
Introduction
A statistically significant decrease in rainfall in south-
west Western Australia (SWWA), since the middle of

last century, has been reported in a number of studies
(Wright 1974a, b; Pittock 1983; Nicholls and Lavery
1992; Yu and Neil 1993; Hennessy et al. 1999 and
IOCI 2002). This decrease in rainfall not only affects
economic activities in Western Australia, but a lack of
understanding of mechanisms relating to this trend
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Rainfall in the southwest of Western Australia (SWWA) has decreased since the mid-
dle of last century. The relationships between near-global patterns of mean sea-level
pressure (MSLP) and sea-surface temperatures (SST) with rainfall in SWWA have
been explored using principal component analysis (PCA) and path analysis, with the
aim to determine whether large-scale patterns of MSLP can be implicated as a causal
factor in the SWWA rainfall decrease.

By analysing the relationships between the most significant rotated MSLP PCA pat-
terns and SWWA rainfall, over the period 1948 to 2000, we show that the first near-
global MSLP pattern has a strong simultaneous relationship with May to July SWWA
rainfall, and that this relationship is stronger than that between rainfall and sea-sur-
face temperature patterns. The MSLP-rainfall relationship suggests that the preva-
lence of positive PCA values of MSLP over the last two decades is related to the
observed decrease of SWWA rainfall, in the early part of the cool season. However,
August to October rainfall has little relationship with the first MSLP pattern. In con-
trast, the second MSLP pattern has little relationship with May to July rainfall, but a
strong relationship with August to October rainfall. By analysing both raw and
detrended data, it was found that the relationship between MSLP and rainfall was
mainly the result of a strong interannual relationship, rather than due to a trend or
long time-scale MSLP-rainfall relationship.

Significant lag relationships, for example, between April MSLP pattern one and May
to October rainfall, suggest that MSLP may be useful for predictive purposes. However,
testing of these relationships in prediction mode indicated that little extra skill (above
that achievable in current operational, SST-based, forecasts) seems feasible.

Path analysis suggests that, simultaneously, SSTs affect SWWA rainfall primarily
through their relationship with MSLP. However, for the lagged case, the results var-
ied according to whether the data were detrended or not. For the lag detrended data,
SSTs dominated the relationship; indicating that SSTs continue to be a good, as well
as practical, choice for forecasting rainfall.
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may affect the predictive capacity of SWWA climate
forecasts, impacting on water resource management
and agricultural planning (Nicholls et al. 1999). We
therefore need to increase our understanding of fac-
tors that may affect long-term climate variability and
change in the southwest of Australia, if we are to
improve our climate predictions.

The causes of the rainfall decrease in SWWA, over
the last century, remain an open question. It is not
clear whether, for example, it is associated with natu-
ral variability, the greenhouse effect, or other anthro-
pogenic influences, such as land clearing or pollution.
Some authors have suggested that the decrease is
related to changes in vegetation cover (Williams
1991; Lyons et al. 1993; Lyons 2002; Narisma and
Pitman 2003), while others have suggested links with
Indian Ocean climate variability (Smith et al. 2000) or
changes in regional MSLP (Allan and Haylock 1993;
Ansell et al. 2000; Smith et al. 2000). IOCI (2002)
conclude that ‘most likely, both natural variability and
the enhanced greenhouse effect have contributed to
the rainfall decrease.’ They were unable, however, to
determine the relative importance of these effects, or
other possible factors. If we are to do this, it would
appear that more work is needed to determine how the
rainfall decrease relates to large-scale atmospheric
circulation changes. If, for instance, all the decrease
was related to a near-global change in circulation this
would reduce the possibility of local effects being a
major contributor to the decrease.

In recent years, work by Smith et al. (2000) and
Ansell et al. (2000) has suggested that the relationship
between MSLP and winter rainfall in SWWA is one of
the main factors behind the rainfall decrease. Earlier
work, for example by Allan and Haylock (1993), sug-
gested that the observed decrease in southwest rain-
fall was linked to changes in Perth mean sea-level
pressure. Similar results were found by Smith et al.
(2000), who analysed the relationships between
SWWA winter rainfall and MSLP and SST principal
component patterns over the Pacific and Indian
Oceans. They found that the relationship between
MSLP and SWWA rainfall appeared to be stronger
than that for rainfall and the SSTs. Both Smith et al.
(2000) and Ansell et al. (2000) found a significant
correlation between winter MSLP and rainfall in
SWWA, matching the findings of Allan and Haylock
(1993). Smith et al. (2000) also found a lag relation-
ship between MSLP and winter rainfall, for example,
they found a relationship between JJA (June-July-
August) rainfall and MAM (March-April-May)
MSLP or May MSLP.

Building on the previous research mentioned
above, statistical analyses were conducted to deter-
mine whether the regional pressure patterns obtained

from a principal component analysis show a tendency
to lead rainfall variability in the SWWA region. We
also examine the implications for climate change, and
the potential to provide more skillful and reliable pre-
dictions of SWWA climate.

Research area and data sources
We define the southwest of Western Australia
(SWWA) as the region bounded by latitudes 35.25°S
and 27.0°S and longitudes 114°E and 122°E (Fig. 1).
The climate of this region is typically Mediterranean,
with dry summers and wet winters, and is highly sea-
sonal. Approximately 80 per cent of the annual rain-
fall falls in the ‘cool’ (winter) season from May to
October. Cool season rainfall is of particular interest
to agriculturalists in the region (IOCI 2002) and is
very important to the economy of the area. Annual
rainfall in the southwest decreases substantially from
coastal to inland areas (Fig. 1). The rainfall decrease
since the mid 20th century has been largely concen-
trated in the early part of the cool season (May-June-
July, MJJ) (IOCI 2002), while late winter rainfall
(August-September-October, ASO) has not changed
very much (as shown, using Manjimup as an exam-
ple, in Fig. 2).

MSLP data were obtained from the NCEP-NCAR
(National Center for Environmental Prediction-
National Center for Atmospheric Research) reanalysis
dataset and covered the period 1948 to 2000. This
data initially had 2.5° by 2.5° spatial resolution and
was subsampled to a 5° by 5° grid.
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Fig. 1 Average annual southwest Western Australian
rainfall (mm), 1925-2000.



Gridded monthly rainfall data, covering the south-
west corner, were created from the Australian Bureau
of Meteorology National Climate Centre’s 0.25
degree spatial dataset. For further details about the
development of the dataset see Chambers (2001) and
Jones and Weymouth (1997).

Gridded sea-surface temperature data were
obtained from the Global Ocean Surface Temperature
datasets, version 3 (GISST3), for the period 1948 to
1999. The GISST3 data consist of monthly mean
SSTs on a 1° grid. For the work described here, the
first two rotated SST indices from Drosdowsky and
Chambers (1998, 2001) were used (Fig. 3).
Drosdowsky and Chambers (1998) showed that the
first VARIMAX rotated PCA pattern (SST1) accounts
for 11.5 per cent of the total variance and is an ENSO
(El Niño–Southern Oscillation)-like pattern with pos-
itive loadings in the tropical central and equatorial
Pacific and western equatorial Indian Ocean, and
weaker negative loadings in the Pacific Ocean mid-
latitudes around New Zealand. The second rotated
pattern (SST2), which accounts for 4.3 per cent of the
total variance, is centred to the west of the Australian
continent, extending northwest to the central tropical
Indian Ocean region. The Australian Bureau of
Meteorology uses these SST components as opera-
tional predictors of seasonal rainfall and temperature.

Principal component analysis (PCA)
of MSLP data
Principal component analysis (Drosdowsky 1993a) of
the MSLP data was used to reduce the number of vari-
ables and to identify independent spatial regions of
intercorrelated points. Using the same techniques as
the SST analysis (Drosdowsky and Chambers 1998),
PCA was carried out to provide a near-global MSLP
spatial and temporal analysis. Prior to applying PCA,
standardised monthly anomalies of MSLP were cal-
culated at each grid-point by subtracting the monthly
mean and dividing by the monthly standard deviation
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Fig. 2 Manjimup MJJ and ASO rainfall time series:
(a) MJJ rainfall; (b) ASO rainfall.

Fig. 3 Spatial patterns of loading and associated scores (time series) of the two VARIMAX rotated SST principal com-
ponents of Drosdowsky and Chambers (1998). Contour interval is 0.2, with zero contour heavy, negative con-
tours as dashes and areas above +0.2 and below –0.2 shaded.

(a)

(b)



(as described in Drosdowsky (1993a) and
Drosdowsky and Chambers (1998)). NCEP MSLP
data have an artificial trend between 1949 and 1968
for the latitudes around 55°S to 80°S, since few
Antarctic observations were used by the reanalysis
before 1968 (Hines et al. 2000). Because of this
reduced reliability, all high latitude MSLP data were
removed prior to carrying out the PCA analysis,
restricting the analysis to data between 53°S and
66°N. The MSLP field was analysed using an orthog-
onal (VARIMAX) rotated S-mode principal compo-
nent analysis, as described in Drosdowsky (1993a).
Rotation of the PCA patterns was used to identify the
spatial patterns more clearly (Richman 1986).

The first seven components of the PCA analysis
accounted for over 40 per cent of the total variance.
The scree plot of eigenvalue against eigenvector num-
ber (not shown) suggested a break at component seven.
Therefore, the first seven components were rotated.
The first two rotated principal components are shown
in Fig. 4. The first component, which accounts for 13.4
per cent of the total variance, extends over a large area
and can be interpreted as an equatorial Indian Ocean
pattern. It is centred over the equatorial Indian Ocean
and covers much of the tropics and subtropics, except
for the central and eastern part of the Pacific. The sec-
ond component accounts for 8.0 per cent of the total
variance, covering the central and eastern Pacific and
the western coast of southern America.

Since the mid 1970s, the sign of the first rotated
MSLP component has tended to be positive, while
prior to this there was a tendency for negative values.
A similar result was found in Smith et al. (2000). The
tendency for the first MSLP component to have posi-

tive values over the last two decades, coincides with
the observed decrease of SWWA rainfall (Nicholls et
al. 1999) and a reduction in SWWA stream flow
(Sadler 2000).

Relationships between MSLP pat-
terns, SSTs and SWWA rainfall
In order to analyse possible links between the individ-
ual MSLP patterns and SWWA rainfall, linear correla-
tion coefficients were calculated between MSLP pat-
terns and gridded rainfall of SWWA. Since cool season
rainfall has the greatest potential to impact on Western
Australian agriculture and water resources, forecasts of
this variable were of most interest. Therefore, our
analyses concentrated on the relationships between
cool season rainfall and the MSLP patterns.

The analysis carried out here considers two differ-
ent kinds of rainfall-MSLP relationships. The first
kind is zero-lag relationships, or simultaneous rela-
tionships, for example, May-October rainfall versus
MSLP PCA average scores for the period May to
October. Simultaneous relationships can only explain
the mutual relationship between MSLP and rainfall,
and include year-to-year variations and long-term
variation (for example, decadal variation or climate
change). Simultaneous relationships cannot be used
for forecasts. Therefore, to determine whether the
observed relationships were the result of lag year-to-
year variations, and hence had the potential to be used
for forecast purposes, we analysed detrended and lag
relationships between MSLP components and cool
season rainfall.
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Fig. 4 Spatial patterns of loading and associated scores (time series) of the first two VARIMAX rotated MSLP princi-
pal components of the standardised monthly anomalies of NCEP-NCAR reanalysis MSLP dataset. Contour inter-
val is 0.2, with zero contour heavy, negative contours as dashes and areas above +0.2 and below –0.2 shaded.



Figure 5 shows the simultaneous correlation coef-
ficient between May-October rainfall and the first two
May-October MSLP PCA components. The first
MSLP component had a generally strong negative
relationship with rainfall, particularly in the south-
west corner, with the sign of the correlation changing
in inland areas. The correlation coefficient varies
from –0.5 in the southwest corner to zero and to +0.2
towards the northeastern corner of the region (Fig.
5(a)). The second MSLP component showed a weak-
er positive relationship, varying from 0.4 at the south-
western corner to approximately zero inland (Fig.
5(b)). The remaining MSLP components (not shown)
had only weak correlations with cool season rainfall.

The lag relationships between April MSLP pat-
terns and May-October rainfall were similar to the
simultaneous ones, though weaker. For MSLP pattern
one, the correlations remained statistically significant
near the SWWA corner. In the case of MSLP pattern
two, no regions of significant correlations remained.

As noted previously, the mutual relationship
between MSLP and SWWA rainfall can come from
several sources and the data need to be detrended in
order to determine whether the relationship comes
from similar year-to-year variability or from long-
term trends in both data series. The simultaneous
results shown in Fig. 6 are similar to those before de-
trending, except that the correlations for pattern two
were stronger after de-trending. This implies that, for
simultaneous relationships, the correlation between
MSLP and SWWA rainfall arises mainly from the
year-to-year variation, rather than the long-term vari-
ability. The correlation patterns for the lag relation-
ship between April MSLP PCA pattern and May-
October rainfall were also similar to the simultaneous
relationship correlations, only weaker (not shown).
Patterns one and two both reach significant correla-
tion levels in the SWWA corner. The usefulness of
these MSLP patterns as rainfall predictors appears
promising and needs to be explored further.

Figure 7 shows the simultaneous relationship
between the two SST components and SWWA rain-
fall, prior to the data series being detrended.
Comparing the previous figures with Fig. 7, we see
that the simultaneous relationships between the large-
scale MSLP patterns one and two and SWWA cool
season rainfall were stronger than those for the SSTs.
Similar results were obtained when the SST and
SWWA rainfall series were detrended (not shown),
with the exception of the northeast region, where cor-
relations indicated a significant relationship between
SST and rainfall but no significant relationship
between MSLP and rainfall. These results are consis-
tent with those of Smith et al. (2000). Correlation
plots between April SST patterns and May to October
rainfall were very similar to those in Fig. 7.

These results indicate that the MSLP pattern one
has the strongest relationship with rainfall in the
southwest of Western Australia, with the second
MSLP component contributing after de-trending both
the rainfall and the PCA score. Closer inspection
showed that the relationship between MSLP patterns
and SWWA rainfall varied with the seasons. Figure
8(a) shows that the first MSLP component has a
strong simultaneous relationship with MJJ rainfall,
while the simultaneous relationship was weak in the
second half of the cool season, i.e. ASO Fig. 8(b). In
contrast, MSLP pattern two had a strong simultaneous
relationship with SWWA rainfall during ASO (Fig.
9(b)), but not during MJJ (Fig. 9(a)). It appears that
local and regional MSLP (as indicated by MSLP com-
ponent one) appear to be related to rainfall during the
May to July period; whereas ASO rainfall was related
more to MSLP pattern two. Wright (1974a, 1974b)
suggested that MJJ rainfall in SWWA is dominated by
‘widespread ascent in mid-troposphere associated
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Fig. 5 Simultaneous relationship (May-October PCA
versus May-October rainfall) between the first
two rotated MSLP PCA patterns with SWWA
rainfall: (a) MSLP1; (b) MSLP2, where
MSLP1 is MSLP PCA pattern one and MSLP2
is MSLP PCA pattern two. Areas r ≥0.3 are
shaded; r=0.28 is significant at the 5% level.

(a)

(b)



with an upper tropospheric jet stream and surface
winds both from north of west’. His analysis implied
that atmospheric conditions are important in the
development of moist inflow from more tropical lati-
tudes. Thus MJJ rainfall would be more strongly
related to the first MSLP component. As mentioned
earlier, it is during this early part of the cool season
(MJJ) that the greatest rainfall decrease has been
observed (IOCI 2002).

During ASO, rainfall in southwest Western
Australia is associated more with frontal systems and
unstable airstreams with surface winds from the west to
southwest of the continent (Wright 1974a; Allan and
Haylock 1993). Wright (1988) and Drosdowsky
(1993b) suggest that the strength and frequency of the
mid-latitude frontal systems, that interact with the trop-

ics, are affected by the location and intensity of the sub-
tropical ridge. This ridge is strongly related to ENSO
(Jones and Simmonds 1994), therefore rainfall during
ASO is moderately related to MSLP pattern two.

The strength of the seasonal MSLP-rainfall rela-
tionships increased when detrended data were used
indicating that the relationships arose mainly from
interannual relationships, rather than the long-term
trends or decadal variations.

Cool season rainfall forecasts
The previous section showed that large-scale changes
in atmospheric circulation, as measured by the MLSP
patterns, appear to be related to SWWA climate vari-
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Fig. 6 Simultaneous relationship (May-October PCA
versus May-October rainfall) between the first
two detrended rotated MSLP PCA patterns
with detrended SWWA rainfall: (a) MSLP1;
(b) MSLP2. Areas r ≥0.3 are shaded; r=0.28 is
significant at the 5% level.

(a)

(b)

Fig. 7 Simultaneous relationship (May-October PCA
versus May-October rainfall) between the first
two rotated SST PCA patterns (from
Drosdowsky and Chambers (1998)) with
SWWA rainfall: (a) SST1; (b) SST2. Areas r
≥0.3 are shaded; r=0.28 is significant at the 5%
level.

(a)

(b)



ability. In this section we will compare the skill of
rainfall forecasts made using near-global MLSP pat-
terns with those using near-global SST patterns.

Current operational forecasts made by the
Australian Bureau of Meteorology use near-global
SST patterns to predict seasonal rainfall in the coming
season. For the southwest of the Australian continent
these operational predictors are not as accurate in
interseasonal forecasting of climate expectations as
they are in the northeast.

The current operational forecast system uses the
first two SST principal component patterns, with
lagged values, to forecast probabilities of above or
below normal rainfall using linear discriminant analy-
sis. Double cross-validation is used to estimate the
hindcast skill. Further details on the procedure are
given in Drosdowsky and Chambers (2001).

Test forecasts were made using data from 1949 to
1998. The accuracy rate, or per cent consistent (%C),
was used to assess the skill of forecasts, and is defined
as the ratio between the number of ‘consistent’ fore-
casts and the total number of forecasts. A forecast is
said to be consistent if the forecast probability of a
category occurring is greater than 0.5 and that catego-
ry is observed. For a two-category forecast, such as
above/below the median, the error rate is simply 100
- %C. If there was no skill in the forecast system, we
would expect an accuracy rate of 50 per cent, the
same as achieved simply by guessing. For this reason,
values of %C greater than 50 are used to indicate
potential skill of the model.

Forecasts using the near-global MSLP patterns as
predictors of SWWA rainfall had similar levels of
skill to those using near-global SST patterns (Table
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Fig. 8 Simultaneous relationship between the first
rotated MSLP PCA pattern (MSLP1) with
SWWA rainfall: (a) MJJ MSLP1 and MJJ
rainfall; (b) ASO MSLP1 and ASO rainfall.
Areas r ≥0.3 are shaded; r=0.28 is significant at
the 5% level.

Fig. 9 Simultaneous relationship between second
rotated MSLP PCA pattern with SWWA rain-
fall: (a) MJJ MSLP2 and MJJ rainfall; (b)
ASO MSLP2 and ASO rainfall. Areas r ≥0.3
are shaded; rr=0.28 is significant at the 5%
level.

(a)

(b)

(a)

(b)



1) and neither predictor demonstrated a great deal of
skill. These results indicate that cool season rainfall
in SWWA is difficult to forecast, at least using the
‘linear’ method described here. The level of skills
associated with forecasting MJJ and ASO rainfall
were similar to those of the cool season (May to
October) rainfall.

Identifying the underlying factors in
the relationship
The above analyses show that MSLP is strongly relat-
ed to SWWA climate variability and particularly to
the observed rainfall variation on seasonal time-
scales. For cool season rainfall, particularly in the
MJJ period, the relationship is stronger than that of
the two SST patterns. Smith et al. (2000) found a sim-
ilar result. However, one could question whether the
observed correlation arose directly from the MSLP or
indirectly from another factor such as large-scale pat-
terns of SST, since the MSLP patterns are known to
be highly correlated with the SST patterns.

Figure 10 shows that the first MSLP pattern is
strongly correlated with SSTs over the Pacific and
Indian Oceans, while MSLP pattern two is highly
correlated mainly with SSTs in the Pacific Ocean. In
order to try and understand the direct and indirect
impacts of MSLP and SSTs on winter rainfall we
pose the question ‘Does the relationship between
SWWA rainfall and MSLP represent an influence of
the MSLP or is this better considered as SSTs affect-
ing MSLP and then rainfall?’. Smith et al. (2000)
and Reason (1999) have suggested that SST anom-
alies in the Indian Ocean develop from anomalies of
the circulation, which in turn could be represented
by the anomalies of MSLP. Here we have used par-
tial correlations to address the question of whether
causal links between SSTs and rainfall are mediated
by MSLP patterns.

Path analysis is a particular representation of mul-
tiple regression that assists in the understanding of the
sources of variance. Its aim is to provide estimates of

the magnitude and significance of hypothesised
causal connections between sets of variables. For a
detailed account of path analysis see Pedhazur (1982).
Nicholls et al. (1999) used path analysis to analyse the
correlations among the variables Perth MSLP, SOI
(Southern Oscillation Index) and rainfall, and found
that Perth MSLP had a high direct impact on SWWA
rainfall. This suggests that the SOI essentially affects
rainfall through changing the local atmospheric circu-
lation (Nicholls et al. 1999). In this investigation, we
use Manjimup (116.20° E, 34.15°S) as an example,
since it is close to the centre of the SWWA region.
Path analysis was conducted for both simultaneous
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Table 1. Cool-season rainfall forecast skill-scores (cross-validated) using variable predictors and predictor periods.

Predictor April data only February & April data May data only April & May data

SST1 59 49 53 59
SST2 61 59 45 59
SST1 & 2 63 59 53 59
MSLP1 49 55 61 55
MSLP2 63 57 59 63
MSLP1 & 2 61 53 63 59

Fig. 10 Simultaneous correlation between May-
October first two rotated MSLP patterns with
gridded SST data: (a) MSLP1 with SST; (b)
MSLP2 with SST. Contour interval is 0.2, pos-
itive contours shown as solid lines. Areas r ≥0.3
are shaded; r=0.28 is significant at the 5%
level.



and lag relationships and for detrended and non-
detrended data. Results are shown only for MSLP1,
as this had the strongest MSLP relationship with rain-
fall in SWWA.

Denoting the first MSLP pattern as MSLP1 and
the first SST pattern as SST1, the proposed path dia-
gram for MSLP1, SST1 and SWWA rainfall is shown
in Fig. 11. In this diagram, MSLP1 and SST1 are the
exogenous variables and they interact with each other.
Rainfall is the endogenous variable.

Figure 11 indicates that MSLP1 can potentially
impact on SWWA rainfall through two paths. One
path is directly from MSLP1 to rainfall; the other is
indirectly via SST1 to rainfall. Thus, the correlation
coefficient between MSLP1 and rainfall, r1, could be
decomposed into the direct impact of MSLP1 on rain-
fall, r1d, and the indirect impact via SST1 expressed
as r12 r2d. In the same way, the correlation coefficient
between SST1 and rainfall, r2, could be decomposed
into the direct impact of SST1 on rainfall, r2d, and the
indirect impact via MSLP1 expressed as r12 r1d.

After decomposing the correlation coefficients in
this way, we obtain the following equations:

r1 = r1d + r12 r2d,
r2 = r12 r1d+ r2d,

where r1 is the total correlation coefficient between
variable one (MSLP1) and May-October rainfall, r2 is
the total correlation coefficient between variable two
(SST1) and May-October rainfall, r12 is the correla-
tion coefficient between MSLP1 and SST1, r1d is the
direct correlation coefficient between MSLP1 and
May-October rainfall and r2d the direct correlation
coefficient between SST1 and May-October rainfall.

When SST1 is replaced by SST2, in the above analy-
sis, the relationships between MSLP1, SST2 and rain-
fall can be explored. The path analysis results are list-
ed in Table 2.

For the simultaneous (May-October) relationships
in Table 2, the direct coefficients for MSLP1, r1d,
were higher than those of SST1 and SST2, r2d, par-
ticularly for the non-detrended data. Thus, for the case
of simultaneous relationships, SWWA rainfall is
apparently more directly related to MSLP than to
SST.

When considering lag relationships, the relative
importance of MSLP1 and the SSTs was less clear-cut
with the results depending on whether or not the data
were detrended. For the non-detrended lagged rela-
tionships, r1d and r2d were the same when considering

Li et al.: Southwest WA rainfall, relationships to temperature and pressure 31

Table 2. Results of the path analysis using May to October rainfall data for Manjimup (a rainfall station located in the
southwest of the study region, 116.20ºE, 34.15ºS). r1 is the correlation coefficient between MSLP1 and rainfall
at Manjimup; r2 is the correlation between the SST variable and rainfall at Manjimup; r12 is the correlation
between MSLP1 and the SST variable; r1d is direct impact of MSLP1 on rainfall; and r2d is direct impact of
SST on rainfall.

MSLP/SST period r1 r2 r12 r1d r2d

April SST1 -0.37 -0.37 0.53 -0.24 -0.24
SST2 -0.37 0.10 0.27 -0.43 0.22

May-October SST1 -0.49 -0.36 0.50 -0.41 -0.16
SST2 -0.49 -0.21 0.37 -0.48 -0.03

April SST1 -0.21 -0.30 0.48 -0.09 -0.26
(detrended) SST2 -0.21 0.39 -0.05 -0.19 0.38

May-October SST1 -0.34 -0.30 0.46 -0.26 -0.18
(detrended) SST2 -0.34 0.04 -0.17 -0.34 -0.02

Fig. 11 Path diagram for hypothesised relationships
between MSLP, SST and rainfall. The exam-
ple given shows simultaneous relationships
between MSLP1, SST1 and May to October
rainfall at Manjimup.



SST1. MSLP1 continued to have higher direct corre-
lations with rainfall than SST2. After the data were
detrended, that is after taking out the long-term varia-
tion, the results changed, with the direct coefficient for
SSTs, r2d, being higher than for MSLP1, r1d. These
results indicated that changes in MSLP1 may be relat-
ed to changes in SWWA rainfall, particularly on the
decadal time-scale. However, in terms of interannual
rainfall variability, and potential usefulness as rainfall
predictors, the SSTs may play an important role.

Conclusions
Analysis of near-global monthly MSLP anomalies,
from 1948 to 2000, indicated that the first MSLP PCA
component had strong simultaneous and lag relation-
ships with May to October SWWA rainfall. The rela-
tionships between the first MSLP pattern and rainfall
were stronger than those using SSTs. This first MSLP
pattern also showed positive PCA values in the last
two decades, which coincide with the observed
decrease of SWWA rainfall and reductions in SWWA
stream flow. The second MSLP pattern had a strong
relationship with SWWA rainfall, but only for the
detrended data. By analysing both the raw and
detrended data, it appears that the interannual rela-
tionship between MSLP and rainfall contributes more
to the overall relationship than the long-term (decadal
scale) relationships.

The relationships between the MSLP patterns and
SWWA rainfall differed with the seasons. The first
MSLP component had strongest simultaneous rela-
tionships with MJJ SWWA rainfall, with this relation-
ship being stronger than that using the SST patterns.
MSLP pattern one had little relationship with ASO
rainfall. In contrast, the second MSLP component had
little relationship with MJJ rainfall, but had a stronger
relationship with ASO rainfall.

The existence of significant lag relationships, for
example, between April MSLP patterns and May-
October rainfall suggested that MSLP pattern one
may be useful for predictive purposes, but the rela-
tionships are rather weak, and therefore of doubtful
utility.

Path analysis, using Manjimup data, suggested
that SWWA rainfall is more directly related to MSLP
than to SSTs, for the simultaneous case, regardless of
whether the data were detrended or not, and that it is
likely that SST1 and SST2 influence rainfall in
SWWA indirectly through changes in the atmospher-
ic circulation (if at all). However, in the case of lagged
data, prior to detrending MSLP1 and SST1 contribute
equally to the rainfall variation, while MSLP1 con-
tributes more than SST2. Once detrended, the SSTs

contributed more to the rainfall variation, thus, for the
purpose of forecasting, the SSTs remain good as well
as practical choices.

The above evidence confirms that near-global pat-
terns of MSLP variations are closely related to the
rainfall decrease in the SWWA region. However, it is
not yet known whether the changes observed in
MSLP are the result of the enhanced greenhouse
effect or natural variability. More likely, as IOCI
(2002) concluded, both of these are involved. The link
between the SWWA rainfall decrease and the near-
global MSLP patterns suggests, however, that local
factors (e.g. air pollution) are not the major contribu-
tor to the rainfall decrease. Further research is needed
to understand the mechanisms behind the MSLP
change.
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