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ABSTRACT

Westerly wind bursts (WWBSs) in the equatorial Pacific occur during the development of most El Nifo
events and are believed to be a major factor in ENSO’s dynamics. Because of their short time scale, WWBs
are normally considered part of a stochastic forcing of ENSO, completely external to the interannual ENSO
variability. Recent observational studies, however, suggest that the occurrence and characteristics of WWBs
may depend to some extent on the state of ENSO components, implying that WWBs, which force ENSO,
are modulated by ENSO itself.

Satellite and in situ observations are used here to show that WWBs are significantly more likely to occur
when the warm pool is extended eastward. Based on these observations, WWBs are added to an interme-
diate complexity coupled ocean—atmosphere ENSO model. The representation of WWBs is idealized such
that their occurrence is modulated by the warm pool extent. The resulting model run is compared with a run
in which the WWBs are stochastically applied. The modulation of WWBs by ENSO results in an enhance-
ment of the slow frequency component of the WWBs. This causes the amplitude of ENSO events forced by
modulated WWBs to be twice as large as the amplitude of ENSO events forced by stochastic WWBs with
the same amplitude and average frequency. Based on this result, it is suggested that the modulation of
WWBs by the equatorial Pacific SST is a critical element of ENSO’s dynamics, and that WWBs should not
be regarded as purely stochastic forcing. In the paradigm proposed here, WWBs are still an important
aspect of ENSO’s dynamics, but they are treated as being partially stochastic and partially affected by the
large-scale ENSO dynamics, rather than being completely external to ENSO.

It is further shown that WWB modulation by the large-scale equatorial SST field is roughly equivalent to
an increase in the ocean—atmosphere coupling strength, making the coupled equatorial Pacific effectively
self-sustained.

1. Introduction

Westerly wind bursts (WWBs), defined roughly as
westerly gusts in the equatorial Pacific with a strength
of at least 7 m s~ ' and duration of 5-20 days (cf. Har-
rison and Vecchi 1997), occur about 3 times per year on
average with higher occurrence associated with El Nifio
events (Verbickas 1998). They have been linked to a

Corresponding author address: lan Eisenman, Dept. of Earth
and Planetary Sciences, Harvard University, Cambridge, MA
02138.

E-mail: eisenman@fas.harvard.edu

© 2005 American Meteorological Society

variety of atmospheric phenomena including paired
and individual tropical cyclones (Keen 1982), cold
surges from midlatitudes (Chu 1988), the convectively
active phase of the Madden—Julian oscillation (Chen et
al. 1996; Zhang 1996), or a combination of all three (Yu
and Rienecker 1998).

WWBs cause downwelling Kelvin waves, clearly ob-
servable in buoy data, that propagate eastward and are
associated with warming (McPhaden et al. 1988). It
therefore makes sense to expect that WWBs may be
involved with the onset of El Nifio events (Latif et al.
1988; Lengaigne et al. 2004; Luther et al. 1983; Perigaud
and Cassou 2000). Indeed, WWBs have been observed
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to occur in association with the onset of every signifi-
cant El Nifio event for the past 50 years (Kerr 1999;
McPhaden 2004). Observational studies have demon-
strated that sea surface temperature (SST) anomalies
increase in response to WWBs (Vecchi and Harrison
2000) and that WWBs occur more frequently and en-
ergetically, and extend farther eastward, prior to and
during El Nifio events (Delcroix et al. 1993; Harrison
and Vecchi 1997; McPhaden 1999; Vecchi and Harrison
2000; Verbickas 1998). In models, El Nifio’s first sto-
chastic optimal (the spatial structure of surface ocean
forcing that leads to the greatest interannual variabil-
ity) has been suggested to resemble the structure of a
WWB (Moore and Kleeman 1999), although this result
appears to be largely model dependent (Blumenthal
1991; Fan et al. 2000; Moore and Kleeman 1996, 2001;
Penland and Sardeshmukh 1995; Xue et al. 1997).

The role of WWBs in the dynamics of El Nifio—
Southern Oscillation (ENSO), while clearly important,
remains elusive. Although the evidence described
above strongly suggests their importance to ENSO,
some reliable ENSO hindcasts have been obtained
without including WWBs (e.g., Chen et al. 2004). Fur-
thermore, the exceptionally large El Nifio of 1997-98,
whose occurrence and amplitude were not well pre-
dicted by most models (Barnston et al. 1999; Landsea
and Knaff 2000), had an unusually high occurrence of
WWBs (McPhaden 1999; Vecchi and Harrison 2000).

Because of their short time scale, WWBs are nor-
mally thought of as external to equatorial Pacific inter-
annual variability and are thus treated in models as part
of the stochastic forcing of ENSO. Stochastically forced
ENSO models are typically either forced by noise that
is effectively white in time and spatially projected di-
rectly onto the first stochastic optimal (e.g., Moore and
Kleeman 1999), noise that is white in both time and
space (e.g., Thompson and Battisti 2000), or noise with
stationary statistics based on atmosphere and SST ob-
servations (e.g., Eckert and Latif 1997). Assuming that
the stochastic forcing is stationary in time (or seasonally
dependent) is equivalent to the assumption that the
occurrence of WWBs does not depend on interannually
varying ENSO components.

Recent observational studies, however, suggest that
the occurrence of WWBs may depend to some extent
on the state of the interannually varying ENSO com-
ponents. Yu et al. (2003) used a blend of observations
in a case study of several El Nifio and La Nifia events to
suggest that WWBs are more prone to occur when the
tropical Pacific warm pool, whose location is dominated
by ENSO, is extended. Vecchi and Harrison (2000)
found a highly significant relationship between warm
central equatorial Pacific SST and the occurrence of
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WWBs when the Nifio-3 index (average eastern tropi-
cal Pacific SST) is close to normal. McPhaden (1999)
observed that strong equatorial surface winds occurred
only over areas with SST greater than 29°C and that
WWBs seemed to migrate eastward in tandem with the
29° SST isotherm during the 1997-98 El Nifio. All of
these studies suggest that the occurrence and charac-
teristics of WWBs may depend to some extent on the
state of the interannually varying ENSO components.

The purpose of this paper is to demonstrate the ef-
fects on ENSO dynamics when WWBs are modulated
by the large-scale SST in the equatorial Pacific, and
hence by ENSO. Motivated by observations, we thus
call into question the common practice of treating
WWBs as a stochastic forcing in ENSO models. We
argue that regarding WWBs not as external forcing, but
rather as a forcing element whose occurrence and char-
acteristics are modulated by the ENSO cycle, makes a
very significant difference in the effect these events
have on ENSO. Specifically, we find that WWB events
modulated by the SST force an ENSO response twice
as large as the response to the same average number of
WWRB events that are completely stochastic. We there-
fore conclude that it is critical to understand and ac-
count for the dependence of WWB events on the large-
scale SST and hence ENSO.

The role of WWBs is also relevant to the issue of
ENSO’s irregularity. The two main hypothesized mech-
anisms to explain the irregularity are, first, stochastic
forcing (Kessler 2002; Kleeman and Moore 1997,
Moore and Kleeman 1996, 1999; Penland and Sardesh-
mukh 1995; Thompson and Battisti 2000) amplified by
the nonnormal ENSO dynamics (Farrell 1988) and, sec-
ond, deterministic low-order chaos (Chang et al. 1994;
Jin et al. 1994; Tziperman et al. 1994, 1995). If WWBs
are purely stochastic (i.e., additive noise), ENSO’s ir-
regularity may be due to this noise forcing. If they are
regulated by the large-scale SST, however, the results
can be quite different. We show here that when WWBs
are determined by the SST their inclusion is roughly
equivalent to an enhancement of the ocean—atmo-
sphere coupling strength, which can lead to self-
sustained ENSO events and even chaotic ENSO behav-
ior driven by the deterministic WWBs and the seasonal
cycle. In a sense (which we try to make more explicit
below), one could think of WWBs as being multiplica-
tive noise rather than additive noise. That is, the char-
acteristics of the noise are random, but they still depend
on the state of the system.

We discuss in this study the implications of our find-
ings for the construction of ENSO models. A common
procedure for dealing with the relation of the wind to
the SST involves deriving a statistical atmospheric
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model that represents the part of the wind stress that is
linearly correlated with the SST, and then possibly add-
ing a purely stochastic forcing on top of that. We at-
tempt in the following to explain that this procedure
may not be adequate should the WWBs indeed be
modulated by the warm pool location and that the pro-
cedure would result in a biased representation of the
effects of the WWBs.

It is worth emphasizing that this paper is not about a
detailed realistic simulation of WWB events and their
influence on ENSO. Rather, in the tradition of using
conceptual models for understanding mechanisms of
climate dynamics, we are including highly idealized
WWBs in the Cane-Zebiak (CZ) coupled ocean-
atmosphere model (Zebiak and Cane 1987) to contrast
two extreme and likely unrealistic scenarios. In one,
WWBs are completely stochastic and not affected by
the large-scale SST. This is the way WWBs are typically
modeled, but we argue that it disagrees with evidence
from observations. The other scenario investigated
here, extreme in the opposite direction, is one in which
WWB events are modulated in a purely deterministic
way by the large-scale SST (roughly, we impose WWBs
whenever the warm pool is extended). We believe that
the most realistic scenario lies somewhere in between
these extreme cases. The purpose of this paper is to
examine these asymptotic limits of the problem in order
to shed light on the role of WWBs that have a stochastic
element in their characteristics and occurrence but are
affected by the structure of the large-scale SST. We
emphasize that while we are proposing that WWB
events are not to be treated as a purely external sto-
chastic forcing of ENSO, we are still suggesting that
they are an essential component of the ENSO system.

In section 2, we describe observational evidence that
WWBs are modulated by ENSO. This is followed by a
description of the model (Zebiak and Cane 1987) and
some technicalities of parameterizing the modulation of
WWBs by ENSO (section 3). Experiments in which
WWBs are prescribed to be either modulated by the
large-scale SST or purely stochastic are described and
compared in section 4. We discuss the implications of
our proposed paradigm for the role of WWB events
to the construction of statistical atmospheric models,
and to the issue of whether ENSO responds linearly or
nonlinearly to WWBs, in section 5. We conclude in
section 6.

2. Observational evidence of WWB modulation by
ENSO

The increased occurrence of WWBs prior to and dur-
ing most El Nifio events has been observed and noted
in the past (e.g., Delcroix et al. 1993; Keen 1982; Luther
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FiG. 1. Evidence for the modulation of WWBs by warm pool
extension in high-resolution satellite data. Equatorial westerly
wind anomalies u,,,,, = 4 ms~ ' (shading) from QuikSCAT su-
perimposed on warm pool extension (contour line) as measured
by the 29°C total SST isotherm from TMI. The dashed line marks
the date line. WWBs (patches of dark shading in figure; see dis-
cussion of the spectrum of WWB definitions in section 2) appear
to occur more frequently when the warm pool is extended.

et al. 1983; Vecchi and Harrison 2000; Verbickas 1998).
We begin here with an analysis of high-resolution sat-
ellite observations suggesting that WWBs are indeed
affected by ENSO. We show that their time of occur-
rence, longitudinal extent, location, and amplitude ap-
pear to be modulated by the warm pool extension. The
satellite data, however, spans only a fairly short time
period. For this reason, we turn to longer running in
situ buoy measurements from the tropical Pacific,
which do not resolve WWBs as fully but allow us to
make rough quantitative estimates of the dependence
of WWB occurrence on the warm pool. The discussion
of observations in this section motivates our modeling
experiments presented below.

Consider first Fig. 1, which shows the location of
WWBs superimposed on the warm pool as measured by
the region with SST greater than 29°C. Winds are re-
trieved from the SeaWinds scatterometer onboard the
Quick Scatterometer (QuikSCAT) satellite, and SST
measurements are from the Tropical Rainfall Measur-
ing Mission (TRMM) Microwave Imager (TMI). The
two datasets are daily products with spatial resolution
of 0.25° by 0.25°. The winds were smoothed with a
3-day running mean, and the SST was smoothed onto a
15-day grid. It is clear from this figure that most WWBs
occur when the warm pool is extended. The events hap-
pen preferentially during El Nifio years and are clus-
tered into groups of consecutive bursts. Note that the
zonal extent of WWBs also appears to be larger when
the warm pool is extended. Using a somewhat different
isotherm as a measure for the warm pool extent leaves
this picture qualitatively unchanged.

The correlation between warm pool displacement
and the easternmost longitude of 5 m s™! westerly wind
is presented in Fig. 2. The correlation coefficient is 0.62
based on 778 pairs.







































