa surface at Adel-
aide Airport reaches a maximum value of 580
dam in February and a minimum of 560 dam in
July and August (Maher and Lee 1977). This vari- -
ation of 20 dam contrasts with a change of only
10 dam at Macquarie Island for the same period.
Long-term averages (1972 to 1978) of zonal mean
geopotential height have been computed by Tren-
berth (1979) for the southern hemisphere. Mean
differences in geopotential between 35°S and 55°S
for each month were extracted from his tabulated
data and are presented in Fig. 5. Comparison of
Fig. 2 and Fig. 5 reveals broadly similar features,
but the variability from summer to winter is not as
marked in the hemispheric set (Fig. 5), while the
minimum values occur in June and August. This
contrasts with the marked minimum in July for
the Australian region in Fig. 2. Again the maxi-
mum variation in geopotential height occurs at
35°S where the mean heights range from 581.1
dam in February to 563.3 dam in August. At 55°S
the extremes are encountered in March (534.8
dam) and July (521.8 dam).

Fig. 4 Annual range of monthly mean 500 hPa geo-
potential height (dam) at each grid-point (means
computed for the period 1979 to 1989).
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Fig. 5 Monthly mean difference (dam) between the zo-
nal average of 500 hPa geopotential height at
35°S and 55°S for the period 1972 to 1978 (from
Trenberth 1979).
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The annual means
The annual means of the ZI were calculated for
the years 1972 to 1989 and are displayed in Fig. 6.
The mean ZI for these years is 525.29 dam with a
standard deviation of 25.31. The long-term mean:
north to south geopotential gradient for each of
the twelve grid-point pairs is 44.1 dam. Appli-
cation of the geostrophic relationship yields a
mean geostrophic westerly wind of 18.9 ms™! at
45°S throughout the region from 75°E to 175°W.
The only upper-air reporting station near this
parallel is Hobart, for which the annual mean west
to east component is 13 ms™! (Maher and Lee
1977). The geostrophic wind obtained from the Z1
therefore overestimates the strength of the west-
erly belt if Hobart can be taken as representative
of the middle latitudes in this region. However,
Hobart is influenced by the proximity of the Tas-
man Sea which is one of the most favoured regions
in the southern hemisphere for ‘blocking’. Ac-
cording to Van Loon (1972), there is a marked
gradient from a strong zonal component of geo-
strophic wind in the Indian Ocean sector at 45°S
to low values in the Tasman Sea, an effect clearly
apparent in synoptic analyses. Streten and Zill-
man (1984) have demonstrated this flow pattern
in their Fig. 54. The correlation between the
annual mean ZI and the annual mean 500 hPa
height at Adelaide is high (r=0.83,n=16),and is
significant at the 1 per cent level. More than 69
per cent of the variance is explained by the re-
gression line. Moreover, there is a high correlation
between mean annual 500 hPa height at Adelaide
and at Wagga (r=0.75, n = 20), suggesting that
the relationship between annual means of ZI and
500 hPa height may hold for southeastern Aus-
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tralia. This is not the case for the southwest of the
continent. The correlation between the ZI and the
mean annual geopotential height at, for example,
Albany is low (r=0.24, n=16). By way of
contrast, the correlation between mean annual
500 hPa height at Macquarie Island (55°S, 159°E)
and the ZI provides an indication of high latitude
forcing on the variability of the westerlies. The
correlation coefficient of —0.67 (n = 16) is again
significant at the 1 per cent level. The regression
relationships between the annual means of the
Z1 and geopotential heights at Adelaide and
Macquarie Island are given in Fig. 7.
Notwithstanding the extreme annual cycle of
500 hPa height in the southern Indian Ocean, as

Fig. 6 Time series of the annual mean ZI (-0-) and the
summed Southern Oscillation Index (-¢-) for the
period 1972 to 1989.
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Fig. 7 Regression relationships between the annual
means of the ZI and geopotential height at Adel-
aide (-0-) and Macquarie Island (+) for the
perod 1972 to 1987. Mean 500 hPa heights have
been derived from 2300 UTC data.
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indicated in Fig. 4 for the grid-points at 55°S,
variability of the annual mean height in this
region is poorly correlated with the annual mean
of the ZI1. Correlation coefficients between annual
means of the 500 hPa height and the ZI for the
grid-points at 55°S, 75°E and 55°S, 85°E, have
values of approximately —0.1.

Thus, interannual variability in the strength of
the mid-tropospheric westerlies in the study area
appears to be closely associated with variability of
500 hPa geopotential height over southern and
southeastern Australia, but not southwestern Aus-
tralia. A secondary influence is provided by high
latitude geopotential height variation south of the
Tasman Sea.

Fig.8 Time series of the total number of days per annum
of zonal westerly winds (ZWW) in the Tasman-
ian region according to a classification from
Harris et al. (1988).
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Fig. 9 Plot of number of days of surface zonal westerly
winds (ZWW) in the Tasmanian region for a
given year against the ZI (dam) for that year
(period 1972 to 1985).
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The time series of mean annual ZI can be com-
pared with a time series of a measure of the fre-
quency of westerly winds at the surface. Harris et
al. (1988) presented a classification scheme for
surface synoptic situations for Tasmania and the
region south of the Great Australian Bight and
emphasised relationships between frequency of
westerly surface winds and several variables, in-
cluding rainfall on the Central Plateau, the level of
Great Lake and ‘angling effort’ at the lake. Eight
types of synoptic situation were chosen as rep-
resenting typical weather sequences for Tasmania
and the classification proceeds on the principle
that each weather system is the dominant influ-
ence for that day. One particular weather type is of
relevance to this study. The ‘zonal westerly’ classi-
fication (ZWW) has been assigned according to
the following criteria (Harris et al. 1988, p. 755):
‘1. The presence of a marked N-S pressure gradi-
ent, with isobars mostly aligned E-W. Cases
with an orientation NW-SE and SW-NE were
also included.

2. The presence of more than one cold front
embedded in the westerly stream.

3. Total duration of the weather system of more
than one day. Typical duration is a few days.’

The time series of the zonal westerly classifi-
cation indicating the number of days of westerly
weather experienced for each year from 1945 to
1985 is given in Fig. 8. There is a high correlation
(significant at the 1 per cent level) between the
frequency of ZWW in the vicinity of Tasmania
and the ZI for the period 1972 to 1985 (r=0.78,
n=14). The scatter diagram is shown in Fig. 9.
Approximately 61 per cent of the variance is
explained in this case by the regression line.

Zonal index and ENSO

In Fig. 6, significant positive departures from the
annual mean ZI occurred in 1980, 1982 and 1987.
The only negative departure of similar magnitude
was restricted to 1974. Inspection of Fig. 6 reveals
a decline in ZI from 1972 to a minimum in 1974
followed by a steady rise to a major peak during
the period 1980 to 1982. The high values of ZI in
1982 and 1987 correspond to periods when sig-
nificant ENSO events occurred.

The apparent coincidence of ENSO and higher
values of ZI in the time series suggested the desir-
ability of testing the significance of any cross-
correlation between the ENSO phenomenon and
the ZI. Measurement of the variation of the at-
mospheric circulation in the Australia-Pacific
region, the Southern Oscillation, is usually rep-
resented by the intensity and phase of the press-
sure difference between the central Pacific and the
northern Australia-Indonesia region (Allan 1988).

A measure of the phase of this circulation, which
is currently used in ‘outlook statements’ by the
Australian Bureau of Meteorology, is the so-called
Southern Oscillation Index (SOI). Gaffney (1988,
p. 41) has defined the SOI as ‘10 times the Tahiti
minus Darwin monthly mean MSL pressure
difference anomaly divided by the standard
deviation of those differences for the relevant
month ...’

When an ENSO occurs the index becomes
strongly negative and may maintain a negative
sign for several months or more. For this study,
monthly mean values of the SOI have been ob-
tained for the period 1882 to 1989 (Hutchinson
1989, personal communication). Although pre-
vious studies have concentrated on monthly and
seasonal relationships between the SOI and at-
mospheric variables (e.g. Van Loon and Shea
1987; Williams 1987; Drosdowsky 1988; Karoly
1989), here the monthly values of the SOI have
been summed to produce an overall measure of
the index for each year. These values have been
included in Fig. 6. The summed index exhibits
negative values of —90 or less for the years of
1972, 1977, 1982, 1983 and 1987. Correlations
between the ZI and the summed SOI were calcu-
lated, and a regression analysis carried out to
determine the significance of the relationship. In
Fig. 10, the scatter diagram shows a negative cor-
relation between the ZI and the summed SOI for
the period from 1972 to 1989. The correlation
coefficient (r = —0.46, n=18) just fails to meet
the critical value of the Pearson coefficient at the
0.05 significance level.

Drosdowsky (1988) has demonstrated, for the
Australian continent, that negative values of the

Fig. 10 Plot of annual mean ZI (dam) against the
summed Southern Oscillation Index (SOI) for
that year (period 1972 to 1989).
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SOI are well correlated during the winter and
spring months, with higher geopotential heights in
southern Australia. In this case, the correlation
between a summed SOI for the winter months
(JJA) and a winter mean of the ZI yields a corre-
lation coefficient (r= —0.48, n=19), which is
significant at the 0.05 significance level. The scat-
ter diagram is shown in Fig. 11. However, similar
analyses for the other seasons reveal that-the
weakest correlation is obtained for the spring
months while the strongest correlations occur in
summer and autumn. Table 1 gives the corre-
lation coefficients for each of the seasons and the
annual relationship.

Fig. 11 Mean ZI in winter (JJA) versus the summed
SOI for the same months (period 1971 to 1989).
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Investigation of the zonal index in terms of geo-
potential height variability at the northern bound-
ary (i.e. 35°S) and at the southern boundary (i.e.
55°S) suggests that the influence of the Australian
continent is a critical factor in any relationship
between the ZI and ENSQO. Van Loon and Shea
(1987) have drawn attention to the occurrence of
positive mean sea level pressure (MSLP) anom-
alies over southern Australia during the late
autumn and winter months (MJJ) of ENSO years.
Composite geopotential fields for three ENSO
events have been presented by Karoly (1989) and
reveal similar characteristics to the Van Loon and
Shea (1987) results for the winter months (JJA).
Gaffney (1988) has demonstrated that positive
anomalies of MSLP and 500 hPa geopotential
height occurred over southern Australia and the
Tasman Sea during the winter (JJA) of the 1987
ENSO.

Table 1. Correlation coefficients (r) for the regression
- ‘analyses between the SOI and mean ZI for
each season and for the annual values. The
number of observations in each case is rep-
resented by n.

Season r n
Summer (DJF) -0.54 18
Autumn (MAM) —0.60 19
Winter (JJA) —0.48 19
Spring (SON) —0.32 19
Annual —0.46 18

Analysis of the annual mean 500 hPa geopoten-
tial heights at Adelaide indicates above average
heights in 1965, 1972, 1982, 1983 and 1987. In
the other recorded ENSO event, in 1977, the
mean height was equal to the long-term average.
Comparison of the annual mean 500 hPa heights
at Adelaide with the summed SOI for each year is
shown in Fig. 12. The correlation coefficient
(r=—0.52, n=31) is significant at the 1 per cent
level. Extending this analysis from a single station
to the twelve grid-points at 35°S in the ZI study
reveals that mean heights at the grid-points under-
went marked increases in the Australian region
between the year prior to, and the ENSO years of
1982 and 1987. In Fig. 13, the 1981 annual mean
geopotential heights and standard deviations of
the daily heights about the mean, at the twelve
grid-points at 35°S, are compared with the annual
mean heights and standard deviations at each
grid-point in 1982. Between 105°E and 165°E,
mean heightsin 1982 range from 1 to 4 dam above
the 1981 values. However, the maximum varia-
bility of geopotential height, as indicated by the
standard deviation of the daily geopotential
heights from the annual means, is markedly
greater in 1981 than in 1982. This is particularly
the case in Australian longitudes. Similarly, from
Fig. 14, it is apparent that mean heights at 35°S
were markedly higher in 1987 than in 1986. Again
the variability was greater in the year preceding
the ENSO event, although the difference between
standard deviations in 1986 and 1987 is not as
pronounced as in the 1981 and 1982 comparison.
For the grid-point at 35°S, 135°E, a t-test indicates
that the difference between the mean geopotential
height for the years 1981 and 1986 (569.9 dam)
and the mean for 1982 and 1987 (573.0 dam) is
significant at the 0.03 level. By way of contrast
Fig. 15 shows the comparison between mean
heights and standard deviations at 55°S for 1981
and 1982. Changes between 1981 and 1982 are
minimal and mainly confined to the New Zealand
sector.






