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Abstract Synoptic wind events in the equatorial Pacific
strongly influence the EI Nifio/Southern Oscillation
(ENSO) evolution. This paper characterizes the spatio-tem-
poral distribution of Easterly (EWEs) and Westerly Wind
Events (WWESs) and quantifies their relationship with intra-
seasonal and interannual large-scale climate variability. We
unambiguously demonstrate that the Madden—Julian Oscil-
lation (MJO) and Convectively-coupled Rossby Waves
(CRW) modulate both WWEs and EWEs occurrence prob-
ability. 86 % of WWESs occur within convective MJO and/
or CRW phases and 83 % of EWEs occur within the sup-
pressed phase of MJO and/or CRW. 41 % of WWEs and
26 % of EWEs are in particular associated with the com-
bined occurrence of a CRW/MJO, far more than what
would be expected from a random distribution (3 %). Wind
events embedded within MJO phases also have a stronger
impact on the ocean, due to a tendency to have a larger
amplitude, zonal extent and longer duration. These find-
ings are robust irrespective of the wind events and MJO/
CRW detection methods. While WWEs and EWEs behave
rather symmetrically with respect to MJO/CRW activity,
the impact of ENSO on wind events is asymmetrical. The
WWEs occurrence probability indeed increases when the
warm pool is displaced eastward during El Nifio events, an
increase that can partly be related to interannual modula-
tion of the MJO/CRW activity in the western Pacific. On
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the other hand, the EWEs modulation by ENSO is less
robust, and strongly depends on the wind event detection
method. The consequences of these results for ENSO pre-
dictability are discussed.
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1 Introduction

The El Nifio Southern Oscillation (ENSO) is the domi-
nant mode of interannual climate variability at the global
scale. ENSO’s trademark anomalies are anomalously warm
Sea Surface Temperatures (SSTs) and anomalously weak
easterlies in the central and eastern equatorial Pacific. El
Nifio has worldwide impacts (e.g. McPhaden et al. 2006a)
through teleconnections between equatorial Pacific tem-
perature and the global atmospheric circulation (Trenberth
et al. 1998). Because of its socio-economic consequences,
modelling and forecasting ENSO is of crucial importance
and remains a key challenge (Barnston et al. 2012; Vecchi
and Wittenberg 2010; Guilyardi et al. 2012).

The critical mechanism for ENSO’s growth is an unsta-
ble air—sea interaction between SST anomalies in the
central Pacific and the strength of the Walker circulation,
known as the positive Bjerknes feedback (Bjerknes 1969).
One widely accepted mechanism for the delayed nega-
tive feedback that terminates an ENSO was formulated
in the framework of the “recharge oscillator” theory (Jin
1997), where El Nifio wind anomalies drive a Sverdrup
transport out of the equatorial strip, which raise the aver-
age level of the equatorial thermocline and favour a switch
towards La Nifia conditions. In this framework, the upper
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Fig. 1 Averaged 2°N-2°S time-longitude section of a intraseasonal
zonal wind stress, b intraseasonal sea level anomalies, ¢ MJO-related
wind stress signal with detected convective (red contour) and sup-
pressed (blue contour) MJO phases overlaid and d CRW-related
wind stress signal with convective (red contours) and suppressed
(blue contours) CRW phases overlaid, before and during the 1997
El Nifo. The black contour on all panels indicates the eastern edge
of the western Pacific Warm Pool (defined as the 28.5 °C isotherm).
Red and blue circles respectively indicate the detected WWEs and

ocean equatorial heat content is a robust El Nifio precur-
sor (Meinen and McPhaden 2000). Aside this precursor,
other factors are however required to explain the irregu-
larity of ENSO. A large body of literature suggested that
high-frequency wind variability could play an important
role in ENSO dynamics and predictability (Kleeman and
Moore 1999; Zavala-Garay et al. 2005; McPhaden et al.
2006b; Shi et al. 2009; Wang et al. 2011). A large part of
this high-frequency forcing occurs in the form of Westerly
Wind Events (WWESs), characterized as episodes of anoma-
lous, short-lived, but strong westerlies developing over the
western Pacific warm pool (e.g. Luther et al. 1983; Leng-
aigne et al. 2004a). These WWEs promote the onset and/or
development of El Nifio events (Fedorov 2002; Boulanger
et al. 2004; Lengaigne et al. 2004b) and to contribute to the
irregularity of ENSO, in terms of timing (its broad spec-
trum ranging between 2 and 7 years; e.g. Gebbie et al.
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EWE:s central dates and longitudes, the size of the circle being pro-
portional to WWES/EWEs strength depicted as the non-dimensional
Wind Event Index (see Sect. 3.1 for details). The dotted black box on
(a) indicates the spatio-temporal domain over which SLA response
shown in Fig. 3a, b is averaged (see text for details). The dotted black
box on (b) indicates the spatio-temporal domain over which wind
stress forcing along the wave track used in Fig. 3b is averaged (see
text for details). Note that the strong December 1996 and March 1997
WWEs were both associated with a convective MJO and CRW

2007; Jin et al. 2007), magnitude (Eisenman et al. 2005;
Gebbie et al. 2007) and spatial patterns (Fedorov et al.
2015; Hu et al. 2014; Lian et al. 2014).

Because of their role in ENSO dynamics, several stud-
ies have offered detailed descriptions of the wind field evo-
lution during individual WWEs (Chang et al. 1979; Chen
and Houze 1997; Eldin et al. 1994; Keen 1982; Lin and
Johnson 1996; Love 1985) or of the statistics of WWEs
characteristics based on a larger number of events (Har-
rison and Giese 1991; Hartten 1996; Harrison and Vecchi
1997; Verbickas 1998; Fasullo and Webster 2000; Seiki and
Takayabu 2007a, b). These studies show that WWEs are
generally associated with enhanced clouds and precipita-
tion and preferentially occur over the western Pacific warm
pool during boreal winter and spring. They typically have a
2040 degrees zonal extent, 5—-10 degrees meridional scale,
5-30 days duration and 5-7 m s~ amplitude.
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The oceanic response to WWE:s is illustrated on Fig. la,
b for the case of a series of well documented WWEs
(McPhaden and Yu 1999; McPhaden 1999; Yu and Rie-
necker 1998; van Oldenborgh 2000; Bergman et al. 2001;
Lengaigne et al. 2002, 2003, 2004b; Boulanger et al. 2001,
2004; Menkes et al. 2014), which occurred prior and during
the development of the 1997/98 EI Nifio event, the strongest
on record. Most WWE:s (red circles on Fig. 1a) drive east-
ward anomalous currents and an anomalously deep thermo-
cline signals (Fig. 1b), both locally under the wind pertur-
bation and further eastward along the Kelvin downwelling
wave path (Boulanger and Menkes 1999; McPhaden 2002).
The most intense WWE in this series occurred in March
1997 (Fig. 1a) and was followed by a rapid eastward dis-
placement of the Western Pacific Warm Pool Eastern Edge
(hereafter, WPEE, black solid line on Fig. 1), that has been
attributed to zonal advection by anomalous eastward cur-
rent (Boulanger et al. 2001; Lengaigne et al. 2002; Chiodi
et al. 2014).

While WWEs are synoptic events that are unpredict-
able at long lead times, there is a growing body of obser-
vational evidence showing that their probability of occur-
rence is modulated by low-frequency SST variability,
with more likely WWEs prior to and during most El Nifio
events (e.g., Keen 1982; Luther et al. 1983; Delcroix et al.
1993; Verbickas 1998; Vecchi and Harrison 2000; Seiki
and Takayabu 2007a), i.e. when the warm pool is anoma-
lously extended eastward (Eisenman et al. 2005; Gebbie
et al. 2007). Modelling studies support these observational
findings and show that eastward displacement of the WPEE
favours the WWESs occurrence (Lengaigne et al. 2003; Vec-
chi et al. 2006). This air—sea coupled dynamical process, in
which the WWE-driven eastward expansion of the WPEE
enhances the probability of further WWEs occurrence,
could partly explain the diversity of ENSO characteristics
(Eisenman et al. 2005; Tziperman and Yu 2007; Jin et al.
2007; Gebbie and Tziperman 2009a, b).

WWE:s basic characteristics and their relationship with
tropical Pacific background SST are well documented but
their root causes are still debated. An important fraction
of intraseasonal wind and convective variability over the
western Pacific warm-pool is controlled by the Madden—
Julian Oscillation (Madden and Julian, 1971, 1972, 1994),
making it a serious candidate for WWEs modulation. The
MJO is the dominant source of intraseasonal (30-90 days)
atmospheric variability in the tropical Indo-Pacific region.
This tropic-wide phenomenon is associated with large-
scale variations in wind and atmospheric convection (wave
number 1 and 2), which propagate eastward with an aver-
age speed of 5 m s~!. The clearest MJO surface signature
occurs over warm SSTs that sustain deep atmospheric
convection (SST > 28.5 °C, e.g. Gadgil et al. 1984), i.e.
in the Indo-Pacific warm pool region, and near the Pacific

Intertropical and South Pacific Convergence Zones (Zhang
2005). In the lower troposphere, the convective phase of the
MJO is associated with anomalous westerly winds in and
to the west of the large-scale convective centre, and anoma-
lous easterly winds to the east. Previous studies have shown
that the MJO activity also shift eastwards into the central
Pacific as El Niflo develops (e.g., Hendon et al. 1999; Berg-
man et al. 2001; Kessler 2001; Zhang and Gottschalck
2002; McPhaden et al. 2006b). This expansion can largely
be related to the eastward expansion of the warm pool
before El Nifio events, which allows the MJO to express its
surface signature over a larger zonal fetch (Kessler 2001).
Some studies have also explored how the MJO may influ-
ence ENSO (e.g. Kessler et al. 1995; Kessler and Kleeman
2000; Roulston and Neelin 2000; Zavala-Garay et al. 2005).
This is not obvious as the MJO is generally thought to have
a symmetric signal in surface forcing, which may not result
in a mean oceanic response over a MJO cycle. Kessler et al.
(1995) however proposed that the eastward expansion of
the warm pool during convective phases of the MJO allows
westerly wind anomalies to act over a larger zonal fetch
than during the suppressed phase, providing an asymmetry
that could produce a non-zero effect of the MJO over one
cycle. Kessler and Kleeman (2000) alternatively show that
the net evaporative cooling of SST, produced by high wind
speeds associated with oscillating winds on a weak mean
flow, results in a flattening of the background zonal SST
gradient that may result in a stronger ENSO.

Contrary to the MJO, WWEs are associated to a mean
westerly wind anomaly that can contribute to ENSO
growth in a more obvious way. An obvious way by which
the MJO could influence ENSO is thus through WWEs
modulation. Many studies did suggest that the MJO indeed
modulates the intensity and frequency of WWEs over the
western Pacific warm waters (Lau et al. 1989; Gutzler
1991; Sui and Lau 1992; Zhang 1996; Lin and Johnson
1996; Chen et al. 1996; Godfrey et al. 1998; McPhaden
1999). The series of strong WWEs that occurred from
December 1996 to July 1997 (Fig. 1a) has for instance been
attributed to the convective phases of a series of unusu-
ally strong MJO events (Fig. Ic, Yu and Rienecker 1998).
The statistical relationship between WWEs and the MJO is
however still debated: the only two studies that did assess
thoroughly this relationship over a long period and a large
set of WWEs indeed disagree (Seiki and Takayabu 2007a;
Chiodi et al. 2014). Both studies acknowledge that WWEs
are more likely to occur during an MJO convective phase
rather than during its suppressed phase. Chiodi et al. (2014)
concluded that the probability of a WWE occurrence
remain the same irrespective of whether the MJO is active
or not (an MJO active period being defined as the envelope
of successive convective and suppressed phases, see Fig. 2b
for a sketch explaining the terminology that we use in this
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Fig. 2 a Wavenumber-Frequency spectrum of the symmetric part of
the OLR at the equator, as in Wheeler and Kiladis (1999). The black
boxes highlight the wavenumber-frequency filtering used for isolat-
ing the Kelvin, Rossby waves and the MJO. b Sketch illustracting
the terminology used for designating the MJO and Rossby waves
various phases throughout the paper. This example is derived from
the MJO index (defined in Sect. 2.3) between March and November
2005. “Convective” phases (red lines) are defined as index values
exceeding one standard deviation. “Suppressed” phases (blue lines)

paper). In contrast, Seiki and Takayabu (2007a) results
suggest that large-amplitude active MJO periods are espe-
cially conducive to WWEs. These later results echo those
of Fasullo and Webster (2000) who suggested that brief
WWEs (6-30 days) occur frequently, independently of the
MIJO, while sustained WWEs are strongly associated with
the MJO convective phase. The reason behind the disagree-
ment between Seiki and Takayabu (2007a) and Chiodi et al.
(2014) results remain to date unravelled.

The root cause for convective blow-ups and WWEs over
Pacific warm waters has not only been attributed to MJO
events but also to the occurrence of twin or individual trop-
ical cyclones (Keen 1982; Love 1985; Nitta 1989; Lander
1990). The majority (>60 %) of the WWEs that are west of
the dateline are in fact related to cyclonic vortices (Harri-
son and Vecchi 2001), and the strongest, longer lasting, and
more horizontally extended WWEs are often those related
to symmetrical pair of cyclones with respect to the equator
(Harrison and Giese 1991; Hartten 1996). These cyclones
pairs often appear as the result of atmospheric Convec-
tively-coupled Rossby Waves (hereafter CRW) as sug-
gested by Seiki and Takayabu (2007a). CRW result from
the coupling between atmospheric convection and equato-
rial waveguide dynamics, and are characterized by periods
of 15-20 days and westward propagating signals at about
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are defined as index values below minus one standard deviation.
“Active” phases (dotted lines) are defined as the enveloppe of a series
of closely-occuring convective and suppressed phases. Periods within
an active period that are neither convective nor suppressed are refered
as “transition” periods. Finally, periods in white are refered as “neu-
tral” phases. The example above is provided for the MJO, but Rossby
waves display similar “active” phases that contain both convective,
suppressed and transition periods

5-7 m s~ (Wheeler and Kiladis 1999; Yang et al. 2007).
The convective phase of CRW is associated with anoma-
lous westerly winds at the equator with maximum ampli-
tude over the Indian Ocean and western pacific in boreal
spring. CRW and the MJO are not completely independent,
as CRW are often dynamically part of the MJO life cycle
(e.g. Rui and Wang 1990). The composite analysis of Seiki
and Takayabu (2007a) show that intensified Rossby wave
activity with symmetrical cyclone like vortices on each side
of the equator is a common feature associated with WWEs
occurrence, but this study did however not quantify the per-
centage of WWE:s associated with such CRW.

While most studies have so far focussed on WWEs and
their impact on ENSO, a recent study (Chiodi and Harri-
son 2015) underlined that counterparts to WWEs exist as
surges in the easterly wind stress. These events, referred to
as Easterly Wind Events (EWESs) in the following, have an
average duration, amplitude and zonal extent roughly sim-
ilar to those of WWEs. The blue circle in February 1997
on Fig. la indeed illustrates the occurrence of a moder-
ate EWE. Chiodi and Harrison (2015) suggest that, sym-
metrical to the impact of WWEs on El Nifio, EWEs may
contribute to cold tongue cooling during La Nifia events.
Along the same line, Lengaigne et al. (2006) suggested
that central Pacific EWEs can contribute to warm events
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termination and reversal into neutral or La Nifia conditions.
Boulanger et al. (2004) also underlined that high-frequency
easterly wind pulses contributed to the amplitude and tim-
ing of the 1997-1998 warm event. Finally, Chiodi and
Harrison (2015) suggest that, as WWEs, EWEs vary with
ENSO state, with an increase probability of EWEs occur-
rence during cold conditions. EWEs have however so far
received less attention than their westerly counterparts and
their relationship with atmospheric phenomena such as
MJO and CRW have not yet been investigated.

Owing to the potential importance of WWEs and EWEs
on the tropical Pacific evolution, there is a need to better
identify the main processes that modulate their occurrence
in order to ultimately improve their prediction. As detailed
above, the relationship between wind events and atmos-
pheric phenomena such as MJO/CRW remain controversial
or elusive. The present paper aims at providing a clearer
picture of the relationship between these short-lived wind
events and the MJO, CRW and background SST. The data-
sets and methods used to define the wind events (EWEs
and WWESs) and atmospheric waves (MJO and CRW)
are described in Sect. 2. Section 3 then assesses the main
characteristics (amplitude, seasonality, location) of these
detected events and proposes a new index to describe their
potential impact on the ocean. In Sect. 4, we demonstrate
a clear modulation of wind events by both the MJO and
CRW, which is quite symmetric for EWEs and WWEs. We
also demonstrate the robustness of our results, by varying
detection thresholds and methods for both wind events and
atmospheric wave. In Sect. 5, we evaluate the relationship
between WWEs/EWEs and interannual background SST
variability. We find that WWESs probability increases dur-
ing El Nifio events, in agreement with previous studies.
The effect of interannual variability on EWEs is however
not robust with respect to the wind event detection method,
indicating a more asymmetric effect of interannual than of
intraseasonal variability on wind events. A discussion of

the present findings in the light of previous studies and of
their potential implications is finally provided in Sect. 6.

2 Datasets and methods
2.1 Datasets

We use TropFlux daily zonal wind stresses (Praveen Kumar
et al. 2012, http://www.incois.gov.in/tropflux/) on a 1° x 1°
degree grid over the 1979-2014 period to detect WWEs
and EWEs. TropFlux wind stresses are computed using
the COARE v3.0 algorithm, using bias and amplitude-
corrected ERA-Interim surface meteorological data (Dee
et al. 2011). A comparison between the TropFlux product
and in situ observations (TAO moorings) indicates that this
product is amongst the best at intraseasonal timescales,
with correlations above 0.95 in the equatorial western and
central Pacific. We also use the NOAA daily-interpolated
OLR from January 1974 to December 2013 (http://www.
esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html)  to
describe deep atmospheric convective signals associated
with these wind events and TropFlux SST to describe the
background SST conditions. Finally, we use weekly sea
level anomaly from AVISO with a 1/4° x 1/4° spatial reso-
lution from 1992 to 2014 (http://www.aviso.oceanobs.com/
en/data/products/) in order to assess their oceanic signature.

2.2 Wind events detection method

Several authors have developed WWEs detection algo-
rithms in the past, using various criteria (Hartten 1996;
Harrison and Vecchi 1997; Seiki and Takayabu 2007a).
Those criteria and methods are summarized in Table 1. In
the present paper, we are interested by wind events that are
likely to have a significant oceanic impact. We will there-
fore focus on events that have an equatorial signature, as

Table 1 Different methods used to detect westerly wind events in the literature

Studies Hartten (1996) Harrison and Vecchi Seiki and Takayabu Chiodi et al. (2014) Current study
(1997) (2007a)

Field 1000 mbar zonal wind 10 m wind 10 m wind 10 m wind Zonal wind stress

Product ECMWEF/WMO ECMWEF analysis ERA-40 ECMWEF analysis Tropflux

Filtering (anomaly)  Raw field Relative to seasonal Relative to seasonal Relative to seasonal Intraseasonal
cycle cycle cycle (5-90 days)

Period 1980-1989 1986-1995 1979-2002 1986-2010 1979-2012

Min duration 2 days 3 days 2 days 3 days 5 days

Min Zonal extent 10° Averaged in 30° boxes 10° Averaged in 30° boxes 10°

Min magnitude 5ms”! 2ms~! 5ms”! 2ms~! 0.04 N m™2

# of detected WWEs ~15/years ~16/years ~8/years ~11/years ~6/years
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only these events are likely to force equatorial waves. We
will use wind stress rather than wind speed for their detec-
tion because wind stress is a direct measure of the surface
momentum flux and wind speed is non-linearly related to it.
Another difference with previous studies is that wind events
are identified from intraseasonally filtered (5-90 day) wind
stresses rather than absolute winds (e.g., Hartten 1996,
Table 1) or anomalies relative to the seasonal cycle (e.g.,
Harrison and Vecchi 1997; Seiki and Takayabu 2007a,
Table 1). We will discuss how this choice may affect our
results in Sect. 5. Our motivation for using intraseasonally
filtered wind stresses is twofold. First, at timescales longer
than ~90 days (i.e. the time it takes for a Kelvin wave to
cross the basin), there tends to be a balance between zonal
wind stress and zonal pressure gradients (McPhaden and
Taft 1988; Yu and McPhaden 1999). Our filtering strategy
is therefore motivated by the fact that we are mostly inter-
ested in shorter variations that will induce a disequilibrium
between the two and an ocean response. Second, using raw
winds or even interannual anomalies will computationally
induce more WWEs (EWEs) detection during El Nifio (La
Nifia) events when there are low-frequency westerly (east-
erly) wind anomalies. We will hence be able to evaluate
if the tendency to have more WWEs before/during ENSO
underlined in previous studies from a detection method
using interannual anomalies is still observed if wind events
are detected on the basis of intraseasonally filtered wind
stresses.

As in most previous studies (Hartten 1996; Harrison and
Vecchi 1997; Seiki and Takayabu 2007a; Chiodi et al. 2014,
Table 1), our detection method is based on three thresh-
olds: zonal extension, duration and magnitude of the wind
event. Previously used magnitude thresholds criteria range
from 2 m s~! (Harrison and Vecchi 1997) to 5 m s~! (Hart-
ten 1996; Seiki and Takayabu 2007a). A 5 m s~! wind cor-
responds to a wind stress of ~ 0.03 N m~? in an atmosphere
with neutral stability (Trenberth et al. 1989). The minimum
duration criteria range from 2 (Hartten 1996; Seiki and
Takayabu 2007a) to 3 days (Harrison and Vecchi 1997;
Chiodi et al. 2014) and the zonal extend is usually taken
as 10°. We decided to use conservative criteria (i.e. rather
strong, long-lasting wind events with a large zonal extent)
to focus on events that are likely to significantly impact the
ocean evolution. The WWE (resp. EWE) are hence defined
as 2°N-2°S averaged intraseasonal (5-90 days) wind stress
anomalies above 0.04 N m~2 (resp. below —0.04 N m~?)
with a zonal extent of at least 10° during at least 5 days.
The standard deviation of the 2°N-2°S averaged zonal
wind stress anomalies is 0.036 N m~2, indicating that the
first criterion roughly picks up wind stress anomalies larger
than one standard deviation. Finally, a last criterion is used
to merge wind events that are close in space or time: wind
stress anomalies patches satisfying the duration, zonal
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extent and magnitude criteria, separated by less than 3 days
and 3° are considered to be a single wind event. The central
location lon0 and date dayO for each wind event are com-
puted using a weighted average as follows:

I [ lon(x).ty(x,1)
lon0 = <1

J [ e, 0)

Xt

[ [ time(t).t(x, 1)
X t
fffx(x, [)
Xt

day0 =

where 1, is the zonal wind stress intraseasonal anomaly and
the space and time integrals are computed over the spatio-
temporal domain of the wind stress patch.

Using this method, we identify 208 WWEs and 197
EWEs over the 1979-2014 period, corresponding to ~6
WWEs and ~6 EWEs per year. This is less than what was
found in Harrison and Vecchi (1997) (~16 WWEs/years)
and Seiki and Takayabu (2007a) (~8 WWEs/years). These
differences are mainly due to our more restrictive magni-
tude criteria that only pick up strong events. The sensitivity
of our results to the WWE detection method will be exten-
sively discussed in Sect. 4.2.2.

2.3 Atmospheric intraseasonal waves detection method

The different atmospheric convectively coupled waves
components are obtained following Wheeler and Kiladis
(1999). This method is illustrated by the wavenumber-fre-
quency spectrum of the symmetric part of the OLR at the
equator displayed on Fig. 2a. This figure demonstrates that
energy preferentially appears along the dispersion diagram
of equatorially trapped waves, with eastward phase prop-
agation at ~10-15 m s~! for convectively coupled Kelvin
waves and westward phase propagation at ~—7 m s~ for
the first baroclinic convectively coupled Rossby waves.
The MJO appears as an extra patch of energy with large
spatial scales (wavenumbers 1-5) and eastward propaga-
tion at ~5 m s~'. As in Wheeler and Kiladis (1999), the
MIJO is defined by space—time filtering in the domain out-
lined on Fig. 2a (westward-propagating wavenumber 1-5,
30-95 days band). The wavenumber-frequency bounda-
ries used for isolating the convectively coupled Kelvin and
Rossby waves (or CRW) correspond to the theoretical dis-
persion curves for the 8 and 90 m equivalent depths, also
depicted on Fig. 2a.

Below, we will focus on MJO and CRW identifica-
tion, as we could not find any relationship between wind
events and convectively coupled Kelvin waves (not shown).
The space—time filtering described above is applied to
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equatorial zonal wind stress to isolate its CRW and MJO
components. The resulting fields are normalized by their
standard deviation computed between 130°E to 160°W,
corresponding to the region where 90 % of the WWEs and
EWEs are detected. The resulting standardized MJO and
CRW related zonal wind stress components are shown on
Fig. lc, d for the 1996-1997 period. Regions above one
standard deviation are considered as convective phases (red
contours on Fig. lc, d, also see sketch on Fig. 2b) while
regions below minus one standard deviation are considered
as suppressed phases (blue contours on Figs. 1lc, d and 2b).
An “active” period is finally defined as the envelope of suc-
cessive convective and suppressed phases (Fig. 2b), and
considered to end when a transition phase is longer than
30 days. We will finally refer to intervals within active peri-
ods that are neither convective nor supressed as “transition”
phases (Fig. 2b). Using these criteria, about 161 (358) con-
vective phases of MJO (CRW) are identified over the 1979—
2013 period, spanning ~16 % of the total period. As shown
on Fig. 1c and discussed in the introduction, the strong-
est MJO activity on record occurred in association with a
series of intense WWEs from December 1996 to July 1997
in the western Pacific. This period was also characterized
by enhanced CRW activity in the central pacific. We will
assess if the modulation of wind events by the MJO and
CRW suggested by Fig. 1 exists over the entire period in
Sect. 4, which will also discuss the sensitivity of our results
to the definition of MJO and CRW phases.

3 Wind events main characteristics

This section first describes a metric that allows estimating
the amplitude of the oceanic response to a wind event and
then discusses the main characteristics of the amplitude,
seasonal and spatial distribution of WWEs and of EWEs.

3.1 An index to characterize the wind events oceanic
impact

Wind events force several distinct oceanic responses.
Locally, they induce evaporative cooling which deepens
and cools the mixed layer (e.g. McPhaden 2002). They also
force eastward propagating Kelvin waves and westward
propagating Rossby waves that are associated with thermo-
cline depth modulation and current anomalies (e.g. Bou-
langer and Menkes 1999). At the eastern edge of the warm
pool, both lateral advection and surface heat fluxes contrib-
ute to SST changes, while the SST change is dominated
by vertical processes (changes in upwelling and mixing)
further east, due to the shallower background thermocline
depth (e.g. Drushka et al. 2015). While the local and remote
SST response can vary substantially due to the changes in

background oceanic situations (e.g. zonal SST gradient),
the Kelvin wave response to the wind event is more robust.
Since this Kelvin wave is generally responsible for a large
part of the SST changes both in the central (through lateral
advection) and eastern (through vertical processes) Pacific,
we will use its sea level responses as an index to character-
ize the ocean response to wind event forcing.

Linear equatorial wave theory provides a framework to
understand the equatorial ocean response to wind stress
forcing. The oceanic response is expected to grow with the
intensity of the forcing (i.e. the wind stress anomaly mag-
nitude), its duration and its zonal fetch (e.g. a larger zonal
patch will influence a Kelvin wave over a longer portion
along its path; see Giese and Harrison 1990). An integra-
tion of the wind events anomalies along the equatorial
waves path would allow to precisely estimate their oce-
anic impact. Here, we chose a simpler “wind event index”
(WEI) to characterize the response of the ocean to a Wind
event. We define the WEI as the space—time integration of
the zonal wind stress anomalies over the wind event patch
J [ tx(x,t).dx.dt. The WEI definition hence integrates the
wind event amplitude, duration and zonal fetch. Once com-
puted for all wind events (both easterly and westerly), the
WEI is normalized by its standard deviation to obtain a
dimensionless index.

Sea level is a precise measure of the amplitude of the
depth-integrated oceanic response to a wind event. Fig-
ure 1b illustrates the sea level anomalies during the onset
of the 1997-1998 El Niiflo, with strong downwelling Kel-
vin waves in response to the intense WWESs occurring in
December 1996 and March 1997 and an upwelling Kel-
vin wave response to the EWE in February 1997. Figure 3
demonstrates the ability of the WEI to efficiently capture
the amplitude of the Kelvin wave response to the wind
event. The Kelvin wave response to wind events is esti-
mated as the average 5-90 day-filtered sea level anoma-
lies along the Kelvin wave path, i.e. within a space time-
domain starting at lon0, day0O and extending for 20 days in
time and up to 40° eastward in space and using a theoretical
speed of 2.5 m s~! (an example of the integration domain
is showed on Fig. 1b). The scatterplot between the WEI of
each detected wind event and this Kelvin wave response
displayed on Fig. 3a demonstrates a tight connection
between these two indices, with a 0.76 correlation between
the SLA response to a wind event and the WEI, signifi-
cant at 95 % (using one-tail ¢ test with a effective degrees
of freedom estimated as in Livezey and Chen 1983). This
strong correlation indicates that the WEI is a reliable meas-
ure of oceanic response to the wind event. Figure 3b shows
that the spread on Fig. 3a largely arises from the additional
wind forcing along the Kelvin wave path, that contributes
to the sea level signal both up- and down-stream of the
wind event. This additional forcing is calculated here as
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Fig.3 a Scatter diagram of the Wind Event Index (WEI, i.e. the
normalized space—time integral of the average 2°N-2°S zonal wind
stress anomaly over the wind event patch; see text for details) against
the observed mean sea level anomaly averaged along the Kelvin wave
path downstream of the wind event (see text for details). Positive WEI
values indicate WWEs while the negative ones indicate EWEs. The
color of each dot represents the integrated wind forcing (excluding

the zonal wind stress anomalies (excluding the wind event
anomalies) averaged along the Kelvin wave path theoreti-
cal speed (2.5 m s~!) between 10 days prior and 10 days
after the wind event (corresponding to 40° in longitude; an
example of the integration domain is showed on Fig. 1a).
A multi-linear fit of the SLA response to the WEI and this
additional forcing results in a 0.92 correlation significant
at the 95 % (Fig. 3b). This analysis hence confirms that
the WEI can be used as a proxy for the strength of ocean
response to the wind event, but indicates that forcing along
the Kelvin wave path outside of the wind event patch also
contributes to the sea level response.

3.2 Wind events characteristics and distribution

In this section, we assess the spatio-temporal characteristics
of WWEs and EWEs detected by our method and briefly
compare our results to the existing literature on that topic.
Figure 4 first allows discussing the average wind event
spatio-temporal structure. The first column of the Fig. 4
displays five composite maps of intraseasonal OLR and
wind stress (5-90 days) anomalies centred on the WWEs
central date and longitude from 8 days prior to 8 days after
the events central date. At day0, WWEs are characterized
by westerly wind stress anomalies with a 30° zonal extent,
associated with a rather symmetrical convective pattern
with respect to the equator. Composite maps at different
lags indicate an eastward propagation of the supressed con-
vection region, at a speed of around 5-7 m s~ consistent
with MJO characteristics. It also confirms that a pair of
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the wind event) along the Kelvin wave track (see text for details). b
Scatter diagram of a linear combination of the normalized WEI and
forcing along the wave track (obtained from a multiple linear regres-
sion, with roughly equal contributions from each) and observed mean
sea level anomaly averaged along the Kelvin wave path downstream
of the wind event

cyclonic wind stress anomalies centred around 10°N and
10°S is a common feature associated with WWESs. This
symmetric pair of cyclones is reminiscent of the equatorial
Rossby wave structure as confirmed by the westward prop-
agation of these anomalies for day0 to day+8 north of the
equator. Seiki and Takayabu (2007a) already noted these
features in their composite analysis (their Fig. 10) and did
suggest that they resulted from the tendency of WWEs to
occur during convective phases of MJO and CRW.

The second column of Fig. 4 displays similar composite
maps for EWEs. EWEs display roughly symmetrical anom-
alies to those associated with WWEs and lagged composite
maps also suggest a modest eastward propagation of con-
vective anomalies, reminiscent of the MJO signature. The
main differences with the WWEs composites arise from the
smaller amplitude OLR and wind stress perturbations with
a larger zonal extension at day0 (50 degrees) and a weaker
Rossby wave signal on both side of the equator.

Figure 5 provides a quantitative assessment of the wind
events distribution. Figure 5a shows that WWEs tend to be
more frequent in boreal winter and less frequent from May
to October. 90 % of WWESs occur in the western Pacific,
west of the dateline (Fig. 5b). Despite differences in the
wind event detection method, these results are consistent
with those of Keen (1982), Harrison and Vecchi (1997) and
Seiki and Takayabu (2007a), an indication of their robust-
ness. The WEI distribution of these WWEs (Fig. 5c) is
not normal, with an enhanced probability of wind events
with weak or very strong WEI (WEIs below 1 or above 2).
EWEs are more likely to occur in boreal winter and less
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Fig. 4 Spatial composite of (left) WWEs and (right) EWEs intraseasonal wind stress (vectors) and OLR (shading) anomalies from 8 days prior
to 8 days after the wind event. The composites are centred on central dates and longitudes of the wind event

likely in boreal summer (Fig. 5d). However, unlike WWE:s,
EWE:s occur both west and east of the WPEE, from 140°W
to 140°E (Fig. 5e). The WEI distribution of these EWEs
is more normal than that of WWEs, being less skewed
towards extreme values (Fig. 5f).

In this section, we have defined an index (WEI or Wind
Event Index) that can be used as a proxy for the strength
of the ocean response to the wind event. We showed that
WWEs predominantly occur in the western Pacific and
more frequently in boreal winter with a spatio-temporal
structure that displays both MJO and CRW characteristics.
EWESs show distinctive features from those of WWEs: they
tend to occur further east, in the vicinity of the dateline,
and extremely strong EWEs that could lead to significant
change in SST are less frequent than extreme WWEs.

4 Relationship between intraseasonal atmospheric
waves and wind events

In this section, we investigate the relationship between
wind events and intraseasonal atmospheric waves, with a
focus on the MJO and CRW as we did not find any wind

events modulation by convectively coupled Kelvin waves
(not shown). As we will show below, there is an unam-
biguous modulation of wind events by the MJO and CRW,
which is quite symmetric between EWEs and WWEs.

4.1 Links between MJO/CRW and wind events
occurrence

Figure 6a, c shows the composite life cycle of all MJO and
CRW convective phases, centred on the day and longitude
where the maximum MJO or CRW-related wind stress
anomaly is found. WWEs are overlaid on this compos-
ite picture. The distinctive features of the MJO and CRW
can be recognised on these composites: small zonal wave-
numbers and ~5 m s~! eastward phase speed for the MJO;
smaller zonal scale (~60°) and ~5 m s~ westward phase
propagation for CRW. WWE:s tend to cluster along the con-
vective phases of both MJO and CRW, with a tendency for
the strongest WWEs to occur near the center of the convec-
tive phase.

Figure 6b, d provides a more quantitative assessment
of the relationship between WWE and individual MJO
and CRW phases. It shows the percentage of MJO/CRW
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Fig. 5 WWEs (orange, a—c) and EWEs (blue, d-f) (a, d) seasonal (b, e) longitude and (c—f) Wind Event Index distributions. The black line on

¢ and f corresponds to a normal distribution

convective and suppressed phases that contain at least one
WWE and the percentage of WWEs embedded in MJO/
CRW convective or suppressed phases. In order to assess
the significance of this relation, we compare these percent-
ages with the distribution obtained by randomly resampling
wind events dates 10,000 times (a new occurrence year is
randomly generated, and the occurrence day within the year
is randomly shifted by +45 days). This strategy of random
resampling allows preserving the WWEs seasonality, while
randomly redistributing WWEs dates with respect to MJO
and CRW phases. The 0.95 and the 0.05 percentile of the
distribution obtained from the random sets of WWEs are
represented as whiskers on Fig. 6b, d. The strategy above
allows comparing the actual percentage of co-occurrence
of, e.g., WWEs with the MJO with the range of percent-
ages that would result from a completely random distribu-
tion of WWE:s in time (but that still preserve the observed
wind event seasonality). If, e.g., the actual co-occurrence of
WWEs with the MJO exceeds the 0.95 percentile obtained
by random resampling, this indicates that the association
between WWEs and the MJO is significant at the 95 %
confidence level.

Figure 6b shows that 60 % of the convective MJO
phases are associated with WWESs and less than 2 % with
suppressed phases. Reciprocally, 57 % of the WWEs are
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embedded within a convective MJO phases and 1 % with
suppressed phases (see also Table 2). Due to the large
amount of convective CRW phases (~360), less than 38 %
of convective CRW contain at least one WWE (Fig. 6d).
Like the MJO case, a large part of the WWEs (70 %) are
embedded in convective CRW phases and very few (<1 %)
in suppressed ones.

In both cases, convective phases of MJO and CRW are
not systematically associated with WWEs but much more
from what would be expected with a random distribution,
i.e. about 4 times more frequently. In addition, most of the
WWESs occur within convective MJO and CRW phases, 3.5
times and 5 times more than would be expected from a ran-
dom distribution, showing the high level of significance of
these results. Conversely, almost no WWEs (less than 1 %)
occur when the MJO and/or CRW phase is not favourable.
Overall, convective MJO/CRW phases encompass most
of the WWEs while suppressed phases encompass almost
none.

The diagnostics previously used for WWEs are now
applied to describe the modulation of EWEs by the MJO
and CRW as shown on Fig. 7. We only briefly summarize
the results, due to the rather symmetrical nature of the
relation between EWEs and CRW/MJO to that of WWEs.
EWE:s tend to cluster along the suppressed phases of both



Modulation of equatorial Pacific WWE/EWE by the MJO and CRW 2165
(@) (b)
40 E ,,,,,,,,,,,,,,,,,,,,,,,,, 100 [ Convective phases
- [l Suppressed phases
L 80 1
L
= C
) - 60
e [- . . A" _ o
s °F . >
L C * 40
B g B
=
C 20
-0 [ s S
C . 0
-150 -100 % MJO associated % WWE associated
Zonal Lag (degrees) with WWEs with MJO
(0 CRW (a)
40 ,:, O e 100 - Convective phases
- sl [l Suppressed phases 1
% 20F - S [ ]
s F o o ne [ ]
o0 = :“o 60 - -1
T o s - & o ° ]
o C ] ]
.g - . 40 - -1
[l 1 ) P I S o . ____ [
C . °. : |
F ° 20 | -
- ° L ]
7y S [ 5
o . . . . . oL
-150 -100 -50 0 +50 +100 +150 % CRW associated % WWE associated
Zonal Lag (degrees) with WWEs with CRW

-0.02 -0.016 -0.012 -0.008 -0.004 0.00
(N.m2)

Fig. 6 (Left) Composite life-cycle of zonal wind stress anomalies
associated with convective a MJO and ¢ CRW events centred on the
maximum zonal wind stress anomaly of the phase. WWEs occur-
rences are indicated as circles in the frame of the MJO/CRW, the size
being proportional to the WEL. Black circles indicate WWEs that are
embedded into a convective, while red circles indicate events that do
not occur a convective phase. The inconsistencies between the circle
positions and colour shading on the figure arise from the fact that
the shading displays the MJO/CRW mean composite cycle, while

MIJO and CRW (Fig. 7a, ¢) and Fig. 7b, d indicate a strong
tendency of EWESs to occur during suppressed phases of the
MIJO and CRW (56 and 53 % respectively, cf Table 2, about
three times more than if EWEs distribution was random)
and a significant tendency of MJO (51 %) and CRW (26 %)
suppressed phase to induce an EWE (also above three times
more that would be expected from a random occurrence of
EWE?5). Consistently with the weaker Rossby wave signal
associated with the EWEs composite as compared to the
WWEs composite (Fig. 4), the relationship between EWEs
and CRW is however weaker than that of WWEs, although
still highly significant.

0.004 0.008 0.012 0.016 0.02

the circles refer to the wind event location relative to the instantane-
ous distribution of the Wheeler and Kiladis MJO and CRW indices.
(Right) Percentage of convective (red bar) and suppressed (blue bar)
phases containing at least one WWEs and percentage of WWEs that
are embedded within convective (red bar) and suppressed (blue bar)
phases for b MJO and d CRW events. The square indicates the per-
centage expected from a random distribution of the wind events in
time, using a Monte-Carlo method (the whiskers indicate the 5 and
95 % confidence interval around that number)

Some WWEs occur during the co-occurrence of MJO
and CRW convective phases, as for example the March
1997 WWE (Fig. 1c, d). We now investigate the combined
MIJO/CRW relation with WWEs occurrence. Figure 8a
shows a scatterplot of the values of MJO against CRW
indices at each wind event location, the size of the circle
being proportional to the WEL. WWEs (shown in red/yel-
low/orange colours) tend to occur in the top right quad-
rant, corresponding to the co-occurrence of convective
MIJO and CRW phases (i.e. MJO and CRW normalized
indices greater than 1). This relationship is further quanti-
fied on Fig. 8b, and in Table 2 that provides an exhaustive
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Table 2 Percentage of EWEs (blue) and WWEs (red) occuring during each MJO/CRW phases

% of WWE (% random)
% of EWE (%random) MJjo
ACTIVE (= Convective +Suppressed + Transition)
Convective Suppressed | Transition NEUTRAL
ACTIVE Convective | 41% (3%) 1% % 4% %) 24% (%) | Total: 70% (14%)
JguCorrl;escet(iivE 0% ¢ 2% oW 0% % 0% % 2% (14%)
Trgflsition) Suppressed | 1 % (% 0% 3% 0% %) 0% (% | Total: 1% (15%)
= 3% (3% 26% (3%) 2% (%) 22% (%) 53% (15%)
5 Transition 2% %) 0% (%) 0% (%) 0%  @w)
0% (%) 1% %) 0% (%) 0% %)
13% %) 0%  (9%) 0% (%) 14% (40%)
NEUTRAL 0% %) 27% (9%) 0% (%) 17% (@1%)
Total: | 57% (16%) 1% (5%
3% (14%) 56% (16%)

The sketch on Fig. 2 provides an illustration of the terminology used in this table: briefly, statistics are given for neutral and active periods
(active periods comprise convective, suppressed and transition phases in between). Numbers within brackets indicate the percentages that would
be expected from a random distribution of wind events (see text for detail). Actual wind event distributions that are significantly larger or smaller
to those expected from a random distribution are shown in bold
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Fig.7 Same as Fig. 6 but for EWEs
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Fig. 8 a Scatter diagram of MJO against CRW indices associated
with each WWE (red—yellow tones) and EWE (blue tones). The size
of the dots is proportional to the Wind Event Index (WEI). Red (blue)
thin lines represent the threshold for active (suppressed) MJO phases
(horizontal lines) and CRW phases (vertical lines). b Percentage
of WWEs embedded in MJO only, CRW only, combined MJO and
CRW convective phases. ¢ Percentage of EWEs embedded in MJO

contingency table of the percentage of wind events occur-
ring in each MJO/CRW phases. 41 % of WWEs occur
during a combined MJO and CRW convective phase
while only 3 % would be expected from a random distri-
bution of WWEs (Fig. 8b; Table 2). Similarly, 86 % (i.e.
41 % + 16 % + 29 %) of the WWEs occur during a MJO
and/or CRW convective phase, when only 29 % would be
expected from a random distribution.

In addition to the effect of the MJO/CRW on WWEs
occurrence probability, Fig. 8a suggests an influence of the
MIJO/CRW activity on the strength of the WWEs as meas-
ured by the WEI, with a tendency for larger WEIs (larger
circles) in the upper right quadrant. Figure 8d further con-
firms this visual impression: the WEI of WWEs associ-
ated with convective MJO phases is significantly larger
than those associated with other atmospheric states at the
95 % confidence level. This is due to the fact that WWEs
embedded in MJO tend to have a longer fetch and a longer
duration, hence increasing the WEI. This is not the case
for WWESs associated with the smaller scale CRW convec-
tive phases alone, which are not significantly stronger than
other cases (Fig. 8d).

Similarly to WWEs, 26 % of the EWEs occur during
concurrent suppressed MJO and CRW phases (Fig. 8a, c;
Table 2). This is however weaker than the occurrence prob-
ability of WWEs during combined convective MJO and

(b)

MJO+CRW
41% (3%)

MJO+CRW
26% (3%)

CRW ONLY
27% (12%)

None
14% (71%)

@sF .
oy
0.5 E— é ii —E

MJOONLY MJO+CRW CRW ONLY NONE

only, CRW only, MJO and CRW suppressed phases. In b, ¢, numbers
in brackets indicate the percentages that would be expected from a
random distribution of wind events (see text for details). d Compos-
ite value of WWEs and EWEs WEI for wind events embedded within
a MJO only, CRW only, MJO and CRW convective and suppressed
phase respectively, with whiskers corresponding to the 95 % confi-
dence interval

CRW phases (41 %) but still highly significant, i.e. seven
times more than what would be expected from a random
wind event distribution. Only 17 % of EWESs are not asso-
ciated with either suppressed MJO or CRW phases, more
than four times less than expected from a random distribu-
tion. Finally, mirroring WWEs results, EWEs embedded
within a suppressed MJO phase have a significantly larger
WEI than other EWEs (Fig. 8d).

In this subsection, we have shown that the rate of con-
vective MJO and CRW phases with embedded WWEs
and of WWEs within convective MJO and CRW phases
are both much higher than what would be expected from
a random distribution of wind events (Fig. 8b, c; Table 2).
In particular, almost half of the WWEs occur during con-
comitant MJO and CRW convective phases, i.e. fifteen
times more than would result from a random distribution.
On the other hand, only MJO events appear to statistically
influence the WWE strength as measured by the WEI, with
significantly higher WEI associated with convective phases
of the MJO than in other large-scale atmospheric situations.
This analysis also shows that EWEs tend to behave sym-
metrically to their WWEs counterpart with regards to their
relationship with MJO/CRW activity. However, our analy-
sis reveals that EWEs have a weaker tendency to occur dur-
ing CRW suppressed phase than the WWEs during CRW
convective phase.
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As mentioned in the Introduction, results from Seiki and 80 oMo

Takayabu (2007a) and Chiodi et al. (2014) differ regard-
ing the link between the MJO and wind events. Seiki and
Takayabu (2007a) argued that 90 % of their WWEs were
associated with MJO convective events over the equato-
rial Pacific. Chiodi et al. (2014) agree, but also concluded
that WWE occurrence probability is unchanged irrespec-
tive of whether the MJO is “active” (the envelope con-
taining both convective or supressed phases, cf Fig. 2) or
not. It is hence very important to assess the robustness of
the wind events-MJO/CRW relationship with respect to
the methodology. We will therefore evaluate in the fol-
lowing the sensitivity of our results to the atmospheric
waves (MJO and CRW) detection method (Sect. 4.2.1)
and to the wind event detection method (Sect. 4.2.2). For
the sake of brevity, we only present results for the WWE-
MIJO link in this subsection, but a similar robustness is
obtained when considering EWEs and/or CRW relation
(not shown).

4.2.1 Sensitivity to the definition of the MJO phases

There are several other ways to characterize the Mad-
den—Julian oscillation than the one used in the present
study and derived from Wheeler and Kiladis (1999). These
other options include the popular multivariate MJO index
introduced by Wheeler and Hendon (2004) and used by
Chiodi et al. (2014) to characterize de WWE/MJO relation-
ship. This index consists of two time series RMM1(t) and
RMM2(t) obtained through the first two principal compo-
nents of the Empirical Orthogonal Functions analysis of
the combined of near-equatorially-averaged 850 hPa zonal
wind, 200 hPa zonal wind, and satellite-observed outgo-
ing longwave radiation (OLR) fields (Wheeler and Hen-
don 2004). Together, these two time series describe both
the amplitude (RMM 12 + RMM2?) and phase (position in
the RMM1, RMM2 phase space) of the MJO, this phase
being an indication the location of the MJO convective
and suppressed phases. As our goal is to relate the occur-
rence of wind events to the MJO phase at the wind event
position, these two time series (RMM1 and RMM?2) have
to be transformed into a single index, which is a function
of longitude and time as for projections obtained using the
Wheeler and Kiladis (1999) method. We thus use a multiple
linear regression between intraseasonally-filtered equato-
rial wind stresses and RMM1 and RMM2 to generate A(x)
and B(x) zonal structure functions and reconstruct the MJO
induced wind stress variations as WHy;o(x,t) = AX)*
RMMI(t) + B(x) * RMM2(t). The resulting field is nor-
malized by its standard deviation within 130°E to 160°W at
the equator, as in Sect. 2.3.
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Fig. 9 Percentage of WWEs embedded in MJO active periods
(WWEy0, yellow bars) and not embedded in MJO active periods
(WWEyomyo, blue bars), i.e. the envelope containing both the con-
vective and suppressed phases (see Fig. 2 for an illustration), for
three MJO detection methods: Wheeler and Kiladis (1999), “spatial-
ized” Wheeler and Hendon (2004) index (see Sect. 4.2.1 for details)
and Wheeler and Hendon (2004) index. The grey squares represent
the percentages expected from a random distribution of wind events
in time using a Monte-Carlo method (the whiskers indicate the 5 and
95 % confidence interval around that number)

Figure 9 shows the percentage of WWEs embedded
in MJO active periods (i.e. the envelope of convective
and suppressed phases as illustrated on Fig. 2b) obtained
using several methods for MJO detection. The first col-
umn in this figure uses the Wheeler and Kiladis (1999)
method used in the present paper and indicates that 62 %
of WWEs occurring during the MJO active period, while
only 44 % would be expected from a random distribution
of wind events. While our results agree qualitatively with
Seiki and Takayabu (2007a), they thus disagree with those
of Chiodi et al. (2014). While Seiki and Takayabu (2007a)
used band-pass filtered (10-100 days) potential velocity
at 200 mbar in the vicinity of WWEs to characterize the
MJO state, Chiodi et al. (2014) defined the MJO using the
amplitude of the Wheeler and Hendon (2004) index. The
sensitivity of the MJO/WWE relationship to the MJO defi-
nition is further illustrated on Fig. 9, which also shows the
percentage of WWEs embedded in MJO active periods
using the Wheeler and Hendon (2004) index (RMM) and
a spatialized version of this index. To define the MJO using
RMM, we did as in Chiodi et al. (2014) where the MJO
is considered active when the RMM index amplitude is
>1 for at least 20 consecutive days and inactive when not.
The larger rate of WWEs occurrence within MJO active
periods than if WWEs were occurring randomly is veri-
fied with the three indices, although it is hardly significant
when using the Wheeler and Hendon (2004) index. The dif-
ferences between our results and Chiodi et al. (2014) are
hence probably due to the use of the Wheeler and Hendon
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Fig. 10 (Left) Percentage of
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(2004) index in their study. Using a one-dimensional MJO
index such as RMM led to a far less significant relationship
between WWEs and the MJO compared to indices with a
much larger number of degrees of freedom such as Wheeler
and Kiladis (1999). While indices such as Wheeler and
Hendon (2004) capture the MJO activity at global scale,
they indeed do not necessarily accurately depict more local
MIJO signals over the Pacific warm pool.

Our results may not only be sensitive to the MJO detec-
tion method but also to the threshold used to character-
ize the MJO state (suppressed, neutral or convective).
Figure 10a shows the percentage of WWEs embedded in
MJO convective and active periods, when the MJO convec-
tive phase threshold varies from 0.4 to 1.9 standard devia-
tions using the Wheeler and Kiladis (1999) MJO detection
method. When this threshold increases, the number of MJO
convective and active periods decreases, and the percent-
age of WWE:s associated with a convective MJO phase thus
also decreases. However, this percentage always remains
above what would be expected from a random distribution
of WWE:s. It is also interesting to note that while the per-
centage of WWEs embedded in a MJO active period (yel-
low bars on Fig. 10a) is close, although still significantly
higher, to what could be expected from a random distribu-
tion for low MJO thresholds (std lower than 1), this per-
centage is more than twice larger than for a random distri-
bution using more stringent MJO thresholds (std larger than
1). This illustrates that the tendency of active MJO events

0.02 0.03 0.04 0.05 0.06 0.07 0.08
N.m-2

0.02 0.03 004 0.05 006 0.07 0.08
N.m-2

to favour the occurrence of WWEs is more pronounced
for MJO events of large amplitude. Figure 10b depicts the
percentage of MJO convective phases that contain at least
a WWE, when the MJO convective phase criterion var-
ies from 0.4 to 1.9 standard deviations. This percentage
increases from 50 % (for weak MJO, 0.4 std) to more than
80 % (for strong MJO, 1.9 std), illustrating again that the
strongest MJO are very likely to contain at least one WWE.
In addition, the percentage of MJO convective phases that
contain at least one WWE is always significantly larger
(up to four times) than the one expected from a wind event
random distribution. Similar results are also obtained when
using the Wheeler and Hendon (2004) MJO detection
method (not shown). Overall, our results about the relation-
ship between wind events and the MJO/CRW are hence
robust, irrespective of detection method and the choice of
MIJO and CRW detection criteria.

4.2.2 Sensitivity to wind events criteria

Another source of sensitivity of our results may arise from
the criterion used for the wind events detection method,
which varies significantly from one study to another
(Table 1). In this subsection, we therefore assess the sensi-
tivity of our results with respect to this criterion. Figure 10c
shows the percentage of WWEs associated with MJO con-
vective and active periods, for a WWE detection criterion
ranging from 0.02 to 0.08 N m~2. First, WWEs occur more
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Fig. 11 Time series of zonal wind stress intraseasonal (red) and
interannual anomalies (blue) in the [S°N-5°S; 155°E-180°] box dur-
ing a the 1998-1999 La Nifia and b 1997-1998 El Nifo. The hori-
zontal black lines indicate the —0.04 and 0.04 N m~2 thresholds used
to detect EWEs and WWEs. Areas filled in blue indicate the detected
wind events using anomalies with respect to the seasonal cycle and

frequently during convective and active MJO phases than
what would be expected from a random WWE distribu-
tion whatever the WWE criterion selected. Second, the
percentage of WWEs associated with MJO convective and
active periods increases when the WWE magnitude thresh-
old increases, a clear indication that stronger WWEs are
more systematically associated with MJO convective and
active periods than weaker ones, as suggested by Seiki and
Takayabu (2007a). Figure 10d further shows percentage of
MIJO convective phases containing at least a WWE, for a
WWE detection criterion ranging from 0.02 to 0.08 N m~2.
This panel illustrates that convective MJO phases are more
associated with WWEs than would be expected from a ran-
dom WWE distribution for various choices of the detection
threshold. Overall, our main results about the relationship
between wind events and the MJO/CRW are hence robust,
irrespective of the choice of wind event detection criterion.

5 Relationship between background interannual
variations and wind events

Previous studies generally agree on the tendency of WWEs
to be more likely prior to and during most El Nifio events
(Harrison and Vecchi 1997; Eisenman et al. 2005; Seiki and
Takayabu 2007a; Chiodi et al. 2014), i.e. when the warm
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areas filled in red with intraseasonal anomalies. Wind events detected
only with the method based on anomalies with respect to the seasonal
cycle are labelled by an arrow with a plus while wind events detected
only detected when using a detection method based on intraseasonal
anomalies are labelled by an arrow with a minus

pool is anomalously extended eastward. Chiodi and Harri-
son (2015) suggest that EWEs also vary with ENSO state,
with an increased probability of EWEs occurrence during
La Nifia conditions. In the aforementioned studies, WWEs
were detected from zonal wind or wind stress anomalies
with respect to the mean seasonal cycle, while we detect
wind events based on intraseasonally-filtered wind stress
(see Table 1). In the following section, we will assess the
implication of the way the wind events are defined on their
relationship with background interannual SST variations.

5.1 Robustness of wind event interannual modulation

The way wind events are defined can indeed strongly bias
the ENSO-wind event relationship, because the zonal winds
display strong ENSO-related interannual variability (i.e.
easterly anomalies during La Nifia and westerly anomalies
during EI Nifio) and wind events identification schemes
based on interannual anomalies by construction detect
more WWEs during El Nifio years. This methodological
caveat is illustrated on Fig. 11 that compares wind events
detected either with intraseasonal anomalies or anomalies
relative to the seasonal cycle during the 1998-1999 La
Nifia and 1997-1998 El Nifio. During La Nifia conditions,
the negative interannual anomalies favour the detection of
EWESs when wind events are detected based on interannual
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anomalies using the same thresholds. Symmetrically, more
WWE:s are detected during El Nifios when using a detec-
tion method based on anomalies with respect to the mean
seasonal cycle.

Comparing Fig. 12a, b allows illustrating the differences
in the WWE:s detected using intraseasonnal anomalies as in
the present study (hereafter “WWEytgra”) or from inter-
annual anomalies as in most previous studies (hereafter
“WWEyrgr” detection). Both WWEs detection methods
yield WWEs that mostly occur in the western pacific, west
of the WPEE and follow WPEE interannual displacement.
These panels also suggest that strongest WWEs in terms

of WEI occur when the WPEE is shifted to the east. This
comparison therefore suggests that the WWEs relationship
with background SST interannual variations is not qualita-
tively affected by the WWEs detection method.

A more quantitative assessment of the sensitivity rela-
tionship to the WWEs detection method is further provided
on Fig. 12c, d, which shows the zonal distribution of WWEs
occurrence probability as a function of the WPEE position
for the WWErra (Fig. 12¢) and WWEyer (Fig. 12d)
detection methods. The WWEs occurrence probability is
computed as the ratio of the total duration of WWEs for
a given longitude and position of the WPEE to the total
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Fig. 13 Same as Fig. 11 but for (a) Distribution (EWEmnra) (b) Distribution (EWErer)
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number of days for which the WPEE is at this longitude.
The WWE g, method yields WWE that are on average
3 times more likely to occur in the central Pacific when the
warm pool extends eastward of the date line, and less likely
to occur when the warm pool is restricted to the far western
pacific (Fig. 12c¢). This is consistent with previous studies
(Lengaigne et al. 2003; Eisenman et al. 2005; Vecchi et al.
2006; Gebbie et al. 2007) which argued that the eastward
expansion of the warm pool eastward increases the areal
extent of warm water over which subsequent WWEs can
force the ocean, and result in further interannual WPEE
eastward expansion. Comparing Fig. 12c with d however
clearly illustrates that detecting WWEs from anomalies
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with respect to the mean seasonal cycle artificially enhance
the modulation of WWEs by ENSO. WWE g are indeed
four times more likely to occur when the warm pool is
shifted east the date line (Fig. 12d), compared to three
times more likely for WWEyrra (Fig. 12c). Similarly,
WWE \gr are three times less likely when the warm pool
is displaced in the far western Pacific as compared to two
times less likely for WWE\rs- Despite this sensitivity,
these results however indicate that the WWEs occurrence
modulation by the warm pool position is a robust feature,
whatever detection method is used.

An analysis similar to Fig. 12 is provided on Fig. 13, but
for EWEs. Comparing Fig. 13a, b reveals that, in contrast
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to WWEs, the method used to detect EWEs strongly alter
the ENSO-EWEs relationship: while EWE gz tend to
cluster just east of the WPEE during La Nifia events and
nearly vanish during El Nifio events (Fig. 13b), in line
with Chiodi and Harrison (2015) results, EWE g do not
exhibit any clear modulation by interannual SST variability
(Fig. 13a). Comparing Fig. 13c with 13d further confirms
that the EWEs relationship with interannual background
SST is very sensitive to the EWEs detection method. The
significant link between interannual SST variability and
EWE g €vident on Fig. 13d disappears completely when
considering EWE ytra (Fig. 13c). The implications of this
asymmetry between EWEs and WWESs occurence in terms
of their relation with ENSO variability will be further dis-
cussed in Sect. 6.3.

5.2 Modulation of wind events by MJO/CRW
interannual variations

Seiki and Takayabu (2007a) did not find any relation-
ship between the MJO and WWESs occurrence at inter-
annual timescale. In this subsection, we re-examine
their result and explore if interannual MJO and/or
CRW variations contribute to the wind events modu-
lation at interannual timescales. Following a similar
strategy to that described in Hendon et al. (2007), we
define an interannual MJO activity index (MJOjy.,)
as the standard deviation of the MJO index defined in
Sect. 2 over a 90 day sliding window, averaged over the
western Pacific (120°E-155°). The mean seasonal cycle
of that index is then removed to highlight interannual

Jan Jan Jan Jan Jan Jan Jan

1988 1992 1996 2000 2004 2008 2012

variations of the MJO activity. A similar index is com-
puted for CRW activity (CRW,,,.,). Figure 14a,b shows
these two indices, along with the WEI of each EWE and
WWE in the 120°-155°E region.

As suggested by Figs. Ic, d, 14a, b confirms that the
MIJO and CRW activity was anomalously strong during the
onset of the 1997 El Nifio event and associated with intense
WWE:s activity. But this relationship does not hold for
every El Nifio event: for instance, the strong WWEs activ-
ity preceding the 1992 El Nifio is barely associated with
any anomalous MJO activity. Over the entire period, we
however find a 0.51 correlation between the WWEs WEI
and the synchronous MJO activity index at interannual
timescales (Fig. 14a, b). The relationship between wind
events and CRW interannual variability is weaker, with a
0.41 correlation. The sum of the MJO and CRW indices
further increases this correlation to 0.6 (Fig. 14c). These
correlations are all statistically significant at the 95 % sig-
nificance level (one-tailed ¢ test with the numbers of effec-
tive degrees of freedom estimated as in Livezey and Chen
1983) and remain significant when the strong 1997-1998
El Nifio period is not taken into account. This indicates
that wind events tend to be stronger, have a larger fetch or
last longer (three factors that contribute to the WEI) during
periods of anomalously high interannual MJO and/or CRW
activity. Part of the of the WWE:s intensity interannual vari-
ability can thus be interpreted as resulting from interannual
variations of the MJO and CRW activity (either internal
or ENSO-driven). This relation however does not hold for
WWE:s located in the central/eastern pacific, nor for EWEs
(not shown).
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6 Summary and discussion

Several studies have proposed that WWEs, and more
recently EWEs, influence the ENSO cycle. The ques-
tion whether these short-lived episodic wind events occur
randomly or are to some extent modulated by large-scale
modes, such as ENSO at interannual timescales or the
Madden—Julian oscillation at intraseasonal timescales, is
important, because such a control could potentially increase
wind events predictability and therefore ultimately improve
ENSO prediction. Several papers already addressed the
relationship between WWEs and large-scale variability,
sometimes leading to contradictory results. The present
paper aims at revisiting this question.

6.1 Main wind events characteristics

In the present study, we use a WWEs/EWEs detection
method applied to intraseasonal wind stress anomalies from
TropFlux data from 1979 to 2012. Identifying wind events
based on wind stress rather than wind speed was imple-
mented in order to focus on events with a potentially strong
oceanic impact. To this end, we also focus on wind events
that exhibit rather large-amplitude, long duration and large
zonal fetch, using the rather conservative thresholds of
0.04 N m~2, 5 days and 10°. In agreement with previous
studies, we show that WWESs occur in the western Pacific,
usually west of the eastern edge of the warm pool, and
more frequently in boreal winter than in boreal summer.
While EWEs are to a large extent the easterly counterpart
of WWEs, they also show distinctive features. Compared
to WWEs, they tend to occur further east, i.e. in the vicin-
ity of the dateline. Exceptionally strong EWEs are also less
frequent than exceptionally strong WWEs.

6.2 Relationship with atmospheric waves

While a large body of literature suggests that MJO events
modulate the intensity and frequency of WWEs over the
western Pacific (e.g. Lau et al. 1989; Yu and Rienecker
1998; McPhaden 1999), the only two studies that assessed
quantitatively the WWEs/MJO relationship led to contra-
dictory results: while Chiodi et al. (2014) argued that the
WWE:s probability of occurrence does not change if the
MJO is active or not, Seiki and Takayabu (2007a, b) con-
cluded that large-amplitude active MJO periods increase
the WWEs probability of occurrence. Our results unam-
biguously demonstrate that the WWEs probability occur-
rence significantly increases during the convective MJO
events, with 57 % of WWEs embedded in a MJO convec-
tive phase (Table 2). In addition, our results indicate that
62 % of WWESs occurs during the MJO active period (i.e.
the envelope containing both convective or supressed
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phases), while only 44 % would be expected from a ran-
dom distribution of wind events. Our results therefore sup-
port Seiki and Takayabu (2007a). We further suggest that
the disagreement between Seiki and Takayabu (2007a) and
Chiodi et al. (2014) can largely be explained by the differ-
ent methodologies used to define MJO events in these two
studies: while Seiki and Takayabu (2007a) used an index
in the vicinity of WWE:s to characterize the MJO state, the
Wheeler and Hendon (2004) index used by Chiodi et al.
(2014) is meant to capture the MJO activity at global scale
and may not accurately depict the more local MJO signals
over the western Pacific.

In addition to MJO activity, previous studies also argued
that WWEs were frequently associated with cyclone pairs
(Keen 1982; Harrison and Giese 1991;Yu and Rienecker
1998). Seiki and Takayabu (2007a) further suggested that
these cyclone pairs are the surface signatures of enhanced
atmospheric Rossby waves activity during WWEs occur-
rence, but did not quantify this relationship. Our results
reveal that the WWEs probability occurrence significantly
increases with CRW activity, with 70 % of WWEs embed-
ded during a CRW convective phase (Table 2). In addition,
we show that about half of WWEs also occur during a com-
bined CRW and MJO convective phase, i.e. about fifteen
times more than what would be expected from a random
distribution of WWEs (3 %, Table 2).

Results from the present study also demonstrate that
EWEs largely mirror WWE:s in their relationship to MJO/
CRW activity: EWEs occur more frequently than would be
expected from a random distribution during the suppressed
phase of MJO and CRW (and like for WWEs, this result
also holds for active periods as a whole; not shown). The
association between EWEs and large-scale atmospheric
waves is however weaker than for WWEs. A weaker pro-
portion of EWEs (53 %) for instance occurs during CRW
suppressed phase, as compared with WWEs occurring dur-
ing CRW convective phases (70 %, Table 2).

6.3 Relationship with ENSO

In this study, we have also assessed the robustness of the
link between wind events occurrence probability and
ENSO-related warm pool movements. The increased num-
ber of WWEs prior and during El Nifio warm events has
been noted by numerous studies (Verbickas 1998; Kerr
1999; McPhaden 2004; Eisenman et al. 2005; Seiki and
Takayabu 2007a, b). Chiodi and Harrison (2015) also indi-
cated a mirror relationship for EWEs, with an increased
EWE:s probability during La Niifia events. In those studies,
wind events were detected from anomalies with regards to
the mean seasonal cycle. This method may however bias
the ENSO-wind event relationship, because El Nifio posi-
tive and la Nifia negative zonal wind stress low frequency
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anomalies will favour more WWE and EWEs detections
respectively (see Fig. 11). We revisited these results using
a wind event detection method based on intraseasonally fil-
tered wind stress (i.e. that does not include the interannual
component for the wind event detection). Our results show
that detecting WWEs from intraseasonal anomalies still
yields an increasing WWEs occurrence probability when
the warm pool is displaced eastward during El Nifio events,
and a decreasing WWEs probability during La Nifia events.
We also demonstrate that WWE:s tend to be stronger during
periods of anomalously high interannual MJO and/or CRW
activity, indicating that part of the interannual variability
of the WWEs intensity can be interpreted as resulting from
interannual variations of the MJO and CRW activity (either
driven randomly or by the ENSO-related interannual
modulations of the warm pool extension). In contrast, this
relationship with ENSO completely vanishes when EWEs
are detected based on intraseasonal wind stress anomalies.
Our results hence underline the robustness of the ENSO—
WWE:s relationship but question ENSO-EWEs relations.
Several studies have shown that WWE-driven eastward
displacement of the WPEE enhance the probability of fur-
ther WWESs (Perigaud and Cassou 2000; Lengaigne et al.
2003, 2004b; Vecchi et al. 2006; Gebbie et al. 2007). Using
state-dependent instead of additive stochastic forcing in
simple (Jin et al. 2007), intermediate (Eisenman et al. 2005;
Perez et al. 2005), hybrid (Gebbie et al. 2007) and general
circulation models (Lopez et al. 2013) increases ENSO
amplitude (Eisenman et al. 2005; Gebbie et al. 2007) and
affects its predictability. The ENSO-dependent nature of
the wind events stochastic forcing is thus critical to ENSO
properties (e.g. Lengaigne et al. 2004a; Vecchi et al. 2006;
Eisenman et al. 2005, Gebbie et al. 2007; Gebbie and
Tziperman 2009a, b). An added value of the present study
is to indicate that most of the state-dependency of WWEs
to ENSO SST variations is mediated by the modulation
of the MJO and CRWs (cf Sect. 5.2 and Fig. 14). While
the present study further confirms the ENSO-dependent
nature of WWEs, the EWEs state dependence suggested by
Chiodi and Harrison (2015) strongly depends on the way
EWEs are defined and is hence less robust than for WWEs.
When considered as purely intraseasonal events, EWEs
cannot be considered as a state-dependent forcing, mak-
ing their impact on the coupled system probably less likely
than that of WWEs. On the other hand, the increased EWEs
frequency obtained on the basis of interannual anoma-
lies detection during La Nifia could also be interpreted as
EWEs being the cause of La Nina trade strengthening. The
absence of relationship between ENSO and EWEs defined
as purely intraseasonal events however suggests that EWEs
may interact less with their large-scale environment than
WWESs. The WWEs energetics analysis of Seiki and Takay-
abu (2007b) suggest that interaction with the large-scale

environment contributed to the increase in kinetic energy
close to the equator during WWEs. A similar study for
EWEs may allow understanding why they interact less with
the large-scale environment.

6.4 Conclusion and perspectives

We showed that westerly and easterly wind events occur
significantly more frequently during the active period of
the MJO and CRW. We also confirmed that WWEs occur-
rence is robustly modulated by the ENSO-related interan-
nual displacements of the warm pool, while the depend-
ence of EWEs probability occurrence on interannual
variability is highly sensitive to the wind event detection
method. These findings may however not result in a dras-
tic improvement of wind events predictability. MJO events
remain rather poorly predicted beyond 10 days lead time
(Rashid et al. 2010) and the CRW predictability remain
unknown. In addition, only stronger MJO events are almost
systematically associated to wind events, while consider-
ing all events yields a wind event occurrence probability of
only 40-50 %. As a result, there is only a limited potential
for wind event predictability at intraseasonal timescales.
The improvement of WWEs predictability resulting from
their relationship with ENSO may also be limited. The
recent 2014 Pacific evolution is a good illustration of this.
Early 2014 was indeed characterized by an anomalously
high ocean heat content and two strong WWEs that trig-
gered an eastward displacement of the warm pool and
strong downwelling Kelvin waves, in a very similar way
to during the onset of the 1997 El Nifio event. The simi-
larities between these two periods prompted a number
of experts to wonder if an El Nifio matching the extreme
1997/98 El Nifio could develop in 2014. However, the
similar eastward shift of the warm pool in the first months
of 1997 and 2014 did produce very different WWEs
sequences. While several WWEs occurred in boreal spring
and summer 1997 and contributed to the ENSO growth, no
subsequent WWESs occurred from April to July in 2014,
ruling out the possibility of a strong El Nifio at the end
of 2014 (Menkes et al. 2014). The reason behind the dif-
ferent atmospheric responses to a similar warm pool east-
ward shift is a key issue to be addressed. These results
echo the modelling results of Lengaigne et al. (2004b)
who suggested that a strong WWE-driven displacement
of the warm pool in the early part of the year could result
in very different El Nifio amplitude. The stochastic part of
the WWEs occurrence during El Nifio onset phase may
therefore be large enough to strongly affect the subsequent
El Nifio evolution and may therefore be an intrinsic limi-
tation of the predictability of ENSO amplitude. Assessing
the predictability of WWESs occurrence therefore deserves
further investigation.
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