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The relationship of monthly anomalies of sea-surface temperature (SST) over the
Australian region and rainfall over the state of Victoria is investigated for the study
period of 1970-1980 (132 months). The procedure used is to cross-correlate the
time-series of the major Varimax rotated principal component patterns of the two
fields. The correlations are performed synchronously, and at lead and lag, with the
time-series monthly stratified. For six of the pairings of rainfall patterns with SST
patterns significant correlations are found. These results represent relationships
between rainfall anomalies centred in the northern, central, eastern, and south-
western parts of the State, and SST patterns centred in various locations around the
Australian coastline. Examination of the correlations at lead and lag, and of the
pressure anomaly patterns associated with rainfall patterns; suggests that, in most
cases, the SST and rainfall patterns are not directly related. It appears that pri-
marily the apparent relationships are due to both the rainfall and SST patterns. -
responding to an initiating atmospheric circulation anomaly. However, for SST off
the northwest coast of the continent and rainfall in northern and central Victoria the

results indicate the possible existence of a direct causal relationship.

Introduction

Interest in the possible association between sea-
surface temperature (SST) anomalies and rainfall
in the Australian region began with O’Mahoney
(1961), Priestley (1964) and Priestley and Troup
(1965). Their work, and subsequent work by Hirst
and Linacre (1978), established that a-relation-
ship existed between warm SST anomalies off the
coast of New South Wales and increased rainfall
at coastal stations. Later, Streten (1981,
demonstrated ‘that wet years over the Australian
continent were associated with warmer than nor-
mal SST in troplcal latitudes in the Austrahan

region, and that in dry years these waters were

cool. The relationship of SST in this area to- El
Niﬁo—Southem_Oscillation (ENSO), and-the fea-
sibility of using SST in'this region in long-range
forecastmg of Austrahan rainfall has been
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recently demonstrated (Budd and Kep 1984;
Nicholls 1984, 1985).

The mechanism behind any SST-rainfall re-
lationship operating in the region is still not clear.
Is the relationship primarily a direct one, with a
warm SST anomaly enhancing ramfall either
through lowering local' atmosphenc pressure due
to'the heatmg and expans:on of the overlying air,
or through increasing the supply of atmosphenc
moisture due to increased evaporatlon or low-
level moisture convergence? Or is it more in-
direct, with both the SST and rainfall anomalies
arising due to ‘an atmospheric circulation
anomaly (e.g. an ENSO ‘anomaly)? There is in-
creasing evidence from observational and mod-
elling work (Wright * 1987; Nicholls 1988;
Simmonds 1988) 'that 'SST anomahes off the
niorthwest coast of the continént do contribute
directly (and mdependemly of ENSO) to Aus-
tralian rainfall variability. The role played in rain~
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fall variability by SST anomalies from elsewhere
in the region (particularly the extratropics) is still
poorly known.

This paper is the last in a series of three papers
which, taken together, have looked at the inter-
relationship of monthly anomalies of Australian
region atmospheric circulation, SST surrounding
the Australian continent, and rainfall over the
State of Victoria. The results of the first two
studies are relevant to this one and are briefly
summarised here.

The first paper (Whetton (1988), hereafter re-
ferred to as W1) examined the relationship of pat-
terns of atmospheric circulation, as represented
by mean sea level (MSL) pressure, and Victorian
rainfall. This was done by constructing Varimax
rotated principal component patterns (RPCPs) of
the monthly spatial patterns of Victorian rainfall
anomaly and then correlating the variation in
time of the more important RPCPs with grid-
point monthly mean sea level (MSL) pressure
anomalies over the Australian region. For the
study period 1970-1980 the existence of five
basic rainfall anomaly patterns was established,
each of which was found to be associated with a
particular atmospheric circulation anomaly pat-
tern. These associations between rainfall and
atmospheric circulation were seen to be physically
reasonable given the topography of Victoria and
the location of sources of moisture. The stability
of the results was demonstrated using data of less
spatial detail for the period 1910-1969. The most
important rainfall pattern was centred in northern
Victoria, and was distinctive in that it showed
some month-to-month persistence, and a clear
correlation with the Southern Oscillation.

The second paper (Whetton (1990), hereafter
referred to as W2) examined the relationship
between atmospheric circulation patterns and
those of SST. RPCPs were constructed for
monthly Australian region MSL pressure and SST
for the data period 1970-1980, and the main
RPCPs of each field cross-correlated at lead and
lag. For extratropical regions the results generally
indicated that SST anomalies were related to prior
atmospheric circulation anomalies, and that their
relationship was physically plausible (e.g. cold
SST was found to develop under equatorward
winds). Evidence of SST anomalies leading
anomalies in MSL pressure was much weaker.
The results for tropical regions concerned the re-
lationship of the strongest RPCP of MSL press-
ure, a pattern essentially describing the Southern
Oscillation, and two of the RPCPs of SST (one
centred in the Coral Sea, the other in the Timor
and Arafura Seas). Here the results indicated that,
warm SST in the Coral Sea tended to, lead the
development of low pressure over northern Aus-
tralia, whereas the SST in the Timor.and Arafura
Seas tended to lag pressure (with the sngn of the
correlation varying seasonally).,

In this paper it is the inter-relationship of SST
and rainfall patterns that is examined. The
method used is to cross-correlate at lead and lag
monthly stratified time-series of the main RPCPs
of the two fields. The RPCPs of rainfall are taken
from W1, and those of SST from W2. The pro-
cedure used in cross-correlating the patterns is the
same as that used in W2. With this approach spa-
tial variation in SST and rainfall, seasonal varia-
tion in their inter-relationship, and relationships
at lead and lag, are all accommodated. As the data
sets used in this study are short, emphasis is
placed on finding reasonable physical explana-
tions for the relationships that emerge. The results
of this study will improve our knowledge of the
relationship between northern Australian SST
and Victorian rainfall, and provide additional
information on the poorly known relationship
between mid-latitude SST and rainfall.

Data and analysis method

The rainfall data used consisted of monthly mean
values (normalised with a square-root transform)
for 102 locations throughout Victoria for each of
the months January 1970 to December 1980 (132
months). This data set was standardised with re-
spect to the monthly mean and standard deviation
(i.e. the seasonal cycle, as defined by these data,
was removed) and then analysed spatially into
principal components. These components were
then rotated using Varimax criteria (Kaiser 1958;
Richman 1986). For a further description of these
analysis techniques see W2, W1 or Richman
(1986). The first five RPCPs of rainfall, the per-
centage of variance they explain, and their accom-
panying time-series (or ‘scores’), are shown in Fig.
1. These RPCPs were first presented in W1, and
for further details of the data set used, the method
of analysis, and the preference for the rotated pat-
terns, the reader is referred to that paper.

Using the same data period, monthly SST
anomalies on a network of 159 grid-points (see
Fig. 2) spanning the oceans surrounding the Aus-
tralian continent were analysed using the same
methods as those used for the rainfall data set, but
without a square-root transform of the data. The
first seven RPCPs for SST are shown in Fig. 3.
Note the variance is fairly evenly spread amongst
the RPCPs, with no pattern explaining more than
8 per cent of total variance. Further details of the
production of these RPCPs may be found in W2,
where the patterns were first presented and dlS-
cussed.

In cross-correlating the scores of these two sets
of patterns there-are 35 possible pamngs of pat-
terns. To limit the number of pairings to be exam-
ined here, an objective selection procedure, based
on strength of correlation, was used. Firstly, for
each.pairing scores were correlated at zero lag
without monthly stratification (i.e. all 132 months
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Fig. 1 The first five RPCPs of Victorian rainfall, RS1-RSS5, percentage of total variance they each explain, and a
representation of their associated time-series. Land over 400 m has been shaded. (From Whetton (1988). Pub-
lished with the permission of International Journal of Climatology, a journal of the Royal Meteorological
Society.)
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Fig.2 Location map for the Australian region. The 159 were used) and where the correlation coefficient,
SST grid-points are shown by solid circles (the I, Was significant at the 1 per cent level the pair-
grid is rectangular on a polar stereographic pro- ing was selected. In this way the pairings (RS1,

jection, and grid-points appearing over land apply T4), (RS1, T6), (RS2, T2), (RS3, T1), and (RS4,
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Fig. 3 The first seven RPCPs of Australian region SST, T1-T7, the percentage of variance they explain and their
associated time-series (from Whetton (1990)). To enhance clarity of these patterns regions of loading greater than

0.4 are shaded. :
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sented in the next section it was frequently found
necessary to refer to the relationships between
rainfall and MSL pressure established in W1, and
also those between SST and MSL pressure estab-
lished in W2. In particular, to understand the nat-
ure of the relationship between a rainfall pattern
and SST pattern it is necessary to be aware of the
association of both with MSL pressure, as it can be
the case that the rainfall and the SST pattern are
responding to a particular MSL pressure anomaly
pattern. To assist in this, for each of RS1-RS4, a
map of the regression estimates resulting from
regressing grid-point monthly MSL pressure
anomaly for the Australian region against the
score of the rainfall RPCP was produced. Such a
map can be considered to represent the pressure
anomaly pattern (seasonal cycle removed) asso-
ciated with positive scores of the rainfall pattern
(i.e. above normal rainfall in the- region con-

7007v 72 73 7475 76 71 78 79 80 8t

cerned). (See Stidd (1954) for further discussion
of regression estimate maps.) Further details of
the MSL pressure data set may be found in W1
and W2, and in W1 MSL pressure correlation
coefficient maps for RS1-RS5, which correspond
to the regression estimate maps presented here,
can be found.

Results

Northern Victorian rainfall (RS1)

As mentioned in the last section, for RS1 (rainfall
in northern Victoria) three pairings were selected
as significant, and these are presented in Fig. 4(a).
For each of these pairings, and all subsequent ones
in this paper, five panels are shown in the figure.
From left to right these show correlation of the
SST RPCP in the indicated month with the rain-
fall RPCP two months previously, SST RPCP
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with the rainfall RPCP one month previously,

rainfall and SST RPCPs synchronously, rainfall -

RPCP with SST RPCP one month previously, and
rainfall RPCP with SST RPCP two months pre-
viously (i.e. stronger correlations in the two left-

KHand panels indicate rainfall leading SST, where- -

as stronger correlations in the two right-hand
panels indicate the reverse). Where they are sig-
nificant at the 1 per cent level, the values of r, and
I, are shown below each panel.

The pairing (RS1,T2) represents a relationship
of rainfall with SST off the northwest coast of the
continent. Synchronously, RS1 and T2 are nega-
tively correlated from November to March, and
positively correlated from April to October. When
rainfall is leading SST by one or by two months,
the same seasonally variable pattern of cor-
relation is evident, but when SST leads rainfall,
the correlations are much weaker. The results for

the pairing (RS1,T4) indicate that positive SST
anomalies in the waters off the southern coastline
are associated with high rainfall in northern Vic-
toria. The positive correlation is apparent all year
around but is generally weaker in winter and
spring. Non-synchronously, the correlation is dis-
tinctly stronger when RS1 leads T4 than it is for
the reverse. The pairing (RS1,T6) shows a re-
lationship between northern Victorian rainfall
and SST off the western Australian coast. Once
again rainfall appears to be leading SST.

In Fig. 4(b) the three oceanic regions showing
an association with northern Victorian rainfall,
and the nature of the association of SST in these
regions to rainfall, are indicated on a map of the
Australian region. The shaded areas represent the
area enclosed by the 0.4 contour of the relevant
SST RPCPs. The sign of the SST anomaly pattern
associated with increased rainfall is indicated on

Fig.4(a) Cross-correlation results for pairings selected involving, RS1, northern Victorian rainfall: (RS1,T2), (RS1,T4),
and (RS1,T6). For each pairing the five panels show synchronous (middle panel) and non-synchronous (side
panels, lagging in months shown by ‘— 1’ and ‘—2’) monthly stratified correlation coefficients. The 1% and 5%
significance levels for these are 0.73 and 0.60 respectively. Where they are significant at the 1% level, the values
of r, and r,, (see text) are shown below each panel.
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Fig. 4(b) The location of rainfall pattern RS1 (heavy stippling), associated SST patterns as shown in part (a) (light
stippling and hatching), and the associated pressure anomaly pattern. (See text for further explanation of this
diagram.)
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the map using hatching and the label ‘warm’ for a

positive anomaly, stippling and the label ‘cold’ for
a negative anomaly. Also shown in this figure is
the MSL pressure regression estimate map, which
can be seen as the pressure anomaly pattern as-
sociated with positive scores of RS1 (with the
seasonal cycle in the pressure data removed).
(This map differs from the correlation map pre-
sented in Fig. 4(a) of W1, in that the value at each
grid-point has been multiplied by the standard
deviation of the pressure data at that grid-point.
The slightly different pattern structure that results
depicts the pressure anomaly pattern associated
with RS1 more accurately.) The pressure anomaly
pattern is very similar to that associated with the
Southern Oscillation (see Gordon 1986), and in-
deed in W1 it was shown that northern Victorian
rainfall was positively correlated with the
Southern Oscillation Index (SOI). (The SOI is
based on the pressure difference between Tahiti
and Darwin.)

In W2 a correlation was established between
northern Australian SST (T2) and. an RPCP of
MSL pressure closely correlated #vith SOI. The
correlation of SOI with SST in this region changed
from negative in summer to positive in winter and
was strongest when the SOI led. This relationship
had been noted earlier by Nicholls (1984) who

also commented that anomalous westerly winds
over northern Australia accompanied low press-
ure over the continent (high SOI). Such a westerly
wind anomaly can explain the observed correla-
tion pattern. It would strengthen the westerly
winds of summer, and hence increase heat flux to
the atmosphere and mixing in the ocean surface
layer, thus cooling the ocean. In winter it would
weaken the easterlies thus warming the ocean. In
the light of this relationship, the correlation
between northern Victorian rainfall and subse-
quent SST anomalies off the northwest coast of
Australia (depicted in Figs 4(a) and 4(b)) makes
physical sense. The seasonally variable cor-
relation between T2 and SOI combines with the
correlation between RS1 and SOI (see W1) in the
appropriate sense to explain the result for
(RS1,T2). And indeed, in association with high
rainfall in northern Victoria, there is an anom-
alous westerly gradient over northern Australia
(Fig. 4(b)). Hence northern Victorian rainfall may
only be indirectly related to future SST develop-
ments off the northwest coast; the circulation
anomalies synchronously related to RS1 being the
more direct cause. However, the mid-winter
synchronous correlation between RS1 and T2 is
stronger than that between RS1 and the SOI (see
W1), suggesting that there may still be a direct
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relationship between SST in this area and nor-
thern Victorian rainfall. If real, the direct connec-
tion would probably be due to warm SST leading
to moister air in the tropics which is then drawn
south over the State ahead of approaching large-
amplitude troughs. In support of this, Wright
(1987) showed that cloud bands originating to the
northwest of the continent occur more frequently
in years of high rainfall in northern Victoria. The
observational and modelling results of Wright
(1987), Nicholls (1988), and Simmonds (1988) all
show evidence of SST anomalies of this region
being directly related with Australian rainfall
variability.

Figure 4(a) also shows that warm SST off the
south coast of Australia (T4) tends to lag high
rainfall in northern Victoria. Clearly, there is no
plausible way by which rainfall should affect
future SST distribution directly. However, Fig.
4(b) shows that for high rainfall in northern Vic-
toria anomalous east to northeasterly winds with a
northerly fetch would blow over the warm SST.
Such poleward movement of air can reasonably be
expected to cause warming of the underlying
ocean surface, and evidence for such an associ-
ation for this area was presented and discussed in
W2. This means that the relationship obtained
here between RS1 and subsequent SST off the
south coast is probably due to the SST anomaly
arising in response to the circulation anomaly
associated with RS1.

A mediating pressure anomaly also exists to
explain the relationship between high northern
Victorian rainfall and subsequent cool SST off the
Western Australian coast (Fig. 4(b)). The cool SST
anomalies underlie anomalous southerly winds.
Such a relationship between atmospheric circula-
tion and SST is plausible, and is supported by the
results of W2. (The association of cool SST ano-
malies in this region with rainfall over southeas-
tern Australia has also emerged in recent studies
of anht (1987) and Nicholls (1988) )

Ramfall in central Vlctona (RS2)

For rainfall in central Victoria, RS2, the only pair-
ing to be selected was (RS2,T2) (Fig. 5(a)). The
relationship indicated is one of high rainfall in
central Victoria being associated with warm SST
off the northwest coast. The relationship is fairly
weak and, non-synchronously, there is no clear
evidence of one variable leading. In Fig. 5(b) the
pressure anomaly pattern associated with RS2
(analogous to that for RS1 in Fig. 4(d)) is shown.
Figure 5(b) shows no mediating pressure anomaly
pattern which could be used to explain the re-
lationship, so the correlation of RS2 and T2 may
represent a direct relationship between SST and
Victorian rainfall.

Rainfall in eastern Victoria (RS3) -
For RS3, rainfall in eastern:Victoria, one pairing
was selected (RS3,T1), and the results are shown

in Fig. 6(a). The correlations are generally posi-
tive, so the relationship is such that high rainfall is
associated with warm SST in the Coral Sea. Non-
synchronously the correlations are much stronger
when RS3 is leading T1, rather than the reverse,
again suggesting the action of a mediating press-
ure anomaly. Figure 6(b) shows that eastern Vic-
torian rainfall is associated with large-scale block-
ing in eastern Australian longitudes with a low
pressure anomaly centred in lower latitudes and a
high pressure anomaly to the south. This pressure
pattern results in anomalous westerlies over the
Coral Sea region, which would weaken the pre-
vailing easterly winds and possibly cause warming
of the ocean surface through decreased evapor-
ation and wind-driven vertical mixing. Although
this mechanism gives a plausible explanation for
the relationship obtained here for (RS3,T1), such
an association between eastern Australian block-
ing and warm SST in the Coral Sea was not one of
the predominant relationships between SST and
atmospheric circulation in the Australian region
established in W2.

Rainfall in southwestern Victoria (RS4)

Only the pairing (RS4,T4) was selected (Fig. 7(a)).
This represents a relationship between SST along
the southern coast of the continent and rainfall in
southwestern Victoria. The sign of the correlation
in most months is such that cold SST is associated
with enhanced rainfall, and opposite to what one
may expect if SST was directly influencing rainfall
over the neighbouring land. Although the corre-
lations are rather patchy through the year at all
lags, the strongest correlations are clearly present
when rainfall is leading SST by one month. Figure
7(b) shows that this rainfall pattern is associated
with a mid-latitude trough over southeastern Aus-
tralia producing enhanced westerly flow over the
State and west to southwesterly flow over most of
the region of cool SST. In W2 it was seen that this
type of synoptic situation led to the development
of cold SST anomalies along the southern coast-
line, with the cooling of the sea surface being due
to anomalous heat exchange with equatorward
moving air, wind-driven equatorward advection
of surface water, or through increased evapora-
tion and vertical mixing resulting from the anom-
alous southwesterlies strengthening the prevailing
westerlies of the region. Again, it looks likely that
SST and rainfall are not directly related, but are
responding together to an initiating atmospheric
circulation anomaly.

Summsify and conclusions

By correlating the scores of RPCPs of Victorian
rainfall and Australian region SST, patterns of
SST anomaly associated with rainfall in each of
four regions of the State were identified. Increased
rainfall in northern. Victoria is associated with






