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[1] In this paper, the conceptual recharge oscillator model
for the El Niño-Southern Oscillation phenomenon (ENSO)
is utilized to study the influence of fast variability such as
that associated with westerly wind bursts (WWB) on
dynamics of ENSO and predictability. The ENSO-WWB
interaction is simply represented by stochastic forcing
modulated by ENSO-related sea surface temperature
(SST) anomalies. An analytical framework is developed to
describe the ensemble-mean dynamics of ENSO under the
stochastic forcing. Numerical ensemble simulations verify
the main results derived from the analytical ensemble-mean
theory: the state-dependent stochastic forcing enhances the
instability of ENSO and its ensemble spread, generates
asymmetry in the predictability of the onsets of cold and
warm phases of ENSO, and leads to an ensemble-mean bias
that may eventually contribute to a climate mean state bias.
Citation: Jin, F.-F., L. Lin, A. Timmermann, and J. Zhao (2007),

Ensemble-mean dynamics of the ENSO recharge oscillator under

state-dependent stochastic forcing, Geophys. Res. Lett., 34,

L03807, doi:10.1029/2006GL027372.

1. Introduction

[2] The slow deterministic dynamics of the El Niño-
Southern Oscillation (ENSO) phenomenon have been
extensively explored using conceptual and intermediate
models [e.g., Anderson and McCreary, 1985; Cane and
Zebiak, 1985; Suarez and Schopf, 1988; Battisti and Hirst,
1989; Philander, 1990; Jin, 1997]. These studies consis-
tently suggested that deterministic ENSO dynamics are
governed by the leading coupled oscillatory modes in the
tropical Pacific. However, a number of studies suggested
that the Madden-Julian Oscillation (MJO), westerly wind
bursts (WWB), and North-Pacific Oscillation (NPO), may
all have significant impacts on ENSO variability and pre-
dictability [e.g., Kessler et al., 1995; Kleeman and Moore,
1997; Moore and Kleeman, 1999; Perigaud and Cassou,
2000; Zhang et al., 2001; Zhang and Gottschalck, 2002;
Yu et al., 2003; Lengaigne et al., 2004; McPhaden, 2004;
Vimont et al., 2001; Zavala-Garay et al., 2005]. More-
over, not only is ENSO dependent on fast atmospheric
variability, but MJO and WWB activity is modulated by
temperature anomalies in the central equatorial Pacific
[Keen, 1982; Luther et al., 1983; Gutzler, 1991; Kessler

et al., 1995; Kessler and Kleeman, 2000; Vecchi and
Harrison, 2000; Yu et al., 2003; Eisenman et al., 2005;
Perez et al., 2005]. As conjectured by Keen [1982], Lukas
[1988] and Lengaigne et al. [2004], an individual MJO/
WWB can shift the warm pool eastward, making it more
likely for more MJO/WWB events to be generated and thus
further extensions of the warm water front and develop-
ments of Kelvin pulses, which may contribute to the
generation of a mature El Niño event. This type of fast
and coupled interaction, which can be parameterized in
terms of a multiplicative noise source, may have an impor-
tant influence on ENSO predictability [Lengaigne et al.,
2004], the instability of ENSO [Eisenman et al., 2005], and
the statistical probability distribution of ENSO [Perez et al.,
2005]. The aim of our study is to develop a new theoretical
framework that captures and synthesizes these effects and
illustrates the main qualitative differences between the
additive [e.g., Penland and Sardeshmukh, 1995; Thompson
and Battisti, 2000; Zavala-Garay et al., 2005] and state-
dependent (multiplicative) stochastic forcing on the
dynamics of ENSO.

2. ENSO Recharge Oscillator Forced By Additive
and Multiplicative Noise

[3] As exemplified by numerous studies, the fast atmo-
spheric fluctuations associated with the MJO/WWB activity
alter the tropical thermocline depth and SST by triggering
oceanic Kelvin waves and affecting the ocean currents and
heat fluxes. The slow variations of the ocean thermal
conditions also modulate the atmospheric fast variability.
These type of interactions can be mathematically described
in terms of state-dependent noise forcing – the so-called
multiplicative noise [Blauboer et al., 1982; Timmermann
and Lohmann, 1999]. Conceptually, similar approaches
were adopted recently by Jin et al. [2006] such as to capture
the feedbacks between synoptic eddies and the low-
frequency flows in the extratropical atmospheric circulation.
[4] Here, we adopt the same conceptual approach and a

highly idealized model to study the interaction between fast
MJO/WWB variations and the slow dynamics of ENSO. Let
us consider the following simple recharge oscillator model
of ENSO with an ad hoc stochastic multiplicative forcing
term:

dT

dt
¼ �lT þ whþ sx tð ÞG;

dh

dt
¼ �wT � asx tð ÞG; dx

dt
¼ �rx þ w tð Þ:

ð1Þ

This form of the equations can be justified following Jin
[1997] and Burgers et al. [2005]. Here T and h represent the
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