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Abstract. A hierarchy of ENSO (EIl Nifio/Southern Os-
cillation) prediction schemes has been developed
which includes statistical schemes and physical models.
The statistical models are, in general, based on ad-
vanced statistical techniques and can be classified into
models which use either low-frequency variations in
the atmosphere (sea level pressure or surface wind) or
upper ocean heat content as predictors. The physical
models consist of coupled ocean-atmosphere models of
varying degrees of complexity, ranging from simplified
coupled models of the ‘shallow water’-type to coupled
general circulation models. All models, statistical and
physical, perform considerably better than the persis-
tence forecast on predicting typical indices of ENSO
on lead times of 6 to 12 months. The most successful
prediction schemes, the fully physical coupled ocean-
atmosphere models, show significant prediction abili-
ties at lead times exceeding one year period. We there-
fore conclude that ENSO is predictable at least one
year in advance. However, all of this applies to gross
indices of ENSO such as the Southern Oscillation In-
dex. Despite the demonstrated predictability, little is
known about the predictability of specific features
known to be associated with ENSO (e.g. Indian Mon-
soon rainfall, Southern African drought, or even off-
equatorial sea surface temperature). Nor has the rela-
tive importance for prediction of different regional
anomalies or different physical processes yet been es-
tablished. A seasonal dependence in predictability is
well established, but the processes responsible for it
are not fully understood.

1 Introduction

The El Nifo/Southern Oscillation phenomenon
(ENSO) is the most important climate fluctuation on
the short-range climatic time scale of a few months to
several years. ENSO can be understood as an oscilla-
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tion between a warm and cold state, commonly refer-
red to as ‘El Nifio’ and ‘La Nifia’, respectively. El Nifio
is characterized by anomalously warm surface waters
which cover a large part of the tropical Pacific for
about one year. The warming is accompanied by signif-
icant anomalies in the circulation of both the tropical
Pacific and the global atmosphere, such as reversals of
complete current systems (Firring et al. 1983), a redis-
tribution of heat in the Pacific (Wyrtki 1985), shifts in
major rain systems (Ropelewski and Halpert 1989), or
variations in global sea level pressure (Barnett 1985).
In a first approximation, La Nifia is simply an EI Nifio
of opposite sign.

The ENSO phenomenon has received wide atten-
tion, because it not only influences regional and global
climate, but also the ecosystems in the tropical Pacific
and the economies of many countries (Rasmusson and
Carpenter 1982; Barber and Chavez 1983; Cane 1983;
Gill and Rasmusson 1983; Rasmusson and Wallace
1983; Oceanus 1984; Glantz et al. 1991). The under-
standing and ultimately operational prediction of
ENSO is, therefore, of considerable public interest.
During the last few years significant progress has been
achieved in this issue. Presently, four prediction sche-
mes are used routinely for ENSO prediction, two sta-
tistical schemes (one described by Graham et al. 1987a,
b, and in the review of Barnett et al. 1988, and the oth-
er by Xu and Storch 1990) and two physical models
(Inoue and O’Brien 1984, Cane et al. 1986).

In an earlier study, Barnett et al. (1988) described
the behaviour of three prediction schemes in a case
study of the 1986-1987 El Nifio event and showed that
this particular event was successfully forecast by the
different prediction schemes several months in ad-
vance. Emphasis in this review is placed on those stud-
ies in which large ensembles of predictions have been
conducted to estimate more reliable ‘skills’ for the pre-
diction schemes under investigation. Some of the re-
sults have not been published previously and it there-
fore appears timely to compare results from as many as
possible different models to obtain an overview of the
‘state-of-the-art” in ENSO prediction. Emphasis is giv-
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en to the description of the performance of the predic-
tion schemes, while model descriptions, normally de-
scribed in the references cited, are kept as short as pos-
sible. The different proposed ENSO mechanisms
which underlie the various prediction schemes are also
discussed. This study is therefore not only designed to
review the ‘state-of-the-art’ in the field of ENSO pre-
diction, but also to provide a basis for discussion of
how the ENSO cycle is maintained.

The prediction schemes reviewed are classified into
purely statistical schemes, physical ocean models cou-
pled to statistical atmosphere models, and coupled
ocean-atmosphere models in which both components
are presented by physical models (Table 1). The only
scheme that is not included in this classification is the
Inoue and O’Brien (1984) model, which is nevertheless
described in the ‘physical ocean models/statistical at-
mosphere models’ section. We note that Table 1 is not
complete. Only original models (not their derivatives)
and models for which prediction “skill” measures were
available have been included in Table 1. However, in
the references we have tried to provide a complete list
of relevant studies.

It was not possible to obtain results from the differ-
ent prediction schemes in a standard format which
would have allowed a direct comparison. The ensem-
bles of predictions differ in the total number of fore-
casts, the time period for which they were made, the
time interval between individual predictions, the pre-
dicted quantity , and the time interval over which the
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predictors and/or the predictands were averaged. For
this reason the results are presented only in terms of
anomaly correlations. It is hoped that by using suffi-
ciently large ensembles of predictions, some of the
problems which arise from intercomparing these very
different sets of information are reduced. The fact that
the various ENSO indices are highly correlated with
each other should also eliminate some of the prob-
lem.

All prediction schemes decribed show significantly
better skill than -persistence at lead times of several
months. No model, however, beats persistence during
the first three months. The scheme of Xu and Storch
(1990) is particularly interesting because it does not
use any tropical information. This demonstrates the in-
terconnections and global-scale character of the many
feedbacks involved in ENSO and suggests that most
successful prediction of ENSO can be achieved only
through global coupled ocean-atmosphere general cir-
culation models. Up to now only two models of this
type have been applied to ENSO predictions, the mod-
el of Miyakoda et al. (1992) and the model of Latif et
al. (1993a). Unfortunately, the model of Miyakoda et
al. (1992) has been applied to only a small ensemble of
predictions and has therefore not been included in this
review.

The paper is organized as follows. In Section 2 the
statistical models are described together with the hypo-
thesis most frequently proposed to explain the ENSO
mechanism. Section 3 deals with the performance of

Table 1. Table of the different ENSO prediction schemes divided into three classes

Statistical models

Physical ocean models/
statistical atmosphere
models

Physical coupled
ocean/atmosphere models

Barnett/Graham

CCA, global sea level
pressure or tropical
surface winds as
predictors,

prediction of seasonal
(SST-3)-SST anomalies

Xu and Storch

POP, sea level pressure
south of 15°S as
predictors,

prediction of monthly
SOl-anomalies

Latif and Graham

CCA, heat content variations

as predictors,
prediction of monthly
(SST-3)-SST anomalies

Inoue and O’Brien

Uncoupled ocean model,
constant winds
yes/no decision

Latif and Flijgel

MPI ocean/local feedback,
prediction of monthly
(Wright)-SST anomalies

Graham et al.

Lamont ocean/EOF
atmosphere, prediction

of monthly (Nifio 3)-SST
anomalies

Barnett et al.

MPI ocean/EOF
atmosphere, prediction
of monthly (SST-3)-SST
anomalies

Cane et al.

Lamont coupled

O/A model,

prediction of monthly
(Nifio 3)-SST anomalies

Latif et al.

MPI coupled

O/A GCM,

prediction of monthly
(SST-3)-SST anomalies
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physical ocean models which have been coupled to sta-
tistical atmosphere models. In Section 4 the perform-
ance of the fully physical coupled models is described.
Section 5 addresses the seasonal dependence of the
predictability. The paper is concluded with a summary
and a discussion in Section 6.

2 Statistical models

Advanced statistical techniques have increasingly been
used recently to identify the principal modes of climate
variability on different space and time scales. These
statistical methods can also be exploited for climate
predictions (Davis 1977, Barnett and Hasselmann
1979; Hasselmann and Barnett 1981; Barnett and Prei-
sendorfer 1987). The task in statistical prediction is to
find an optimal set of precursors (predictors) that pre-
dicts best the future evolution of a certain quantity
(predictand). However, in constructing statistical pre-
diction schemes one has to find a trade off between
statistical significance and skill. None of the data re-
cords used in ENSO prediction schemes go back ear-
lier than 1950, so only a few realizations of ENSO
events are captured. Hence care must be taken to
avoid ‘artificial skill’ in fitting prediction parameters to
such short records. The results presented here, howev-
er, arc almost free of such artificial skill as described
later. In contrast, physical models are not seriously af-
fected by this problem, since model parameters are dif-
ficult to tune and generally constrained by physical
laws or observations. Moreover, those model paramet-
ers that can be picked freely are typically not chosen at
the values that are best for prediction purposes, as they
are in statistical models.

2.1 Atmospheric models

In a series of studies it has been shown that low-fre-
quency variability in global sea level pressure (SLP)
exhibits a slowly evolving mode which is clearly asso-
ciated with the ENSO phenomenon (e.g. Barnett 1983,
1985; van Loon 1984; van Loon and Shea 1985; Gra-
ham et al. 1987a; Xu and Storch 1990; Barnett et al.
1991). As shown by Barnett et al. (1991) using the
technique of ‘complex empirical orthogonal functions’
(CEOFs) (Barnett 1983), this mode involves a slow
eastward propagation of SLP anomalies from the In-
dian Ocean to the eastern tropical Pacific (Fig. 1 mid-
dle panel). Atmospheric general circulation models
(AGCMs) also simulate this characteristic propagation
when forced by observed SSTs (Fig. 1 upper panel).
The corresponding amplitude time series (Fig. 1 lower
panel) demonstrate the clear relationship to ENSO,
with the most active periods in 1972/1973, 1976, and
1982/1983. However, the time series also exhibits quiet
periods, as in 1974/1975. As will be discussed later, the
quiet periods are less predictable than the active peri-
ods.
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Fig. 1. Complex empirical orthogonal function (CEOF) analysis
of band pass filtered (2 to 6y) global sea level pressure anomal-
ies. Upper two panels: amplitude-phase diagrams derived from an
atmospheric GCM forced by observed SSTs (explained variance
48%) and from observations (explained variance 49%). The
length of the arrows measures the amplitude of the anomaly,
while the direction of the arrow measures the phase relative to
Darwin (Australia) (arrow pointing to the north). If the arrows
rotate clockwise when following them in an eastward direction,
sea level pressure anomalies propagate eastward. Lower panel,
corresponding amplitude functions. From Barnett et al. (1991)

Several explanations have been offered for the ob-
served low-frequency variability in sea level pressure.
Here only two are described. The first is based on an
interaction of land surface processes and the hydrolog-
ical cycle over Eurasia with the Monsoon circulation
and the Pacific trade wind field (Barnett et al. 1989).
Numerical experiments with an AGCM showed that
heavier than normal snow cover over Eurasia reduces
the warming of the continent in summer due to the
combined effects of snow, soil and atmospheric mois-
ture, thus leading to a weakening of the Indian summer
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monsoon (Hahn and Shukla 1976). The remote re-
sponse associated with this perturbation involves also a
weakening of the western Pacific low pressure system,
which results in a weakening of the trade winds and the
occurrence of persistant westerly surface wind anomal-
ies in this region. As shown in Barnett et al. (1989),
these surface wind anomalies may have a significant ef-
fect on the SST in the equatorial Pacific, which could
be amplified by unstable air-sea interactions.

A competing hypothesis was offered by van Loon
(1984) and van Loon and Shea (1985). According to
this hypothesis, the trough in the westerlies over the
South Pacific fails to amplify to its normal strength
north of 45°S in the year before a warm event. This
results in northerly surface wind anomalies in the re-
gion of the South Pacific convergence zone (SPCZ),
which leads to a warming of the surface waters in this
region, enhanced convection, and a lowering of sea lev-
el pressure over large parts of the tropical and subtro-
pical Pacific. As shown by Xu and Storch (1990), this
sequence of events results in a slow castward propaga-
tion of SLP anomalies (see Fig. 1 middle panel). Fur-
ther support of this picture was provided by numerical
experiments with an atmospheric general circulation
model by Storch et al. (1988a), in which the sensitivity
of the circulation to SST anomalies in the region of the
SPCZ was investigated. They suggested that the SST
anomalies in the region of the SPCZ can lead to atmo-
spheric conditions favourable for El Nifio, i.e. persis-
tent westerly wind anomalies in the western equatorial
Pacific.

The low frequency variations in sea level pressure
have been used in several statistical prediction studies
as predictors for the future development of the ENSO
cycle (Graham et al. 1987a, b; Barnett et al. 1988; Xu
and Storch 1990, Barnston and Ropelewski 1992).
Here we show only results from the schemes of Bar-
nett/Graham and Xu and Storch (Table 1). The sche-
me of Barnston and Ropelewski (1993) is very similar
to the Barnett/Graham canonical correlation analysis
(CCA) technique (Hotelling 1935; Barnett and Prei-
sendorfer 1987; Graham et al. 1987a, b; Barnett et al.
1988), which identifies the dominant patterns in each
of the two data sets which are most highly correlated.
As predictors the time history of one year of the SLP
anomaly field is used. The predictand is an area aver-
age of SST anomalies over the ‘SST-3’ region (5°N-
5°S, 170°W-120°W), and predictions arc made on a
seasonal basis for the period 1970 to 1989. The results
of the predictions (Fig. 2) have been cross validated in
the sense that the statistical model was developed us-
ing data from a time period which was excluded (and
essentially uncorrelated with) from the prediction time
period (Graham et al. 1987a, b). The results can, there-
fore, be regarded as true ‘forecast skills’. The CCA
model gives significantly better results than the persis-
tence forecast at lead times longer than one season. If
one adopts a threshold value for the anomaly correla-
tion of 0.5 for useful predictions, the CCA model has
useable skill up to three seasons. As pointed out by
Barnett et al. (1988), the success of the CCA model at
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Fig. 2. Correlation skill of the sea level pressure models as func-
tion of the lead time (months). The CCA-model is based on sea-
sonal predictions of SST anomalies averaged over the ‘SST-3’ re-
gion. Correlations for this model are drawn at the centre of a
particular season. The POP-model is based on monthly predic-
tions of the Southern Oscillation Index (SOI). For reference also
shown is the persistence of a slightly smoothed version of the
N

lead times longer than two seasons is due to SLP varia-
tions outside the tropical Pacific. This is consistent with
the evolution of SLP anomalies shown in Fig. 1 and
emphasizes again the global nature of ENSO. Howev-
er, this result does not necessarily imply a causal rela-
tion: it is possible that SLP changes over the Indian
Ocean are a detectable response to ocean-atmosphere
interactions in the Pacific sector.

Similar results were obtained from the prediction
scheme of Xu and Storch. This scheme is based on the
technique of principal oscillation patterns (POPs)
(Hasselmann 1988; Storch et al. 1988b). The POPs rep-
resent the eigenvectors of a first order autoregressive
(Markov) model fitted to the data. The POPs generally
occur in complex conjugate pairs, their amplitudes sa-
tisfying the standard damped harmonic oscillator equa-
tion. The prediction therefore consists simply of a
damped rotation in the two dimensional POP space.
Xu and Storch designed their POP prediction model to
test the ‘SPCZ-hypothesis’ of van Loon and Shea
(1985) and therefore use as predictors only SLP varia-
tions in the latitude band 15°S to 40°S. Predictions
have been performed on a monthly basis for the period
April 1974 to September 1988. The predictand is a
slightly smoothed version of the traditional Southern
Oscillation index ‘Tahiti — Darwin’ (SOT), which is
highly correlated with typical SST indices, such as
‘SST-3’ or ‘Nifio-3’, and represents a good description
of the state of ENSO. As discussed by Xu and Storch
(1990), the artificial skill in their POP predictions is ex-
pected to be small, because they only used a single
dominant POP mode in their prediction scheme. Their
skills nevertheless represent ‘hindcast skills’, since the
POP model was not constructed from an independent
time period. The hindcast skills of the POP model are
slightly lower than the forecast skills of the CCA mod-
el (Fig. 2), but the study of Xu and Storch (1990) shows
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clearly that useful information on the future develop-
ment of ENSO can be obtained from the regions out-
side the equatorial belt in the Southern Hemisphere.
In summary, both SLP-models, the CCA and the POP
model, emphasize the global character of ENSO.

2.2 Oceanic models

The importance of the subsurface memory, as ex-
pressed by slow variations in equatorial Pacific upper
ocean heat content, for the maintenance of the ENSO
cycle has been shown in many observational and mod-
eling studies (Wyrtki 1975, 1985; Busalacchi et al. 1983,
McCreary 1983; White et al. 1987; Zebiak and Cane
1987; Schopf and Suarez 1988; Graham and White
1988; Philander et al. 1991; Chao and Philander 1991;
Latif and Graham 1992; Latif et al. 1993a, b). Wyrtki
(1985) describes the ENSO cycle as ‘a combination of
atmospheric randomness and a deterministic ocean’.
He hypothesized that prior to El Nifio events, warm
water is accumulated in the western Pacific until the
warm water pool becomes unstable to high frequency
forcing by the atmosphere. Wyrtki (1985) showed that
El Nifio is associated with a loss of heat of the entire
equatorial region and explained the time between El
Nifios as the time required to refill the equatorial heat
reservoir. The important role of mean equatorial heat
content was also confirmed by coupled model experi-
ments described by Zebiak and Cane (1987), who
showed that interannual oscillations did not occur if
the mean thermocline was too shallow (so that the in-
tegrated heat content was always too low).

Although Wyrtki’s ‘pile up’ hypothesis is inherently
non-linear, it can be approximated by wave dynamics,
as expressed by the ‘delayed action oscillator’ of
Schopf and Suarez (1988) (also see Battisti 1988; Cane
et al. 1990; Chao and Philander 1991). This is sup-
ported by the work of Graham and White (1988) and a
POP analysis of equatorial Pacific sea level anomalies
for the period 1975 to 1988 (Fig. 3) (Latif and Fliigel
1991). The same data analyzed by Latif and Fliigel
(1991) have been used by Wyrtki (1985). The POP
mode shown accounts for 39% of the total variance
and is clearly associated with the ENSO phenomenon
as can be inferred from the POP coefficient time series
(Fig. 3c). Similar results were obtained by Latif and
Fliigel (1991) and Latif and Graham (1992) from an
analyses of equatorial surface and subsurface tempera-
ture anomalies (Fig. 4). The temperature variations
were taken from a run with an oceanic general circula-
tion model (OGCM) which was forced by observed
winds. The evolutions of anomalous sea levels and
temperatures are both consistent with the ‘delayed ac-
tion oscillator’.

According to the ‘delayed action oscillator’ — scen-
ario, the easterly wind anomalies over the western Pa-
cific prevailing during the cold phase (La Nifia) force
an upwelling Kelvin wave packet which propagates
eastward along the equator and causes cooling at the
sea surface in the eastern Pacific, where the thermo-
cline is shallow. The ocean response to the easterly
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Fig. 3a—c. POP analysis of observed sea level anomalies in the
tropical Pacific. The rotation period is 40 months and the decay
time is 16 months. The explained variance amounts to 39%. a
Real part; b imaginary part; ¢ POP coefficient time series. From
Latif and Fliigel (1991)
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winds in the west, however, also consists of a down-
welling Rossby wave packet, which propagates west-
ward. This Rossby wave response has its strongest sig-
nals off the equator (Fig. 3b). It does not influence the
SST, because the thermocline is deep in the western
Pacific. The Rossby waves then reflect at the western
boundary into a packet of downwelling Kelvin waves
which have maximum amplitudes at the equator and
propagate eastward (Fig. 3a). Once it has propagated
far enough into the eastern Pacific, it is able to affect
the SST, and a positive SST anomaly develops which
can grow by unstable air-sea interactions into an El
Niiio (Fig. 3b, but with reversed signs) which is charac-
terized by anomalously high sea levels in the eastern
and anomalously low sea levels in the western Pacific.

In this view ENSO is a low-frequency basin-wide
mode of oscillation. Many wave modes are excited and
the effective propagation speeds would be expected to
be much slower than those expected for single waves
(Cane and Sarachik 1981; Miinnich et al. 1991; Chao
and Philander 1991). This is supported by our POP
analysis. The estimated phase speed obtained by fol-
lowing the sea level anomalies along the equator in the
POP patterns is about 25 cm/s, which is about an order
of magnitude less than the speed of the gravest Kelvin
wave mode. The slow eastward propagation of anomal-
ies can be seen also in the subsurface temperatures at
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Fig. 4. Spatial patterns of the leading extended empirical ortho-
gonal function (EEOF) derived from equatorial temperature
anomalies simulated by an OGCM forced by observed winds for

the equator in the numerical simulation with the
OGCM (Fig. 4).

The study of White et al. (1987) was the first in
which the slow variations of equatorial heat content
were used as predictors in a statistical prediction sche-
me. However, White et al. (1987) focused on the north-
western part of the Pacific basin only, where Rossby

120°% 0%
LONGITUDE

90F  150°E 180° 150°W

the period 1963-1985. Individual maps are three months apart
from each other. The explained variance of this mode amounts to
31%. From Latif and Graham (1992)

wave activity is expected to be strongest (see also Fig.
3b). Using the technique of complex empirical ortho-
gonal functions (CEOFs), White et al. (1987) con-
structed a hindcast index from the output of a wind-
driven reduced gravity model (Busalacchi et al. 1983)
with which they were able to predict ENSO about one
year in advance.
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More recently, Latif and Graham (1992) used the
output of an OGCM forced by observed winds to pre-
dict tropical Pacific SST. The pediction scheme is
based on CCA analysis. Time evolutions of tempera-
ture anomalies in vertical sections along certain lati-
tudes, expressed in terms of extended empirical ortho-
gonal functions (EEOFs) were used as predictors. Pre-
dictions were made on a monthly basis for the time pe-
riod 1962 to 1986. The results are summarized in Fig. 5,
which shows the cross validated anomaly correlations
of the predicted with the observed SST anomalies av-
eraged over the ‘SST-3’ region. At lead times beyond
six months, the highest skills are attained from a model
that uses the time history of temperature anomalies in
the section along 5°N. The strongest signals at this lati-
tude were shown to be located at subsurface levels be-
tween 150 m and 200 m. The results of Latif and Gra-
ham (1992) are consistent with the results of White et
al. (1987) and demonstrate the importance of off-equa-
torial heat content anomalies for the ENSO cycle. If
the wind stresses over the tropical Pacific (which drive
the OGCM) in place of the temperature anomalies are
used as predictors in the statistical prediction scheme,
no skill was obtained at lead times longer than a few
months. This indicates that the role of the ocean as a
complicated integrating space-time filter of the driving
wind stresses is essential for achieving deterministic
ENSO predictions. If the ocean model was linear, a lin-
ear statistical scheme could in principal also derive the
necessary information directly from the wind field. The
construction of such a statistical scheme, however,
would require very long time series.
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Fig. 5. Statistical prediction of SST anomalies averaged over the
‘SST-3’ region using surface and subsurface temperature anomal-
ies at different latitudes. The temperature anomalies were de-
rived from an oceanic GCM forced by observed winds. Shown
are cross-validated correlations as function of the lead time
(months). Also given for reference are the results of the persis-
tence forecast and when the wind stresses used to drive the ocean
model are used as predictors in the CCA prediction scheme.
From Latif and Graham (1992)
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3 Physical ocean models/statistical atmosphere
models

The next step in the hierarchy of prediction schemes
introduces the physical laws that govern the ocean’s re-
sponse to varying atmospheric boundary conditions.
The feedback loop is completed by expressing the at-
mosphere’s response to variations in the oceanic
boundary conditions by a statistical (empirical) model
inferred from data. The use of statistical atmosphere
models can be justified, because at low frequencies the
atmosphere over the tropical Pacific can be regarded
as a strongly forced quasi-equilibrium system governed
by the state of tropical Pacific SST. Since the empirical
atmosphere models are derived from data, they can si-
mulate the full atmospheric feedback loop. However,
because the atmosphere is assumed to have no inertia
the memory of a coupled system consisting of such a
‘slave’ atmosphere and a dynamical ocean model re-
sides entirely in the ocean.

The empirical atmospheric models considered so far
are anomaly models in which the anomaly fields are
defined relative to the seasonal cycle (however, there
is, in principal, no problem in including the annual cy-
cle, as shown by Syu et al. (1992)). By running the em-
pirical atmosphere models in a hindcast mode with
prescribed observed SST anomalies, they have been
shown to successfully simulate the observed variations
in surface wind stress over the equatorial Pacific (Latif
and Fligel 1991; Barnett et al. 1993). The empirical at-
mospheric models have the advantage of being very
economical so that when coupled to an ocean model
large ensembles of predictions can be conducted to es-
timate reliable skills.

The simplest scheme in case is that of Inoue and
O’Brien (1984) in which the atmospheric feedback is
assumed to be constant. This scheme is based on a lin-
ear reduced gravity ocean model that successfully si-
mulates variations in thermocline depth or sea level in
the tropical Pacific (Busalacchi et al. 1983). In the pre-
dictive mode, the ocean model is spun up with ob-
served wind stress anomalies up the prediction start
time. Thereafter the wind stress anomaly is held con-
stant, while the ocean evolves freely. The scheme
shows significant skills up to about 3 months and can
be regarded as a useful scheme for forecasting the on-
set of major extremes in the ENSO cycle, including the
demise of warm events.

At longer lead times, changes in the atmospheric
feedback become important. Latif and Fligel (1991)
were the first to use an empirical atmosphere model in
coupled prediction experiments. They used an OGCM
coupled to an extremely simple empirical feedback
model in which the anomalous surface wind stress at a
given grid point was expressed only in terms of the lo-
cal SST anomaly. The seasonal variation of the feed-
back was not taken into account. Although this cou-
pled model showed marginal skill at lead times up to
about one year in perfect model experiments, the mod-
el is not well suited for the prediction of observed SST
anomalies at these lead times.
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In a later study, Graham et al. (1992) coupled the
oceanic component of the coupled model of Zebiak
and Cane (1987) to an empirical atmospheric model.
They determined the atmospheric feedback from a re-
gression analysis of SST and wind stress anomalies in
EOF space, so that remote influences in the SST ano-
maly field could be taken into account. Furthermore,
the statistical model accounts for the seasonal depend-
ence of the feedback by using different models for
each month. Results of two sets of predictions are
shown. In the first case (case I), prediction experiments
were conducted for each month within the period 1967
to 1990 and the atmospheric feedback was determined
from the same time period, but a cross validation pro-
cedure was applied. In the second case (case II), the
feedback was determined from the independent time
period 1967 to 1975 and predictions were made for the
period 1976 to 1990, thus simulating a real forecast sit-
uation. Initial conditions for the predictions were ob-
tained in both cases from a run with the ocean model
forced by observed wind stresses. Verifications were
made for monthly SST anomalies averaged over the
‘Nifio-3’ region (5°N-5°S, 150°W-90°W).

This coupled model yields useful ENSO predictions
for lead times up to about one year (Fig. 6). However,
more encouraging than the actual level of the correla-
tion at a certain lead time, say at a lead of one year, is
the shape of the skill curve, which decreases only slow-
ly with increasing lead time. Some marginal skill is
found even at lead times longer than a year. This be-
haviour is markedly different from the purely statisti-
cal models, which show a much faster drop in the ano-
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Fig. 6. Prediction of SST anomalies averaged over the ‘Nifio-3'
region with physical ocean models coupled to statistical atmos-
phere models. The thick solid curve shows the cross-validated re-
sults obtained for the period 1967-1990 (Graham et al. case I).
The thin full curve shows the results for a real forecast situation,
when the statistical atmosphere model was constructed from the
period 1967-1975 and predictions were made for the period
1976-1990 (Graham et al. case II). The dashed dotted curve shows
the correlation skill of the Barnett et al. model. The dashed curve
gives the results for the persistence forecast
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maly correlation. This demonstrates the potential long
lead time-advantage of coupled models and the inher-
ent limitations in statistical prediction. This will be
found to be even more pronounced when both oceanic
and amtospheric models are considered fully physical.

Similar results were obtained by Barnett et al.
(1992) (Fig. 6). They coupled an OGCM to a statistical
(EOF) atmosphere that was derived using the same
procedure as Graham et al. (1992). The statistical at-
mosphere model was derived from the period 1967 to
1985 and predictions were made for the period 1967 to
1990. Both ‘hybrid’ coupled models exhibit substantial
skill at lead times of 12 to 18 months in particular re-
gions of the tropical Pacific. While the Graham et al.
(1992) model shows highest skills in the eastern Pacific
and performs less satisfactory in the central Pacific, the
Barnett et al. (1993) model performs better in the cen-
tral Pacific and less satisfactory in the eastern Pacific.
Outside the equatorial wave guide (e.g. 10° latitude),
both coupled models do poorly due to lack of informa-
tion on air-sea heat exchange. A fully coupled ocean-
atmosphere GCM will be required to overcome this
latter deficiency. In the meantime, the skill of the two
coupled models appears adequate to provide winter
SST forecasts that then can be used in a contempora-
neous atmospheric general circulation model (AGCM)
to predict Northern Hemisphere winter climate.

4 Physical coupled ocean-atmosphere models

The tropical behaviour of many coupled ocean-atmos-
phere models were recently described by Neelin et al.
(1992). Two major sources of tropical interannual var-
iability were identified.- Coarse-resolution coupled
models (e.g. Meehl 1990; Lau et al. 1992) prefer the
‘SST mode’ (Neelin 1991), for which processes within
the surface mixed layer are crucial. Slow zonal phase
propagation in SST and zonal wind stress is character-
istic for this type of variability. In contrast, the interan-
nual variability in high-resolution models (e.g. Philan-
der et al. 1992; Latif et al. 1993a) is consistent with the
‘delayed action oscillator’ — scenario. SST and zonal
wind stress evolve in place and equatorial wave propa-
gation is essential to maintain the oscillation. The
coarse-resolution models are generally global models
and therefore allow the investigation of the global-
scale nature of ENSO. Although such models were not
yet applied to ENSO predictions, they were shown to
capture some aspects of the global nature of ENSO,
which is important with respect to the predictability of
extra-tropical ENSO-related climate anomalies.

Only two high-resolution fully physical coupled
ocean-atmoshere models have been used in ensembles
of ENSO predictions. Firstly the non-linear anomaly
model of Zebiak and Cane (1987), hereafter referred
to as ‘Lamont-model’, and secondly the coupled gener-
al circulation model of Latif et al. (1993a). The Lamont
model has been widely used in prediction and predicta-
bility studies (Cane et al. 1986; Battisti 1988; Goswami
and Shukla 1991; Cane 1991; Graham et al. 1992). It is
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a regional model covering the domain of the tropical
Pacific. Thus, in this model there is an inherent as-
sumption that the cause of ENSO lies entirely in this
region. The model simulates realistically interannual
variability in tropical Pacific SST. The mechanism for
the interannual variability is closely related to the sub-
surface memory of the system (Zebiak and Cane 1987;
Battisti and Hirst 1989) as described with respect to the
statistical schemes based on heat content variations
(Sect. 2.2).

Predictions were initialized each month in the peri-
od 1972 to 1991 and verified versus the observed SST
anomalies averaged over the ‘Nifio-3’ region. Oceanic
initial conditions are obtained in the same way as by
Graham et al. (1992) from an uncoupled control inte-
gration in which the ocean model is forced by observed
winds. The atmospheric initial conditions are obtained
by forcing the atmospheric model with the SST ano-
malies simulated by the ocean model in the same con-
trol integration. The anomaly correlations (Fig. 7) are
slightly higher than in the case with empirical feedback
(Fig. 6), which indicates a sensitivity to the details of
the coupling.

The coupled general circulation model of Latif et al.
(1993a) consists of a high-resolution ocean model ex-
tending over all three oceans between 70°N and 70°S
and a global low resolution atmosphere model. The
two models exchange information within the region
30°N to 30°S. The models are coupled without any flux
correction, such as the technique of Sausen et al.
(1988). Although the coupled GCM exhibits considera-
ble climate drift, it simulates realistically the ENSO cy-
cle in a 26 year control integration. As in the Lamont
model, the subsurface memory of the coupled system
plays an important role for the interannual variabili-
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Fig. 7. Prediction of equatorial SST anomalies with fully coupled
ocean-atmosphere models. Shown are correlations as function of
the forecast lag (months). The curve labelled ‘Lamont’ shows the
results obtained with the coupled model of Zebiak and Cane
(1987). The curve labelled ‘MPI shows the results obtained with
the coupled general circulation model of Latif et al. (1993a). The
curve labelled ‘Lamont (20 case)’ shows the anomaly correlations
for the case in which the Lamont model is applied to the same 20
cases the MPI model was applied to. Shown are also for reference
the results of the persistence forecast
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For predictions, the coupled model is initialized as
follows (Latif et al. 1993b). The ocean model is spun
up with observed wind stress anomalies, which are ad-
ded to the climatological wind stresses obtained in the
26 year control integration with the coupled model.
Thereafter the atmospheric model is forced by the
ocean model’s SST for one month. This procedure
minimizes the ‘climate drift’ problem, which arises
from the fact that the observed and coupled model cli-
mates deviate and are characterized by different air-
sea fluxes. Predictions were initialized for the warm pe-
riods of 1972, 1982/1983, and 1986/1987, and for the
cold periods of 1973 and 1988. Each period was pre-
dicted using four sets of different initial conditions sep-
arated by three months. This yields a total of only 20
predictions. SST anomalies are computed by subtract-
ing the climatology obtained in the coupled 26 year
control integration. The coupled GCM is successful in
predicting the observed changes in SST in the ‘Nifio-3’
region up to lead times of one year (Fig. 7). Only
‘events’ were chosen for the prediction experiments,
however, so that the results should be treated with con-
siderable caution, since it is well known that active pe-
riods are more predictable than quiet periods. Thus, a
direct comparison of the Lamont with the MPI coupled
model is premature. Consequently, the performance of
the Lamont model for the same 20 cases is also shown
in Fig. 7. In summary, both coupled ocean-atmosphere
models demonstrate the possibility of useful routine
ENSO forecasts for lead times of about one year.

5 Seasonality

Many of the described prediction schemes show a pro-
nounced seasonal dependence in their skills. Common
to the schemes of Barnett/Graham; Latif and Graham;
Latif and Fliigel; Graham et al.; Barnett et al.; and
Cane et al. is a marked drop in the skill of spring or
summer predictions, while the highest skill is obtained
in predicting fall or winter SST anomalies. This is con-
sistent with the study of Wright (1985), who showed
that the persistence of equatorial Pacific SST anomal-
ies also exhibits a pronounced minimum during spring.
No information on the seasonal dependence was avail-
able from the schemes of Xu and Storch and Inoue and
O’Brien. The number of predictions in the scheme of
Latif et al. is too small to estimate a seasonal depend-
ence.

A typical example derived from the Cane et al.
scheme is given in Fig. 8, which shows the anomaly cor-
relations of the predicted with the observed SST ano-
malies in the eastern equatorial Pacific, averaged over
the ‘Nifio-3’ region, as a function of the initialization
month. Two points should be emphasized. First, there
is a pronounced tilt of the isolines, indicating that SST
anomalies in spring are not easily predictable (com-
pare the tilt with the straight dashed line which indi-
cates the month of April). Second, the skill increases
again for longer lead times. A discussion of this behav-
iour is given later.
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Fig. 8. Seasonal dependence of the predictive skill of the Lamont
coupled model. Shown are the correlations of the predicted and
observed SST anomalies as function of the initialization month
and the lead time (month). The dashed diagonal lines denote the
month of April

6 Discussion

We have described in this study the performance of
different ENSO prediction schemes ranging from pure-
ly statistical schemes to comprehensive coupled ocean-
atmosphere models. It is shown that simple indices of
ENSO are predictable on an average about one year in
advance. The most successful schemes, the fully physi-
cal coupled ocean-atmosphere models, show significant
but modest skill even beyond one year. On short lead
times of a few months, however, none of the prediction
models beats persistence. The skills are highly depend-
ent on the season, exhibiting a tendency to drop rap-
idly during spring.

Strong cyclic components can be identified in both
the global atmosphere and the tropical Pacific. The ex-
istence of these cyclic components is crucial for the
predictability of ENSO. However, it is not yet clear
how these cycles are related to each other. The high
predictive skill of the limited domain Lamont coupled
ocean-atmosphere model demonstrates the important
role of slow heat content variations in the equatorial
Pacific for the maintenance of the ENSO cycle. This is
also supported by the results of the coupled GCM. On
the other hand, the neglect of all processes outside the
tropical Pacific might be a limiting factor in the La-
mont model. Purely statistical prediction schemes
which use global sea level pressure anomalies to pre-
dict ENSO exhibit significant skills out to about three
seasons. At lead times beyond two seasons the skill
was attributed to SLP variations outside the tropical
Pacific. This result does not necessarily imply a causal

Latif et al.: ENSO prediction studies

relationship, such that the memory of the coupled sys-
tem resides in the atmosphere; the slow variations in
the atmosphere can be caused by slowly varying
boundary conditions. In any case, to address this topic
in more detail further observational studies and simu-
lations with global coupled ocean-atmosphere models
are needed.

Of the different prediction methods discussed, the
physical coupled ocean-atmosphere models show the
best performance in predicting tropical Pacific SST
anomalies, exhibiting significant skills at lead times ex-
ceeding one year. Up to the present initial conditions
for the coupled models are obtained by forcing the
oceanic component with observed wind stress varia-
tions and the atmospheric component with the SSTs si-
mulated by the ocean model. As can be seen from the
zero-lag correlations (Fig. 7), however, the initial con-
ditions for the coupled models are seriously flawed.
The errors arise from errors in the wind stresses used
to spin up the ocean model and errors in the model
formulation. Since no use has been made of ocean ob-
servations in the coupled models, further progress can
be expected from the assimilation of in situ ocean ob-
servations (Hayes et al. 1991), which are becoming in-
creasingly available, and/or observations from space
(Tai et al. 1989). However, this requires a stronger re-
duction of the climate drift for coupled general circula-
tion models.

Despite the encouraging recent progress in ENSO
prediction, there still remain some open questions,
such as the failure of the prediction schemes during
particular time periods. One of these is the period
1974/1975, known as the ‘aborted El Nifio’. The year
1974 was characterized in both the atmosphere and the
ocean by conditions which were favourable for a warm
episode to occur. In particular, the equatorial heat con-
tent in the western Pacific exhibited a rather strong po-
sitive anomaly, as expressed by anomalously high sea
levels in this region. However, the following year 1975
became an anomalously cold year, which led to the
unique situation that a cold event (1973) was followed
by a second cold event. This indicates that certain
processes must occasionally have a strong influence on
the ENSO cycle which are not properly represented in
the present models. In order to gain more insight into
the nature of these processes a multi-national predic-
tion effort has been initiated which focuses on the
1974/1975 time period (WMO 1992).

The cause of the pronounced seasonal dependence
in the skill is still an open question. Zebiak and Cane
(1987) and Battisti (1988) have discussed the seasonal
dependence of the predictability in their models. They

showed that the instability, although favouring growth

at any time of the year, is weakest during spring time.
They concluded that the predictability of the system
should be smallest during spring, because the system
loses part of its ‘memory’ during this season. However,
since the system supports unstable growth during the
other secasons, the predictability should not be lost
completely, because the time during which the growth
is small is significantly shorter than the characteristic
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wave transit time. The discussion of Zebiak and Cane
(1987) and Battisti (1988) explains the spring-predicta-
bility gap and the recovery of the skill after spring.
This view is also supported by a PIP-analysis (Hassel-
mann 1988) performed by Weese 1990). From an in-
vestigation of observed sea level pressure and SST
data he showed that the system is most stable during
spring and most unstable during late summer. On the
other hand, during spring the intertropical conver-
gence zone (ITCZ) is close to the equator which fa-
vours unstable air-sea interactions in the eastern equa-
torial Pacific, where SST reaches its maximum during
this time of the yeaer. However, since gradients are
weak during spring a large variety of possible spatial
structures can be amplified, including small scale
noise.

Blumenthal (1991) investigated also the seasonal
dependence of the predictability of the coupled ocean-
atmosphere system using a linear approximation of the
Lamont model. He attributes the rapid initial error
growth to the non-self-adjoint nature of the coupled
system, which allows error growth even in the presence
of damped modes only. In non-self-adjoint systems
rapid initial error growth and thus a strong sensitivity
to the choice of the initial conditions is possible, if dif-
ferent non-orthogonal modes obey rather different
time evolutions. Furthermore, Blumenthal (1991)
showed that rapid initial error growth due to the non-
self-adjoint nature of the system is strongest during
spring, which explains the spring-predictability gap.
However, Blumenthal’s (1991) explanation is rather
theoretical and does not offer the physics behind the
noted seasonal dependence in error growth.

Alternative explanations for the spring predictabili-
ty gap might involve the tropospheric ‘quasi-biennial
oscillation” (QBO) which explains considerable var-
iance in the interannual variability of the tropical cli-
mate system (e.g. Meehl 1987; Rasmusson et al. 1990;
Ropelewski et al. 1992). Several observational studies
(e.g. Barnett 1991; Latif et al. submitted 1993) show
that significant non-linear interactions exist between
the ENSO cycle and the QBO. Although the origin of
the QBO is still a controversial issue, the understand-
ing and successful simulation of the QBO and its inter-
action with the ENSO cycle might significantly in-
crease our understanding of the spring predictability
gap and skill in predicting ENSO. In summary, at pres-
ent we cannot present a fully consistent physical expla-
nation of the seasonal dependence of predictability.

Finally, we address the question of the factors ulti-
mately limiting ENSO predictability. As described,
Blumenthal (1991) shows that part of the problem
might be system-immanent and attributed to the non-
self-adjoint character of the coupled system. There re-
main two other possibilities, non-linearities and exter-
nal noise. Non-linearities can lead to chaotic behaviour
(see Minnich et al. 1991) and thus to a strong sensitiv-
ity to the initial conditions. However, the quasi-cyclic
behaviour of ENSO suggest that non-linearities play a
significant role only at long lead times, presumably
longer than one year. External noise, such as the ‘30—
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60 day oscillation’ (Madden and Julian 1972) is likely
to reduce the predictability at rather short lead times.
Even if high-frequency disturbances play an important
role in initiating El Nifios or La Nifias, as described by
several authors (e.g. Wyrtki 1985), under the scenario
envisoned here this would result only in an uncertainty
of one or two months in determining the onset date,
since ENSOQ is to first order based on a low-frequency
cycle. This view is also supported by the predictability
study of Zebiak (1989), who found external noise of
only minor importance in ENSO prediction experi-
ments.

In summarizing the state of ENSO predictions, skill-
ful predictions of gross ENSO indices are now possible
up to lead times of about one year using coupled
ocean-atmosphere models. However, considerable ad-
ditional effort is needed before the spatial details of
ENSO can be predicted successfully. ENSO predic-
tions are certainly only the first steps on the long way
towards an operational global short-range climate fore-
casting capability. Improvement of the coupled models
and of global data coverage, especially in the oceans,
are necessary to achieve this goal.
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