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Abstract

Westerly wind bursts (WWBs), aperiodic burst-like atmospheric disturbances in the tropics, play an important role during
the development stage of El Nifio—Southern Oscillation (ENSO) events and in turn can be strongly modulated by ENSO
itself. Previous work argued that WWBs exhibit a pronounced seasonality at the equator during an El Nifio evolution, i.e.,
being more frequent and vigorous during the developing boreal autumn compared to the decaying spring. Here we show that
this seasonal difference in WWB activity at the equator is a segmentary manifestation of a meridional migration of WWB
activity, which is closely linked to the southward displacement of the El Nifio-related deep convection from the developing
autumn to decaying spring. The highest climatological SSTs over the western-central Pacific are located mainly to the north
of the equator in boreal autumn and south of it during boreal spring; hence the equatorially quasi-symmetric El Nifio-related
SST anomalies tend to induce deep convection and generate more WWBs in the Northern Hemisphere during the developing
autumn and more in the Southern Hemisphere during the decaying spring. Despite some differences in the zonal distribution
and intensity, there appears a close resemblance between the seasonal-varying features of WWBs during eastern Pacific (EP)
and central Pacific (CP) El Nifio events regarding the north—south displacement, due to similar meridional shifts of deep
convection anomalies. This study provides a more comprehensive picture of the spatiotemporal characteristics of WWBs
during EI Nifio events and improves our understanding of the relationship between ENSO and high-frequency atmospheric
variability.
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1 Introduction

Westerly Wind Bursts (WWBs) refer to high-frequency
westerly wind anomalies across the tropical oceans,
usually concurrent with a large cluster of deep convection
(e.g., Hartten 1996; Harrison and Vecchi 1997; Seiki and
Takayabu 2007; Fu and Tziperman 2019, 2021). Previous
studies have shown that WWBs, in particular those
occurring over the equatorial western and central Pacific,
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exert pronounced impacts on the commencement of El
Nifio events (e.g., McPhaden 1999; Boulanger et al. 2001;
Lengaigne et al. 2004; Fedorov et al. 2015; McGregor et al.
2016; Lian and Chen 2021). WWBs can excite downwelling
oceanic Kelvin waves that propagate eastward and generate
warm sea surface temperature (SST) anomalies in the eastern
equatorial Pacific via the thermocline feedback, which
can develop further into an El Nifio event. Beyond this,
WWBSs can also drive anomalous surface zonal currents,
transporting warm water from the western to central Pacific
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and thereby contribute to the El Nifio development via the
advective feedback. So far, it has been well recognized that
WWBs can modulate ENSO in terms of its irregularity,
asymmetry, and intensity (e.g., Fedorov et al. 2015; Chen
et al. 2015; Levine et al. 2016; Hayashi and Watanabe 2017,
2019; Lian and Chen 2021; Yu and Fedorov 2020).

Instead of treating WWBs as a stochastic atmospheric
process independent of the background ocean condition
(Battisti and Sarachik 1995; Kleeman and Moore 1997),
many previous studies identified a deterministic element in
WWBs that is modulated by the underlying large-scale SST
patterns (Harrison and Vecchi 1997; Eisenman et al. 2005;
Gebbie et al. 2007; Seiki and Takayabu 2007; Puy et al.
2016). WWBs are prone to occur over the western Pacific
warm pool region with high background SSTs that favor the
excitation of the deep convection. Due to the meridional
march of solar insolation, WWBs experience a strong sea-
sonality along with seasonal-varying climatological SSTs,
featuring frequent occurrence in the Northern Hemisphere
during boreal summer and autumn and in the Southern Hem-
isphere during boreal winter and spring (Harrison and Giese
1991; Harrison and Vecchi 1997). Many observational anal-
yses have also shown that the temporal and spatial features
of WWBs are closely related to the ENSO-associated SST
anomalies in the tropical Pacific on interannual timescales
(Eisenman et al. 2005; Seiki and Takayabu 2007). During El
Nifio years, the associated warm SST anomalies can stretch
the warm pool’s eastern edge into the central-to-eastern
Pacific. Correspondingly, WWBs extend further eastward
and occur more frequently and vigorously (Eisenman et al.
2005; Gebbie et al. 2007; Tziperman and Yu 2007; Chen
et al. 2015). El Nifio is also known to exhibit a remarkable
seasonal synchronization with the annual cycle, which usu-
ally starts evolving in boreal spring, develops during sum-
mer and autumn, reaches its peak in winter, and then decays
rapidly in the following spring (Rasmusson and Carpenter
1982; Stein et al. 2010, 2014). During different phases of El
Nifio, the activity of WWBs appears to be distinctively dif-
ferent in terms of both frequency and strength. Some previ-
ous studies showed that more frequent and vigorous WWBs
occur at the equator during the developing autumn than the
decaying spring of El Nifio despite comparable magnitude
of SST anomalies (e.g., Seiki and Takayabu 2007; Sun et al.
2020). This seasonal difference in the high-frequency vari-
ability over the equatorial Pacific was argued to be associ-
ated with the asymmetric strength of the equatorial Rossby
and mixed Rossby gravity waves (Sun et al. 2020). Con-
sidering the observed fact that the climatological features
of WWBs exhibit a remarkable meridional migration along
with the march of solar insolation, this seasonality of WWBs
at the equator needs to be revisited by expanding our focus
into a wide latitudinal band to obtain a more comprehensive
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picture of the spatiotemporal characteristics of WWBs dur-
ing El Nifio events.

Besides, the central Pacific (CP) El Nifio event has
been observed more frequently in recent decades, which
is dramatically different from traditional El Nifio events
during which the SST anomaly center is typically confined
to the eastern Pacific (EP) (e.g., Fu et al. 1986; Larkin and
Harrison 2005; Ashok et al. 2007; Kao and Yu 2009; Kug
et al. 2009; Ren and Jin 2011). These two flavors of El Nifio
exhibit contrasting interactions with the western Pacific
SST annual cycle, which leads to different meridional shifts
of the associated atmospheric response from developing
autumn to decaying spring (e.g., McGregor et al. 2012,
2013; Stuecker et al. 2013, 2015; Zhang et al. 2015; Jiang
et al. 2020). Specifically, the southward shift and the
associated weakening of zonal wind anomalies at the equator
are typically more prominent during EP El Nifio events than
CP El Nifio events (e.g., Zhang et al. 2015; Jiang et al. 2020;
Gong and Li 2022). Hence, it is compelling to ask whether
the spatiotemporal characteristics of the high frequency part
of wind anomalies such as WWBs show similar differences
for the two different flavors of El Nifio.

In the present work, we investigate the seasonal-varying
features of WWBs over the tropical Pacific during El Nifio
and potential differences during the two different El Nifio
flavors. We find that the activity of WWBs during El Nifio
is shifted southward along with the seasonally modulated El
Nifio-related deep convection, due to the interaction of El
Nifio and background high SSTs. Moreover, WWB activity
features similar meridional displacements during the two
different flavors of El Nifio events, being controlled by
the same dynamical process. The remainder of this paper
is structured as follows. Section 2 introduces the data and
methodology utilized in this study. Section 3 displays the
spatiotemporal characteristics of WWBs during El Nifio
events, especially their meridional shift and the associated
variations at the equator. The possible mechanisms are
explored in Sect. 4. The seasonal-varying features of
WWBs for different El Nifio types are then investigated
and compared in Sect. 5. Finally, Sect. 6 provides the main
conclusion and discussion.

2 Data and methodology

To investigate the spatiotemporal features of WWBs,
we utilize daily averaged wind at 10-m altitude from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Version 5 dataset (ERAS; Hersbach
et al. 2020). Daily outgoing longwave flux (OLR) data are
also obtained from ERAS reanalysis (Hersbach et al. 2020).
The daily SST data is from the NOAA high-resolution



Seasonal-varying characteristics of tropical Pacific westerly wind bursts during El Nifo... 301

blended analysis of Optimum Interpolation SST version 2
(OISST v2; Reynolds et al. 2007). The spatial resolution
is 0.5°x0.5° for all datasets. All anomalies are calculated
by removing the climatology over the entire period
(1982-2020) and are linearly detrended to exclude possible
influences from global warming. To avoid the possible
impacts of the decadal signal, we also apply a 10-year high-
pass filter to all datasets and find that our main conclusion
remains almost the same (not shown). Statistical significance
is inferred based on a two-tailed Student’s test.

The EI Nifio events are identified when the 3-month
running mean Nifo3.4 index (averaged SST anomaly in
the region of 5°S-5°N, 120°-170°W) is larger than 0.5 °C
for five consecutive months, consistent with the Climate
Prediction Center’s definition. Twelve El Nifio events
(1982/83, 1986/87, 1991/92, 1994/95, 1997/98, 2002/03,
2004/05, 2006/07, 2009/10, 2014/15, 2015/16, 2018/19)
are identified during 1982-2020. The El Nifio events are
represented as year (0)/year (1), where numerals “0” and
“1” denote the developing and decaying year, respectively.
We further categorized these events into two flavors—three
EP El Nifio events (1982/83, 1997/98, 2015/16) and nine
CP El Nifio events (1986/87, 1991/92, 1994/95, 2002/03,
2004/05, 2006/07, 2009/10, 2014/15, 2018/19), based on
the cold tongue and warm pool indices (Nqt and Nyp) in
boreal winter (November—December—January; NDJ) (Ren
and Jin 2011). These indices are devised through a simple
transformation of Nifio3 (N3; SST anomaly in the region
of 5°S-5°N, 90°-150°W) and Nifio4 (N4; SST anomaly in
the region of 5°S-5°N, 160°E-150°W) indices as shown in
Eq. (1):

{NCTzNS—aN4 B

Nyp=Na—aN3 %~

04 =N3N4>0
ey

0 otherwise

Fig. 1 The probability

The El Nifio events are defined as EP El Nifio if Ny is
greater than Ny,p and CP El Nifio if N is less than Nyyp.

In this study, WWBs over the tropical Pacific are iden-
tified by using the daily zonal wind at 10-m altitude fol-
lowing previous studies (Harrison and Vecchi 1997; Seiki
and Takayabu 2007; Chiodi et al. 2014). With particular
emphasis on the meridional migration of WWBs, we re-
gridded the raw wind onto the grid of 1 degree in latitude
and 10 degrees in longitude by using the bilinear interpola-
tion method. Previously, WWBs were commonly defined
by analyzing the wind anomalies with respect to the mean
seasonal cycle (e.g., Harrison and Vecchi 1997; Seiki and
Takayabu 2007). Recently, to avoid confusion with low-fre-
quency wind anomalies, WWBs have often been identified
based on the high-pass filtered data with a cutoff of less
than about 90 days (Puy et al. 2016; Capotondi et al. 2018).
Considering the potential sensitivity of the ENSO-WWB
relationship to different WWB definitions (e.g., Capotondi
et al. 2018; Lian et al. 2021), the above two detection meth-
ods are both used in this study to ensure the robustness of
our results. In the first method (M1), WWBs at each grid
point are identified when wind anomalies relative to the sea-
sonal cycle are stronger than 5 m/s with the duration of three
days at least. This threshold corresponds to the upper 7.5%
of magnitude of westerly wind anomalies over the tropi-
cal Pacific (5°S-5°N,120°E-80°W) as shown in Fig. 1. The
same proportion is consistently used to define the threshold
(i-e., 2 m/s) of the WWBs in the high-frequency zonal wind
anomalies. Hence, WWBs are defined as the 90-day high-
pass filtered wind with the intensity higher than 2 m/s and
a duration longer than 3 days in the second method (M2).
Qualitative conclusion remains the same if the zonal and
meridional resolutions vary slightly. Two measurements are
used to characterize the features of WWBs, one of which
is the WWB frequency (days with WWBs per month), and
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the other of which is the accumulated WWB strength (time
integration of zonal wind anomalies associated with WWBs;
m/s per month). These measurements synthetically consider
the characteristics of WWBs in aspects of the zonal exten-
sion, duration, and amplitude of the zonal wind anomalies
(e.g., Hartten 1996; Seiki and Takayabu 2007; Gebbie et al.
2007; Liang et al. 2021).

3 Spatial-temporal characteristics of WWBs
during El Nifo

We firstly show the composite evolution of the SST
anomaly and WWB frequency at the equator in M1 during
El Nifio events (Fig. 2a). The El Nifio event generally
starts evolving in boreal spring and tends to reach its
peak during boreal winter with positive SST anomalies
centered around 120°W. With respect to the El Nifio peak
phase, the composite SST anomalies display relatively
symmetric features during the developing and decaying

(a) M1 WWB frequency (c) M1 WWB strength
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Fig.2 a Composite time-longitude evolution of the equatorial aver-
aged (0.5°S-0.5°N) SST anomaly (°C; contours at intervals of 0.5 ‘C)
and the WWB frequency anomaly (days per month; shading) based
on M1 during the El Nifio events. ¢ Same as a except for the accumu-
lated strength anomaly (m/s per month; shading). Hatching indicates
composite values that exceed the 90% significance level. The orange
and blue boxes represent the El Nifio developing autumn (ASO(0))
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phases from August(0) to April(1). Despite the comparable
magnitude of SST anomalies, the occurrence of equatorial
WWBs shows an obvious seasonal difference between the
developing autumn (August—September—October; ASO(0))
and decaying spring (February—March—April; FMA(1))
seasons. During ASO(0), the frequency of WWBs over the
entire equatorial Pacific is increased by ~ 150% compared
to the climatology. In comparison, the WWB frequency
during FMA(1) is much weaker, which is increased by
nearly 50% relative to the climatology (Fig. 2b). A similar
seasonality of WWBs at the equator is also shown in the
accumulated strength (Fig. 2c—d), consistent with previous
studies (Seiki and Takayabu 2007; Sun et al. 2020).
We further investigate the frequency and accumulated
strength of WWBs at the equator defined by M2 to test
the robustness of this seasonal decrease of equatorial
WWBs (Fig. 2e-h). The same seasonality of WWBs can
be derived during El Nifio events, suggesting this seasonal
characteristic is not dependent on the specific definitions.

(e) M2 WWB frequency (9) M2 WWB strength
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and decaying spring (FMA(1)), respectively. The percentage of the
anomalous WWB frequency b and accumulated strength d relative
to the climatology over the equatorial Pacific (120°E-80°W) during
the El Nifio ASO(0) and FMA(1) in M1. The orange and blue error
bars denote one standard deviation error estimates for ASO(0) and
FMA(1), respectively. e-h As in a—d, but for WWBs defined by high-
frequency wind anomalies (M2)
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Fig.3 Composite spatial distribution of the frequency anomaly of
WWB defined by M1 (days per month; shading) and SST anomaly
(°C; contours at intervals of 0.5 C with zero contours omitted) dur-
ing a ASO(0) and b FMA(1) of El Nifo. ¢ Latitude—time section

To inspect the full spatiotemporal characteristics of
WWBs, we in Fig. 3 display the spatial patterns of the
frequency and accumulated strength of WWBs defined
by M1 and M2 during El Nifio developing and decaying
phases. Here the accumulated strength of WWBs is
not shown considering their similar distribution to the
WWB frequency. During ASO(0), WWBs are frequently
observed over the Western North Pacific (WNP) and the
equatorial western Pacific with the maximum of WWB
frequency being more than 0.5 per month around 3°N,
160°E (Fig. 3a). When the El Nifio events enter their
decaying spring (Fig. 3b), the WWB activity is displaced
southward with the center located at about 5°S. The
seasonal-varying behaviors of WWBs are also seen in
the spatial distribution of WWB frequency defined by
M2 (Fig. 3d-e). We further show the zonally averaged
(120°E-80°W) latitude-time distribution of WWB
frequency in M1 and M2, and both of them clearly exhibit
southward migration across the equator (Fig. 3c, f). It is
mentioning that the seasonal-varying feature of anomalous
WWB activity aligns with that of climatological WWBs
(Harrison and Giese 1991; Harrison and Vecchi 1997),
with a strong phase-locking characteristic to the annual
cycle. The seasonal-varying features of WWBs are
consistent with previous studies on the abrupt southward

of the WWB frequency anomaly averaged over the tropical Pacific
(120°E-80°W) for El Nifio events. d—f As in a—c, but for the WWB
defined by M2. Hatching indicates composite values that exceed the
90% significance level

shift of wind and related weakening of wind anomalies
at the equator (e.g., Harrison 1987; Harrison and Larkin
1998; McGregor et al. 2012), which is a manifestation of
the ENSO Combination Mode (Stuecker et al. 2013). In
this context, the previously mentioned seasonal difference
of WWBs at the equator is a segmentary manifestation of
the meridional migration over the tropical Pacific, which
could lead to the one-sided view that a distinct seasonal
difference of the WWB activity exists when focusing on
the equator.

4 Possible mechanism for the meridional
shifts of WWBs

So far, our observational analysis showed that the anomalous
activity of WWBs experiences a strong southward shift from
the developing autumn to decaying spring of El Nifio. We
next investigate the possible mechanism responsible for this
meridional shift of the WWB activity along with the El Nifio
evolution and find that this southward migration is associated
with a shift in deep convection. Previous studies have shown
that atmospheric deep convection anomalies, associated with
tropical cyclones, the Madden—Julian Oscillation, and extra-
tropical cold surges (e.g., Chu 1988; Keen 1982; Nitta 1989;
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Fig.4 Composite outgoing longwave radiation anomalies (W/

m?; shading) which satisfy the criterion for deep convections

(OLR < 170W/m?) and zonal wind anomalies (m/s; vector) during
days when WWBs occur at any grid point over the a northwestern,

Lian et al. 2018), usually play a major role in generating
WWBs (e.g., Meehl et al. 1996; Hartten 1996; Fasullo
and Webster 2000). To demonstrate the possible physical
linkage between WWBs and local deep convection, we here
first examine their spatial co-location over eight regions
(i.e., split into a northwestern, northern, northeastern,
western, central, eastern, southern, and southeastern region
of tropical Pacific) based on the study of Harrison and
Vecchi (1997). Deep convection is defined when the OLR
is less than 170 W/m?, following previous studies (Arkin
and Meisner 1987; Evans and Shemo 1996; Hartten 1996).
Figure 4 shows the composite deep convection anomalies
over each region during days when WWBs occur at any grid
point. It is evident that WWBs are closely related to local
deep convection anomalies in all eight regions of the tropical
Pacific. This spatial consistence between WWBs and local
deep convections can also be observed in the high-frequency
time scale (not shown).

Since WWBs are closely related to deep convection
anomalies, we next explore the spatial and temporal fea-
tures of deep convection during the El Nifio evolution. Fig-
ure 5 shows the seasonal evolution of anomalous days of
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b northern, ¢ northeastern, d western, e central, f eastern, g southern,
and h southeastern region of the tropical Pacific. Wind anomalies that
are less than 4 m/s are not shown

the deep convection over the tropical Pacific to characterize
the deep convection activity during El Nifio. During boreal
autumn, climatological deep convection is mainly located in
the Northern Hemisphere over the tropical Pacific, with the
maximum being in the WNP and elongating zonally from
the western Pacific to the western coast of Central America.
Similarly, the El Nifio-associated deep convection occurs
more frequently relative to the climatology over the WNP
and a zonal belt near 8°N of the central and eastern Pacific
(Fig. 5a). In the following months, the anomalies of deep
convection days show a pronounced southward shift with the
center moving from 8°N to 6°S (Fig. 5c) along with the sea-
sonal southward shift of climatological deep convection (not
shown). During decaying spring (FMA(1)) when the South
Pacific Convergence Zone (SPCZ) is the strongest (Vincent
1994), there are more frequent occurrences of deep convec-
tion south of the equator over the central Pacific (Fig. 5b).
This meridional movement of deep convection anomalies
could mediate the seasonal-varying features of WWBs along
with the El Nifio evolution.

As shown in Fig. 3, the El Nifio SST anomalies during
both ASO(0) and FMA(1) are quasi-symmetric with respect
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Fig.5 Composite spatial pattern
of anomalous days of the deep
convection (days per month)
during the a developing autumn
and b decaying spring of El
Nifio. ¢ The composite monthly
evolution of deep convection
days averaged over the tropical
Pacific (120°E-120°W) from
July(0) to June(1) of El Nifio.
The deep convection is defined
when the OLR is less than

170 W/m?. Hatching indicates
composite values that exceed
the 90% significance level

Fig.6 a The probability
histogram (%) of SST associ-
ated with deep (orange) and
shallow (blue) convection

in the region of 5°S-5°N,
170°E-120°W. Here, the SSTs
are binned to every 0.5 C,

and then the corresponding
probabilities are calculated.

b The monthly evolution of
climatological days with SSTs
higher than 29 °C from autumn
to next spring over the tropical
Pacific (120°E-120°W). ¢ The
composite monthly evolution
of anomalous days with high
SSTs averaged over the tropical
Pacific from July(0) to June(1)
of El Nifio. Hatching indicates
composite values that exceed
the 90% significance level
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to the equator over the central and eastern Pacific. How do
these equatorially quasi-symmetric SST anomalies lead to
the asymmetric deep convection anomalies? In general, deep
convection is accompanied by high SSTs (Zhang 1993; Lau
et al. 1997; Sabin et al. 2013). As shown in Fig. 6a, the
probability histogram of the underlying SSTs for deep con-
vections exhibits its peak near 29.0 ‘C, different from that
of shallow convection (OLR > 170W/m?) with its peak
near 27.8 °C. Notably, the distinction in the magnitude of
SSTs for deep and shallow convection is also evident when
comparing the upper percentile of the probability histogram
(not shown). Previous studies have shown that the convec-
tion anomalies are closely linked to the underlying SSTs,
including both the climatological SSTs and the superim-
posed SST anomalies (e.g., Gadgil et al. 1984; Graham and
Barnett 1987), and therefore the seasonal movement of the
climatological high SSTs could play an important role in
the southward shift of deep convection anomalies. To char-
acterize the meridional movement of climatological high
SSTs, we summed the days of SSTs exceeding 29.0 C at
each latitude over the region of 120°E-120°W, where WWBs
occur frequently, during each calendar month. Here the SST
threshold of 29.0 °C is used to characterize deep convection.

(a) ASO clim days (high SST)

10N f
0F ;
108 P/
1 1 1
120E  150E 180  150W 120W  90W
-
0 6 12 18 24 30

(c) ASO El Nino anom days (high SST)
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% g Y
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Fig.7 Seasonal evolution of days with SSTs higher than 29°C in a
autumn and b spring. The seasonal evolution of anomalous days with
high SSTs during the ¢ developing autumn and d decaying spring of
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We emphasize that our main conclusions remain almost the
same for slight changes of the SST threshold from 28.5 °C to
29.5 °C (not shown). Figure 6b shows the southward move-
ment of climatological high SST days from autumn to next
spring along with the seasonal march of solar insolation. In
autumn, the high SSTs are mainly located near and north
of the equator (Fig. 6b). It can also be clearly seen from
the spatial pattern that the climatological high SSTs tend
to occur in the western warm pool region with a preference
for staying near the equator and the northern hemisphere
(Fig. 7a). In contrast, SSTs above 29.0 ‘C during spring are
more likely to occur south of the equator (Fig. 6b), with
the eastern boundary extending eastward towards 140°W
(Fig. 7b). During the El Nifio events, the overall seasonal
evolution of anomalous days of high SSTs over the tropi-
cal Pacific exhibits similar features as that of climatological
high SSTs, especially in terms of the southward movement
(Fig. 6¢). The El Nifio-associated quasi-symmetric posi-
tive SST anomalies during the developing autumn lead to
increased occurrences of high SSTs near and north of the
equator over the central Pacific (Fig. 7c), therefore lead-
ing to more anomalous deep convection (Fig. 5a) and thus
more frequent WWBs there (Fig. 3a, d). Correspondingly,

(b) FMA clim days (high SST)
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El Nifio. Hatching indicates composite values that exceed the 90%
significance level
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during El Nifio decaying spring, anomalous deep convec-
tion (Fig. 5b) and associated WWBs (Fig. 3b, e) are prone
to occur in the Southern Hemisphere due to the southward
displacement of high SSTs (Fig. 7d). It’s notable that the
anomalous days of high SSTs are larger than those of deep
convections during El Nifio events, indicating that high SSTs
provide a necessary but not sufficient precondition for the
occurrence of deep convections. In addition to high SSTs,
several other factors could influence the development of
deep convection, such as wind shear, atmospheric condi-
tions aloft including upper-level divergence, jet streams
(Grabowski and Clark 1993; Warren et al. 2017; Peter et al.
2022). The above analyses demonstrate the role of back-
ground annual cycle, particularly that of high SSTs and cor-
responding deep convection over the western-central Pacific,
in modulating the seasonal-varying features of WWBs dur-
ing El Nifio events. It is noted that the equatorial WWBs
exhibit zonal migration along with the El Nifio evolution
(Fig. 2), which could also be related to the nonlinear interac-
tion process between El Nifio and background annual cycle.

5 Resemblances of seasonal-varying
features of WWBs in two flavors of El Nifio

Previous studies have shown that the southward shift of
zonal wind anomalies is more prominent during EP El Nifio
events than that during CP El Nifio events, corresponding
to the contrasting interaction processes between the
western Pacific SST annual cycle and the two different
flavors of El Nifio (Zhang et al. 2015; Jiang et al. 2020).
Here, in Fig. 8 we composite the monthly evolution of SST
anomalies and WWBs at the equator during EP and CP El
Nifio separately to investigate whether the spatiotemporal
characteristics of the high frequency part of zonal wind
anomalies exhibit differences between the two flavors. In
the equatorial region, large discrepancies in the seasonal-
varying features of WWBs can be observed for the two
El Nifio flavors (Fig. 8). The WWB activity, identified by
both M1 and M2, is generally enhanced and located further
eastward during the whole lifecycle of EP El Nifio events
compared to CP El Nifio events. This difference is closely
related to the contrasting SST anomaly patterns of these
two types of El Nifio. Usually, EP El Nifo has positive
SST anomalies centered around 120°W with the maximum
intensity being more than 3.0 °C (Fig. 8a), while CP El Nifio
has much weaker SST anomalies with their center shifted
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Fig.8 As in Fig. 2a-b, e—f, but separated into a—d EP and e-h CP El Nifio events. Here the contours for the EP and CP El Nifio events are
shown at intervals of 1.0 °C and 0.5 ‘C, respectively. Hatching indicates composite values that exceed the 90% significance level
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westward to around 160°W (Fig. 8e). The SST anomaly
pattern associated with EP El Nifio tends to provide a
more favorable condition for the occurrence of the deep
convection and WWBs, leading to larger zonal expansion
of WWBs, compared to CP El Nifio. Besides, the seasonal
evolution of the equatorial WWB activity also shows a large
disparity for the two El Nifio flavors despite that both types
exhibit comparable amplitude of SST anomalies in ASO(0)
and FMA(1). For the EP El Nifio composite (Fig. 8a—d),
the equatorial WWB activity is stronger in ASO(0) than
in FMA(1), analogous to the composite of all El Nifio
events (Fig. 2). In contrast, for the CP El Nifio composite
(Fig. 8e—h), the WWB activity is quite similar between
ASO(0) and FMA(1).

Nevertheless, the seasonal meridional migration
of WWBs during the two El Nifio flavors bear a close
resemblance over the tropical Pacific. The composite
spatial distributions of WWBs during EP and CP EI Nifio
developing and decaying phases are shown in Figs. 9 and
10, respectively. For both EP and CP El Nifio events, there
appears remarkable southward displacement of WWBs
along with the seasonal march of solar insolation. During the
EP El Nifio developing phase, WWBs are more frequently

(a) EP ASO(0) M1 frequency
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Fig.9 Composite spatial distribution of the SST anomaly (°C; con-
tours at intervals of 0.5 °C with zero contours omitted) and WWB fre-
quency anomaly defined in M1 (days per month; shading) during a
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detected near and north of the equator over the western
Pacific, covering a large meridional extent from 15°N to
5°S (Fig. 9a, c). When the EP El Nifio enters its decaying
phase, the associated WWB activity is displaced southward
and more frequent WWBs occur south of the equator
(Fig. 9b, d). Focusing on a narrow equatorial band (e.g.,
0.5°S-0.5°N or 2°S-2°N), the segmentary manifestation of
the meridional migration could be mistaken for the evidence
of a seasonal decrease of WWB activity during El Nifio.
During CP El Nifio, the southward shift of WWBs is also
prominent (Fig. 10b, d), though its extent is slightly weaker
compared to that of EP El Nifio (Fig. 9b, d). In the decaying
spring of CP El Nifo, pronounced WWB activity can be
observed near and south of the equator (Fig. 10b, d). If we
only focus on the equator, similar equatorial WWB activity
is seen during both the developing and decaying phases.
To sum up, the WWB activities during the two El Nifio
flavors exhibit similar spatiotemporal features regarding the
seasonal meridional location. The similar southward-shifted
characteristics of WWBs can be understood considering
that the El Nifio-associated deep convection anomalies are
displaced southward for both El Nifio flavors (Fig. 11).
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ASO(0) and b FMA(1) of the EP El Nifio events c—d. As in a—b, but
for the WWB frequency anomaly defined in M2. Hatching indicates
composite values that exceed the 90% significance level
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Fig. 10 As in Fig. 9, but for anomalies during the CP El Nifio events. Here the contours are shown at intervals of 0.5 'C

6 Conclusion and discussion

The relationship between ENSO and high-frequency
atmospheric variability has been extensively studied in
recent decades, reaching no clear consensus regarding cause
and effect (e.g., McPhaden 1999; Lengaigne et al. 2004;
Eisenman et al. 2005; Gebbie et al. 2007; Levine et al. 2017;
Hayashi and Watanabe 2017; Lian and Chen 2021). While
it is well-recognized that WWBs act to play an essential
role in energizing ENSO, especially during the onset of
an El Nifio, multiple lines of evidence have indicated that
WWBs can in turn be modulated by El Nifio-related air-sea
conditions throughout its whole lifecycle (e.g., Eisenman
et al. 2005; Gebbie et al. 2007; Tziperman and Yu 2007;
Seiki and Takayabu 2007). So far, the spatiotemporal
features of WWBs during El Nifio events have not been
fully understood, and the underlying mechanism responsible
for the seasonal variation along with the El Nifio evolution
remains unclear. In the present study, we find that the
anomalous activity of WWBs—in terms of both frequency
and accumulated strength—shifts noticeably southward from
the developing boreal autumn to decaying spring of an El
Nifo event, regardless of the definition of WWBs used. This
seasonally-varying feature is closely linked to the southward
displacement of the El Nifio-related deep convection. In El

Nifio developing autumn, the climatological high SSTs over
the western-central Pacific are located mainly in the northern
hemisphere, and the equatorially quasi-symmetric El Nifio-
related SST anomalies can thus lead to more frequent SSTs
above 29 °C near and north of the equator and increase
the probability of the occurrence of deep convection and
WWBs. During El Nifio decaying spring, the climatological
warm SSTs are shifted southward of the equator, allowing
total SSTs to surpass the threshold for the deep convection
in the Southern Hemisphere. Consequently, WWBs occur
more frequently south of the equator during the decaying
spring of El Nifio. The so-called seasonal difference of
equatorial WWB activity during El Nifio is actually a
segmentary manifestation of the strong meridional migration
of WWB activity from the Northern to Southern Hemisphere
following the seasonal march of the warm pool. This is an
example of high-frequency transients, i.e., WWBs, being
closely linked to the Combination Mode between ENSO and
the warm pool annual cycle (Stuecker et al. 2013, 2015).
Furthermore, we find that there appears a close resem-
blance between the seasonal-varying features of WWB
activity during EP and CP El Nifio events in terms of the
meridional migration, due to similar meridional shifts of
deep convection anomalies. We emphasize that the seasonal-
varying behavior of WWBs during two types of El Nifio
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Fig. 11 Latitude—time section of the frequency anomaly of WWBs
defined by M1 (days per month; shading) and anomalous deep con-
vection days (contours) averaged between 120°E and 120°W for the

is to some extent different from those of monthly zonal
wind anomalies as shown in many previous studies (e.g.,
McGregor et al. 2012, 2013; Zhang et al. 2015) (see also
Fig. 12). The zonal wind and convection anomalies display a
robust southward shift from the developing autumn to decay-
ing spring of EP El Nifio (Fig. 12a), while a weak meridional
migration of the atmospheric anomalies is observed dur-
ing CP El Nifio (Fig. 12b). To understand this seemingly
contradictory behavior of the seasonal-varying features of
monthly atmospheric anomalies and the high-frequency
counterpart (i.e., WWBs), the days with WWBs and the ratio
of these to the days with positive zonal wind anomalies are
calculated respectively over the region of 10°S-10°N and
150°E-120°W, where the southward shift of the westerly
wind anomaly is prominent during FMA(1) (Fig. 12c). The
FMAC(1) season is chosen considering the large difference
between the meridional structure of WWBs and monthly
zonal wind anomalies during decaying spring. The propor-
tion of WWB occurrences (Fig. 12d) during EP El Nifio is
twice as large as during CP El Nifio, that is, WWBs during
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(b) CP: M1 WWB frequency
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a EP El Nifio and b CP El Niifio events. ¢—d As in a-b, but for the
WWRB defined by M2. Hatching indicates composite anomalous deep
convection days that exceed the 90% significance level

EP El Nifio constitute a larger portion of the total wind
anomalies compared to during CP El Nifio. The qualita-
tive conclusion remains the same if narrowing down the
computed region to the southern hemisphere (10°S-0°, not
shown). This could be responsible for the inconsistency of
the monthly wind anomalies and the high-frequency coun-
terpart during CP El Nifio.

In this study, we present a more comprehensive picture
of the spatiotemporal characteristics of WWBs during
El Nifio events and the association with the two different
flavors of El Nifio. We here emphasize the modulation of
ENSO on WWB activity during its developing autumn to
decaying spring seasons. This study is thus complementary
to many previous studies that emphasized the role of
WWBs during the onset phase of El Nifio during boreal
spring. In this developing El Nifio spring season the large-
scale SST anomaly pattern has not been well established
yet and WWBs are an important trigger (and/or amplifier)
for the development of El Nifio events (e.g., McPhaden
1999; Boulanger et al. 2001; Lengaigne et al. 2004;
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Fig. 12 Latitude—time section
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Fedorov et al. 2015; Levine et al. 2016, 2017; Hayashi and
Watanabe 2017). Our study suggests that more attention
should be paid to the various ways in which WWBs
interact with ENSO (including its diversity) and the warm
pool annual cycle and to better understand the implications
for ENSO seasonal predictability. Besides, deep
convections are regarded as an important intermediary
in the modulation of ENSO on WWB activity. Here we
make no distinction between deep convections associated
with the extratropical cold surges, tropical cyclones or the
Madden—Julian Oscillation, which also exhibit a prominent
seasonality during El Nifio events (e.g., Chen et al. 2004;
Gushchina and Dewitte 2012; Feng et al. 2015; Guo and
Tan 2021). The relative contribution of these convection
systems on the seasonal-varying features of WWBs need
to be investigated in the near future.
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