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ABSTRACT

To shed light onto the possible role of stochastic forcing of the El Niño–Southern Oscillation (ENSO),
the characteristics of observed tropical atmospheric variability that is statistically uncoupled from slowly
evolving sea surface temperature (SST) are diagnosed. The Madden–Julian oscillation (MJO) is shown to
be the dominant mode of variability within these uncoupled or “stochastic” components. The dominance of
the MJO is important because the MJO generates oceanic Kelvin waves and perturbs SST in the equatorial
Pacific that may feed back onto the El Niño–Southern Oscillation. The seasonality present in the uncoupled
zonal stress (maximum in austral summer), which reflects the seasonality of MJO activity, is also transmitted
to the eastern Pacific thermocline variability by these Kelvin waves. Hence, the MJO component of the
uncoupled stress could plausibly contribute to the observed phase locking of ENSO to the seasonal cycle.

During an El Niño event, maximum uncoupled zonal stress variance shifts eastward from the western
Pacific along with the coupled surface westerly wind and warm SST anomalies. The MJO accounts for less
than half of this low-frequency behavior of the uncoupled stress but accounts for nearly two-thirds of the
resultant thermocline variability. The uncoupled zonal stress also exhibits weak, westerly anomalies in the
western Pacific some 8–10 months prior to El Niño, which is mostly accounted for by the low-frequency
(period � 50 days) behavior of the MJO. This low-frequency behavior possibly explains why observed El
Niño variability is recovered when weakly damped models are forced with similar estimates of observed
stochastic zonal stress.

1. Introduction

The El Niño–Southern Oscillation (ENSO) is char-
acterized by episodic oscillations in sea surface tem-
perature (SST) and atmospheric winds and convection
in the equatorial Pacific Ocean basin. ENSO’s broad
bandwidth (period 2–7 yr) and irregular variation in
amplitude limit practical predictability to about a one-
fourth cycle (�9 months). Recent modeling studies
have pointed toward stochastic weather noise, un-

coupled from the slowly evolving ocean, as a possible
cause for the irregularity of ENSO. In simple models
where the ENSO mode is unstable and periodic, intro-
duction of stochastic forcing produces aperidocity (e.g.,
Blanke et al. 1997; Eckert and Latif 1997; Roulston and
Neelin 2000). In other models where the ENSO mode is
stable or slightly damped, stochastic forcing not only
introduces irregularity but can also act to sustain the
ENSO mode (e.g., Zavala-Garay et al. 2003). These
interpretations of the role of noise in ENSO are depen-
dent on both the models used and how the noise is
defined. However, diagnostic analyses of observed
SSTs (e.g., Penland and Sardeshmukh 1995), and sub-
surface temperatures (e.g., Kessler 2002) support the
notion that the observed ENSO is a stable linear system
driven by stochastic noise.

Stochastic atmospheric noise is typically defined as
the variability that is independent of the slowly evolv-
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ing SST associated with ENSO. Implicit is that stochas-
tic variability results primarily from high-frequency at-
mospheric variability that is uncoupled from the under-
lying ocean. Some studies simplify the form of this noise
by assuming that it varies randomly in time (i.e., dis-
playing a white spectrum) but with spatial structure
typical of the monthly mean wind variability that is
incoherent with the SST (e.g., Blanke et al. 1997; Neelin
et al. 2000). Using daily rather than monthly mean data,
Zavala-Garay et al. (2003) estimate the observed noise
to exhibit a red spectrum with a decorrelation time of a
few days but otherwise no dominant time scale. In
model studies where the ENSO dynamics behave lin-
early (e.g., Roulston and Neelin 2000; Zavala-Garay et
al. 2003) the exact temporal variability of the noise is
not overly important because it is only the occurrence
of a low-frequency tail that allows the noise to directly
project onto the ENSO mode. What is important, how-
ever, is that the noise possesses the large spatial scales
and appropriate geographical distribution so that it can
efficiently instigate ENSO events months in advance
(e.g., Moore and Kleeman 1999).

Such idealized modeling studies, which employ
simple (typically steady state) atmospheres, acknowl-
edge that intraseasonal variability (uncoupled or
coupled) is not explicitly simulated. The Madden–
Julian oscillation (MJO), which is the dominant mode
of intraseasonal variability over the tropical Indian and
Pacific Oceans (e.g., Salby and Hendon 1994), may be
especially relevant to ENSO because episodes of en-
hanced MJO activity act to increase the wind speed in
the western equatorial Pacific (Shinoda and Hendon
2002). A low-frequency cooling that is conducive to the
onset of El Niño (Kessler and Kleeman 2000) is possi-
bly produced. Intraseasonal cooling of the western Pa-
cific, induced by the cloudy–windy phase of the MJO,
has also been associated with the initial eastward shift
of warm water and convection at the onset of El Niño
(Bergman et al. 2001). MJO-induced surface wind
variations in the western Pacific also efficiently force
equatorially trapped Kelvin waves (e.g., Kessler et al.
1995; Hendon et al. 1998), which can perturb the SST in
the central and eastern Pacific through zonal advection
and displacement of the thermocline (Kessler et al.
1995; Zhang 1997; McPhaden 2002). An individual
MJO event has also been associated with the abrupt
termination of El Niño (Takayabu et al. 1999). Further-
more, the MJO itself may be influenced by air–sea cou-
pling (e.g., Wang and Xie 1998), which may make in-
teraction with ENSO a complicated, nonlinear process.

Most studies of stochastic forcing of ENSO have also
not considered any seasonality to the forcing or any
systematic variation of the statistics of the forcing tied

directly to the ENSO cycle. Intraseasonal surface vari-
ability is known to vary markedly both throughout the
seasonal cycle and in association with ENSO. For in-
stance, MJO activity near the equator is strongest near
the equinoxes and overall activity is strongest during
southern summer (Salby and Hendon 1994). Because
ENSO itself is tightly tied to the annual cycle, the
strong annual cycle of MJO activity might profoundly
impact the manner in which MJO affects ENSO
(Fedorov 2002; Fedorov et al. 2003). MJO activity is
also observed to shift eastward into the central Pacific
as El Niño develops (e.g., Hendon et al. 1999; Kessler
2001). This shift, which may simply be symptomatic of
an eastward shift of warm water and convection on all
time scales as El Niño develops, might also have pre-
dictive implications (e.g., Zhang and Gottschalck 2002).

The motivation for the present study is provided by
previous model studies that have necessarily simplified
the interaction between stochastic variability and
ENSO. Rather than presume the spatial and temporal
characteristics of the noise in order to be compatible
with theories or models of ENSO, this study aims to
diagnose more fully the spatial and temporal character-
istics of the observed stochastic variability. In particu-
lar, we are interested in exploring the temporal and
spatial spectrum of the stochastic variability on the full
range of resolvable scales and how the observed sto-
chastic variability evolves in relation to the ENSO
cycle. Here, stochastic variability is defined as the at-
mospheric variability that is linearly unrelated to tropi-
cal Indo–Pacific SSTs at zero lag. It is important to
point out that this definition of noise also includes vari-
ability that is not truly stochastic. For instance, variabil-
ity that is nonlinearly related to SST will be attributed
to the noise by this definition.

The remainder of the article proceeds as follows. The
observational datasets, from which the coupled and sto-
chastic atmospheric components are derived, are de-
scribed in section 2. In section 3 the coupled and un-
coupled (stochastic noise) atmospheric components are
defined and their spatial and temporal characteristics
are explored. The dominance of the MJO in the noise
component is demonstrated in section 3. The response
of the equatorial thermocline to forcing by the total
noise and MJO components of zonal stress, which pro-
vides insight into how the noise may affect the evolu-
tion of ENSO, is provided in section 4. Discussion and
conclusions are presented in section 5.

2. Data

Stochastic noise is defined here as atmospheric vari-
ability that is linearly unrelated to Indo–Pacific SST at
zero lag. The rationale for this definition is that SST
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evolves slowly and the atmospheric adjustment time to
SST variations is short (on the order of a few days).
Hence, noise can be defined as that part of the atmo-
spheric variability that is not contemporaneously coher-
ent with the SST. Atmospheric noise in both surface
zonal wind, which has previously been identified as the
most important component of stochastic forcing for
ENSO in some models (e.g., Zavala-Garay et al. 2003),
and deep convection is examined. Deep convection is
considered because it is a fundamental component of
the MJO and is also indicative of surface heat flux
variations produced by the MJO (enhanced convection
is associated with decreased shortwave radiation and
enhanced latent heat flux; Shinoda et al. 1998). Here,
outgoing longwave radiation (OLR) is used as a proxy
for deep tropical convection. OLR data are available as
daily averages interpolated to a 2.5° grid from National
Oceanic and Atmospheric Administration (NOAA)
polar-orbiting satellite observations (Liebmann and
Smith 1996). Surface zonal wind data from the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalyses
(Kalnay et al. 1996) are also available as daily averages
on a 2.5° grid.

Atmosphere noise is defined with respect to weekly
SSTs, which are the optimum interpolated analyses of
Reynolds and Smith (1994). These weekly averages are
interpolated to daily values to be compatible with the
other datasets. The SST data are further restricted to
the Indo–Pacific domain, 40°E�70°W, to emphasize
the variability directly associated with ENSO. The SST
and atmospheric data are used for the period 1 January
1982 to 31 December 1999 and truncated to the tropical
domain, 30°N�30°S. Prior to all analysis, the annual,
biannual, and triannual cycles and the time mean are
removed to form daily anomalies.

3. Coupled and uncoupled atmospheric behavior

a. Tropical convection

To extract the component of an observed atmo-
spheric field that is uncorrelated with Indo–Pacific SST,
the coupled atmosphere–ocean component is first esti-
mated (e.g., Blanke et al. 1997; Zavala-Garay et al.
2003). Here we define the coupled component by re-
gressing atmospheric variability onto the leading em-
pirical orthogonal functions (EOFs) of Indo–Pacific
SST. We retain nine EOFs of SST, which account for
62% of the SST variance but most of the covariance
with zonal wind and OLR (greater than 90% and 95%,
respectively). The first EOF of SST, which accounts for
32% of the SST variance, depicts mature El Niño con-
ditions, with positive loadings stretching westward

along the equator from the west coast of South
America and negative loadings in the far western Pa-
cific (Fig. 1a). Its time series, or principal component
(PC), shows large amplitude during the strong El Niño
events of 1982/83 and 1997/98 (not shown). EOF2 ac-
counts for 10% of the variance and explains variability
concentrated more in the central Pacific Ocean (Fig.
1b). Its PC has maximum correlation with PC1 at a
10-month lead (0.46), thereby displaying precursory
conditions to an El Niño event, with warming in the
central Pacific Ocean. Higher-order EOFs exhibit more
complicated horizontal structure and explain progres-
sively less SST variance. However, because individual
El Niño (and La Niña) events evolve in different ways,
more than two EOFs are retained in order to describe
more fully the evolution of slowly varying SST. A break
in the SST eigenvalue scree plot, as defined using the
criterion of North et al. (1982), between modes 9 and 10
also provides a natural cutoff for selection for the num-
ber of retained modes.

The coupled component of atmospheric variability is
defined by the linear regression at each grid point, i,
between the observed atmospheric anomaly field, y�,
and the PCs of the retained SST EOFs (ej). The “sta-
tistically” coupled component (or “signal”) of y� is then
given by

ŷi�t� � �
j

ai, j � bi, j ej�t�,

where the regression constants ai, j are zero as a result of
the use of anomaly data. Because the principal compo-
nents ej are orthogonal in time (i.e., there is no cross
correlation between the ej), the regression coefficients
bi,j are simply the univariate regression of yi onto each ej.

The regression of OLR onto EOF1 of SST, which
accounts for �84% of the covariability of OLR with
SST, describes the large-scale convection anomalies as-
sociated with the mature phase of El Niño (Fig. 1a).
Negative OLR near the date line reflects the eastward
shift of the ascending branch of the Walker circulation
from the Maritime Continent to the central Pacific
Ocean (e.g., Prabhakara et al. 1985). Suppressed con-
vection (positive OLR), associated with dry conditions
in Indonesia and northern Australia characteristic of an
El Niño event, occurs over the Maritime Continent.
The coupled nature of the low-frequency variability in
the tropical Pacific is also apparent in the regression of
OLR onto the second SST PC, which accounts for
about 7% of their covariance. Negative OLR anomalies
reside over the warm SSTs in the central Pacific (Fig.
1b), alluding to the fact that anomalously warm tropical
SSTs are more conducive to supporting deep tropical
atmospheric convection.
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Summing the individual regressions over the nine re-
tained SST PCs forms what we term the “coupled”
component of OLR. These nine modes account for
96% of the covariability between the OLR and SST
fields. The percentage of variability of the total OLR
anomaly field explained by the coupled signal is large
over the central and eastern equatorial Pacific Ocean
(Fig. 2a), which is an area clearly dominated by ENSO
variability. A coupled signal is also evident over the

Maritime Continent, which is also an area where ENSO
exerts significant influence (i.e., Indonesia typically ex-
periences drought during El Niño). Interestingly, little
coupled variability is evident in the Indian Ocean.

b. Uncoupled convective variability

Weather noise in this study is represented by the
residual produced when the coupled component is sub-
tracted from the original anomaly field. This residual is

FIG. 1. EOFs 1 and 2 of SST anomaly (shading). Regression coefficients of OLR anomaly with the respective SST
PCs are overlaid (contours). For SST, the shading interval is 0.4 K, with the first level at 0.2 K. Light (dark) shading
indicates positive (negative) values. For OLR, the contour interval is 4 W m�2, with negative values dashed and
the zero contour omitted.

FIG. 2. Percentage of the total (a) OLR and (b) surface zonal wind anomaly variance explained by the
respective coupled signal component. The contour interval is 10%.
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