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The Southern Oscillation has a significant effect on New Zealand weather, but the
pattern is a complicated one. While there is a general tendency for more frequent
cold southwesterlies during the negative (El Niiio) phase of the oscillation, and
warm moist northerly or northeasterly airstreams over the country during the
positive (La Niiia) phase, there is a pronounced seasonal variation to this
pattern.

In this study we concentrate on the linearity of the climatic response to positive and
negative phases of the Southern Oscillation, and show that even within a season it is
not always valid to assume La Niiia conditions will be equal and opposite to El Niiio. . .
In particular, during the southern spring and summer, the description of circulation
variations over a substantial part of the Australia—-New Zealand region studied is
significantly improved by assuming a bilinear response to the Southern Oscillation
rather than a linear relationship. The most significant improvement occurs in the
representation of the spring westerlies. An examination of temperature and
precipitation data for New Zealand also shows evidence of non-linearity that can be
related to the circulation non-linearities.

The results support the idea that statistical predictions derived using all Southern
Oscillation data are likely to be more applicable to describing negative extremes
than positive extremes. At the negative extreme, the linear correlation model usually
predicts the same pattern of circulation anomalies as the bilinear, although the
amplitude will differ. However, at a positive extreme, the bilinear model sometimes
predicts an anomaly of the opposite sign to that from a linear model. The negative
skewness of the commonly used Southern Oscillation Index time series means that
negative events may be expected to contribute more to a linear correlation than
positive events.

Introduction

There is now an extensive literature describing the
effects of the El Nifio-Southern Oscillation
(ENSO) phenomenon on atmospheric circulation
and climate. In examining the influence of ENSO
extremes, the two principal statistical analysis
methods used are either linear correlation and
linear regression or compositing. Linear corre-
lation and regression studies have produced a
great deal of useful information about the
Southern Oscillation and its teleconnections to
climate and circulation in other parts of the world:
e.g., van Loon and Madden (1981) for global
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pressure and temperature, Aceituno (1988) for cli-
mate elements of South America, McBride and
Nicholls (1983) for Australia, Gordon (1986) for
New Zealand, and Thompson (1987) for some of
the South Pacific Islands. One of the valuable
attributes of the linear method is that there are
standard significance tests that can be applied to
any relationships discovered. Non-linear
regression is rarely used, in part because of the
greater difficulty in assessing significance, but
mainly because there is no obvious choice for a
functional non-linear relationship. The emphasis
of this paper is on the presentation of a simple
technique for assessing non-linearity, and its
application to mean sea-level pressure (MSLP)
data in the Australia-New Zealand region.
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Compositing is a technique that can examine
the extremes separately and is intrinsically non-
linear. However, compositing studies (e.g.,
Rasmusson and Carpenter 1982; Deser and
Wallace 1990; Fraedrich and Muller 1992; and
many others) use only a subset of the data,
typically the upper and lower quartiles, and the
data are grouped without regard for individual
intensities within the quartile. Statistical signifi-
cance is often not assessed at all. Also, far more
attention has been paid historically to the nega-
tive Southern Oscillation events (El Nifios) than
the positive ones (La Niiias), and by focussing
only on one extreme no comment is possible on
the linearity or otherwise of the response.

Nevertheless, those studies that have analysed
both ENSO extremes have generally concluded
that the circulation and climate response were
linear with respect to Southern Oscillation Index
(SOI) reversal. Ropelewski and Halpert (1987,
1989) analysed precipitation data from 1700
stations around the world, and formed
composites over a 24-month period related to the
‘ENSO year’ (as defined by Rasmusson and
Carpenter (1982)). They identified 19 regions of
the globe as having significant precipitation
anomalies associated with the negative SOI
period (Ropelewski and Halpert 1987), and found
15 of these 19 regions had precipitation anomalies
of the opposite sign during positive SOI periods
(Ropelewski and Halpert 1989). Most of the ‘core’
regions with significant responses were equator-
ward of 30° latitude. The reversal in precipitation
anomaly with SOI sign also occurred in the same
seasons for most of the regions studied, but not for
two of the higher latitude regions - southern
Australia and southeastern South America. Kila-
dis and Diaz (1989) made a similar composite
study of temperature and precipitation anom-
alies around the globe, and also concluded that
in most regions of the world with a significant
SO-related climatic signal, the signal reversed
sign according to the polarity of the Southern
Oscillation.

There are few papers that examine non-
linearity directly. Zwiers and von Storch (1990)
developed a multiple regression technique that
was non-linear, although piecewise linear, for
predicting the future behaviour of a time series
from past values of itself. In their regime-depen-
dent autoregressive model, the number of predic-
tors (i.e., the number of past values and lags) was
allowed to vary according to the value of some
ancillary time series. The model was applied to
predicting the SOI behaviour, using intensity of
meridional flow in the southwest Pacific as the
ancillary time series. While not applied to predict-
ing Southern Oscillation circulation or climate
change relationships, this model suggested that at
least the future behaviour of the Southern Oscil-

lation itself was state dependent. A piecewise
linear regression model is also suggested in this
paper.

In the Australasian region, which is our focus of
interest, Drosdowsky and Williams (1991) used
correlation, regression and compositing to docu-
ment the response of the tropospheric circulation
over Australia and the southwest Pacific to
extremes of the Southern Oscillation. They
commented on some non-linearities where the
positive and negative composites were not equal
and opposite. In particular, during the summer of
a positive event, pressure anomalies over the
south Tasman Sea and New Zealand had a much
larger amplitude and were closer to Australia than
during the negative extreme.

Wright (1988) also generated composites of sea-
level pressure, 500 hPa heights and 200 hPa winds
over the Australian region at the extremes of the
SOI. Large differences were apparent at sub-

‘tropical and middle latitudes, and a non-linearity

in the meridional component of 200 hPa flow was
identified. Zhang and Casey (1993) demonstrated
non-linearities in the temporal distribution of
precipitation relative to peaks and troughs in the
SOI cycle - rainfall deficits over eastern Australia
tended to precede the lowest SOI in El Nifio, but
corresponding excesses followed the SOl peak
during La Nifa.

Not surprisingly, the extratropical response to
Southern Oscillation variations is usually weaker
and less consistent than the response nearer the
centres of action. Hamilton (1988) examined the
extratropical response over North America,
concentrating on the variability of mid-latitude
response from one warm event to another. He
attributed the differences largely to the magnitude
of the sea-surface warming in the western Pacific.
The idea that the extratropical response can vary
greatly depending on the details of the imposed
tropical heating anomaly has been argued in a
number of other observational studies (e.g.,
Schonher and Nicholson (1989) for California
rainfall), and also finds support in theoretical and
modelling work (e.g., Branstator 1985). Lau and
Boyle (1987) analysed global 200 hPa wind
changes in relation to tropical heating. For
extreme swings in the east-west dipole heating
pattern in the tropical Pacific, they concluded
(italics added) that ‘the tropical response is well
described by linear dynamics, yet the extratropical
response may be nonlinear with respect to the
polarity of the dipole heating pattern’.

The likelihood that an ENSO response also
depends on the background mean fields upon
which the anomalies are superimposed has been
recognised by a number of studies (Hoskins and
Karoly 1981; Deser and Wallace 1990). Thus the
same anomaly in tropical sea-surface temperature
or heating can lead to different seasonal extra-
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tropical responses, even if the tropical forcing
remains the same. This difference in response
according to season, which can be considered as a
form of ‘non-linearity’, has been shown quite
clearly in some observational studies (e.g.,
Gordon (1986) for New Zealand). The non-
linearity 1s usually bypassed by stratifying the
data seasonally rather than attempting some non-
linear analysis.

Thus, most studies to date support the idea that
circulation and climate elements fluctuate in an
essentially linear manner with respect to Southern
Oscillation variations. However, there is also little
doubt that the response is strongest, and linearity
most clearly evident, in tropical regions. Pole-
wards of about 30° latitude, relationships with the
SOI are weaker, and there are examples in the
literature of non-linearity where composites at
opposite extremes are not simply the reverse of
one another. In this paper we argue that there is
evidence for a non-linear response to the Southern
Oscillation in the Australia-New Zealand region
at 30-60°S, which is apparent in the pressure field
for the region and in rainfall and temperature data
over New Zealand.

The following section describes the data used in
this study, and the approach adopted to quantify
the non-linearity in the pressure and climate
responses to the Southern Oscillation fluctu-
ations. We then argue that because of the auto-
correlation and skewness characteristics of the
key SOI time series, we cannot assume a linear
relationship between SOI and circulation or
climate will be adequate. There is also a brief
review of the linear relationships that have been
found for the Australia-New Zealand region,
before presentation of the evidence for non-lin-
earity and a discussion of possible explanations
for the non-linearity noted.

Data and method

SOI, pressure and climate data

The Southern Oscillation values used in this study
were calculated from monthly mean sea-level
pressure data for Tahiti and Darwin, obtained
from the Australian Natiorfal Climate Centre
(NCC). The Southern Oscillation Index (SOI) has
been calculated by the ‘“Troup’ method (Pittock
1975), in which anomalies of monthly MSLP
differences, Tahiti minus Darwin, are normalised
by the standard deviation of the Tahiti minus
Darwin difference series. Following the procedure
used by the New Zealand Meteorological Service
(Gordon 1986), the SOI was normalised to one
(standard deviation), using the base period
1941-1980. Although the basic SOI time series
consists of monthly values, running three-

monthly means are used throughout this paper, as
recommended by Trenberth (1976a) for reducing
the noise at the monthly time-scale.

The MSLP data used were monthly mean
values on a 5° latitude by 10° longitude grid over
the New Zealand-Australia region (15°S-65°S,
120°E-160°W). MSLP values were derived from
daily analyses of the New Zealand Meteorological
Service, over the 32-year period July 1957 to
September 1988. In order to capture the 1988-89
La Nifia event, the MSLP time series was updated
to December 1989 using monthly mean data
derived from Australian Bureau of Meteorology
operational analyses of the southern hemisphere.
In the discussion section, use is made of further
data from the Australian Bureau: 17 years (May
1972 to December 1989) of 500 hPa heights for
the southern hemisphere, as used in the study of
van Loon et al. (1993).

The time period used most extensively in this
paper is the 32-year period December 1957 to
November 1989 (that is, summer 1957-58 to
spring 1989), which is determined by the avail-
ability of MSLP data. Only in the section on SOI
autocorrelation are all SOI data used. Relation-
ships between the SOI and climate time series are
examined using monthly mean temperature and
rainfall data from 44 New Zealand sites (Fig. 1).

Fig. 1 Location map showing 44 climatological sites
used for analysis of New Zealand rainfall and
temperature anomalies.
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The climate stations selected were those that had
long-term records (in most cases at least 50 years),
measured both temperature and rainfall, and gave
a representative coverage of the country. Again,
however, only the period December 1957 to
November 1989 is used in our analysis. The
annual cycle (32-year monthly means) is
subtracted from all data (MSLP, temperature and
rainfall) before seasonal averaging.

Solow non-linear analysis

Solow (1987) described a bilinear or ‘two-phase
linear’ regression model that could be used to
detect a change in the behaviour of an annual
temperature series. The model consisted of
obtaining a regression relationship for tempera-
ture as a function of time, using either a linear fit
or a bilinear fit where there was a change of ‘phase’
or slope at some changepoint that could be deter-
mined from the data. The question of whether the
bilinear fit described the data significantly better
than a linear fit was assessed by computing the
appropriate likelihood ratio statistic. In this paper
we wish to quantify the non-linearity of some
response to the Southern Oscillation, and this can
be considered as analogous to the climate change
situation where it is desired to quantify the
temperature variation with time.

Suppose we have a dependent response variable
(Y;: MSLP, temperature or rainfall) that we
assume to be a function of the SOI (X;). Then,
following Solow (1987), the bilinear model can be
written as

Y. = {ao+b0 X,‘+e,', le,SXl

" la+b Xite, if X;>X,

where the ¢; are the independent noise terms with

zero mean and unknown variance. X, is the

changepoint where the two regression lines
intersect.

—

x=(525)
Equation 1 can be rewritten as
Y,-=a0+b0X,+bT,»+e,- L2
where
T;=(X;—X)IND. (X))
and
_ Jo,if X;=X,
IND. (X)= { Lif X,> X,

and where b= b, —b,.

For a specified changepoint X., Eqn 2 is a
multiple linear regression equation in two predic-
tors (X; and T)), and estimates for the unknown
coefficients (ay, by, b) can be obtained by the least
squares method. The changepoint can be esti-
mated most simply by a search through the range

of SOI values. For a chosen SOI, Eqn 2 is applied
and the residual sum of squares (S) calculated.
The best estimate of X, is that value which mini-
mises the residual sum of squares. Alternatively,
the changepoint can simply be specified a priori.
In our case where we are examining the MSLP
distribution with SOI, an obvious a priori
changepoint suggests itself, namely X.=0.

Where the changepoint is specified, the appro-
priate likelihood ratio statistic for the bilinear
regression model at Eqn 2 is

(So—S) .3
U= S/(On 3)

where S is the residual sum of squares from fit-
ting the linear model (the first line of Eqn 1 fitted
over all X;), and n is the number of data points.
If

UL]—F| n— 3(1 (1)

where F| ,_3 (1 —a) is the 1 —a quantile of the
F| ,_5 distribution, then we accept the bilinear
model as a better fit to the observational data than
a linear model, at the 1 —a level of significance.
Note that if the changepoint is searched for,
instead of being specified, a different significance
test is required (see Appendix).

Linear relationships and motivation
for non-linearity

New Zealand climate and SOI-MSLP
relationships
New Zealand is a country with rugged topography
that is affected by the southern hemisphere west-
erlies most of the year. It would therefore be
expected that fluctuations in the strength and
direction of prevailing winds would have a
marked effect on the distribution of rainfall and
temperature anomalies, and many studies have
shown this to be so. Kidson and Gordon (1986),
for example, related empirical orthogonal
functions of MSLP to patterns of temperature and
precipitation anomaly over the country. A set of
pressure indices, using long-term station records,
was devised by Trenberth (1976b) to quantify
variations in the east-west and north-south winds
over New Zealand. The most widely used of the
Trenberth Indices are Z1 and M1, which provide
an approximate measure of the strength of the
zonal and meridional flow, respectively, over
New Zealand. Thus, Z1 monitors the anomaly
pressure difference between the sites of Auckland
and Christchurch (see Fig. 1).

Salinger (1980a,b) calculated the annual corre-
lation between the Z1 and M1 Indices and rainfall
and temperature series at many New Zealand
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stations. The basic correlation patterns are readily
explained. For example, in anomalous westerly
flow, precipitation is higher (lower) and tempera-
ture lower (higher) to the west (east) of the main
mountain ranges. In anomalous southerly flow,
the whole country is colder. The effects of north-
south flow variations (M 1) on rainfall distribution
are somewhat more complicated, but can still be
related to windward and lee sides of the mountain
barriers.

Gordon (1985, 1986) identified systematic
windflow changes over New Zealand related to
the SOI, and discussed associated seasonal varia-
tions in pressure, rainfall and temperature. He
showed that for New Zealand, as for Australia
(McBride and Nicholls 1983), there is a marked
annual cycle in the SOI relationships, with the
strongest linear correlations occurring in the
southern spring (September-November). The
correlations (Gordon 1986, Fig. 4) were based on
the full range of SOI, stratified according to
season. In general, fluctuations in MSLP over
New Zealand are not in themselves significantly
correlated to the Southern Oscillation Index.
However, there are pressure gradient, or wind-
flow, anomalies in the Tasman Sea and over New
Zealand, inferred from the MSLP correlation
pattern, that appear quite pronounced and
undergo a definite seasonal variation. During the
autumn and spring seasons, the correlation pat-
tern implies increased southwesterly (northeast-
erly) flow anomalies for negative (positive) index.
During summer (December-January-February)
the anomalous flow is westerly (easterly), and in
winter southerly (northerly), for negative
(positive) index.

During El Nifio, New Zealand experiences an
increased frequency of cold southwesterly air-
streams that result in more rain in the southwest
of the country, and dry conditions in the north
and east. During La Nifia, there is a tendency for
increased cyclonic activity in the Tasman Sea and
more slow-moving or blocking anticyclones to the
southeast of New Zealand. This results in frequent
warm moist northerly or northeasterly airstreams
over the country, with warmer than normal
temperatures nationwide and wetter conditions in
parts of the North Island exposed to these prevail-
ing winds.

SOI statistics

Once a Southern Oscillation extreme becomes
established, it tends to persist for a period on the
order of a year. Thus the SOI time series shows
considerable persistence from month to month.
The autocorrelation is highest starting May-July
and there is a ‘break’ in persistence about March-
April. This characteristic of the SOI having
minimum persistence through the southern
autumn is well known. Hence Gordon (1986) rec-

ommended that the 12-month period May-April,
rather than the calendar year, be used when cal-
culating annually averaged relationships with the
SOI. The break in persistence occurs because
there is a tendency for new ENSO events to
become established in May-June and also for
existing events to weaken during February-
March. The change in phase of the Southern
Oscillation around March-April also coincides
with the time of year when the trade winds and
sea-surface temperature gradient across the qua-
torial Pacific are at their weakest (Philander
1990).

Figure 2 shows the seasonal variation in auto-
correlation of the three-month running mean SOI
at lags up to 12 months. The lag autocorrelations
are calculated for the full SOI dataset (1882-
1990), but partitioned into two parts according to
whether the starting three-month mean SOI is
negative or positive. Gordon (1986) presented a
similar autocorrelation field that used all starting
SOI values irrespective of sign for the period
1935-1984. The purpose of repeating those calcu-
lations here is to highlight differences in auto-
correlation characteristics of the SOI according to
its initial sign. Gordon’s (1986) Fig. 2 is similar to
our Fig. 2 lower panel. The autocorrelation struc-
ture of ‘all SOI’ then is dominated by that for
‘negative SOI'. For a starting negative SOI, we
have the now familiar pattern where, for a start in
February to April, the lag correlation drops off
rapidly, so it is not significant more than about
two months ahead. Note that shading in Fig. 2 is
nominally at the 95% level by a one-sided t-test,
because our interest is in persistence or positive
correlation. Because we have used a three-month
running mean SOI, the number of points in the
sample has also been divided by three in estimat-
ing the degrees of freedom. SOI persistence
increases markedly through the southern autumn
so that by June the lag correlation is significant
out to nine months ahead. The autocorrelation
pattern for a starting ‘positive SOI’ (Fig. 2, upper
panel) is rather different. Generally the greatest
persistence still occurs during the southern
winter-spring, but the pattern is much weaker.
Zwiers and von Storch (1990) commented that
there is (weak) evidence for the autocorrelation
structure of the Southern Oscillation being state
dependent. .

The skewness of the SOI times series is another
statistical parameter that is relevant when assess-
ing the similarity of positive and negative events.
Wright et al. (1988) have noted that if a time series
has a skewed distribution, then a priori it may not
be appropriate to use linear correlation in a
statistical analysis. According to Wright et al.
(1988), neither the MSLP anomaly at Darwin nor
the sea-surface temperature (SST) field in the
central Pacific are skewed, unlike the SST
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SOI autocorrelation between the three-month
average centred on.the given starting month and
the three-month average for 0-12 months later.
Calculations are partitioned into positive start-
ing SOI (top panel) and negative starting SOI
(bottom panel), for the period 1882-1990,
Shading shows autocorrelation significant at
95% level under a one-tailed test.

Fig. 2
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distribution in the eastern Pacific which is posi-
tively skewed (i.e., a longer tail for positive SST
anomalies). The SOI series we use here is moder-

- ately skewed to the left: the moment coefficient of
skewness varies between about —0.20 and —0.30,
depending on the data period. This means that the
distribution has a longer tail in the region of nega-
tive events, and so negative events may be

“expected to contribute more to a linear corre-
lation than positive events.

Thus, both the autocorrelation and skewness
properties of the SOI series warn us that there
could be differences in the behaviour of positive
and negative SOI extremes, and not to take lin-
earity for granted when examining relationships
with the MSLP and climate fields.

Spring ENSO anomalies

The reversal of windflow anomalies and climate
anomalies with opposite polarity of the Southern
Oscillation is a necessary consequence of the
assumption that relationships are linear.
However, during the strong La Nifia event of
1988-89 the expected northeasterly flow anomaly
over New Zealand in the spring (September-Oct-
ober-November) did not occur, and the absence
of northeasterlies seemed common to previous La
Nifia events as well (Mullan 1989). In fact, whai
was observed generally was increased southwest-
erly, not northeasterly, flow over southern New
Zealand during a La Nifia spring.

Figure 3 illustrates a quantitative diagnosis of
this non-linear effect. An index of southwesterly
(SW) flow, centred on 45°S, 170°E over the South
Island, was calculated from grid-point pressures
around the periphery of a box covering 40-50°S,
160°E~180. Geostrophic components were calcu-
lated as U’ = AP (40-50°S) and V" = AP (160°E~
180)/(2 cos45°) from grid-point pressures P,
where

AP(40—SOS) = l/3(1)4(“60 +
Pao.170+ Pao.180 — Pso.160 = Pso,170 — Pso,180)

and a similar expression for AP (160°E-180). The
U, V7 components were then projected on the
southwest-northeast axis to produce the south-
westerly (SW) index display in Fig. 3.

Figure 3 shows that when the SOI was large and
negative (less than —1.0 say) the southwesterly
flow over New Zealand was stronger than normal
in every spring in the 1958-89 period. However,
when the SOI was large and positive (greater than

Fig. 3 Scatter plot of intensity of southwesterly tlow
over New Zealand versus Southern Oscillation
Index, for spring season. The linear (---) and
bilinear (....) regression fits are also indicated.
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