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Rotated principal component patterns are constructed for monthly Australian
region mean sea level (MSL) pressure and sea-surface temperature (SST) for the
period 1970-1980. The time-series for the major principal component patterns for
these fields are then cross-correlated, both synchronously, and at lead and lag. For
the extratropics the results show evidence that SST anomalies are related to the
preceding anomalous pressure distributions, with, most often, cold anomalies being
associated with anomalous equatorward winds and warm anomalies with anomalous
poleward winds. For the extratropics the relationship between anomalous pressure
distributions and those of SST in the preceding months is weak. The relationships
revealed here for tropical regions are more complex, and are intimately associated
with the El Nifio-Southern Oscillation phenomenon. For this region there is good

evidence that SST anomalies can perturb future atmospheric circulation.

Introduction

In recent years much research around the world
has been done on the interaction of the anomalies
of sea-surface temperature (SST) and those of the
overlying atmospheric circulation. The impetus
behind this work is the possibility that SST
anomalies may be related to subsequent weather
anomalies and hence be of use in long-range
weather forecasting.

There have been numerous observational
studies for extratropical regions of the northern
hemisphere (e.g. Davis 1976, 1978; Elsberry and
Raney 1978; Douglas et al. 1982; Lanzante 1984),
as well as modelling studies (e.g. Elsberry et al.
1984; Haney 1985). This work clearly established
the important role of atmospheric circulation var-
iations in creating SST anomalies in the underly-
ing ocean, with wind-driven advection of ocean
surface water, anomalous heat exchange at the
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ocean surface, or wind-driven vertical mixing
being the important mechanisms in operation.
This work also uncovered some evidence of weak
mid-latitude atmospheric response to local SST
anomalies (e.g. Ratcliffe and Murray 1970; Nam-
ias 1976; and Chervin et al. 1980), with the ten-
dency for low pressure to develop in regions of
warm SST, where there is increased flow of latent
and sensible heat to the atmosphere. For the
tropics, work on SST-atmospheric circulation
relationships has been prolific, with the El Nifio-
Southern Oscillation (ENSO) being an important
focus (e.g. Bjerknes 1969; Barnett 1981; Shukla
and Wallace 1983; Simmonds et al. 1988). For
this region, in addition to the ocean responding to
atmospheric forcing, there is strong evidence of
SST anomalies forcing atmospheric circulation
anomalies.

For the Australian region, climate research
using SST data has largely concentrated on relat-
ing SST directly to rainfall variations. Interest
first focussed on a possible relationship between
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rainfall in coastal New South Wales and SST of
the neighbouring ocean (Priestley 1964; Priestley
and Troup 1966; and Hirst and Linacre 1978).

Here, warm SST was found to be associated with
increased rainfall. More recently, Streten (1981,

1983) and Budd and Kep (1984) showed that
warm SST in the waters around northern Aus-
tralia was a feature of years that were generally wet
over the continent. The direct role of SST in this
relatlonshnp was unclear as the SST of this region
is related to the Southern Oscillation (Berlage
1957; Nicholls 1981, 1984, 1985; Newell et al.
1982), and the Southem Oscillation is related to
Australian rainfall (Pittock 1975). General circu-
lation models run to test the response of Aus-
tralian rainfall to imposed SST anomalies in
northern Australian waters (e.g. Voice and Hunt
1984; Simmonds and Trigg 1988; Simmonds
1988) have had some success in simulating the
apparent connections suggested by the observa-
tional studies. Also, there is evidence of tropical
SST leading Southern Oscillation variations
(Nicholls 1984) and of SST affecting Australian
rainfall independently of the Southern Oscillation
(Wright 1987; Nicholls 1989). These results indi-
cate that SST of this region may have a direct
impact on Australian weather. Much less work has
been done for the southern hemisphere mid-lati-
tudes. Trenberth (1975) looked at the atmos-
pheric circulation associations of SST anomalies
in the Tasman Sea, and there have been some
modelling studies by Simpson and Downey
(1975) and Wells and Puri (1979). Wright (1987)
related mid-latitude SST with a number of local
circulation indices and found, as did Trenberth
(1975), that SST anomalies in the Tasman Sea
were driven to a considerable extent by atmos-
pheric circulation anomalies.

In the present project a thorough examination
of the inter-relationship of both Australian region
SST and mean sea level (MSL) pressure fields is
attempted. Unlike the studies to date, -both the
tropics and the mid-latitudes are considered, and
allowance is made for both the spatial structure
and the seasonal variation of the anomalies. The
technique used is to create Varimax rotated prin-
cipal components of monthly anomalies of the
two fields, and then to cross-correlate (synchron-
ous, and at lead and lag) the time-series of the
more important components. The results of this
approach will further elucidate the nature of the
association of SST and pressure for tropical areas
of the region, and provide valuable information
on the presently little-known mid-latitude asso-
ciation of these anomalies.

On embarking on this project, data for the two
fields of high spatial detail were available for an
eleven-year period, 1970-1980. As monthly
stratification is to be employed this means that
time-series of only eleven values would be used in
correlation work. At the outset it is therefore ¢lear

that unless very strong relationships are revealed,
it is unlikely that results would be obtained that
would pass rigorous tests for significance.
However, it is considered that the approach to be
used could be justified, as long as one proceeds
carefully, accepting only those results which, in
the light of more well established results from
elsewhere in the world, appear to be physically
reasonable. In this way mechanisms of air-sea
interaction likely to be operating in the Australian
region can be identified.

Data

The atmospheric circulation data set consists of
monthly means of MSL pressure on a 228-point
grid covering the Australian region (Fig. 1) for
each of the months of the period January 1970 to
December 1980. These data were obtained from
the Australian Bureau of Meteorology.

Fig.1 The study region. The 159 SST grid-points are
shown by solid circles (the grid is rectangular on a
polar stereographic projection and grid-points
appearing over land apply to the neighbouring
ocean). MSL pressure data are on a 228-point
rectangular grid (not shown) covering the whole
region south of the dashed line.
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‘Grid-point southern hemisphere SST data for
1973-1980 were obtained on magnetic tape from
the Bureau of Meteorology. (The original collec-
tion and processing of these data is described by
Wright (1975).) This data set was extended to
cover the period 1970-1980 using monthly SST
maps also obtained from the Bureau of Meteor-
ology. (The task of digitising the earlier data set
and merging it with the later data set was shared
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with Dr W. Wright and Mr S.L. Kep of the
Meteorology Department at Melbourne Univer-
sity.) The grid-points used here are those in the
sector 90 to 180 degrees east (the Australian sec-
tor). Grid-points with frequent missing data were
eliminated, leaving 159 grid-points (Fig. 1) which
mainly cover the oceans abutting the Australian
continent. This data set contained some gaps
(3 per cent of the total number of data points
were missing), which were filled by interpolating
spatially from the surrounding grid-points, or, if
missing data made this difficult, by interpolating
temporally from the values in the surrounding
months.

Use is also made of a Southern Oscillation
Index (SOI) based on the pressure difference
between Tahiti and Darwin, and an index of the
latitude of the subtropical high pressure belt for
the east coast of Australia (L). These indices are
described by Pittock (1975). The data were ob-
tained from the CSIRO Division of Atmospheric
Research, Australia.

Principal compmmem analysis amnd
rotation -

An S-mode principal component analysis was ap-
plied to each of the two data sets (after standard-
ising these with respect to their monthly standard
deviation and mean). By S-mode it is meant that
the principal component patterns (PCPs) found
are spatial patterns of MSL pressure or SST and
the PCP scores (or coefficient series) are time-
series (a T-mode analysis interchanges these
features). For a mathematical description of prin-
cipal component analysis see Kutzbach (1967) or
Richman (1986).

" In simple terms the PCPs are a set of patterns

which may be combined linearly (using the coef-

ficients which form the accompanying time-series
for the PCPs) to represent each of the monthly
MSL pressure (or SST) fields of the original data
sets. PCPs have various properties which
uniquely define them mathematically. An import-
ant property is that the variance in the data
explained by the leading PCPs is maximised. In
practice this means that usually only a few of the
PCPs are needed to explain most of the variance
in the original data. In this way a manageable
number of time-series can be obtained for use in
subsequent analysis without losing much of the
original information.

The PCPs constructed here were then rotated
according to the Varimax criteria (Kaiser 1958) to
produce a set of rotated principal component pat-
terns (RPCPs). The decision to rotate was based
on the experience of previous researchers who
have found that PCPs without rotation often cor-
respond poorly with typical patterns of variability
in the data (e.g. Kutzbach 1970; Craddock 1973;
Horel 1981) and that.the PCP structure is usually

duite dependent on the arbitrarily chosen dimen-
sions of the study domain (Horel 1981; Richman
and Lamb 1985). Varimax rotation usually avoids
these problems (Richman and Lamb 1985; Rich-
man 1986) and produces a set of patterns- with
‘simple structure’ (i.e. usually the RPCPs show a
strong anomaly of one sign in part of the domain,
whereas the PCPs are usually bipolar). In this
study it was found that use of the RPCPs, with
their simple structure, facilitated interpretation of

“the results of cross-correlating patterns of SST and

MSL pressure. For a fuller description of the
author’s preference for Varimax rotated patterns

. in climatological studies see Whetton (1986,

1988).

The MSL pressure patterns

Using the MSL pressure data set, PCPs were con-
structed and the first nineteen of these were
rotated according to the Varimax criteria (the cut-
off used was the same as that used by Horel (1981)
where the PCPs rotated were only those with an
associated eigenvalue of one or greater). At least
fourteen of these RPCPs had a structure that ap-
peared physically meaningful (i.e. structure on the
scale of synoptic pressure patterns), but this num-
ber was considered too large for subsequent analy-
sis here. So, to ensure that only the major patterns
of variability were considered, an arbitrary cut-off
of 5 per cent of total variance was imposed and
nine RPCPs were selected. These RPCPs, and
their associated variance, appear in Fig. 2. For the
RPCPs the parameter mapped, known as ‘load-
ing’, represents the correlation between the MSL
pressure data at each grid-point and the scores
(coefficient series) of the RPCP depicted. The sign
of each of the RPCPs, which is arbitrary, has been
set here so that the major anomaly in each pattern
is positive in sign. )

The first RPCP, P1, shows a large region of high
positive loading through low latitudes, and com-
pensating negative loadings south of 45°S. In low
latitudes loadings also decrease fairly rapidly to
the east, with the zero contour appearing at the far
eastern edge of the grid. The succeeding RPCPs,
P2-P9, are all group patterns (i.e. each'is strongly
loaded in a particular part of the domain, and
show close to zero loadings over the rémain-
der).

Although one commonly sees bipolar patterns
(i.e. patterns with areas of both positive and nega-
tive anomaly) in monthly anomaly charts for MSL
pressure for the region, 'negative inter-cor-
relations, sufficiently strong to produce bipolar
RPCPs, do not exist in this data set. The bipolar
patterns typically produced in PCP 'analysis
without rotation (for- an Australian’ region
example see Kidson and Barnes (1984)) may have
a more familiar appearance, but their structure

‘can be very dependént on the dimensions ‘of the
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Fig.2 The first nine RPCPs of Australian region MSL pressure, P1-P9, and the percentage of variance they each
explain. A representation of the associated time-series (scores) of the RPCPs is also included.
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domain studied. In the region where their do-
mains overlap, the unrotated PCPs of this study
and of Kidson and Barnes (1984) bear little resem-
blance to each other, although data and analysis
methods are similar (see Whetton 1986).
Figures 3 and 4 show synchronous monthly
stratified correlations, monthly stratified (i.e. for
each calendar month) between each of the RPCPs,
P1-P9; and the circulation indices SOI and L.
Throughout the year, Pl is strongly negatively
correlated with SOI, and hence has successfully
identified this important mode of atmospheric
variation. The correlations are a little weaker in
mid-winter, possibly indicating that pressure in
Tahiti is more independent of Darwin pressure at
this time of the year. The other RPCPs (P2-P9)
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show little sign of relationship with SOI, although
there is some evidence of P7 (which represents
pressure variability to the south of eastern Aus-
tralia) correlating negatively in winter, and posi-
tively in summer. There are three RPCPs which
show a correlation with L worthy of discussion. P7
shows a high positive correlation with L through
most of the year, with many correlations signifi-
cant at the 1 per cent level. Not unexpectedly, P7
represents pressure variation in eastern Aus-
tralian longitudes, although it is centred surpris-
ingly far south. During the winter months, when
the high pressure belt is further north, L also
shows correlation with more northerly eastern
Australian patterns, P4 and P8.

One and two-month lagged auto-correlations
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Fig.3 The correlation of the scores of each of the P1-P9 with SOI. The 1% and 5% significance levels for these are 0.73

and 0.60 respectively.
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were calculated for the scores of P1-P9. Gener-
ally, month-to-month persistence of these scores
is weak, except for P1 (shown in Fig. 5) and, to a
lesser extent, P2. P1 at one-month lag shows auto-
correlations of around 0.6-0.8, many of which are
significant at the 1 per cent level; the weakest
auto-correlation is present in April. At a two-
month lag the auto-correlations are weaker and
the autumn minimum more pronounced. These
results for P1 are consistent with our understand-
ing of the temporal evolution of the Southern
Oscillation (see Troup 1965).

The SST patterns

PCPs were also constructed using the SST data set
and the first thirty-four of these were Varimax
rotated. For subsequent analysis, the number of
RPCPs was reduced to seven by retaining only
those explaining in excess of 4 per cent of total
variance. The choice of 4 per cent was essentially
arbitrary, but it was influenced by the presence of
a discontinuity at that point in the series of asso-
ciated variances of the RPCPs. (Indeed, Catell
and Vogelmann (1977) have shown that such dis-
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Fig.4 As Fig. 3, but for correlation with L.
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continuities often appear in RPCP series and
demarcate well the major RPCPs from those con-
sidered to be noise.) The seven RPCPs of SST,
and their associated variance, are shown in Fig. 6.
Note that variance is more evenly shared amongst
the RPCPs of SST than it is for those of MSL
pressure, and that no RPCP explains more than 8
per cent of total variance. This is a consequence of
the smaller spatial scale of SST anomalies.

As the time-scale of variation of SST is gener-
ally much greater than that of MSL pressure, one

cannot be as confident of the stability of the
modes of SST variation identified in this analysis.
Despite this, some of the patterns look physically
meaningful in that the regions to which these pat-
terns are confined are oceanographically distinct.
For example coherence in tropical SST variability
of the region does not extend through the fairly
constricted Torres Strait, as this strait marks the
division of the regions dominated by Tl (the
Coral Sea) from the region dominated by T2 (the
Timor and Arafura Seas). Newell et al. (1982)
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Fig.5 Monthly stratified auto-correlation at one and
two-month lags for the scores of P1. Presented
for each month labelled is the correlation
between the score of P1 in that month and the
score for P1 in the previous month (or the month
previous to that depending on the lag). The 1%
and 5% significance levels are 0.73 and 0.60 re-
spectively.
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noted that these two oceanic regions are distinct
in their seasonal variation of SST. For southern
waters, it is no surprise to find that waters off the
southwestern Australian coast (T6), in the Bight
(T4), and in the Tasman Sea (T3) vary in tempera-
ture independently. These three regions are just to
the north of the main west wind drift and have
independent surface current circulation (Sver-
drup et al. 1972). However, the other mid-ocean
divisions between the regions dominated by a par-
ticular pattern, such as those between T7 and TS5,
or between T7 and T1, suggest (if they do indeed
indicate physical divisions between regions of
independently varying SST) the action of more
subtle factors.

Fig. 6 The first seven RPCPs of Australian region SST, T1-T7, and the percentage of variance they each explain. A
representation of the associated time-series (scores) of the RPCPs is also included. To enhance clarity of these
patterns, regions of loading greater than 0.4 are shaded.
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The strong month-to-month persistence of SST
noted for this region and elsewhere (e.g. Davis
1976; Nicholls 1984) is clear when auto-cor-
relations for T1-T7 are examined. The strength of
auto-correlation shown in Fig. 7 for T5 is typical
of the other patterns.

Fig.7 As Fig. 5, but for T5.
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Cross-correlation of the patterns of
SST and MSL pressure

Given that little work has been done in the Aus-
tralian region on the interaction of SST anomalies
and the atmospheric circulation (particularly for
the extratropics), it was decided to use the ex-
ploratory approach of calculating correlations for
all possible pairs of the main RPCPs of SST and
MSL pressure and then focussing on the pairings
showing stronger correlation. As this approach
reduces effective statistical significance of the re-
sults, emphasis is placed on seeking plausible
physical mechanisms for the relationships ob-
tained.

For the RPCPs of MSL pressure (P1-P9) and
SST (T1-T7) there are 63 possible pairings, and
for these monthly stratified synchronous cross-
correlations were calculated. To limit the number
of pairings to be examined here, an objective
selection procedure, based on strength of cor-
relation, was used. Firstly, for each pairing r,, the
cross-correlation coefficient using data not
monthly stratified was calculated and where it was
signficant at the 1 per cent level the pairing was
selected. In this way the pairings (T1, P1), (T2,
P2),(T4,P7),(T5, P4)and (T6, P1) were selected.
(If month-to-month persistence is allowed for
(Greenhut 1979) the significance of r, for (T2,
P2), (T4, P7) and (T6, P1) is reduced to the S per
cent level.) However, if a pairing shows a correla-
tion that is seasonally variable in sign, it may be
missed using this selection rule. To test for evi-
dence of a seasonal pattern in the monthly strati-
fied cross-correlations the auto-correlation (r,) of
the 12-monthly correlation values at one-month

lag was calculated. This was calculated circularly,
that is January and December were considered
another pair of adjacent months. (See Anderson
(1942) for details of the circularly defined corre-
lation coefficient and its significance levels.) Us-
ing a criterion of r, significant at the 1 per cent
level, the pairings (T2, P1), (T3, P4), (T6, P2) and
(T7, P1) were also selected.

For the purpose of understanding the physical
relationship between atmospheric and SST
anomalies, non-synchronous correlations for the
selected pairings are used. As SST is quite persis-
tent, if it is inducing an atmospheric response, this
response would be expected to be apparent when
either SST or pressure lead, though generally
clearer when SST leads. If SST is responding to
atmospheric forcing, one would expect the cor-
relations with pressure leading SST to be the
strongest.

In the following discussion it will generally be
assumed that the RPCPs of MSL pressure are
associated with anomalous winds blowing parallel
to their isolines. The RPCPs are correlation maps
(correlation between the RPCP scores and the
original grid-point data), and the pressure anom-
alies that they represent can be determined by
multiplying the correlation at each grid-point by
the standard deviation of the data at that grid-
point. (This converts the correlation map to a map
of regression estimates, see Stidd (1954).) Regres-
sion estimate maps were produced for each of P1-
P9 using the grid-point standard deviation of the
pressure data for all months of record (this is
approximate, as the original standardisation of
the data was with respect to each calendar month).
The resulting patterns differed very little in struc-
ture from the correlation maps, indicating that it
is reasonable to use the correlation maps to assess
the nature of circulation anomalies represented
by the RPCPs. The largest difference occurred for
P1 (see Fig. 8), where the regression estimate map,
but not the correlation map, indicates the exis-
tence of anomalous easterly winds over the far
north of Australia. This implies that for positive
scores of P1 (which correspond to negative SOI),
anomalous easterlies blow over northern Aus-
tralia, strengthening the trade winds of winter and
weakening the summer monsoonal westerlies. A
similar relationship between Darwin pressure and
low-level winds was found by Nicholls (1978).

The correlation results, upon which the remain-
ing discussion of this paper is based, are shown in
the eight parts of Fig. 9. In each part the first panel
shows a simplified diagram of the MSL pressure
RPCP overlaying the SST RPCP. The five fol-
lowing panels from left to right show correlation
of the MSL pressure RPCP in the indicated
month with the SST RPCP two months pre-
viously, MSL pressure RPCP with SST RPCP one
month previously, MSL pressure and SST RPCPs
sychronously, SST RPCP with MSL pressure






