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ABSTRACT

A rotated principal component analysis of Australian winter (June-August ) rainfall revealed two large-scale
patterns of variation which together accounted for more than half of the total rainfall variance. The first pattern
was a broadband stretching from the northwest to the southeast corners of the country. The second was centered
in the eastern third of the continent. The two patterns were correlated to sea surface temperatures in the Indian
and Pacific oceans. The first rainfall pattern was best related to the difference in sea temperatures between the
Indonesian region and the central Indian Ocean. The second rainfall pattern was related to equatorial Pacific
sea surface temperatures. This relationship reflects the influence of the Southern Oscillation on both sea surface
temperatures and Australian rainfall but the relationship between the first rainfall pattern and the difference
between Indonesian and central Indian Ocean sea surface temperatures is largely independent of the Southern
Oscillation. This sea surface temperature difference may be another factor influencing Australian rainfall, some-
what separate from the well-known effect of the Southern Oscillation.

1. Introduction

Many studies have searched for empirical evidence
of relationships between sea surface temperature (SST)
anomalies (deviations from the long term mean) and
rainfall anomalies. O’Mahony (1961), Priestley (1964}
and Priestley and Troup (1966) appear to have been
the first to suggest a link between SSTs and Australian
rainfall fluctuations, based on limited data. Streten
(1981, 1983) subsequently found that years of extensive
Australian drought were associated with predominantly
low SST over the eastern Indian Ocean and the south-
west Pacific, particularly at low latitudes. Warmer than
normal SSts were usually found in the eastern Pacific
in these years. The opposite pattern appeared during
extremely wet years. Kep (1984) and Whetton (1986)
found positive correlations between SSTs around
northern Australia and rainfall in the southeast corner
of the continent.

The question that immediately arises is whether these
SST anomalies can be regarded as the cause of the
rainfall anomalies. This question could be addressed
by inserting SST anomalies into a general circulation
model of the atmosphere (GCM). Voice and Hunt
(1984 ) inserted SST anomalies similar to those Streten
found to be associated with Australian drought into a
fixed-January GCM and examined the response. De-
creased model rainfall was observed over parts of Aus-
tralia, primarily in the far north. Farther south there
was a mixed response, with some areas receiving in-
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creased rainfall. This model response is very different

" to the actual rainfall anomalies examined by Streten

(1983). All the years Streten used to produce a com-
posite picture of SSTs accompanying drought had be-
low average rainfall over at least 80% of the continent.

The Department of Meteorology at the University
of Melbourne has run a series of GCM experiments
with SST anomalies similar to those in Streten’s study
(e.g., Simmonds and Smith 1986; Simmonds and Trigg
1988; Simmonds et al. 1989). As was the case with
Voice and Hunt (1984), in parts of Australia precip-
itation decreased while elsewhere it increased (Sim-
monds, personal communication). The inability of the
GCM experiments conducted thus far to successfully
reproduce widespread Australian rainfall fluctuations
has prompted the present study which looks for more
detail in the SST-rainfall relationship. If SST anomalies
do influence Australian rainfall fluctuations, it might
be a global SST pattern which best represents the forc-
ing, rather than just east Pacific and northern Austra-
lian SST anomalies.

A second stimulus for this study is the observed
variation in the relationship between Australian rainfall
and the El Nifio-Southern Oscillation (ENSO) phe-
nomenon. Rainfall over much of Australia tends to be
below average during ENSO events (Ropelewski and
Halpert 1987) but in some events (e.g., 1986/87) Aus-
tralian rainfall anomalies are weak or of limited extent
while in others (e.g., 1982/83) major, widespread
droughts occur. It is conceivable that the differences
between events may be related to SST anomalies not
closely connected to ENSO (e.g., in the south Indian
Ocean).
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This study differs from earlier studies in several ways.
First, more years of data have been used than were
used by Streten, Kep or Whetton, and the study also
includes the SSTs of the Indian Ocean and the North
Pacific. Second; only winter (June-August) rainfall has
been considered. It appears feasible that different factors
may affect rainfall in different seasons. Here winter
rainfall has been selected for analysis because most of
Australia’s major crops.are winter crops. Streten ex-
amined annual rainfall totals but the effects of SST
anomalies on rainfall might vary seasonally. Kep con-
centrated on late winter and early spring rainfall, while
Whetton examined relationships throughout the year.
Finally, the possibility that more than one important
mode of variability might affect Australian rainfall has
been allowed for in this study. Both Kep and Whetton
concentrated on rainfall in the state of Victoria in the
southeast corner of the continent. Streten’s studies
composited years when virtuaily the entire continent
had rainfall anomalies of the same sign. Pittock (1975)
has provided evidence, using annual rainfalls, of two
important modes of variation of Australian rainfall.
The existence of two modes might account for the dif-
ferences in rainfall anomalies between ENSO events
and, perhaps, for the apparent inability, up to now, of
GCM experiments to simulate continental-scale Aus-
tralian droughts.

2. Data

a. Sea surface temperatures

The Comprehensive Ocean-Atmosphere Data Set
(COADS) produced by the Cooperative Institute for
Research in Environmental Sciences (Slutz et al. 1985)
was used to provide time series of SST's over the Indian
and Pacific oceans ( Atlantic Ocean SSTs were also ex-
amined but no interesting relationships were found
with Australian rainfall). Only data since 1946 have
been used in this study. The earlier data were elimi-
nated to-minimize problems due to changes in observ-
ing techniques. The COADS data used here ended in
1979.

The SST observations were averaged in 10 degree
latitude-longitude boxes (e.g., 0°S-10°S, 150°E-
160°E) for each month from 1946 to 1979. The June,
July and August SSTs were then averaged to produce
a mean winter SST for each box for each year. Not all
10 degree boxes had complete records for each winter
over the 34 years studied. At least 20 years, and usually
more than 30, of winter mean SSTs were available from
almost every box between latitudes 40°S and 60°N.
Outside this belt the data were very sparse and have
not been used.

b. Australian district average rainfall

The Australian Bureau of Meteorology, for the pur-
pose of monitoring rainfall, divides the country into
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107 districts. The boundaries of the districts are chosen
so that all rainfall stations within a specific district are
in a similar rainfall regime (Coughlan 1979). All rain-
fall stations in a district have their rainfalls averaged
to provide a district average rainfall for each month.
District average rainfalls for each district from 1946 to
1979 were used in this study. A district average rainfall
was available for each district for every winter in this
period.

The 107 rainfall districts cover a variety of different
rainfall regimes. Those located in the north of the con-
tinent generally receive most of their rainfall in the

‘summer ( December—February). Some of these districts

receive very little rainfall in winter. For example, Dis-
trict 1, in the far northwest, has a mean winter rainfall
of only 26 mm while District 97, on the west coast of
Tasmania, receives 781 mm on average. Despite the
large range of winter rainfalls, all the districts have been
used together in the analyses in this study. This ap-
proach has been used previously with success (e.g., Pit-
tock 1975) indicating that rainfall anomalies exhibit
spatial scales large enough to encompass different rain-
fall regimes.

¢. Southern Oscillation index

Many studies have demonstrated that the ENSO
phenomenon affects Australian rainfall (e.g., McBride
and Nicholls 1983; Nicholls 1988). Partial correlation
has been used here to isolate the relationship between
SSTs and rainfall from the effects of ENSO (see sections
3c and 4c¢). To do this an index of ENSO is needed.
The Southern Oscillation index [here defined as the
difference in surface atmospheric pressure between
Tahiti (17°S, 150°W) and Darwin (12°S, 131°E),
standardized to a mean of zero and a standard deviation .
of 10] has been used for this purpose. Monthly values
of the index were provided by the National Climate
Centre of the Australian Bureau of Meteorology. The
June, July and August values were averaged to provide
a winter value of the index.

3. Method
a. Principal component analysis of rainfall

. Principal components of the correlation matrix of
district average winter rainfalls were calculated to pro-
vide rainfall indices. The first ten eigenvalues of the
correlation matrix are shown in Fig. 1. The error bars
in the figure represent the standard error for each ei-
genvalue, calculated using the method of North et al.
(1982). The first two eigenvalues are well separated
from the others but not from each other. They form
an effectively degenerate couplet. Eigenvalues three and
four form another degenerate couplet, again separated
from the others. All the remaining eigenvalues are de-
generate. The first four components account for nearly
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FIG. 1. Schematic diagram of the first ten eigenvalues of the cor-
relation matrix of Australian winter rain. The error bars represent
the standard error for each eigenvalue.

75% of the total variance in the district rainfalls; the
first two components alone account for 55%.
Richman (1986) demonstrated that the large sam-
pling errors of unrotated components which form de-
generate multiplets may lead to the components being
mixed up and not reproducing underlying patterns.
He recommended rotation of components that form
degenerate multiplets. The first two components were
therefore rotated, using the Varimax and Promax k
= 2 procedures. The Varimax procedure is the most
common orthogonal rotation; the Promax k = 2 is one
of the oblique rotations recommended by Richman
(1986). The results of rotating the first four compo-
nents were also examined. ,
The geographical patterns of the first two unrotated
components were rather similar to their rotated coun-
terparts, irrespective of whether Varimax or Promax
“was used, or whether two or four components were
rotated. In order to decide which set of components to
use for the remainder of the study, the correlation ma-
trix was examined, as suggested by Richman (1986).
The spatial correlations of the district with the highest
loading on each component to each of the other 106
districts were plotted to provide information on the
scale and orientation of the anomaly features and
compared to the principal component. This was done
for the unrotated components and for the components
after rotation using Varimax and Promax, rotating both
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two and four components. Subjective comparison be-
tween the district-to-district correlation fields and the
corresponding components indicated that the rotated
components more correctly revealed the underlying
correlation fields compared with the unrotated com-
ponents. Rotation by either Varimax or Promax, and
rotation of either two or four components, produced
similar patterns. Throughout the remainder of this pa-
per the rainfall components used are the Varimax ro-
tations of the first two components.

b. Correlations with SSTs

Time series of the scores of the two rotated com-
ponents of Australian winter rainfall were correlated
with SSTs in the 10 degree latitude-longitude boxes
over the Indian and Pacific oceans. All the correlations
were calculated using at least 20 years of data; most
used more than 30 years. A correlation with a mag-
nitude of 0.44, calculated with 20 pairs of data, is sig-
nificant at the 5% level, and 0.36 for 30 pairs.

SSTs in selected boxes were also correlated with dis-
trict average rainfalls over all Australia. The boxes se-
lected were those with strong correlations with either
of the two rotated components of rainfall.

¢. Partial correlations

The SSTs in parts of the Indian and Pacific oceans
are known to be correlated with ENSO. It is feasible,
therefore, that the correlations examined here between
SSTs and the rotated rainfall components may not im-
ply a direct relationship but, rather, that both the SSTs
and Australian rainfall are influenced by ENSO. Partial
correlations were calculated to check this. Partial cor-
relation coefficients indicate the strength of the rela-
tionship between two variables once the effects of a
third variable has been removed; here it is the effect of
ENSO on SSTs and the rotated rainfall components
that is removed. The square of the partial correlation
coefficient indicates the proportion of the residual
variance (i.e., the variance not associated with ENSO)
of the SSTs which is associated with the residual vari-
ance of the rainfall component (Johnston 1980). If the
SST directly forces the atmospheric anomalies resulting
in the fluctuations in the strength of the rainfall com-
ponents, then the correlation pattern should still exist
in the partial correlation patterns. Otherwise, we can
conclude that the observed correlations between SSTs
and rainfall simply reflect the effects of ENSO on both.

4. Results

a. Rotated principal components of winter rainfall

The structure of the first two principal components
of Australian winter district average rainfall, after Var-
imax rotation, is shown in Fig. 2. The isopleths indicate
the correlations between district rainfall and the com-
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FIG. 2. Correlations of district rainfall with (a) the first rotated principal component of Australian winter rainfall and
(b) the second rotated principal component.

ponent. As noted above, inspection of the matrix of
correlations between district rainfalls indicated that
these two components do represent important modes
of rainfall fluctuations. .

The first component is dominated by a broad band
of strong, positive correlations from the northwest to
the southeast of the country. The strongest correlations
are in the southeast of the continent. There is a strip
of negative correlations along the east coast. The second
component represents rainfall fluctuations in the east-
ern half of the continent, centered about 30°S, 150°E.
There are small negative correlations in the southwest
and southeast.

These components are quite similar to the unrotated
annual rainfall components found by Pittock (1975)
who related them to the Southern Oscillation and to
the latitude of the subtropical ridge.

b. SST correlations

The correlations of the two components with SST
are shown in Fig. 3. The two correlation patterns are
very different. The pattern of correlations with the first
rainfall component is dominated by positive correla-
tions around Indonesia and strong negative correlations
in the central Indian Ocean. Positive correlations be-
tween Australian rainfall and SSTs around Indonesia

have been noted previously (e.g., Streten 1981, 1983; ~

Kep 1984; Whetton 1986). The strongest correlation
in Fig. 3a is —0.69 with SSTs in the 10°-20°S, 80°-
90°E box. Kep (1984) found strong negative correla-
tions between SSTs in this area and rainfall in the
southeast corner of the continent in a much smaller
dataset than that used here. There is also a weaker band
of positive correlations in the southeast Pacific evident

in Fig. 3a. Correlations with SST's in the east and central
Pacific are weak.

The correlations with the second rotated component
of rainfall (Fig. 3b) are strongest in the central equa-
torial Pacific. These correlations tend to confirm the
results of Streten (1981, 1983). A broad area of rather
weak negative correlation throughout the central and
eastern Pacific is also evident in Fig. 3b. Another area
of negative correlation is found in the north Indian
Ocean. Weak positive correlations surround Australia.

In Fig. 4 the correlations between Australian district
rainfall and SSTs in the central equatorial Pacific box
(0°-10°8S, 170°W-180°) and the difference in SST be-
tween Indonesia (0°-10°S, 120°-130°E) and the cen-
tral Indian Ocean (represented by the 10°-20°S, 80°-
90°E box) are shown. The difference in SST between
Indonesia and the central Indian Ocean is closely re-
lated to rainfall in a broad northwest-southeast band,
and negatively correlated with east coast rainfall (Fig.
4a). The central equatorial Pacific SST is best related
to eastern rainfall (Fig. 4b).

¢. Partial correlations

The SSTs over much of the Pacific and Indian oceans
are strongly correlated with the Southern Oscillation
index in the Southern Hemisphere winter (Fig. 5). As
noted in section 3c, partial correlations between SSTs
and the first two rotated principal components of Aus-
tralian winter rainfall were calculated to determine how
independent of the Southern Oscillation the SST-rain-
fall correlations were. The partial correlations are
shown in Fig. 6. ,

The partial correlations with the first component are
similar to the total correlations (compare Figs. 3a and
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FIG. 3. Correlations between SSTs and (a) the first rotated principal component
of Australian rainfall and (b) the second rotated principal component.

6a). Removal of the effects of the Southern Oscillation
has slightly weakened the positive correlations with
SSTs around Indonesia but has had little effect on the
negative correlations in the central Indian Ocean. SSTs

in this latter area are not closely related to the Southern.

Oscillation (Fig. 5). The strong gradient in SST cor-
relation off the northwest coast of Australia has not
been weakened appreciably by removing the effects of
the Southern Oscillation, indicating that this pattern
is largely independent of the Southern Oscillation. The

FIG. 4. Correlations between winter rainfall and (a) the difference in SST between Indonesia and the central Indian Ocean and
(b) the SST in the central equatorial Pacific Ocean.
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FIG. 5. Correlations between SSTs and the SOIL

weak negative correlations in the eastern equatorial
Pacific (Fig. 3a) are related to the Southern Oscillation
(Fig. 5) and have disappeared in the partial correlations
(Fig. 6a).

Much larger changes are evident between the total
correlations between SSTs and the second rainfall
component (Fig. 3b) and the corresponding partial
correlation (Fig. 6b). The weak positive correlations
around Australia have disappeared. The negative cor-
relations in the east equatorial Pacific have disappeared
or even been replaced by positive correlations. The

a 60N

changes in the correlation pattern when the effects of
the Southern Oscillation are removed indicates that
the pattern was largely the result of this phenomenon.
The correlation of the Southern Oscillation with the
second rainfall component is greater than with the first
component (0.55 versus 0.31).

5. Discussion

This study has isolated two patterns or modes of
variation of Australian rainfall that seem to operate,

40N

- 20N

EQ

208

408!

b 60N

40N

20N

EQ

20Sk

NO DATA

4psL4

'
40E 80 120E

1
160E

120W sowW

FIG. 6. Partial correlations between SSTs and (a) the first rotated principal component of Australian
rainfall, after removal of effects of SOI, and (b) the second rotated principal component of Australian

rainfall, after removal of effects of SOL.






