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1. Introduction

Throughout the 1960’s and 1970’s, oceanographers
referred to the large-scale warming of the equato-
rial eastern and central Pacific as El Nifio. This
anomalous warming was later shown to be associated
with anomalies in the upper ocean thermal structure
throughout the equatorial Pacific Ocean. At about
the same time, scientists realized that the Southern
Oscillation was intimately related to the large-scale
changes in the tropical Pacific Ocean. In brief, the
Southern Oscillation represents the variability in the
Indo-Pacific Walker circulation in the tropics, and is
manifest as a displacement of the convection over the
maritime continent, and is associated with large-scale
anomalies in the surface wind and sea level pressure
throughout the tropical Pacific (and into the Indian
QOcean) basin.

It became clear by the beginning of the 1980's that
the El Nifio and Southern Oscillation are intimately
related, with the large-scale warming (El Nifio) coor-
dinated with a relaxation of the trade winds through-
out Pacific Ocean and a displacement of the atmo-
spheric convection into the central Pacific from the
maritime continent. Scientists coined the acronym
ENSO to uniquely describe this large-scale, interan-
nual climate phenomenon. Throughout the 1980,
theoretical and modeling studies demonstrated that
ENSO (hence, El Nifio) is a phenomenon that is in-
herently due to the coupling between the atmosphere
and ocean, and that the crucial interactions between
these media are in the tropical Pacific. Important
observational studies led to empirical evidence that
linked the tropical ENSO events to seasonal climate
anomalies over Australia, South America and into the
tropical Indian ocean, and to anomalies in the mid-
latitude N. Hemisphere climate, especially over the
N. Pacific Ocean and over central and North America
during winter. Rasmusson and Wallace [1983] pro-
vide a succinct presentation of the salient features of
the tropical ENSO phenomenon, with a more recent

and comprehensive overview of the tropical and global
characteristics of the ENSO phenomenon available in
the volume edited by Glanz et al. [1991]. Finally, a
report on El Nifio and climate that is appropriate for
the general public is found in Wallace {1994].

The last four years have coincided with the second
half of TOGA (Tropical Ocean/Global Atmosphere),
an international program devoted to understanding
and predicting the interannual variability character-
istic of ENSO. Progress in the second half of TOGA
has been impressive and has gone a long way towards
fulfilling the original goals of the program.

This paper will review the progress made in under-
standing ENSO during the last 4 years, in particular
in the observing systems set up to see the evolving
warm and cold phases in the tropical Pacific and in
the modeling and theoretical advances devised to ex-
plain thern. The paper will also briefly review the new
field of ENSO prediction, in particular the progress
of combining coupled atmosphere-ocean models with
the real-time data provided by the TOGA Observ-
ing System. One of the truly exciting advances is the
application of these forecasts for social and economic
utility: some examples of current applications will be
indicated.

2. Observing ENSO

In 1982, when the need for focussed ENSO studies
was just being discussed, the strongest warm phase
of ENSO of this century was developing in the Pacific
Ocean without the scientific community being in the
least aware of it. The destructive impacts of the huge
1982/3 warm event in the Pacific were felt as far away
as coastal North America and resulted in disaster dec-
larations by the Governors of California, Oregon, and
Washington. It was subsequently realized that a fun-
damental requirement for all future ENSO studies was
a capability to observe the surface and near surface of
the tropical Pacific in real time. The last four years
have seen that capability reach fruition.
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The oceanic component of the TOGA Observ-
ing System consists of expendable bathythermograph
(XBT) observations from Voluntary Observing Ships
(VOS8), a sea-level network, a drifter array which mea-
sures sea surface temperature {SST) and position, and
the TOGA Tropical Atmosphere/Ocean (TAQ) Array
{Hayes et al., 1991], all telemetering in real time to the
Global Telecommunication System, from which the
data is available for research and prediction purposes
(see National Research Council [1994] for a complete
discussion).

As a result of the TOGA Observing System, we
can now observe the state of the upper tropical Pa-
cific Ocean in real time; we are developing accurate
climatologies of upper ocean thermal structure, sur-
face winds, and upper ocean currents; we have de-
veloped assimilation techniques so that fields of data
for the entire tropical Pacific are continuously avail-
able [Leetmaa and Ji, 1989]; we are gradually com-
ing to understand the nature of the annual, interan-
nual and longer term variability of the Pacific; and we
use the surface data routinely for operational weather
forecasting and the surface and subsurface data for
experimental short term (i.e., seasons to a year) cli-
mate forecasting. Monthly summaries of the observa-
tions are available in the Climate Diagnostics Bulletin
where instructions for access to the data over internet
{via ftp) are also given.

While the TOGA Observing System is itself an ex-
traordinary achievement, the intimate interplay be-
tween observations and predictions that has devel-
oped during TOGA makes the study of ENSO vari-
ability and predictability particularly exciting and
fruitful,

3. Advances in the Theory and Model-
ing of ENSO

The recent advances in the theory of the variabii-
ity in the tropics due to the coupling between the
atmosphere and ocean falls into four categories: the
physics of ENSO (including attempts to verify some
existing hypotheses), the irregularity of ENSO events,
the theory of ENSO prediction and the potential for
interactions between the annual cycle and the ENSO
variability.

3.1. The Physics of ENSO

The majority of the theoretical activities on the
low frequency variability in the tropical Pacific are
focussed on understanding the conditions that sup-
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port various coupled atmosphere/ocean modes. The
two modes that represent the extrema of the con-
tinuum of unstable coupled atmosphere/ocean modes
are, in simplest form, the slow westward propagat-
ing advective "Rossby” mode described first by Gill
(1985} and more completely by Hirst [1986], and an
eastward propagating destabilized Kelvin-like mode
(Philander et al., 1984; Yamagata, 1985). Hirst {1988]
showed that in a homogeneous (large) bounded basin,
these two modes will propagate and continuously re-
generate at interannual time-scales,

These extrema in the modes of atmosphere/ocean
instability are unattractive candidates for explaining
nature’s ENSOs for three reasons. First, in the Pa-
cific Ocean there is a fundamental east-west asymme-
try in the basic state (e.g., a colder eastern basin).
Second, the observed SST anomalies do not seem to
propagate systematically. Finally, from observations,
the time-scales associated with the local air-sea inter-
action are comparable to the dynamical adjustrnent
time of the tropical ocean. For the destabilized cou-
pled Rossby mode to exist the anomalies in npwelling
must be a small term in the heat budget of the ocean
mixed layer. However, the existing buoy data and the
analysis of hindecast simulations of the ocean response
during ENSO using ocean general circulation mod-
els indicate that throughout the eastern and central
equatorial basin, subsurface temperature anomalies
and upwelling anomalies are an important process in
changing SST. For the destabilized eastward propa-
gating Kelvin mode to be favored, horizontal SST ad-
vection must be unimportant and the adjustment (or
mechanical damping) tirne-scales of the ocean must be
long compared with the time-scales associated with
local SST changes, neither of which is true for the
Pacific Ocean. Clearly, the pure destabilized propa-
gating modes noted above are not relevant {o nature.

When the entire observational record is considered,
the robust tropical features of the observed ENSO are
as follows: (i) quasi-stationary SST anomalies in the
eastern and central Pacific; (ii) at event onset, a re-
laxation of the trade winds associated with positive
SST anomalies; (iii) there is a deepening in the east
and a shoaling in the west of the thermocline along the
equator; (iv) prior to the peak of the ENSO event, the
anomalously deep thermocline in the eastern/central
Pacific begins to retutn to climatological values. In
addition, there is usually an increase in the trades in
the far western Pacific one or two seasons prior to the
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onset of the ENSQ event.!

Presently, the theory for ESNO events that best
fits with the robust observations (i - iv) noted above
is the delayed-oscillator theory of ENSO, put forward
by Suarez and Schopf [1988] and Ballisti and Hirsi
[1989]. The delayed oscillator mechanism for ENSO
incorporates the important observational constraint
that the time-scale of the basin adjustment is com-
parable to the time-scale associated with the local
air-sea interactions. In addition, the delayed oscil-
lator mechanism postulates that the dynamical ad-
justments in the eastern half of the ocean basin af-
fect the SST (and consequently the atmospheric cir-
culation) vis s vis changing the temperature of the
water that is subsequently entrained into the surface
mixed layer. Both the Suares and Schopf [1988] and
the Battisti and Hirst [1989] delayed oscillator mod-
els were formulated by assuming that the coupled at-
mosphere/ocean mode was stationary and trapped to
the eastern basin.? It is important to note that if
nature’s ENSO events are captured by the delayed
oscillator mechanism, the latter theory also provides
a theoretical basis for the role of the ocean memory in
ENSO and, thus, the expectation that the state of the
tropical Pacific climate system (i.e., ENSO) should be
predictable for lead times of (at least) one year.

In a series of papers, Jin and Neelin [1993a,b] and
Neelin and Jin (1993] explored the atmosphere/ocean
instabilities that developed in a hierarchy of coupled
modeis, including an ocean general circulation model
(GCM) coupled to a statistical atmosphere model,
and a simplified equatorial strip atmosphere/ocean
model in which only the important ocean thermo-
dynamics that are identified from the Zebiak and
Cane {1987] coupled model are retained. In these
studies, they explore the continuum of coupled at-
mosphere /ocean modes that exist in the parameter
space mapped out by varying the coupling strength,
the ratio of the ocean dynamical adjustment time
to the time-scale associated with the SST changes,
and the relevant strength of the upwelling vs. hori-
zontal advection terms in the ocean thermodynamic
equation. By varying the parameters to more real-
istic values, introducing increasingly complete ocean

'In this discussion, the “peak” of ENSO is defined as the
time that the large-scale SST anomalies reach a maximum, and
“onset” is loosely defined as the time immediately prior to there
being measurable large-scale positive S5T anomalies.

2Gyaree and Schopf postulated the ocean dynamical adjust-
ment time is large compared with the time-scale associated
with the air-sea interactions and, thus, an inherently nonlinear
coupled system.
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(SST) thermodynamics and tracking the eigenmodes,
Jin and Neelin d-monstrated how the extreme (ide-
alized) eigenmodes that arise from the homogeneous
basic state problem [see, e.g., Hirst 1988] give way
to an increasing realistic stationary dominant eigen-
mode, the delayed oscillator. It is clear from these pa-
pers, and the summary review by Neelin et al. {1994],
that unless some important physics is being neglected
(e.g., cloud feedbacks) the delayed-oscillator mode is
rather robust and is likely to be the dominant unsta-
ble atmosphere/ocean mode in nature.

The delayed oscillator theory for ENSO is remark-
ably consistent with the ENSO events that occur in
the Hamburg coupled atmosphere/ocean general cir-
culation model {[Latif et al., 1993], and it is qualita-
tively consistent with the results from the Geophysical
Dynamics Laboratory (GFDL) coupled high resolu-
tion model discussed by Philander ef al. [1992]. The
ENSO events from the aforementioned models also
share many similarities with the cbserved canonical
(Rasmusson and Carpenter, 1982] ENSO event. How-
ever, the interannual variability in a third coupled
atmosphere/ocean GCM, reported by Nagai et al.
[1992], is rather weak compared to that observed and
fits the delayed oscillator model of ENSO only dur-
ing the evolution and decay of the ENSO event: the
Rossby debris from the cold events does not always
kick off the next warm event (see also section 3.4). Fi-
nally, Lau et al. [1992] reported on the tropical inter-
annual variability from a coupled atmosphere/ocean
GCM in which the Kelvin waves are significantly dis-
torted by the combination of numerics with a coarse
(4° latitude) resolution (see Ng end Hsieh [1994]).
Moreover, the latitudinal extent of the upwelling is
known to be fundamental to the nature of the interan-
nual variability from theoretical constraints { Wakata
and Serachik, 1992]. In the low-resolution model re-
ported on by Lau et al., the upwelling is necessar-
ily diffuse. As a result and consistent with all the
results above, the interannual variability in the low-
resolution model is well described by a slowly (west-
ward) propagating destabilized Rossby mode.

To what extent is the delayed oscillator theory for
ENSO supported by the observations? Keassler [1990]
has examined the observed wind stress data, the sea
surface temperature anomalies, and the variability
in the upper ocean thermal structure from the VO3S
XBT data. He concluded that the variability in the
thermocline was consistent with that expected from
the delayed oscillator theory. (Wakata and Sarachik
[1991] reached the same conclusion by examining the
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response of a shallow water model to the observed
(Florida State University) wind stress anomalies.)

While the aforementioned robust observations of
the development and termination of an ENSO event
are consistent with delayed oscillator theory, there are
clearly inconsistencies between the robust observa-
tions during event onset. Specifically, the strengthen-
ing of the trades that usually precedes the event is not
a feature of the delayed oscillator theory or of the in-
termediate atmosphere/ocean models from which the
theory is derived. Li and Clarke [1994] (hereafter LC)
used equatorial wave theory and tide gauge data to
construct a record of the "observed” western Pacific
Kelvin amplitude. They correlated the reconstructed
Kelvin signal with an index of the large scale zonal
wind anomaly and argued the structure of the lag-
correlation curve was inconsistent with the delayed os-
cillator theory of ENSO. The physics associated with
the correlation structure reported in LC was exam-
ined in a complimentary analysis by Mantua and Bai-
tisti [1994a), whereby an ocean model was forced with
the observed windstress anomalies to obtain the west-
ern Pacific Kelvin signal (which was highly correlated
with that derived by LC using independent data and
methods). They demonstrated that "delayed oscilla-
tor theory” did account for the termination of warm
(ENSQ) events but the cold events are not usually
terminated by the (delayed oscillator) ocean adjust-
ment process. Thus, the overall correlations between
the "observed” Kelvin amplitude and the wind stress
are degraded significantly from pure delayed oscillator
theory: in nature, the ENSO events are not nearly-
periodic. Similar conclusions are reached by Nagai
et al. [1992] in their diagnosis of the tropical Pacific
variability in a coupled atmosphere/ocean general cir-
culation model.

Finally, Penland and Magorian {1993] and Penland
and Sardeshmukh [1995] have hypothesized that the
tropical Pacific atmosphere/ocean system is stable in
a global sense, and that the ENSO variability is best

thought of as a response of the tropical Pacific sys- .

tem to stochastic forcing. Thus, without an external
noise forcing the system there would be no ENSO
events. This hypothesis for ENSC is, apparently, at
odds with the all the aforementioned studies on unsta-
ble modes of variability. If the hypothesis is correct,
the the intermediate level atmosphere/ocean coupled
models and the hybrid numerical ocean/statistical at-
mosphere coupled models should demonstrate stable,
not oscillatory, behavior. .

3.2. Irregularity of ENSO

Investigators have hypothesized many reasons for
irregularity in the ENSO cycle. These are loosely
grouped into four categories: (1) noise internal to ei-
ther the atmosphere or ocean and independent on the
coupling between that media; (2) inherent nonlinear-
ity of the coupled atmosphere/ocean system (or in
the coupling itseif); (3) changes in the external fore-
ing; (4) interactions between ENSO and the seasonal
cycle (discussed in section 3.3).

3.2.1. Internal Noise

The cause for irregularity of ENSO has been at-
tributed to noise internal to the atmosphere or ocean.
Specifically, investigators have discussed the impact
of the atmospheric weather, ranging in time scales
from synoptic to interannual. Explicitly or implicitly,
weather is invoked in the studies of Suarez and Schopf
[1988), Zebiak [1989], Goswami and Shukla [1991], and
Penland and Margorian [1993)].

3.2.2. Nonlinearity

Munnich et al. [1991] have examined a stream-
lined, nonlinear atmosphere/ocean model and found
that irregular interannual variability can resuit from
the coupling of the atmosphere and ocean. Recently,
Mentua {1994] and Mantua and Battisti [1994a] ana-
lyzed the Zebiak/Cane numerical model and demon-
strated the irregularity in the model ENSO cycle was
due to the interaction between two coupled unsta-
ble atmosphere/ocean modes. They concluded that,
though an individual model ENSO cycle was well de-
scribed by the delayed oscillator theory, the irregular-
sty in the model ENSO events is due to deterministic,
nonlinear processes in the model (cf., section 3.2.1)
associated with the interactions between the unstable
modes,

3.2.3. External Forcing and Decadal-to-Century
variability of ENSO

Various investigators have proposed that distur-
bances propagating into the tropical Pacific from the
exiratropics or the Indian Ocean can trigger or mod-
ify the ENSO cycle (see, e.g., Barnett et al., [1989]
and section 3.2.1). More recently, preliminary inves-
tigations of the effect of changing atmospheric CO;
concentration on the tropical Pacific coupled interan-
nual variability have been reported by Meehl et al.
{1993], Graham et al. [1995], and Knuison and Man-
abe [1995]. However, in these studies of ENSC in
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an increased C(O; enironment, there are serious nu-
merical and methodological issues that arise, and the
relevance of the results from these studies to Nature
is not certain. Finally, the definitive study of Mass
and Portmaen [1989] eliminates volcanic eruptions as
a forcing of ENSO.

It is not clear, however, to what extent the spec-
trumn of interannual variability in the tropical Pacific
is stationary: the direct observational data does not
exist to adequately define even the muitidecadal vari-
ability in the tropical Pacific. The low frequency
modulation of ENSO could come about from nonlin-
earity in the coupled atmosphere/ocean/land system,
involving either the upper ocean, or changes in the
(shallow) thermohaline circulation in the subtropics.
Unfortunately, the present intermediate models of the
coupled atmosphere/ocean system are inappropriate
for such studies, and it is not yet possible to investi-
gate the coupled GCMs for the thousands of model
years that are required to examine these issues.

It may be possible to address these issues, however,
from the increasing variety and geographical extent of
the proxy data from paleoclimate studies. For exam-
ple, proxy data exists for equatorial upwelling [Lea
et al 1989] and extrema in wind stress anomalies
[Shen et al, 1992a,b; Cole et al, 1993) from tropi-
cal corals. Proxy indicators have been derived for the
Southern Oscillation Index from coral [Cole and Fair-
banks, 1990] and tree ring data {Stahle and Cleave-
land, 1993). Finally, there is a connection between
ENSO and high dimethylsulfide (DMS) marine emis-
sions at high southern latitudes [Legrand and Feniet-
Saigne, 1991).

3.3. Seasonal Cycle and ENSO

Is the seasonal cycle necessary for ENSO to be re-
alized? Not likely: Many models without an annually
varying sun have proven successful at simulating in-
terannual variability that is ENSO-like. These mod-
els include the intermediate coupled numerical atmo-
sphere/ocean models [see, ¢.g., Suarez and Schopf,
1988; Mantua, 1994] and coupled atmosphere/ocean
GCMs [Laiif et al., 1993; Philander et al, 1992}
Is the seasonal cycle fundamental to the irregular-
ity in the ENSO events? All of the aforementioned
models are run usthout an annually varying sun and
the ENSO events that they produce occur irregularly.
However, ENSO is sufficiently tied to the annual cycle
that it is useful to think of a canonical ENSO event,
formed by compositing observations fixed to the cal-
endar year [Rasmusson and Carpenter, 1982].

3.3.1. The General Circulation Models

Recently, simulations using coupled atmosphere/ocean

general circulation models that include an annually
varying solar forcing have been reported by Nagai et
al. [1992] and Robertson et ol [1995]. In both of
these studies, the annual cycle in the tropical Pacific
SST, surface fluxes and wind are qualitatively con-
gistent with that observed®. And both models also
contain coordinated atmosphere and surface ocean
interannual variability in the tropical Pacific, albeit
much weaker and only qualitatively similar in pat-
tern to that which is observed. Hence, overall, sim-
ulating interannual variability in the presence of an
annually varying sun continues to be a difficult prob-
lem: there have been models that reproduce interan-
nual SST variability and models that reproduce the
annual cycle but reproduction of the full spectrum
of variability remains elusive. [It should be recalled
that the annual cycle is an average over all the vari-
ability present in the system (i.e. the average of all
Januarys, Februarys, etc) so that the annual cycle is
not independent of interannual variability.]

The basic problem is that the processes that de-
termine the annual cycle appear to be different from
the processes that determine the interannual variabil-
ity. In particular, we now believe that interannual
SST variability in the Pacific depends in an essen-
tial way on wind-driven thermocline variations with
heat fiuxes at the surface acting mainly to damp the
interannual perturbations {e.g. Barnett ef al, 1991].
Annual variations of SST depend critically on heat
flux variations at the surface and therefore depend in
an essential way on radiative and cloud feedbacks [see,
e.g., Koeberle and Philander, 1994]. The treatment of
low level stratus clouds seems to have given partic-
ular problems. These clouds exhibit a positive feed-
back to SST at low tropical SSTs and therefore induce
a special sensitivity. They are generally dealt with
poorly in existing models. Finally, vertical mixing is
presently poorly represented in the current genera-
tion OGCMs used for tropical studies (but see Gent
and Cane [1989] and McWilliams and Gent [1994]).
This has a deleterious impact on the simulated SST
in the eastern equatorial Pacific, where the changes in
the meridional wind stress play a key role in causing
annual SST variability [Mitchell and Wallace, 1992;
Xie, 1995}

3These models share with most other coupled atmo-
sphere/ocean models a warm bias in the simulated climatology
of the far castern tropical Pacific [Mechoso et al., 1995].
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3.3.2. Interactions Between ENSO and the Sea-
sonal Cycle

In some recent studies, investigators have postu-
lated that an annual cycle forcing of the coupled at-
mosphere/ocean system is responsible for the irreg-
ularity of ENSO events | Tziperman et ol., 1994; Jin
et al, 1994; Chang et al, 1994]. In these studies,
a study of the coupled interannual variability is per-
formed by arbitrarily increasing the annual cycle of a
favorite parameter or the coupling strength between
the atmosphere and ocean. The interannual variabil-
ity in the models is periodic with no annual cycle forc-
ing, but as the parameter is increased the frequency
of the interannual variability increases through a se-
quence of rational fractions of the annual cycle: the
ENSO cycle remains phase-locked to the annual cy-
cle. The transition to a higher frequencies is charac-
terized by chaotic variability. In each of these studies,
the physics associated with the ENSO mode appears
to remain robust (e.g., in Jin et al., the ENSO mode
is characterized by the delayed oscillator physics) as
the forcing is increased.

Each of the studies mentioned above uses a differ-
ent atmosphere/ocean model* to argue for the impor-
tance of the seasonal cycle in producing irregularity of
ENSO. We caution that even in the chaotic regime un-
der modest forcing, the aforementioned models have
spectra that are relatively peaked compared to the
spectra from nature. In addition, in none of these
studies is the annual cycle actually forced by the
sun: the amplitude of a parameter or process with
an annual cycle is artificially changed in these stud-
ies rather than a change in annual cycle of insolation.
Nonetheless, these preliminary studies may lead to
some insight as to how the annual cycle might inter-
act with the model ENSO.

In contrast to the signal analysis approach taken in
the three studies just discussed, Xie [1995] has sug-
gested a physical mechanism of interaction between
the ENSO mode and the seasonal cycle, based on the
very different physical processes that seem to gov-
ern the interannual ENSO mode and the annual cycle
[see, e.g., Koeberle and Philander, 1994]. Xie finds a
deepening of the thermocline in the warm phase of
ENSO reduces the amplitude of the annual cycle in
SST (and vice versa), leading to a phase-locking of
ENSO to the seasonal cycle.

* Tziperman et al. and Jin et al. use paradigm models,
while Chang et al. use an intermediate level atmosphere/ocean
numerical model,
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3.4. Optimal Growth, ENSO Prediction and
ENSO Physics

Blumenthal [1991)] provided the first study of the
optimal growth properties in the tropical Pacific us-
ing the output from the freely evolving coupled atmo-
sphere/ocean model of Zebiak and Cane [1987]. The
optimal perturbations were determined by deriving an
linear autoregressive (Markov) model from a reduced
set of the output variables. In this study, Blumen-
thal found that when a fixed amplitude perturbation
is applied to the model (output), the maximum error
growth over a nine month time period is realized when
the perturbation is applied in February. He also noted
that the dependence of the error growth on season is
consistent with the seasonal dependence of forecast
skill reported by Cane et al, [1986].

Penland and Sardeshmukh [1995] have built a sim-
ilar autoregressive model from the observed SST. In
contrast to Blumenthal, they report that error growth
is not a function of season and hypothesize that ENSO
results from white noise forcing of a globally sta-
ble linearized system. At first glance, these results
seermn at odds with the results of Blumenthal using
model output. Unfortunately, the resuits of these two
studies cannot be directly compared because Penland
and Sardeshmukh used only SST data in their model,
while Blumenthal included in his Markov mode] SST,
thermocline and wind. Of concern, however, is that
the Penland and Sardeshmukh {1995} Markov model
requires that the ocean dynamics be equilibrated on
time-scales that are rapid compared with the SST
changes. The analyses of the observations by Clarke
and Li [1994] and of the ocean hindcasis reported
by Mantua and Batiisti [1994a] indicate this assump-
tion is not valid for the majority of the ENSO cy-
cle: starting from a few months prior to the peak of
an ENSO and extending through the event peak, the
event demise and into the cold phase of the ENSO cy-
cle, the observations are consistent with the delayed
oscillator physics for ENSO. Thus, it is not surpris-
ing that Penland and Sardeshmukh found that the
Markov model could not predict with skill the termi-
nation of ENSO events.

The studies of Blumenthal [1991) and Penland ond
Sardeshmukh [1995] come to somewhat disparate con-
clusions concerning the predictability and stability of
the coupled atmosphere/ocean system. Nonetheless,
both studies suggest that the traditional approach
to assessing the variability in the atmosphere/ocean
gystem - identification of the fastest growing normal
modes - may not be the most instructive for un-
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derstanding the predictability of the system. If one
writes in matrix form the evolution equations for the
linearized coupled atmosphere/ocean system X:

ax o

> = i, (1)
it becomes immediately obvious that the normal modes
of the system (the eigenvectors of L) can not be or-
thogonal (i.e., L is not Hermitian) because of the
coupling®. Thus, the fastest growing normal mode
will not, in general, determine the maximum error
growth in the coupled models; forecast skiil is better
explained by a study of the projection of the initial
conditions on the optimal perturbations. More on the

theory of the non-self-adjoint modes and the theory
of predictability can be found in Farrell [1990].

4. Predicting ENSO

4.1. Predictions of ENSO

The first coupled atmosphere-ocean forecast of
short term (i.e. months to years) climate was made
soon after the development of a simplified coupled
model to simulate the ENSO phenomenon. This fore-
cast, which predicted the growth of warm SST in the
tropical Pacific one year before the onset of the 1986/7
warm phase of ENSO [Cane et al., 1986}, is as impor-
tant for climate forecasting as the first prediction us-
ing the barotropic vorticity equation was to weather
forecasting. Since that time, the field of short term
climate forecasting, especially as related to ENSO,
has grown and prospered.

We now know, from numbers of statistical and dy-
namical forecasts, that there is skill in forecasting the
SST in the central and eastern Pacific up to a y¢ar in
advance (see Barnston et al. [1994] and Lalif ei al.
[1994] for up-to-date reviews). The skill depends on
the model and the methods of initialization. Models
that are initialized solely by blowing winds over the
ocean until the initial time and then coupling to the
atmosphere generally have nowcast (i.e., initial) cor-
relation skills of about 0.8 for the NINO3 index® and
then maintain useful correlation skills out to about a
year.

Figure 1 shows the time dependent forecast skill
for the Zebiak and Cane {1987) coupled model. Skills

8In general, a spatially varying mean state is also sufficient
to create a non-self-adjomnt system.

8The NINO 3 index refers to the SST anomaly, averaged
from 5°S to 5°N and 150°W td& 90°W.

Figure 1. Anomaly correlations, plotted as a func-
tion of initialization month and forecast lead time,
for six-month ensemble NINO3 forecasts from Jan-
uary 1970 through December 1990 from the Zebiak
and Cane [1987) numerical model. Figure from Xue
et al. [1994]. NINO3 is defined as the area averaged
SST anomaly, from 5°S to 5°N, 150°W to 90°W. The
March isoline is indicated by the heavy dashed line.

drop off considerably when forecast through the spring
regardless of the month begun: this drop of skill
through the spring has been called the "predictabil-
ity barrier”. Webstier and Yang [1992] suggest that
this 18 an intrinsic barrier to climate predictions in
the tropics. Recently, however, Rosati et al. [1995)
have successfully scaled the barrier in limited num-
bers of forecasts by assimilating ocean thermal data
into the initial conditions for the forecast. And Chen
et al. [1995] find no spring barrier when they "nudge”
the Zebiak and Cane coupled mode! winds toward the
observed winds in generating forecast initial condi-
tions, whereby NINO3 skill correlations greater than
0.6 were obtained for lead times up to 12 months, in-
dependent of the month from which the forecast is
initiated.

Large, robust changes in the precipitation and
wind patterns are concurrent with SST changes in
the tropical regions. We may therefore confidently
say that skill in predicting tropical SST implies skill
in predicting precipitation and winds in the tropics.
But extratropical effects of tropical SST changes are
far more problematic. For example, Mo and Kalnay
[1991] examined the impact on the midlatitude fore-
cast skill of tropical SST anomalies from one cold
(1988) and one warm (1987) ENSO event. They
report only modest improvements in the ensemble
long-range (10-30 day) forecast skill for the midlati-
tude Northern Hemisphere early summer circulation.
While there are discernible and underniable correla-
tions of extratropical precipitation with tropical Pa-
cific SST [Ropelewsks and Halpert, 1987 for example],
these correlations have not yet lead to usable skills in
prediction.

A novel approach to this problem is the so called
"two tiered” forecasting system [Bengisson et al.,
1993; Hunt et al., 1994; Graham and Barnett, 1994].
SST predictions are made with relatively simple mod-
els and the SST so predicted is then used as the lower
boundary conditions for a high resolution atmospheric
GCM. While the forecast of 500mb height, say, shows



Battisti and Sarachik: Understanding and Predicting ENSO

apparent skill, the sensitivity of the midlatitude re-
sponse is such that ensembles of atmospheric fore-
casts using slightly different initial conditions must be
made to define the envelope of the predicted variabil-
ity [Barnett et al., 1994]. The technique has been ap-
plied in a nowcasting mode by Grakam [1994], where
the current SST anomaly in the Pacific and Atlantic
is used as a fixed boundary condition for high reso-
lution atmospheric GCM simulations of the rainfall
over eastnortheast Braszil.

4.2. TOGA Program on Prediction (T-POP)

Much of the US progress in short term climate fore-
casting has been as a result of a concerted and fo-
cussed effort. The TOGA Program on Prediction (T-
POP) was instituted in the US in 1991 as a distributed
research program and was designed to develop predic-
tion systems, to develop methods of data assimilation
for analysis and initialization, and to do the model-
ing and theoretical research needed to delineate and
advance the theory of predictability of the climate
on seasonal-to-interannual time scales [see Cane and
Sarachik, 1991]. T-POP has provided a forum for the
development of short term climate prediction systems
and has instituted an intercomparison of forecasts by
different groups for the common period 1985-1990.
Under NOAA funding, it supports all the seasonal-
to-interannual forecast development activities in the
United States.

5. Applications of ENSO Predictions

The impacts of interannual climatic variability on
the countries surrounding the tropical Pacific are
large and these countries have had no choice but to
adapt.

5.1. Fisheries

The impacts of ENSO on coastal fisheries off South
America are profound and mostly detrimental [e.g.
Jordan, 1991). Miller and Fluharty [1992] provide
a complete analysis of the impacts of ENSO on the
salmon fisheries of the Pacific. Impacts of the large
1982/3 warm phase of ENSO on corals, fisheries, and
other marine organisms have been documented in
Glynn [1992).

Forecasts of tropical SST a year in advance are
clearly of direct value to fisheries in the productive
regions of Ecuador, Peru and Chile. While the in-
volved countries are not yst organized enough to take
advantage of this information, the foreknowledge of
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probabilities of anchoveta catches would allow, for ex-
ample, more stable pricing strategies for world sup-
plies of cattle protein prices and would forgo the type
of rapid rise of cattle protein prices after the 1982/3
warm phase of ENSO [Bahner-Benedict, 1992).

5.2. Peru

By and large, the agrarian based countries of
the tropics are at the mercy of climate variability
and skiliful predictions of this variability mean a
great deal to these countries. There is sufficient skill
demoenstrated in the existing forecasts that these fore-
casts are already being used for agricultural planning
in Peru [Lages and Buizer, 1992]). The rainy season,
and therefore the growing season, in coastal northwest
Peru is January to April and is primarily determined
by the seasonal march of the eastern Pacific Intertrop-
ical Convergence Zone (ITCZ). Precipitation anoma-
lies in this region are known to correlate extremely
well with the SST anomalies characteristic of ENSO.
By law, Peru must produce an agricultural plan each
year, which determines the allocation of crops, seeds,
water, power, etc. This plan is heavily influenced by
existing ENSO predictions: a prediction of warm and
wet implies a shift to rice cultivation while a predic-
tion of cold and dry shifts the allocations to cotton.
The prediction need only be available a few months
before the start of the growing season and, since the
ENSOs in the last decade have been of the type that
grow first in the equatorial Pacific and then in coastal
South America, these predictions have been success-

ful and have succeeded in increasing total agricultural
output.

5.3. Brazil

The northeastern part of Brazil (in particular the
state of Ceara) is semiarid, has a rainy season from
February to April, and is subject to wide rainfall flue-
tuations from year-to-year. Throughout Brazilian his-
tory, especially dry periods have been marked by se-
vere social dislocations and mass migrations which
have affected the 30 million people of Ceara and the
entire social and economic fabric of Brazilian culture.

Statistical correlations of rainfall with climatic in-
dices [ Hastenrath, 1990] have indicated that such rain-
fall is correlated with SST in both the Atlantic and
the eastern Pacific. Realizing the vulnerability of iis
economy to such interannual climate fluctuations, the
state of Ceara, in conjunction with the federal govern-
ment set up an institute, FUNCEME (Fundadagio
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Cearense de Meteorologia ¢ Recursos Hidricos), to ad-
vige the state on the proper actions to take in antic-
ipation of adverse climatic conditions. FUNCEME
has published a monthly information bulletin {Moni-
tor Climatico) since 1987 which gives monthly global
climatic data, ENSQO predictions, and specifically lo-
cal precipitation and hydrological data.

FUNCEME maintains programs that address both
long and short term issues. On the long term, it ad-
vises about actions to be taken on water resources
and distribution, well recovery, crop choices and dis-
tribution, soil conditions, and environmental degra-
dation. On the short term, it issues forecasts for
the rainy season and explicit instructions to the vari-
ous regions of Ceara about the timing of planing and
about which crops to emphasize, depending on the
forecast of abundant or deficient rainfall.

As a result of these actions, the agricultural output
of Ceara has shown a gradual leveling effect, no longer
subject to the drastic ups and downs of interannual
climatic variability [Mours, 1994]. For example, the
normal grain output for normal rainfall years in Ceara
is 650,000 metric tons. In 1987, before concerted ac-
tion policies were in place, the response to a poor
rainfall year (30% below normal) was a grain produc-
tion for that year of 100,000 metric tons which led to
severe hardship in Ceara and the necessity of central
governmental relief. In 1992, however, the rainfall
was equally poor (27% below normal) but a set of
concerted actions in response to a relatively accurate
forecast allowed the grain production to be 530,000
tons. Even with a second consecutive poor rainfall
year (again relatively accurately forecast) the grain
production was 250,000 tons.”

5.4. The United States

Within the US, applications of ENSO forecasts
have been relegated to individual initiative. While
correlations of measures of ENSO with temperature
and precipitation over the US exist, it is not at all
clear that these correlations will lead to useful fore-
cast skill. If skillful ENSO forecasts could be demon-
strated for the US, their impact would be considerable
[Adams et al., 1995].

TMuch of the material cited for northeast Brasil has been
provided by Dr. Antonie Moura and by Dr. Francisco Viana,
President of FUNCEME.

5.5. Australia

Simpson et al. [1993] determined that there is a
high correlation between ENSO events and signifi-
cant decreases in the annual precipitation over eastern
Australia. Using this information and the forecasts
from the Zebiak and Cane [1987] atmosphere/ocean
coupled model, Simpson et al. [1993] provided a nine
month forecast for the Murray river runoff. The Aus-
tralian Bureau of Meteorology has been using the
forecasts from the numerical models to issue useful
"outlooks™ for the seasonal precipitation anomalies.
The success of these forecasts has led the Queensland
State Government to sponsor the formal infrastruc-
ture to disseminate this information to farmers.

6. The Next Four Years

The observing system is in place, the models are
ready, the applications are beginning to be appreci-
ated: the next four years will see a flourish of activity
in bringing the field of short term (up to one year)
climate prediction to fruition.

As the TOGA program winds down, the interna-
tional CLIVAR (Climate Variability and Predictabil-
ity) Program and its US contribution, GOALS (Global
Ocean Atmosphere Land System} will begin. Both
have seasonal-to-interannual prediction as their foci
and both are commitied to perfecting and expand-
ing the prediction capabilities through programs of
observing, modeling, and predicting.

One of the basic issues the national and interna-
tional communities will have to deal with is the proper
institutional form that these regular and systematic
prediction activities will take. In a recent proposal
commissioned by the Inter-governmental TOGA Board
{Moura, 1992], an International Research Institute for
climate prediction (IRI) was proposed to perfect the
science of climate prediction; to make the best possi-
ble predictions using the best possible prediction sys-
tems; and to interact with those countries that need
such predictions in a partnership mode such that their
applications needs are understood and properly dealt
with. The US agreed to lead the effort to begin such
an Institution and it was recognized that such an
Institution, as well as the national efforts currently
underway at the National Meteorlogical Center, can
serve as a national and international focus for predic-
tion and applications research. The next four years
will see whether or not such a concept can indeed be
implemented.
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