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ABSTRACT

Principal oscillation pattern (POP) analysis is a diagnostic technique for deriving the space-time characteristics
of a dataset objectively. A multiyear dataset of monthly mean sea level pressure (SLP) in the area 15°S to 40°S
is examined with the POP technique. In the low-frequency band one physically significant pair of patterns is
identified, which is clearly associated with the Southern Oscillation (SO).

According to the POP analysis, the SO may be described as a damped oscillatory sequence of patterns

++=>P' > P?—> P! > —P2 - P' — ... having a time scale of two to three years. The first pattern,
P!, representative of the “peak”™ phase of ENSO, exhibits a dipole with anomalies of opposite sign over the
central and eastern Pacific and over the Indian Ocean / Australian sector. The second, P?, pattern is dominated
by an anomaly in the SPCZ region and describes an intermediate, or “onset” phase.

The time coefficients of the two patterns, P, and P,, may be interpreted as a bivariate index of the SO.
Generalizing the original diagnostic concept, the POP framework is used to predict this index and the traditional
univariate SO index.

The POP prediction scheme is tested in a series of hindcast experiments. The scheme turns out to be skillful
for a lead time of two to three seasons. In terms of a correlation skill score, the POP model is better than
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persistence and a conventional ARMA model in hindcasting the traditional SO index.

1. Introduction

In the last decade a large body of observational lit-
erature on the appearance and low-frequency evolution
of the El Nifio/Southern Oscillation (ENSO) has been
published. For example, Rasmusson and Carpenter
(1982) composited the development of sea surface
temperatures (SST) and wind anomalies during warm
events; van Loon and colleagues, in a series of papers,
examined SO-related variations of various meteoro-
logical parameters (van Loon and Madden 1981; van
Loon 1984; van Loon and Shea 1985, 1987; van Loon
and Labitzke 1987)—in particular, sea level pressure
in the Southern Hemisphere. Ropelewski and Halpert
(1987) investigated the global precipitation variations
associated with SO.

Originally, the Southern Oscillation was primarily
viewed as a “‘standing” feature (Trenberth and Shea
1988), which could be monitored by a variety of
(mostly equivalent) indices (e.g., Wright 1984). With
the advent of longer time series of gridded tropical data,
it became apparent that ENSO should be regarded as
a propagating phenomenon (Barnett 1985, 1988;
Storch et al. 1989, 1990). However, there still exists
no agreement within the scientific community about
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the physical process responsible for the occurrence and
propagation of ENSO. One theory suggests that equa-
torial ocean waves are a crucial ingredient (Suarez and
Schopf 1988; Cane and Zebiak 1985), while others
propose that land-atmosphere or ocean-atmosphere
interactions (Barnett et al. 1989; van Loon and Shea
1985, 1987) are essential for understanding ENSO.

A few groups are now actively making operational
predictions of the state of ENSO (e.g., Barnett et al.
1988). Most of the schemes (Inoue and O’Brien 1974;
Cane et al. 1986; White et al. 1987) are based on the
notion of tropical Pacific wave propagation, while Bar-
nett (1984 ) and Graham et al. (1987) exploit the prop-
agation of atmospheric signals. The forecast schemes
are methodologically quite different, ranging from sta-
tistical models to dynamical ones; but they all are based
on the idea of a regular low-frequency evolution of
anomalies.

Clearly, the problem of ENSO prediction is equiv-
alent to the problem of recognizing and understanding
such quasi-cyclic large-scale behavior. Principal oscil-
lation pattern (POP) analysis, recently introduced by
Hasselmann (1988) and Storch et al. (1988), is a tech-
nique specifically designed to identify regularly devel-
oping space-time patterns. In the present paper, the
POP technique is used not only as a diagnostic tool
but also as a predictive one. It is applied specifically to
the “atmospheric” ENSO hypothesis of van Loon and
Shea (1985, 1987), who suggested that the South Pa-
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cific convergence zone (SPCZ) and its interaction with
the underlying ocean might be instrumental in the
ENSO cycle. Because it is possible to monitor both the
Southern Oscillation index (SOI) and the state of the
SPCZ in the routinely available Southern Hemisphere
sea level pressure (15°-40°S) analysis, we have used
this dataset in the present study.

The paper is organized as follows: In section 2, the
POP analysis and POP prediction technique are pre-
sented. The data are described in section 3a, and the
results of the POP analysis are presented in section 3b.
In section 4, the POP technique’s capability to forecast
the state of the SO is discussed with the aid of case
studies and an ensemble measure of skill obtained in
a series of hindcast experiments. Finally, a discussion
of the results is given in section 5.

2. Concepts of POP analysis and POP prediction
a. POP analysis

Principal oscillation pattern analysis is a technique
for extracting regularly developing (e.g., oscillating or
standing ) spatial patterns from a multicomponent sys-
tem whose dynamics are unknown or too complex to
be easily described (Storch et al. 1988). Conceptually,
POP analysis represents a simplification of principal
interaction pattern analysis (Hasselmann 1988). Al-
ternatively, POP analysis may be thought of as a normal
mode analysis using an estimated system matrix. In
this section we describe this approach briefly. More
details are given by Storch et al. (1988, 1990).

To focus on specific time scales, the vector time series
to be analyzed is filtered in time and space, retaining
variability only on the temporal and spatial scales of
interest. The filtered time series, x(¢), is then assumed
to be generated by a first-order multivariate autore-
gressive process:

x(t + 1) = Ax(t) + forcing. (1)
If the forcing in (1) is uncorrelated with x(¢), an es-
timate of the matrix 4 may be obtained in two different
ways: one way is to multiply (1) from the right with
the transpose of x(¢) and to take expectations. The
other way is to find a matrix 4 that minimizes {[x(¢
+ 1) — Ax(2) — forcing]?}. In both cases the result is
A = C,+ Cy™! with C, and C, denoting the lag-1 and
lag-0 covariance matrices of x(¢). The matrices C; and
C) are estimated in the conventional manner.

Generally, the matrix 4 is not symmetric, and thus
its eigenvectors P and eigenvalues A are not all real.
Some may occur in pairs of conjugate complex eigen-
vectors, P! + /P2, and eigenvalues, A ' & iA% The (real
or complex ) eigenvectors are called POPs of the time
series x(7). In most cases, the eigenvectors are linearly
independent so that the state x(z) may uniquely be
written as :
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x(1) = 2 z()P; + 2 (' (OP} + 22 ()P7)
j J
all real all complex
POPs POPs

+ forcing (2)

with real-time coefficients z(¢) for real POPs and com-
plex time coefficients z(¢) with real part z!(z) and
imaginary part z2(¢) for complex POPs. The coeffi-
cients may be obtained by taking the dot product of
the vector x(¢) and the adjoint eigenvector.

The time evolution of the coeflicients satisfies, for
real patterns, the equation

z(ty + t) = Nz(ty) + forcing (3)
and for complex patterns,
[z' (o + 1) + iz%(to + 1)]
= (|A|e 2 TY![z1(1y) + iz*(t)] + forcing. (4)

For complex patterns the complex eigenvalues define
an e-folding time 7 and rotation period 7. Because of
the particular form of (3) and (4), the real valued POPs
are called standing patterns and the complex valued
POPs oscillatory patterns. An oscillatory pattern often
describes a feature that migrates in space. This is par-
ticularly true if the real part P! and the imaginary part
P? are spatially in quadrature.

The error, e(t) = x(t) — z(¢)+ P or e(t) = x(¢)
—z!(¢)- P! — z%(¢) - P2, in reproducing x(¢) using only
one standing real POP P or one oscillatory complex
POP P! + P2 may be conveniently measured by the
skill parameter

2
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(x*)

where () denotes expectation. S” = 0 indicates that

the POP model has no skill, whereas S = 1 indicates
perfect skill.

After having identified a certain POP in the “key
variable” x(t), it is often desirable to describe the signal
in terms of other simultaneously observed variables
v(t); e.g., SST. To do this, we use “associated corre-
lation patterns.” In the case of an oscillatory mode
these patterns, denoted by q,! and q,2, are defined to
minimize ,

)

1 2
<“V(I) - z (lt) Qvl - z (zt) sz
[ o

where | || denotes a quadratic norm. The coefficients
z'(t) and z?(¢) of the key variable x are divided by
their standard deviations, ¢ and ¢, in order to convert
the patterns into the same units as the field v.

1In the case of oscillatory patterns, the POP model
can be interpreted as the system’s tendency to generate
a damped oscillation with parallel evolutions of x(¢)
and v(¢) as follows:

(3)

(6)
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for x(¢): . > P> P> -pl
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b. Comparisons with other empirical orthogonal func-
tions :

More traditionally the concept of empirical orthog-
onal functions (e.g., Preisendorfer 1988) has been used
to infer the space-time variability in a multicomponent
time series. The EOF analysis is designed to yield an
optimal representation of the covariance structure of
fields. Only in very specific cases do EOFs represent
dynamical modes of the investigated system. In the
case of conventional EOFs, simultaneous covariances
are considered and the spatial patterns represent
standing features. With extended EOFs lagged covari-
ances are also taken into accodnt so that it is possible
to describe time-dependent spatial patterns. In the
complex EOF analysis, the eigenvalues and eigenvec-
tors of the cross-spectral matrix averaged over a certain
frequency band are derived. The resulting complex ei-
genvectors may be used to describe oscillatory behavior
in space. In all cases, the EOF analysis leads to patterns
that maximize variances. The eigenvalues represent the
amount of variance explained by the patterns. The
characteristic time scales have to be inferred by cross-
spectral analysis of the EOF coefficients.

The POPs are based on a different notion. POPs
represent the normal modes of a fitted linear stochastic
process. As such, the POPs do not maximize the ex-
plained variance but satisfy a dynamical constraint,
namely AP = AP. The eigenvalue A, being in general
complex, represents two characteristic times: the .ro-
tation period and a damping time. In contrast to EOFs,
the POPs do not form a set of orthogonal patterns, so
that the POP coefficients are not given as the dot prod-
uct of the patterns with the field to be analyzed but as
the dot product of this field with the adjoint patterns.
Also the POP coefficients are not necessarily indepen-
dent, as the EOF coefficients are. Dynamically this lack
of independence is not disadvantageous: there is no a
priori reason why different processes, identified by
POPs, should be statistically independent. Another dif-
ference from EOFs is that the POP analysis yields no
information about the amount of variance connected
with individual POPs. The explained variance has to
be calculated explicitly from the data.

There are two different ways to estimate the POPs.
One way, originally proposed by Hasselmann (1988),
consists of anticipating the existence of a linear first-
order model and fitting the complex number A and the
patterns P simultaneously to the data in a least-square
sense. The other way, suggested by Storch et al. (1988),
is to estimate the matrix 4 from the data and to use

~
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the eigenvalues and eigenvectors of this estimated A4 as
characteristic numbers and POPs. The eigenvectors
depend nonlinearly on the matrix. Therefore the dy-
namical model for the POP coeflicients, z(z, + 1)
= Nz(ty) + forcing, is not strictly a least-square fit to
the data.

In summary, the main difference between the POP
and EOF techniques is that the latter maximizes vari-
ances whereas the former explicitly specifies a dynam-
ical model (1). The time evolution of the POPs is
therefore easily interpreted, and the original system is
reduced to linear interactions of patterns in two-di-
mensional spaces spanned by (complex ) POPs. .

¢. The POP prediction scheme

For the sake of brevity, we consider only oscilla-
tory, i.e., complex valued, POPs in this section. For
standing patterns, the scheme takes a similar form.

Let us assume that a relevant oscillatory POP, P!
+ iP?, has been identified. Its state at a certain time %,
is measured by the complex coefficient z(#,) = z!(#)
+ iz%(tp). Its future state, z(f, + ¢), would be known
if the forcing in (4 ) were known. Obviously, the forcing
describes all processes that cannot be treated in the
linear scheme (1). Thus the forcing is considered to
be unpredictable noise and the future state is predicted
from

[2! (zo + 1)+ i2%(ty + )]

= (Ix e 1) [z (1) + iz%(t)], (7)

which is obtained from (4) by neglecting the forcing.
Thus the prediction problem is reduced to estlmatmg
the initial value z(f).

If the raw data are not filtered in time, the estimation
is straightforward. First, the data are filtered in space,
if necessary, and then the time coefficient is calculated
using the adjoint patterns. In the hindcast experiments
in this study, however, the data are noisy and have to
be smoothed before the initial value is estimated. For
this purpose a nonsymmetric time domain filter is ap-
plied (see Appendix ), which approximates the spectral
characteristics of the frequency domain filter used in
the POP analysis. ‘

The time evolution of the process to be described
by a complex POP may conveniently be represented
in the two-dimensional z-plane. Utilizing (4) or (7),
the z(t) trajectory normally rotates clockwise around
the origin. Its magnitude may be described by the S-
distance, d(z), of z(¢) from the origin:

dz)y=z-S"'-z (8)

with S being the covariance matrix ({z/z*)) of z. If z
is normally distributed with zero mean and z' and z*

are independent, the S-distance d(z) is X >-distributed.
Here z(t) is considered to be “small” or “very large,”
ifd(z) < b, or d(z) = b, for some appropriate numbers
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b, and b,. If z is small, the process described by the
POP pair is interpreted as being in a “quiet phase.” If
z is not small, the process is “active”; if it is very large,
the process is “‘strongly active.”

In this study the SO is divided into three classes of
states of equal likelihood: quiet phases, and Warm and
Cold phases. The latter two phases comprise the active
stage, and the strongest 10% of all states are considered
as being strongly active. Therefore the critical values
b, and b, are chosen so that prob{d(z) < b;} < 33%
and prob{d(z) = b,} < 10%.

To assess the proposed POP scheme’s predictive ca-
pabilities, the outcome of a series of hindcast experi-
ments can be compared with a traditional reference,
the persistence forecast (Livezey 1987 ), and a conven-
tional univariate ARMA process (Chu and Katz 1985).
To do this, a univariate prediction skill is required:

__(o-pr)
V(O*)({P.?)

where O(t) and P,(¢) are the observed and, at lag 7,
predicted variables. If this variable is perfectly pre-
dicted, S” = 1, whereas S? = 0 for a useless prediction.
S? is certainly not the optimal measure with which to
compare two sets of hindcasts. In particular, it is not
sensitive to systematic errors in the strength of the pre-
dicted signal, so that persistence and damped persns-
tence forecasts yield identical skills S?.

%)

3. The POP analysis

In this section we describe the results of a POP anal-
ysis of the Southern Oscillation.

a. Data

The key varniable used here is the field of monthly
mean SLP in the area from 15°S to 40°S. The data
come from two periods: the first extends from January
1951 to December 1958 (South Africa Weather Ser-
vice), and the second extends from April 1972 to Sep-
tember 1988 (Australian Bureau of Meteorology ). We
have chosen this dataset since new data for future fore-
casts are readily available from the routine analyses of
the Australian Bureau of Meteorology.

Prior to the analysis, the SLP data were processed
as follows:

e The anomaly fields are calculated separately for
the two periods 1951-58 and 1972-83 in order to re-
move long-term trends (Mo and van Loon 1985) and
possible inhomogeneities in the datasets.

e At each grid point, the time series are normalized
by the local standard deviation. This procedure is nec-
essary because of the considerable difference in vari-
ability of midlatitude SLP and subtropical SLP.

e All variance on time scales shorter than 15 months
is filtered out, and all variance on time scales greater
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than 18 months is retained unaltered (see Appendix).
The characteristics of the filter have been chosen to
focus on the ENSO phenomenon, whose minimum
time scale is two years, since an event extends over at
least one year.

The time filtering did not take into account the
1959-71 gap between the datasets. This is reasonable -
when estimating the statistical parameters: The data
are noisy, and the sole effect of the sudden 1959/71
jump is to slightly distort the spectral estimates.

e The time-filtered data are projected onto the sub-
space spanned by the first 9 EOFs, which explains 85%
of the total variance. Some experiments were made to
determine the optimal number of EOFs to retain. It
turned out that the results are stable if at least the first
nine EOFs that are used.

The aim of the POP analysis is to identify patterns
that describe the Southern Oscillation. Therefore, the
low-frequency filtered conventional Southern Oscil-
lation index, Darwin minus Papeete, Tahiti SLP, is
used to verify the outcome of the analysis. The SOI is
filtered in the same way as the SLP data.

To study the relationship between the “key” variable,
namely the subtropical and midlatitude normalized
monthly mean SLP, and other variables that contain
an ENSO signal, associated correlation patterns are de-
rived for Pacific SST and the zonal component of the
equatorial surface wind. The SST data are in the area
from 60°N to 40°S and extend from 1972 to 1988,
whereas the equatorial zonal wind data are available
for the same two periods as the key variable; i.e., from
1951 to 1958 and from 1972 to 1985. No filtering and
normalization are performed on these two datasets.

b. Results

One useful oscillatory POP pair was found in the
SLP data. Its oscillation period 7T is about 37 months,
and its e-folding time 7 is about 47 months. The ex-
plained variance S” of this POP pair is 16% for the
entire subtropical Southern Hemisphere SLP time se-
ries and 48% for the Southern Oscillation index. The
latter number is increased to 73% if the “bad” 1951-
58 data are disregarded (see Fig. 1b).

The POP coefficient time series, z'(¢) and z2(¢), are
shown in Fig. | together with the filtered SOI. In the
years of warm events: 1951, 53, 57, 72,76 /77, 82, and
87 (cold events 1955, 73, 75, and 88), when the SOI
is minimum (maximum ), the coefficient z'(¢) is gen-
erally also minimum (maximum) almost simulta-
neously, and z?(¢) is minimum (maximum) several
months later. It seems that the appearance of events is
connected to the oscillatory behavior of the two time
series. The oscillation period varies between two and
three years. The results of cross-spectral analysis (not
shown) of the POP coefficients and the SOI substantiate
these impressions. The coherences between each two
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FIG. 1. Time series of a) POP coefficients z'(¢) (heavy) and z2(¢) (dotted). The coefficients
are dimensionless. b) Southern oscillation index “Darwin minus Papeete SLP” as derived from
station data (solid) and analyzed gridpoint data [dotted; prepared by the South African Weather
Service (1951-58) and by the Australian Bureau of Meteorology (1972-88)]. Note the large
differences in the 1950s. The curves are time-filtered. Units: mb.

time series, z', z2, and SOI, are high on the time scale
of 2-3 years (significantly nonzero at a level of more
than 95%). z! and z? are 90° out-of-phase, with z'
leading z2. z! leads the SOI by about two months, and
z? lags the SOI by about seven months. Maximum
coherence is obtained for 30 months, indicating that
the POP period of 37 months is an overestimation of
the oscillation period. The discrepancy between the 37
months derived from the POP analysis and the 30
months inferred from the cross-spectral analysis is due
to the fact that both techniques yield estimates of the
considered parameter; i.e., both techniques have a cer-
tain natural uncertainty.

The patterns are shown in Fig. 2. The P' pattern
has large positive anomalies over the central and eastern
Pacific and negative anomalies over Australia and the

180

Indian Ocean, which are connected with westerly wind
anomalies in the eastern tropical Indian Ocean and
northerly wind anomalies in the region near the date
line. According to the POP model and the oscillatory
behavior mentioned above, the P! pattern is gradually
replaced by the P2 pattern within a quarter of a period;
1.€., after seven to nine months. This replacement ap-
pears in space as a smooth eastward migration of the
negative P! anomaly into the western Pacific. The P?
anomalies are connected with westerly wind anomalies
over the tropical west Pacific. Half a period later the
—P! pattern is dominant. It is associated with easterly
anomalies over the eastern tropical Indian Ocean and
southerly anomalies near the date line. At three-quar-
ters of a period (—P?) there is a center of positive
anomalies north of New Zealand, which is connected

120 E

180

120W SoW (o)

FIG. 2. POP patterns P! (bottom ) and P? (top) of normalized Southern Hemisphere sea level pressure
anomalies. The location of Raoul Island, used in section 5a, is marked in P2
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with easterly anomalies over the tropical west Pacific.
After a full period the P! pattern reappears.

The associated correlation pattern analysis of SST
(Fig. 3a) substantiates the result that the POP obtained
here describes the Southern Oscillation. The associated
SST pattern q.; (strong negative SST anomalies in the
tropical central and east Pacific, positive SST anomalies
around Indonesia and in the subtropical northwest and
southwest Pacific, and negative SST anomalies in the
Indian Ocean) tends to appear together with P' (pos-
itive SLP anomalies over the east Pacific and negative
SLP anomalies over Australia). P' represents a nega-
tive extreme of the Southern Oscillation and qg rep-
resents a La Nifia condition of the ocean. In q&;, SST
anomalies are weaker than a quarter of a period earlier
in q;. Negative anomalies are found in the zonal belt
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between 5°N and 20°S in the central Pacific, with pos-
itive anomalies south and north of this belt. The vari-
ance of the unfiltered monthly mean SST anomalies
explained by the associated patterns q . and qZ; is about
50% in the central and east Pacific (not shown).

The associated patterns of the zonal component of
equatorial surface wind are shown in Fig. 3b. The first
pattern, q,', shows wind anomalies that are well known
to accompany the SST anomalies of q4;; namely west-
erly anomalies over the equatorial east Indian Ocean
and easterly anomalies over the central Pacific. Ac-
cording to the POP picture, the development of a warm
event begins about a quarter of a period later. At this
stage, the associated wind pattern q,” indicates the
presence of westerly anomalies over the equatorial west
Pacific. The variance of the unfiltered monthly mean

SR N

| Y

ZONAL COMPONENT
OF SURFACE WIND

EAST gRLY

1 1

&« e

90°€ 120°e

130°e

1
180° 150°w 120°w 90°W

FiG. 3. Associated correlation patterns of (a) sea surface temperature, %, and qZ;. Units: °C. (b) the zonal component
of equatorial (45°E-85°W) surface wind, q,' and q,2. Units: m s™'. The associated q' pattern tends to appear together
with the SLP POP P! pattern shown in Fig. 2, and the q? pattern together with P2,
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zonal wind explained by g, and q,” is above 10% over
the Indian Ocean and the western and central Pacific.
(The relatively low levels of explained variance are a
result of not filtering the analyzed data, so that the
total variance contains a considerable amount of high-
frequency variation.) Interestingly there is no signal
over the equatorial east Pacific. -

4. POP hindcast experiments

Using the POP pair identified in section 3, a POP
prediction model is designed and tested in a series of
hindcast experiments.

a. Design of the POP prediction model

The oscillation period T in (7) is not derived from
the POP’s eigenvalue but is taken from the cross-spec-
tral analysis of the POP coefficient time series z' and
z? and the SOI time series. Because z/, z2(¢), and the
SOI exhibit maximum coherence at 30 months, 7= 30
is chosen for all hindcast experiments. The time do-
main filter used to estimate the end points and the
trajectory have approximately the same spectral char-
acteristics as the spectral filter used in section 3 (see
Appendix). ‘

Hindcasts are made for each month from April 1974
to September 1988. The data from 1972 to March 1974
are disregarded because of too few observations to per-
form the filtering. Also, the data from the 1950s are
not used because of data quality problems. This is il-
lustrated by Fig. 1b, which shows the filtered SOI as
derived from station data and from the gridded ana-
lyzed data. The deviation of the gridpoint time series
from the station-based SOI is substantial in the fifties.

During the hindcast experiment period from 1974
to 1988, the Southern Oscillation is in a warm phase
in 1976/77, 1982, and 1986/87; in a cold phase in
1975, 1981, and 1988; and in a quiet phase in 1978-
80 and 1984-86. These ENSO phases could be hind-
casted up to 12 months “in advance” throughout the
period. The only exception was the 1975 cold phase,
which was preceded by irregular conditions, namely
the “aborted” 1974 El Nifio (see below).

b. Case studies

In this subsection we show the hindcasts for three
phases in some detail. These cases include both the
best and the worst hindcast (warm event 1982/83 and
cold event 1975/76). The results are displayed in the
two-dimensional z-plane (Figs. 4-6). The two axes in
the diagrams refer to the POP coefficients, z' and z%;
the solid (dashed) tilted line indicates the “El Nifio”
(“La Nifia”) direction defined by the phase between
the POP coeflicients and the SOIL. The solid curve is
the z-trajectory, using the nonsymmetric filter (see Ap-
pendix), up to the time #;,. The hindcasts, prepared
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with the observations up to #,, are indicated by the O-
symbol.

The classification into “small”, “normal,” “very
large events” follows (8). The d(z) = constant contours
are given by circles because the covariance matrix S is
nearly a unit matrix. When the initial value, at 1y, lies
outside the 33% circle and the analyzed trajectory
propagates clockwise to the solid (dashed) line, a warm
(cold) event is predicted to take place; when the tra-
jectory departs from the solid (dashed) line a warm
(cold) event is decaying; a trajectory within the “small”
area indicates that no events will take place in the near
future.

1) WARM EVENT 1982/83

Figure 4 shows the predicted evolutions using four
initial times: f, = November 1981, and January, March,
and May 1982. The analyzed POP coefficients evolve
irregularly with small amplitude until northern spring
1981. In northern summer and fall of 1981 the coef-
ficients are amplified and the trajectory begins to rotate
clockwise, which indicates that the process described
by the POP is “active.” In November 1981 and in Jan-
uary 1982, a weak cold event is predicted to peak in
January/February 1982, which might be followed by
a weak warm event 14 months later (Figs. 4a and b).
In March and May 1982 however, a dramatic inten-
sification is monitored—the initial z-values lie outside
the 90% circle—and a very large warm event is pre-
dicted to peak in January 1983 (Figs. 4c and d).

2) COLD EVENT 1975/76

The prediction of the 1975 cold event is less satis-
factory. This is demonstrated by Fig. 5 showing the
hindcasts for November 1974 and July 1975. Because
no data are available before April 1972, nonsymmetric
filters had to be used to estimate the trajectory at its
ends.

Having crossed the warm event line in summer 1972
and the cold event line one year later, the trajectory in
early 1974 is entering the “quiet phase” stage; i.€., the
inner 33% circle, indicting the breakdown of the pro-
cess. Therefore the November 1974 hindcast is that no
event will appear in 1975. A correct forecast could only
have been made in July 1975; i.e., shortly before the
cold event’s peak phase, when the process is weakly
reflected in the POPs (Fig. 5b).

3) QUIET PHASE 1985

The hindcasts using data up to September 1984 and
January 1985 are shown in Fig. 6. In these hindcasts,
the analyzed POP trajectory enters and stays within
the 33% circle at the end of 1983. The system is cor-
rectly diagnosed as being in a quiet phase, and the pre-
diction was that no event, cold or warm, was to be
expected within the near future.
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-30 -

1/83-30-

FIG. 4. Results for the hindcast experiments on the 1982 warm event displayed in the two-dimensional z-plane. Initial times
to = (a) November 1981, and (b) January, (¢) March, and (d) May 1982. The two axes in the diagrams refer to the POP
coefficients, z' and zZ% the solid (dashed) tilted line indicates the “El Nifio” (““La Nifia”) direction defined by the phase between
the POP coefficients and the SOI. The solid curve is the analyzed z-trajectory up to the time #,. The hindcasts, prepared with the
observations up to f, are indicated by the - -symbol. If the trajectory propagates clockwise to the solid (dashed) line, a warm
(cold) event is predicted to take place. Similarly, moving off the El Nifio/La Niiia lines is interpreted as a decay of an event. A
trajectory, which behaves irregularly or which is within the “small” area (given by the inner circle), indicates that no event will
take place in near future. A trajectory outside the outer circle indicates the occurrence of a very large event.

¢. Hindcast skill of the POP mode!

To assess the overall capability of the POP prediction
scheme, a hindcast skill S? is derived via (9) from all
hindcast experiments. The low-pass filtered SOI (Fig.
1b) is used as the observed statistic O(¢). For the pre-
dictions, the statistic P(t) is the predicted SOI.

The persistence forecast is used as a reference in or-
der to assess the skill of the POP hindcasts. The unfil-

tered SOI is known to be affected by month-to-month
variations that are not related to the state of the South-
ern Oscillation but that reflect, for example, the activity
of the tropical 30-60 day wave. Therefore, the control
forecast is based on 3-month running means, i.e.;

Ppers(tO + T) = Ppers(to)
_ SOI1(#) + SOI(t, — 1) + SOI(fs — 2)
3 .

(10)
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FIG. 5. Results for the hindcast experiments on the 1975 cold event. Initial times t, = November 1974 and July 1975. In winter
1975/76 the SOl is strongly positive. For description of the diagram, see caption to Fig. 4.

As a second reference forecast scheme we use the con-
ventional ARMA (1,7;1) model derived from the
monthly SOI by Chu and Katz (1985):

PARMA(I'F 1) = IOII'P(Z)
—0.115- P(t — 6) + apy — 0y, (11)

The white-noise forcing terms, a;4; and —6,a,, disre-
garded when performing the predictions.

:w{ z

The hindcast skill S” at each time lag 7 = 0-19
months, as calculated for the POP scheme for persis-
tence according to (10) and for the ARMA model ac-
cording to (11), is shown in Fig. 7. Persistence is clearly
better for the “nowcast” and forecasts for lags 7 < 2
months. After that, the POP scheme is superior; after
nine months, no correlation exists between persistence
and observation, while the correlation between Poop(#)
and O(t) is still about 40%. The ARMA model is

30 z1

FIG. 6. Results for the hindcast experiments on the 1985 quiet phase. Initial times #, = September 1984 and January 1985.
During 1984 and 1985, the SOI was small. For description of the diagram, see caption to Fig. 4.
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FIG. 7. Correlation skill S?, according to (9), of the prediction of
the southern oscillation index. Solid curve: POP prediction. Dashed
curve: 3-month mean persistence. Dotted curve: ARMA(1;7,1) from
Chu and Katz (1985).

somewhat better than the persistence but is clearly
worse than the POP model.

The difference between the POP scheme and the
ARMA model is that the former utilizes the full fields
by projecting them onto a smaller set of dominant pat-
terns. The POPs describe a propagating feature in the
SLP field, whereas the ARMA describes the time evo-
lution at one point only. The intervening state, P2,
which plays an important role in the development of
an ENSO event, cannot be described by the univariate
SO index.

The fact that persistence is better than the POP
scheme in the first months is expected. One reason is
the nonsymmetric filtering to obtain initial values for
the POP prediction. The second reason is the low-fre-
quency variability of the ‘SO, which is persistent on a
time scale of a few months. The time scale of changes
of the state of the SO is larger than one season (77/4
=~ 8 months), and it is here that the POPs are most
successful in describing these changes.

It has to be kept in mind that the skill scores pre-
sented here are hindcast scores. If the time series were
sufficiently long, one might derive the artificial skill by
cross validation. For that purpose one would have to
delete, for example, 2-yr episodes from the entire da-
taset, design a POP model with the remaining data,
and calculate the skill for the 2-yr episode that would
represent independent data.

In the present study, however, this is not possible
because of the shortness of the time series and the ne-
cessity for low frequency filtering. If a 2-year interval
were disregarded, a discontinuity at the ends of the
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interval would be introduced. This discontinuity would
distort the time evolution for + one year before and
after the 2-yr interval (as mentioned in the Appendix)
so that about four years of information would be lost
for the POP analysis. In view of the limited reliability
of the 1951-58 data, a loss of four years of data, in
particular if events are included in this interval, is not
acceptable for the POP analysis.

We believe, however, that the artificial skill is not
substantial. As mentioned before, the POP forecast
scheme is not strictly based on a least-square fit. Ex-
periences in other studies, with sufficiently long time
series, support this view (Storch and Xu 1990; Latif,
personal communication). Also, the introduction of
one-sided filtering in the prediction scheme reduces
any artificial skill. A minor artificial skill might be in-
troduced by inferring the oscillation period from the
cross-spectral analysis of the POP coefficients and
the SOL.

5. Discussion
a. The ENSO cycle

The POP analysis has identified a stochastic cyclic
model of the Southern Oscillation

.>P'>P’> P > -P>P - .

in which P' describes the “peak phase” (Rasmusson
and Carpenter 1982) of the SO when the Pacific SST
anomalies were well developed. The P? pattern rep-
resents an intermittent or “onset phase.” It is domi-
nated by a large SLP anomaly just east of the SPCZ
area, which is associated with zonal wind anomalies in
the west Pacific and generally weak SST anomalies.
Such a cycle has been suggested earlier by van Loon
and Shea (1985, 1987), who composited the Southern
Hemisphere SLP field according to the state of the SO
and the annual cycle. There are two major differences
between our work and that of van Loon and Shea.
First, our results were derived objectively without resort
to any a priori information about the Southern Oscil-
lation (except possibly the time scale); and second, the
POP model is not locked to the annual cycle.
Additional data were used in order to test the reality
of the proposed Southern Hemisphere ENSO cycle.
Monthly mean SLP data from stations close to the
anomaly centers of the P' and P? patterns were ex-
tracted from the World Meteorological Station Cli-
matology data available at The National Center for
Atmospheric Research. The strength of the P! pattern
may be approximated by the pressure difference be-
tween Darwin and Papeete; i.e., the traditional SOI,
and the P? pattern by the pressure in the center of the
SPCZ region; (e.g., at Raoul Island) ( position marked
in Fig. 2). Two time series, the SOI and Raoul Island
SLP, were subjected to cross-spectral analysis for the
entire period 1951-82. SOI and Raoul SLP anomalies
are highly coherent (squared coherence significant at
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about the 99% level) and 90° out of phase on time
scales of about 30-40 months. Consistent with this
finding, Zwiers and Storch (1990) designed a nonlinear
univariate “region dependent autoregressive” model
in which the state of the SO is significantly controlled
by the Southern Hemisphere circulation. Qur result,
and that of Zwiers and Storch, indicates that our finding
of an ENSO cycle is not due to an artifact of the POP
analysis technique.

Thus, the POP analysis leads to a concept of the
Southern Oscillation that is fundamentally different
from the traditional notion that the SO is a standing
oscillation readily monitored by an index such as Dar-
win minus Papeete SLP. Instead, the POP model iden-
tifies the SO as a large-scale propagating atmospheric
feature, which is insufficiently monitored by the SOI
alone, as demonstrated by the low skill of the traditional
ARMA scheme in Fig. 7. This result is in accord with
some other studies of the SO; e.g., Barnett (1985,
1988), van Loon and Shea (1985, 1987), Gutzler and
Harrison (1987), or Storch et al. (1989, 1990).

We suggest that the Southern Oscillation as a whole
may be regarded as an oscillator with a basic time scale
~ of about 2-3 years. The oscillator is modulated by ran-
dom noise or possibly by some unknown forcing. As

a result, the ENSO cycle exhibits variable “persistence” -

and the sequences of warm and cold events are of vari-
able length.

b. The role of the SPCZ

The identification of strong anomalies in the strength
of the SPCZ in the P? pattern indicates that these
anomalies might be essential in establishing the ENSO
cycle. A hypothesis concerning the interaction between
the SO and the SPCZ has been proposed by van Loon
and Shea (1985, 1987) and Kiladis and van Loon
(1988). This hypothesis is summarized in Fig. 8. Dur-
ing a cold event an anomalously strong subtropical
high prevails in the east Pacific and negative SLP
anomalies are located over the Indian Ocean and west
Pacific. This SLP pattern is connected with northerly
(warm ) wind anomalies near the date line. These winds
tend to cause positive SST anomalies in the area of the
SPCZ, which is characterized by maximum convective
activity throughout the year. Positive SST anomalies
in such a region intensify the convective activity, caus-
ing below normal pressure (Storch et al. 1988). Con-
sequently westerly wind anomalies appear over the
equatorial west Pacific, which may trigger an El Nifio
event. This sign-reversed sequence of events will tend
to initiate a cold event one year later.

The identification of anomalies in the SPCZ area
that are connected with the Southern Oscillation does
not prove that anomalies in that area cause the oscil-
lation itself. It is equally possible that another process
that is not resolved by our data might be responsible
for the intervening stage of the SO. This unknown pro-
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FiG. 8. van Loon and Shea’s (1985, 1987) “SPCZ hypothesis™ of
the physics of the ENSO cycle.

cess might also causé the SPCZ anomalies. It may also
be that the oscillator, identified by the POP analysis of
Southern Hemisphere SLP, is just a part of a more
complex system as suggested by Barnett (1985, 1988).

¢. Annual cycle and ENSO

Many observational studies (e.g., Rasmusson and
Carpenter 1982) suggest that ENSO is strongly locked
to the annual cycle. Our analysis technique did not
address the question of whether the POP model is
phase-locked to the annual cycle. To answer this ques-
tion we sorted the complex POP coefficient time series
(Fig. la) z(t) into eight classes: the complex plane
is subdivided into eight regions, K;, K, ... Kg.
Each region is a 45° angular segment, so that all seg-
ments are of equal area. K, contains all active states
with phase angles 8 of § 7 < 8 < Z m; K, is given by 3
T<6< % m; and so forth. Therefore, K; covers all states

described by —p?; K, states between —p? and p';
K5 p!, etc.

A frequency table of z(¢) according to class and cal-
endar month is given in Fig. 9. The number of samples
available to estimate the frequencies is fairly small so
that the results should be treated with caution. In spite
of these limitations, however, Fig. 9 clearly demon-
strates that the ENSO cycle, as described by the POP
model, is locked to the annual cycle (as indicated by
the tilted line). The intervening stages prior to an SO
event—e.g., K,/K, and K,/Ks—tend to emerge in
southern fall. The peak phases, K3 = p; and K7 = —py,
are most frequent in southern winter and spring. Thus
our analysis confirms the well-known result that the
Southern Oscillation is linked to the annual cycle.
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d. Predictions

The concept of a natural oscillator, described by two
patterns P! and P2, offers a conceptually simple way
to predict the state of the SO. The relevant point ex-
ploited in the prediction technique is the fact that the
trajectory, defined by the POP coefficients in two-di-
mensional space, has some “inertia” and that future
points of the trajectory may be deduced by simply pro-
longing the trajectory. Thus the POP prediction is de-
duced from ““persistence of motion,” in contrast to the
“persistence of state” in a conventional persistence
model. Therefore the POP prediction scheme is likely
to be more successful in indicating the general evolu-
tion of the SO than in describing its details, such as
anomalous SST averaged over certain areas. Also, the
POP model is not able to predict a change from the
““quiet phase” to the “active phase.”

It was shown by the overall skill scores and case
studies that POP prediction scheme may be able to
forecast the state of the SO for two to three seasons in
advance. One has to keep in mind, however, that all
forecasts considered were made in the hindcast mode.
Therefore it might be possible that the level of skill is
in part contaminated by artificial skill.

For a lead time of more than one season the POP
“persistence of motion” approach has a higher hindcast
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skill than the traditional “persistence of state” forecast.
The scheme fails only one case, the cold event of 1975/
76. In 1974/75, the ENSO process broke down (the
“aborted” 1974/75 El Nifio) but became reactivated
in a relatively short time. Such behavior clearly cannot
be described by the POP model, as was mentioned
above.

Southern Oscillation predictions based on statistical
models have been made by Barnett (1984 ) and Graham
et al. (1987). Their approaches differ from ours with
respect to both the predictors considered and the do-
main: tropical wind field (area averaged, Barnett 1984;
or gridded, Graham et al. 1987) and global SLP (Gra-
ham et al. 1987). These approaches are also based on
different hypotheses. The tropical wind models con-
sider the equatorial waves generated by remote wind
forcing; the global SLP model focuses on the eastward
movement of Indo-Pacific SLP anomalies. In contrast,
our model uses a nonequatorial predictor—Southern
Hemisphere SLP between 15° and 40°S—and is based
on the SPCZ hypothesis suggested by van Loon and
Shea (1985, 1987). Interestingly, our predictions seem
to have a skill that is comparable to that of the other
stochastic schemes, in spite of the exclusion of the deep
tropical area. This might be an indication that the os-
cillatory “Southern Oscillation” climate mode is not

. confined to the tropical region.
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APPENDIX

Time Filters in Frequency Domain and in
Time Domain

A time series x(¢) may be filtered in either the time
domain or in the frequency domain. In the following
we briefly summarize these two well-known concepts.

In the time domain the filter may be expressed as a
linear operator

() = % ax(t + jAr).

Jemm

(A.1)
If x(¢) is a periodic function with the Fourier ex-
pansion

x(1) = 2, a(w) exp(iwt)

w
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the filtered time series is
%() = 2 a(w)* G(w) expliwt)

w
with

G(w) = 2 a; exp(iwjAL). (A2)

This way of calculating X is called time domain filtering.
If the time domain filter is symmetric—i.e., ; = a—;—
the amplitudes of the Fourier components are modified
but the phases remain unchanged.

The same result, X, may be obtained by deriving
from the raw time series x the Fourier coeflicients o w),
by multiplying the Fourier coefficients with the com-
plex numbers G(w) and by reconstructing the time
series with the modified Fourier coeflicients,
a(w)+ G(w). This approach is called frequency domain
filtering.

For each time domain filter there is an equivalent
frequency domain filter, and frequency domain filters
may be approximated by time domain filters.

In the present paper, filters are used on two different
occasions to suppress non-SO related variability in the
data. Prior to the POP analysis a frequency domain
filter is applied with the filter characteristic:

(1, 0<w<uw

i [1 — cos[L (w — wl)H ,
W) — wy

wr S w

G(w) = \

Al

Wy

L0,

with w; = (15 months)™! and w, = (18 months)™*
(Fig. A1). A smooth change from “no change” (0 < w
< w,) to complete suppression (w > w, ) is introduced
to avoid the generation of artificial secondary maxima
due to “overshooting.”

Because of the implicit assumption of periodicity,
the filtered time series is distorted at its ends and also
in the neighborhood of the break 1958/72. The dis-
tortion is limited to about x1 year around the discon-
tinuity.

The use of a filter is also necessary in preparing a
POP forecast. Because future values are not available,
a time domain filter has to be used. To obtain maxi-

w > w

G(w)

+—F— 4
Ty Tg T
w W - wg

FiG. Al. Characteristic of the frequency domain filter used to sup-
press high-frequency variations. For details see text (Appendix).
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mum consistency with the POP analysis, the frequency
domain filter is approximated by a symmetric time
domain filter with weights a;. Because data are not
available beyond the initial time, 7y, the filter has to be
applied in a nonsymmetric mode:

k
X(to — kAt) = 2 afx(to+ (j — k)Ar)

jm=m

with a] = a;/ 2 }-_» a;. This normalization of the filter
coefficients, ~ af = 1, is introduced to enforce G(0)
= 1. That is, the filter does not change the mean. The
lack of symmetry introduces phase errors that are,
however, largest for high frequencies (see A.2). The
phase error at a period of 30 months is about 1.5
months; for 40 months it is about 1 month.
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