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Long-term variations in the Southern
Oscillation and relationships with

Australian rainfall
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Climatic episodes constituting the long-term variation of the Southern Oscillation
(SO) are identified from accumulated Darwin mean sea level pressure (MSLP)
anomalies. Features of the rainfall and pressure variations in these episodes are
analysed. A bi-modal periodicity of two to three years and three to five years in the
SO was found and areas of Australia showing significant rainfall variance corre-
sponding to these two periods are defined. Darwin pressure anomalies are stratified
into phases of a typical cycle of the oscillation in Darwin pressure and the evolution
of rainfall anomalies associated with each phase is described. Frequencies of rain-

fall departures from the climatological average in each phase of the typical cycle in

pressure departures are presented.

Introduction

The Southern Oscillation (SO), an atmospheric
pressure oscillation between the tropical Indian
Ocean and the central Pacific region, was first
described and named by Walker (1924). The SO is
closely linked with changes in sea-surface tem-
perature (SST) in the tropical Pacific and Indian
Oceans. It has been shown from observational
studies (e.g. Horel and Wallace 1981; Wallace and
Gutzler 1981) and from numerical simulations
(e.g. Hoskins and Karoly 1981; Lim and Chang
1983) that the relocation of major tropical con-
vective centres, which provide the source of heat
and mass for the meridional Hadley and equa-
torial zonal circulations, have effects on the mid-
latitude wave train and lead to climatic anomalies
around both hemispheres.

There are significant correlations between the
SO and rainfall fluctuations in China, India,
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Africa and Australia as noted by Bjerknes (1969),
Rasmusson and Carpenter (1982), and Ropel-
ewski and Halpert (1987,1989). The SO has been
identified as the strongest single influence affect-
ing interannual rainfall variations in the Aus-
tralian region (Pittock 1975).

The main purpose of this paper is to investigate
the relationships between the long-term vari-
ations in the SO pressure signal and rainfall in the
Australian region using a number of analysis tech-
niques which give emphasis to the cyclic nature of
the variations.

Long-term variations in the trend of the SO sig-
nal are identified from accumulated anomalies.
The features of these trend episodes are analysed
and associated changes in rainfall accompanying
these episodes are discussed. The cyclic nature of
pressure and rainfall variations is examined using
spectral analysis, and evolution of both rainfall
and pressure through the cyclic behaviour of the
SO is quantified with reference to phases of an
empirically defined canonical cycle using band-
pass filtered data and composites of typical
extreme departure SO ‘events’. Frequencies of
rainfall departures associated with canonical
phases of the SO are calculated and presented.
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Data

Values of the Southern Oscillation Index (SOI),
calculated using Darwin and Tahiti monthly
mean MSL pressures held at the National Climate
Céntre (NCC), Australian Bureau of Meteorology,
are available from 1882, but the record is not con-
tinuous; there are a number of missing years in the
Tahiti record early this century. Darwin MSL
pressure records, however, are continuous from
1882, so, to utilise as long a record as possible,
Darwin pressure data were used as a proxy
measure of the SOI. Standardised Darwin MSL

pressure is negatively correlated to the SOI of
Troup (1965)at a value of around 0.8 (Rasmusson
and Wallace 1983; Wright 1989). Recent work by
Allen etal. (1991) has recovered Darwin MSL
pressure data back to 1869, however these data,
had not been published at the time this study was
undertaken.

Rainfall data used are the ‘district average’
monthly rainfall totals for the 107 standard Aus-
tralian rainfall districts archived at NCC (see
Fig. 1 for locations of the rainfall districts). The
district average rainfall data cover the period
from 1913 to 1988; 76 years of record.

Fig.1 Map showing Australian rainfall districts referred to in text and Figures.
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Long-term variation in the SO
pressure record

Figure 2(a) shows a graph of accumulated Darwin
MSL pressure anomalies. The accumulated an-
omalies have been summed for each successive
period j (one month in the case of the pressure
anomalies), in each successive year 1 according
to

N M
;=2 2 p';

i=1j=1
where N is the total number of years, M is the total
number of periods (months in the year), and p’;; is
the standardised anomaly of the observed press-
ure p;; in the year i and the subperiod (month) j,
1.e.

pr: = Pi=P)

1] O-J

pj is the long-term mean of the subperiods j, and o;
is the respective standard deviation.

In addition, the long-term mean P of all obser-
vations over all years if non-zero is subtracted to
remove bias, i.e. the accumulated anomalies are
represented as departures from the long-term
mean.

N M
ay=2 X a;—p

=] j=1

A sustained positive trend (SPT) period in the
accumulated anomalies is defined when succeed-
ing maxima, separated at an interval longer than
the mean interval between SO events (about
4 years), continue to increase from the previous
maximum. Similarly, sustained negative trend
(SNT) periods are defined by the continued de-
crease of successive minima separated by at least
four years. From Fig. 2(a), four major sustained
positive trend periods and three negative trend
intervals can be identified in the Darwin MSL
pressure record. The temporary upswing seen in
Fig. 2(a) in the 1960s is included in the overall
downward trend from 1947 to 1976 based on the
foregoing criteria. The short upward trend from
1911 to 1915 is identified as a distinct climate
episode but is not regarded as a significant SPT
period in the overall context of this study.
Statistics relating to each identified trend
period are shown in Table 1. Averaged over all
months of the year, mean Darwin MSL pressure
anomalies are 0.48 hPa higher during SPT epi-
sodes and 0.35 hPa lower during SNT episodes.
During a SPT episode the frequency of occurrence
of positive anomalies is 68 per cent, and fora SNT
episode negative anomalies occur 61 per cent of
the time. The mean value of the accumulated
anomalies in each episode for various times of
year are also shown in Table 1. If the short episode

from 1911 to 1915 is discounted, there does not
appear to be any preference for larger departures
to occur in any one season.

To test the significance of the different SO trend
episodes identified from the accumulated press-
ure anomalies, a Student’s t-test was applied to the
averaged standardised MSL pressure between
successive SPT and SNT episodes.

The t-test values for each comparison are shown
in the last column of Table 1. The minimum num-
ber of degrees of freedom for any two intervals
exceeds 60 if the individual monthly pressure data
were to be regarded as independent, but there is
strong serial correlation, i.e. month-to-month per-
sistence in Darwin pressures such that the number
of degrees of freedom should be reduced to the
interannual level of about five. From a t-distri-

Fig. 2 (a) Accumulated anomalies of standardised Dar-
win MSL pressure (hPa). Different SO trend
episodes are identified from successive extrema
spaced longer than the average interval between
SO events; (b) Corresponding accumulated rain-
fall anomalies for Australian rainfall district 76
(see Figure 1); (c) As for (b) except for rainfall
district 50; (d) Composite of corresponding ac-
cumulated rainfall anomalies for a number of
districts extending longitudinally through east-
ern Australia (districts 34, 46, 50, 74, 76, 84 and
99).
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Table 1. SO trend eplsode statlstlcs of standardlsed Darwm MSL pressure anomalies.. L7 . rL~s WD
: : . % sign Mean curiulative anomaly”
Interval _ No._ mths. _A{earl .. SD USRS “Jat_r Apr Jl o,
Jan 1984-May 1906 269 - 023 " 0985 62 -7 38 "L 0.8 2.1 2.0- <1
N - o titest 6,243 -0 o w0 - L
Jun 1906-Apr 191t "* - 59 =« =0.59: 20459 . 27 . 7%,.:.-~39 . —38 =725 .-.—59
oo T ttest 13.4037 oL R
May 1911- May 1915_ © .49, -..092..7-0.705 = 8l 19 5.9 5.0 3.8 14.4
L. ttest9.T7 »
Jun 19,15-Aug 1939 . <291 - —0.21 ..0.756 46 54 —4.9 =15 —-2.2 -1.3
L . RN R .. .ltest 6.793 - T L
Sep 1939-Jul 1947 .. . 95 ) 0.42 . 0.869 64 36 7.0- 6.3 7.3 5.4
o T T T t-test 6.084 L. B
Aug 1947-Mar 1976 344 —0.24- 0954 43 © 571 T -02 - -19 -ry - =27
LT ‘ : o I-test 6.186.- ~ - T oo T e
Apr 1976-Jun 1988 ° - 147 0.36 - 1.053 66 34 -7 39 T28 0 LT e 2.3

bution table the t-value at a significance level of
0.001 for five degrees of freedom is 5.89. This is
exceeded in each case, illustrating the significance
of the difference.between SPT and SNT episodes
to a confidence level of 99.9 per cent.

" Aninitial stratification of standardised Darwin
MSL pressure anomalies' was made dccording to
the frequency of departures.from the mean. The
frequency range of departures was .subdivided
into eight classes separated at half a standard
deviation intervals (Table 2).

Tabulation- of* departures . of * standardised
Darwin MSL}'preesure (1882-1988). ’

Table 2.

Ronge MSL: pressure range

1S 86

The frequéncies are nearly symmetrrcally dlS-
tributed with ranges one to three, four to five and
six to eight each containing about a third of the
frequencies of the. total amplitude range. The
positive and negative extremes, exceeding one
and a half standard deviations, contain 6.9 per
cent and 6.7 per cent respectively, while 68 per
cent of the overall range of frequencies falls within
one standard deviation of the mean. Thus the
frequencres are riormally distributed.

A further breakdown was made for each indi-
vidual trénd eplsode Table 3 shows the percent-
age occurrence in each frequency range in each
trend episode. In SPT episodes,- ranges one and
two have a higher frequency occurrence compared
with "the overall record as shown in Table 2,
whereas ranges seven and eight have a compara-
tively low frequency. In SNT episodes, the op-
posite applies; ranges seven and eight have a high
rate of occurrence, and ranges one and two a very
low frequency. These skewed distributions
characterise the difference between the two types
of trend episode. .o

Individual years in which extremes of the press-
ure departure ‘exceed a standard deviation for
more.thanthree months have been termed strong
positive ‘anomaly - (SPA)- and -strong negative
“anomaly (SNA) years.respectively.-SPA years.in

; a Frequency Percentage -the record were: 1885, 1888-1889,-1891,-1896-
"o (standard deviation) Y G 1897, 1900,.1902-1903, 1904-1905; 1912,1913=
1. >1.5 89 6.9. 1915;1918,1930, 1940-1941, 1963; 1965,.1972,
2 10to 1.5 110 8.6, 1976; 1977-1978, 1982-1983, 1987. SNA " years
3 05t0 1.0 o218 17.0°" were: 1886, 1890, 1898; 1906, 19091910, 1916~
P S 2 A 1917; 1920; 1923, 1925,1928, 1938,.1950, 1955-
: ot o5 203 158 1956, 1964, 1970-1971, 1973, 1974-1975,1978,
7 ~15t0 —1.0 121 9.4 1985,1988." -
8 ) 6.7 SPA 'years are generally years of warm Pacrﬁc

Ocean sea-surface -temperatures (SSTs) or- ‘El
Niiio’ years and.the SNA years are generally years
of cold Pacific-Ocean SSTs.or ‘La Nina’ years.as
‘identified -in other studles (e. -8 Qumn et'al.
1978). - - - T
-<Table 4 shows the frequency dlStI‘lbUthIL of
strong positive and strong negative anomaly years
ineach trend episode. As would be expected;:the
frequency of SPA years is higher in positive trend
episodes than in negative trend episodes. Simi-
larly; SNA years occur more frequently in nega-

‘tive trend episodes than in positive trend epi-

sodes. Each type of extreme occurs about equally
through the overall record.” = oy
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Table 3. Percentage occurrence of standardised Darwin MSLP departures in SO trend episodes.

Range 1884-1906 1906-1911 1911-1915 1915-1939  1939-1947  1947-1976  1976-1988

1 9.1 0.0 16.6 3.0 10.4 4.5 14.7

2 14.0 1.7 27.1 4.3 10.4 6.2 9.0

3 16.3 5.0 16.6 20.7 22.9 15.2 17.3

4 22.4 20.0 21.0 18.0 19.8 17.3 25.0

5 17.4 26.7 6.2 16.3 14.6 14.9 10.9

6 10.6 15.0 8.3 21.3 16.7 18.1 11.5

7 5.7 21.6 4.2 9.6 5.2 13.7 4.5

8 4.5 10.0 0.0 6.7 0.0 10.1 7.1
Episode SPT SPT SNT SPT SPT SNT SPT

Table 4. Numbers of strong positive and strong negative
anomaly departure years in each SO trend

episode.

- SPA SNA
Episode Interval Freq %  Freq. %
1884-1906 7 30 4 17
. 1911-1915 2 40 0 0
SPT 1939-1947 1 11 0 0
1976-1988 4 31 3 23
1906-1911 0 0 1 17
SNT 1915-1939 2 8 6 24
1947-1976 3 10 6 20
All 1882-1989 19 18 20 19

Rainfall variations associated with
long-term SO trend episodes

Three-month accumulated rainfall anomalies
were calculated in a similar way to the Darwin
pressure anomalies for Australian rainfall dis-
tricts 50 and 76 (see Fig. 1), chosen for their
known response to the SO pressure signal
(McBride and Nicholls 1983), and for a composite
of districts 38, 43, 50, 74, 76, 83 and 99 to give a
representation of rainfall variation over the lati-
tudinal extent of eastern Australia. These are
shown in Figs 2(b), (¢} and (d) from the time
(1913) when district average rainfall records com-
menced and are plotted below the accumulated
Darwin pressure anomalies for comparison.

Figure 2 illustrates that changes in the long-
term rainfall over eastern Australia accompany
changes in the predominant Darwin pressure
regime. Episodes of predominantly above average
Darwin pressure are associated with episodes of
below average rainfall in eastern Australia and
vice versa.

It should be noted that only part of the rainfall
variance (about 35 per cent) is directly attribu-
table to the influence of the SO, but, as shown by
Pittock (1975) from an empirical orthogonal func-
tion analysis, this is the major contribution to the
overall variance. Pittock also points out that vari-
ations in the mean of a climatic element identified
by the accumulated anomalies method we have
used here do not really show greater significance
than would be expected from random fluctuations
of the mean climatic state given that there is a
natural variability of this order on very long time-
scales. Nevertheless, the differences between the
identified episode types are significant with re-
spect to each other and the correspondence of the
rainfall variations with Darwin pressure confirms
that longer-term variations in the SO are the
major influence on the long-term variability in
eastern Australian rainfall.

Cyclic behaviour in Darwin pressure

Frequency spectra estimates of variance of stan-
dardised Darwin MSL pressure anomalies were
calculated in each climatic episode and for the
whole record. Frequencies showing significant
spectral estimates for each episode are summar-
ised in Table 5.

In the shorter trend episodes from 1906 to 1911
and 1911 to 1915 significant frequencies are not
clearly resolved, nor is the five-year period which
is indicated in the episode from 1939 to 1947.
However, two modes tend to appear throughout
the record, one at around two to three years
(quasi-biennial mode) and the other at around
five years. There appears to be no strong prefer-
ence for either of these modes in either type of
trend episode.

The frequency spectrum for the overall time
series from 1882 to 1989 is shown in Fig. 3. Three
separate periods show significance exceeding the
95 per cent Markov ‘red-noise’ null hypothesis
significance level: around 66 months, 43 months
and 35 months. Over the whole record, the quasi-
biennial harmonic does not have high signifi-
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Table 5. Significant periods longer than 12 months in

the SO.
. One month lag  Significant
Episode Interval correlation periods (years)
1882-1989 0.529 55 36 29
1884-1906 0.528 2.9
1911-1915 0.489 3.2¢
SPT  1939-1947 0525 5.0
1976-1988 0.532 4.0
1906-1911 0.317 2.0
SNT 1915-1939 0.506 53
1947-1976 0.489 4.7 2.1

*denotes doubtful significance.

Fig.3 Frequency spectrum estimates of variance of Dar-
win MSL pressure for the period 1882 to 1989.
95% confidence limit shown is based on Markov
‘red noise’ null hypothesis continuum.
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cance, but it was found that in different sampling
periods, e.g. the interval from 1915 to 1976, this
mode does appear with significance. In this inter-

_val, a frequency of about 27 months and another
with a frequency of around five years were signifi-
cant at the 95 per cent level (Fig. 4).

The behaviour of the SO in pressure departures
at Darwin is sometimes completely cyclic but can-
not be said to be strictly periodic. The spacing of
strong SO events of the same sign of pressure de-
parture ranges from about two to seven years; the
average being about four years. Single positive or
negative pressure departure events occur which
usually have a duration of about 12 to 18 months,
and single sign events may be followed after a time
by an event of the same sign without an intermedi-
ate reversal to the opposite sign of pressure de-
parture. Sometimes, the oscillation undergoes a

complete cycle through both signs over a period of -
around two to three years. From inspection of the
record, these latter occurrences are often led by
the positive Darwin pressure phase. Such events
usually have a more or less predictable life cycle,
i.e. a canonical form.

Studies by Rasmusson et al. (1990) and Barnett
(1991) indicate that the two to three-year or bien-
nial mode found in spectral analyses represents
the evolutionary life cycle of a SO event through
opposite phases from warm El Nifio event to cold
La Nifa event, but that this fundamental mode is
modulated by a lower frequency mode of about
five years. This modulation produces the inter-
mittent spacing found in the SO record and
accounts for the apparent truncation of some
events during their evolution and the enhance-
ment of others. The interference of these frequen-
cies should produce ‘beating’ at around four years.
Barnett shows that equatorial sea level pressure
(SLP) and SST fields bandpass filtered in the two
frequency ranges 22-30 months and 40-80
months each exhibit the characteristic patterns
found in sea level pressure and sea-surface tem-
perature associated with El Nifio and La Nifia SO
events. Thus it appears there are two modes oper-
ating in the forcing of the SO pressure variation.

Fig.4 As for Fig. 3 but for period 1915 to 1976 showing
significance of quasi-biennial mode in this
period.

0.04 -

0.03 -

0.02 4

RELATIVE VARIANCE

0.01

T T T T T T T T T
484 48 24 18 12 10 8 7 6 s
PERIOD (MONTHS)

Periodicity in Australian rainfall

Because of the good correlation of rainfall over
eastern Australia with the SO, particularly in win-
ter and spring (e.g. McBride and Nicholls 1983), it
would be expected that the characteristic period-
icity found in the SO pressure variations would
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also appear in rainfall variability. To examine
this, power spectra of district monthly rainfall
decile values were analysed over the available
period of rainfall record from 1913 to 1988. The
most significant harmonics for periods shorter
than seven years were selected and mapped to
illustrate the distribution of the main rainfall
periodicities over the continent (Fig. 5).

Fig. 5 Distribution of most significant harmonics in
rainfall variance spectrum for periods less than
seven years. Monthly district average rainfall
1913-1988.
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Rainfall has maximum variance in the tradi-
tionally associated three to five-year SO fre-
quency band over a large part of the western and
central interior and in an area extending from the
central northeast along the eastern coastal areas to
the far southeast.

The most significant variance in the two to
three-year quasi-biennial frequency band occurs
over most of the tropical north, over a large part of
the inland southeast, and along the west coast.

In many districts the maximum variance in one
frequency band only marginally exceeds that of
the other and both modes have about equal influ-
ence on rainfall variability over most of the con-
tinent. However, the maximum variance in the
biennial mode overshadows the effects of the
longer-term modulation in those areas tradition-
ally known to have the strongest correlations
between the SO and rainfall, which indicates that
more extreme departures are associated with
shorter period SO events.

We conclude from the foregoing that the major
SO influence on rainfall is essentially due to the
biennial mode, but that this effect shows up in
the spectral peak at three to five years because of
the spacing of the shorter life-cycle events at

around these intervals. The spectral analysis peak
in the three to five-year range is in effect aliasing
the variance found in the quasi-biennial cycle.

The similarity of the extent of influence of both
frequency modes on rainfall variance establishes a
similar coherence for rainfall distribution over
Australia to that found by Barnett (1991) for trop-
ical and subtropical patterns of sea level pressure
and sea-surface temperatures.

Maximum variances of the monthly rainfall for
the spectral band two to three years were extracted
for all districts to examine the influence of this
mode over the continent. These are mapped in
Fig. 6. Maximum variance is situated over the
inland southeast and extends through the inland
eastern part of the continent. A secondary maxi-
mum is located over the western interior.

The seasonal variation of the influence of the
SO on rainfall variance was examined over the
total rainfall record from 1913 to 1989. Spectra of
three-month district average deciles were calcu-
lated for each successive three months through the
year and the maximum spectral estimates of vari-
ance from the three to five-year spectral band
mapped as shown in Fig. 7. Areas with a spectral
estimate of variance exceeding a value corre-
sponding to a decile interval are shown shaded. A
similar distribution was found for the quasi-bien-
nial frequency range, so the seasonal distribution
of maximum variance shown applies equally to
both modes.

Periodicity in the rainfall associated with the
SO appears at all times of the year, but the spatial
distribution varies from season to season. The
region where the influence is most consistent
throughout the whole year is over the eastern part
of the continent and concurs with the area
of maximum variance previously noted from
Fig. 6.

Fig. 6 Distribution of maximum variance of one-month
district average rainfall for 3 to 5-year frequency
band. Units based on rainfall decile values. All
months 1913-1988.
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Fig.7 Distribution of maximum variance of three-
month district averaged rainfall in three to five-
year frequency band for each successive three-
month interval through the year. Rainfall record
spans 1913 to 1988. Month numbers (e.g.
Jan =1) inset. Variance exceeding value corre-
sponding to one decile interval of rainfall shown
shaded. A similar distribution is found for the
quasi-biennial mode.

Times of year when SO associated variability in
rainfall has maximum spatial influence are the
successive three-month periods of July to Septem-
ber, August to October and September to Novem-
ber. The area most influenced during those times
is the inland eastern and southeastern part of the

continent. SO influence on rainfall variance has
least spatial extent during October to December,
November to January and December to February.
The influence in winter and spring is clearly much
stronger than during summer.

Construction of a canonical SO cycle

One of the main intentions of this work was to
stratify the Darwin pressure anomaly data accord-
ing to the departure from normal and by trend,
and identify the evolution of associated rainfall
anomalies through a typical cycle of pressure vari-
ations. This information would be a very useful
guide to the prediction of rainfall anomalies over
Australia when a SO event was in progress and the
stage of evolution can be discerned.

To represent the typical variation of Darwin
pressure over a complete cycle of the SO through
positive to negative Darwin pressure phases, a
canonical cycle is constructed which reflects the
near-normally distributed and symmetrical de-
partures of anomalies found earlier and shown in
Table 2. The cycle is represented by a sinusoidal
curve which is consistent with a normal (Gaus-
sian) distribution and is divided into eight phases
defined according to the magnitude and trend of
the pressure anomaly expressed in standard devi-
ations. This cycle is depicted in Fig. 8.

Fig.8 Canonical Darwin pressure anomaly SO cycle
constructed with reference to near symmetrically
and normally distributed departures of Darwin
pressure (Table 2). Commencement of phases
marked and numbered. Length of cycle is not
fixed (see text) but of order two to five years.
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