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ABSTRACT: The Madden–Julian oscillation (MJO) and El Niño–Southern Oscillation (ENSO) are the two most impor-
tant tropical phenomena that affect global weather and climate on intraseasonal and interannual time scales. Although
they occur on different time scales, the MJO-induced sea surface temperature (SST) anomalies over the equatorial Pacific
have spatial scales similar to SST anomalies prior to El Niño. This study aims to address the question of whether the MJO
plays an important role in the warm pool eastward extension (WPEE) leading up to El Niño. We use over 20 years of satel-
lite observations, including optimum interpolated SST, TRMM-GPM precipitation, and the cross-calibrated multiplatform
(CCMP) surface winds from 1998 to 2019, to quantify the spatial structure and duration of the MJO-induced warm SST
anomalies over the equatorial Pacific (108S–108N, 1308E–1808). The intensity of the MJO is measured by the total rain vol-
ume and average surface westerly wind speed throughout its convectively active phase. Results show that 1) 61% of the
98 MJO events induced a WPEE over 1000–3000 km along the equator, which can last beyond 15–30 days after the MJO
precipitation ended; 2) the MJO events prior to El Niño are generally stronger and produce significant WPEE far beyond
its annual cycle and increasing SST warming in the Niño-3.4 region; 3) consecutive MJO events can produce much stronger
WPEE prior to El Niño, which are observed in all El Niño events from 1998 to 2019; and 4) more frequent and stronger
MJO-induced WPEE occurs in March–May than other seasons. These results can help better understand the MJO–ENSO
interaction and, ultimately, improve the prediction of El Niño onset.
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1. Introduction

El Niño–Southern Oscillation (ENSO) is the predominant
mode of interannual (2–7 years) variability that exerts a pro-
found influence on the global weather and climate (Philander
et al. 1984). ENSO manifests as alternating periods of anoma-
lously warm and cold ocean conditions in the Pacific, charac-
terized by variability in amplitude, duration, and temporal and
spatial structures (Capotondi et al. 2015). One of the most chal-
lenging aspects of ENSO prediction is the onset of El Niño
(McPhaden et al. 2006a; Guilyardi et al. 2009; McPhaden 2015;
L’Heureux et al. 2017), which is marked by an initial warming
of the upper ocean across the Pacific (Kessler 2002). This initial
warming occurs when the west Pacific warm pool is extended
eastward beyond its climatological position.

The Madden–Julian oscillation (MJO) (Madden and Julian
1971, 1972) occurs on intraseasonal time scales (;30–90 days)
with anomalous large-scale precipitation and zonal winds propa-
gating from the tropical Indian Ocean to the west-central Pacific
(Zhang 2005, 2013). Although the MJO and ENSO occur on
different time scales, they can interact, especially over the tropi-
cal Pacific (Kessler and Kleeman 2000; Bergman et al. 2001;
Lengaigne et al. 2002). Both observations (Lau and Chan 1988;
Kessler et al. 1995; Zhang and Gottschalck 2002; Maes et al.
2002, 2006; Bosc et al. 2009) and modeling studies (McPhaden
and Yu 1999; Kessler and Kleeman 2000; Suzuki and Takeuchi
2000; Lengaigne et al. 2002, 2003) have suggested that the MJO
may contribute to the onset of El Niño through various processes.

Zhang et al. (2001) provided a summary of the MJO–ENSO in-
teraction based on a workshop on this topic.

The displacement of the west Pacific warm pool’s eastern
edge has been studied on intraseasonal (Kessler et al. 1995;
Drushka et al. 2015) and interannual time scales (Delcroix
and Hénin 1991; Picaut et al. 1997; Vialard and Delecluse
1998; Maes et al. 2002, 2005; Maes and Belamari 2011; Singh
and Delcroix 2013). Kessler et al. (1995) proposed that west-
erly wind bursts (WWBs), particularly those associated with
the MJO, play a crucial role in generating intraseasonal oce-
anic Kelvin waves and promoting the warm pool eastward ex-
tension (WPEE) on intraseasonal time scales. Several studies
have emphasized the significance of the eastward advection of
warm water by geostrophic currents induced by wind-forced
downwelling Kelvin waves (Kessler et al. 1995; Picaut and
Delcroix 1995; McPhaden 1999; Lengaigne et al. 2002; Zhang
and Gottschalck 2002). However, Kessler et al. (1995) also
pointed out that abrupt shifts in the warm pool’s eastern edge
are not always associated with Kelvin waves. Using the tradi-
tional MJO RMM index (Wheeler and Hendon 2004), Drushka
et al. (2015) did not find a clear association between the WPEE
and various MJO phases identified by RMM. It is not surprising,
given that the RMM index is based on EOF analysis of the
OLR and tropospheric wind anomalies, which are not directly
connected with the actual surface forcing of the ocean from the
MJO and, therefore, may not be correlated with the ocean
response.

To understand the relationship between the WPEE and the
MJO, observational studies of oceanic processes associated with
the MJO, specifically the ocean response to MJO forcing through
westerly winds and freshwater from the MJO precipitation,Corresponding author: Yakelyn R. Jauregui, yakelynr@uw.edu
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provide direct connections with plausible physical mechanisms.
First, Kessler et al. (1995) proposed that MJO-induced westerly
winds excite equatorial downwelling Kelvin waves that deepen
the thermocline and facilitate the advection of warm waters to the
east. This mechanism can play a crucial role in theWPEE. Chiodi
et al. (2014) showed that MJO events with WWBs can induce
warming up to 0.68C in the eastern Pacific within 20–80 days,
whereas non-WWB events do not significantly affect SST changes.
Second, Anderson et al. (1996) showed that the freshwater from
the MJO precipitation during convectively phase reduces the
density of the ocean surface layer and produces a shallower
mixed layer (ML) above the upper-ocean barrier layer (BL), as
described by Lukas and Lindstrom (1991). After the MJO deep
convection (i.e., during the post-MJO suppressed phase with
calm wind and clear-sky conditions), the BL acts as a barrier
preventing the intrusion of cold thermocline water into the ML.
The presence of a shallower ML and a sufficiently thick BL ena-
bles the maximum warming of the upper ocean by retaining a
significant portion of shortwave radiation, thereby reinforcing
the initial stratification (Anderson et al. 1996; Vialard and
Delecluse 1998; Maes et al. 2002, 2006). The penetration of
shortwave radiation through the base of the ML plays a vital
role in accumulating heat content above the thermocline, which
is a precondition for the onset of El Niño (e.g., McPhaden
2012). Furthermore, observational and modeling studies of
the MJO have shown that the MJO large-scale convective en-
velope consists of organized mesoscale convective systems
(MCSs; Chen et al. 1996) that can enhance surface westerly
winds through the downward transport of momentum into
the atmospheric boundary layer (Houze et al. 2000; Mechem
et al. 2006). The combination of the two dynamics and ther-
modynamics physical mechanisms associated with the MJO
westerly winds and large-scale precipitation can induce a
WPEE during the suppressed phase of the MJO, namely the
post-MJO phase (after the convective period).

The direct impacts of MJO-induced westerlies and precipita-
tion/freshwater on the ocean observed by previous studies have
been further tested and quantified by a high-resolution coupled
atmosphere–ocean modeling study by Kerns and Chen (2021).
They found that the effect of the MJO on WPEE is through di-
rect coupling of precipitation, salinity, and wind using coupled
model experiments with and without the input of the freshwater
from the MJO events prior to the onset of El Niño in 2018.

To further investigate the direct MJO impacts on the ocean
surface and WPEE, we expand previous case studies using ob-
servations from 1998 to 2019 in this study. We use both precipi-
tation and surface wind observations over a long period with a
significant number of MJO events. To quantify the direct im-
pacts of the MJO on the ocean surface temperature in this
study, we use the MJO large-scale precipitation tracking (LPT)
method originally developed by Kerns and Chen (2016) and fur-
ther improved with extended observations by Kerns and Chen
(2020). In contrast to previous studies using the RMM index
based on anomalies, the LPT method enables us to track the ac-
tual MJO precipitation and surface westerly winds directly in
time and space. It made it possible to investigate the impacts of
the MJO on oceanic processes that can provide new insights re-
lated to the WPEE. In this study, we analyze nearly 100 MJO

events identified using over 20 years of comprehensive multisa-
tellite precipitation data (Kerns and Chen 2020) along with sur-
face wind and SST observations to quantitatively analyze the
MJO-induced WPEE over the western Pacific. For simplicity,
we refer to the convectively suppressed phase after the active
phase as post-MJO for the rest of this paper. We assess the spa-
tial structure and duration of the MJO and the post-MJO
WPEE for individual and consecutive MJO events in relation to
the six El Niño events from 1998 to 2019.

The remainder of this paper is organized as the following:
section 2 describes the observational datasets and the methods
used in this study to quantify the duration and intensity of each
MJO event and the post-MJOWPEE. To demonstrate the con-
nection between enhanced MJO activity, post-MJO WPEE,
and El Niño onset, section 3 presents two specific examples of
the MJO events before El Niño 2002 and 2018. Section 4 pro-
vides comprehensive analyses of all MJO events observed dur-
ing 1998–2019, including statistics of MJO-induced WPEE in
time and space as well as a composite of warming due to the
MJO over the tropical western Pacific. Section 5 further demon-
strates that the WPEE is a robust signal above seasonal variabil-
ity by removing the annual cycle of the warm pool. Section 6
examines the MJO intensity in relation to the WPEE. A sum-
mary and conclusions are given in section 7.

2. Data and methods

a. Precipitation, wind, and SST data

The Tropical Rainfall Measuring Mission (TRMM) Multi-
satellite Precipitation Analysis (TMPA) 3B43 V7 data from
June 1998 to June 2019 are used to identify the MJO event
(Kerns and Chen 2016, 2020). TMPA estimates instantaneous
rain rates at 3-hourly intervals on a regular 0.258 grid based
on passive-microwave and infrared retrievals (Huffman et al.
2007).

The Cross-Calibrated Multi-Platform version 2 (CCMP V2)
wind at 10 m is used to characterize the surface wind associated
with the MJO events from June 1998 to June 2019. The 6-hourly
and 0.258-resolution CCMP V2 wind product is produced by
Remote Sensing Systems (REMSS) (Atlas et al. 2008). It com-
bines surface wind data from satellite radiometer retrievals,
QuikSCAT and ASCAT satellite scatterometer measurements,
moored buoys, and ERA-Interim reanalysis using a variational
analysis method.

The daily SST data used in this study are from the National
Ocean Atmospheric Administration (NOAA)Optimum Interpo-
lation Sea Surface Temperature version 2 (OISST-V2; Reynolds
et al. 2002, 2007) at 0.258 spatial resolution. The Niño-3.4
(58S–58N, 1708E–1208W) SST monthly anomalies and Oceanic
Niño Index (ONI) are obtained from the NOAA Climate Pre-
diction Center (CPC) for real-time ENSOmonitoring indexes.

b. MJO identification

The MJO events are identified based on the large-scale pre-
cipitation tracking (LPT) algorithm developed by Kerns and
Chen (2016, 2020) using TMPA data. This method explicitly
identifies the evolution of individual MJO events in time and
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space. A large-scale precipitation object (LPO) is first identi-
fied by 12 mm day21 threshold contour using a 58 3 58 spatial
filter on the 3-day precipitation accumulation. The LPO is
then tracked in time at 3-hourly intervals as an LPT system
(LPTs). The MJO LPTs is defined as an LPT system that lasts
beyond 10 days with eastward propagation speed . 0 m s21

as described in Kerns and Chen (2020). This LPT method pro-
vides the size and intensity of the MJO large-scale convec-
tion/precipitation, its center location, structures in both zonal
and meridional directions, as well as the starting and ending
dates of the MJO precipitation, which are not explicitly repre-
sented by the RMM index (Wheeler and Hendon 2004). It is
uniquely suited for studying the direct impacts of the MJO
on ocean and air–sea interaction. The MJO LPTs database is
extended to include 2019 in this study using the same
methodology.

Two examples of the MJO LPTs from January–March 2002
and January–February 2018 are shown in Figs. 1a and 1b, respec-
tively. For simplicity, we will use the MJO LPTs and MJO events
interchangeably. The 2002 MJO event lasted about 50 days and
propagated from the Indian Ocean to the western Pacific with an
average eastward speed of 1.7 m s21, while the 2018 MJO event
lasted for 36 days at 3.1 m s21. We use the centroid and area cov-
erage of the precipitation as represented by a large-scale precipi-
tation object (LPO; defined in Kerns and Chen 2016) that can be
tracked in time and space for each MJO event that has a starting
and ending time as shown by the color contours in Fig. 1. For
simplicity, we refer to the MJO LPT events as the MJO events in
this study thereafter.

It is important to note that the MJO precipitation and west-
erly winds impact the ocean not only during the convective ac-
tive phase but, more importantly, the long-lasting effects
persist during the post-MJO suppressed phase over the equa-
torial Pacific as shown in previous studies. To investigate the
post-MJOWPEE over the tropical west-central Pacific, we se-
lected a subset of the MJO events located within the region of
108S–108N, 1308–1808E. Although these MJO events can start
and/or end outside of this region, they need to last beyond
days within this region. In fact, most of the MJO events in this
subset were initiated over the Indian Ocean and propagated
eastward across the Maritime Continent to the west-central
Pacific. This subset includes 98 MJO events out of a total of
more than 200 MJO events from 1998 to 2019. The character-
istics of this subset of the MJO and post-MJO WPEE will be
compared with overall MJO events.

c. MJO intensity measured by precipitation and wind

The MJO, by definition, refers to large-scale convection and
circulation patterns that exhibit variability on the intraseasonal
time scale (;30–90 days), with convectively active and sup-
pressed phases as they propagate eastward (Madden and Julian
1971, 1972; Zhang 2005). It has been noted by many observa-
tional studies that the MJO consists of irregular, anomalous
large-scale convection/precipitation that initiate over the Indian
Ocean and propagate eastward up to west-central Pacific (e.g.,
Rui andWang 1990; Hendon et al. 1998; Kerns and Chen 2020).
During the convectively active (suppressed) phase, strong sur-
face westerly (easterly) winds are associated with the MJO

FIG. 1. MJO large-scale precipitation tracking systems (LPTs) shown in color contours evolving in time at 6-hourly
intervals for two MJO events: (a) January–March 2002 and (b) January–February 2018. The centroids of the MJO
LPT are shown as black circles. The MJO LPT uses 12 mm day21 threshold of the 3-hourly data as described in Kerns
and Chen (2020). Day-0 corresponds to the ending date of the MJO-LPTs and the start of the post-MJO-precipitation-
phase analysis.
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(e.g., Zhang 2005). The surface westerlies tend to be stronger
than the easterlies due to the downward momentum transport
within MCSs during the MJO’s convectively active phase
(Houze et al. 2000; Su et al. 2000; Mechem et al. 2002, 2006;
Judt and Chen 2014). Observations have shown that convection,
precipitation, and surface winds within the MJO’s large-scale
envelope exhibit multiscale variability, ranging from diurnal and
bidiurnal to synoptic time scales (e.g., Chen et al. 1996; Chen
and Houze 1997a). The characteristics of these variables can
vary among different MJO events and can be directly modu-
lated by ENSO on interannual time scales over the warm pool
(e.g., Chen and Houze 1997b).

To assess the strength of the MJO and its direct influence
on the SST and WPEE, we focus on two crucial measures: the
total precipitation and surface westerly wind. They connect
the ocean response directly to the MJO atmospheric forcing
through the input of freshwater and momentum fluxes. In this
study, the intensity of each MJO event is quantitatively de-
fined by 1) the integrated rain volume from inside of each
LPO through the entire MJO LPT (i.e., convectively active
phase, in m3) as described in Kerns and Chen (2020), and
2) 6-hourly maximum surface westerly winds (in m s21) inside
each LPO and are averaged throughout the entire MJO LPT
(Fig. 2). The MJO envelope indicates the area encompassed
by the MJO feature smoothed with a 2.58 latitude–longitude
Gaussian (purple contour in Fig. 2). The region 108S–108N,
1308E–1808 represents the area of MJO impact on the warm
pool shown in a red box. The MJO intensity of convection

over the warm pool is defined as the rain integrated over the
overlapping region between the MJO envelope and the red
box. Similarly, the intensity of WWB is the average of wester-
lies during the MJO event over the same region in m s21.
Thus, the intensity of each MJO event is quantified in terms
of rain volume (m3) andWWB (m s21).

To ensure that the results are representative of the warm
pool, the analysis is repeated by varying the selected areas,
for example by shifting and/or increasing longitude of 108
from 1308E to 1808 in combination of changing latitudes from
108S–108N to 158S–158N. In general, the results are similar to
that of 108S–108N, 1308E–1808.

d. Post-MJO warm pool eastward extension

The warm pool has traditionally been defined by various
isotherms of the ocean surface, such as 288, 28.58, or 298C in
previous studies (Picaut and Delcroix 1995; Clarke et al. 2000;
McPhaden and Picaut 1990; Picaut et al. 2001). This study de-
fines the warm pool as the 28.58C isotherm because it gener-
ally represents the large-scale warm pool feature over the
tropical Pacific. The high-frequency SST variability was re-
moved using a 3-day centered SST running mean and a two-
dimensional Gaussian filter with a standard deviation of 10 grid
points (2.58, approximately 250 km near the equator). To accu-
rately represent the warm pool evolution and the WPEE, we
use the observed SST (not SST anomaly), which allows for di-
rect tracking of the SST features in time (Graham and Barnett
1987; Jauregui and Takahashi 2018).

FIG. 2. MJO envelope (purple contour) indicates the area encompassed by the MJO-LPT feature for the two MJO
events as shown in Fig. 1. (a),(c) Cumulative rainfall (mm) and (b),(d) average surface westerly wind speed (m s21)
during the MJO LPTs. The red box marks the region of MJO impact on the warm pool (108S–108N, 1308E–1808). The
total cumulative rain volume (m3) and area-averaged wind speed (m s21) within the red box are given at the top right,
respectively.
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Because the upper-ocean warming often occurs after the
deep convection and precipitation associated with the MJO,
as shown by Anderson et al. (1996), we track the eastern edge
of the warm pool immediately after the end of the MJO LPT,
which is defined as the beginning of the post-MJO precipita-
tion phase as Day-0 (Fig. 1). Subsequently, we track the warm
pool’s movement from post-MJO Day-0 to Day-1, Day-2, and
so on, as illustrated in Fig. 3. The warm pool is tracked only if
its eastern edge moves eastward until reaching its maximum east-
ward displacement on Day-max. To determine the WPEE from
Day-0 to Day-max, we calculate the warm pool displacement as
the difference between the easternmost points of the warm pool
on Day-0 and Day-max. We use the 0.258 data from 108S to 108N
with a 5-day centered mean value of the equatorial band
(58S–58N) to track the continuous WPEE in time, as shown in
Figs. 4a and 4b. The maximum post-MJO WPEE and corre-
sponding Day-max are marked in red for both cases in Figs. 4c
and 4d. The tracking is terminated at Day-max if the equatorial
warm pool retreats by more than 500 km or for more than 7 days.

This method provides a quantitative measure of the tem-
poral and spatial WPEE during the post-MJO period. The
maximum post-MJO WPEE associated with the two events
is about 2500 km and occurred on Day-37 and Day-78, re-
spectively (Figs. 3 and 4). To account for the 2.58 Gaussian
smoothing applied to the SST fields, shorter displacements
(,250 km) are classified as events with nondisplacement.
Using this method, we identified 60 post-MJO WPEE
events from the 98 MJO events (Table 1). Nine MJO events
(IDs: 1, 3, 16, 27, 32, 40, 67, 80, 86) were associated with shorter
post-MJO WPEE and classified as nondisplacement events. In
some cases, the post-MJO warm pool displacement is westward;
thus, we use the same criteria described above to identify the
westward displacement.

e. WPEE anomaly

To further investigate whether the post-MJO WPEE is ex-
tended beyond the WP climatological position, we compute the
WPEE anomaly. The WPEE anomaly is computed by subtract-
ing its daily climatological longitude from 108S to 108N. The
warm pool daily climatology retains the first three harmonics of
the annual cycle from 1982 to 2010. Figure 5 shows the spatial
variability of the monthly mean warm pool climatology. For ex-
ample, the WPEE anomaly on Day-Max associated with the
two MJO events from 2002 to 2018 is mostly positive, especially
north of the equator, where the WPEE is about 3000 km farther
east than their climatological positions (Figs. 6b,d). In contrast,
a negative warm pool anomaly is observed south of the equator
at about21500 km for the 2018 MJO event (Fig. 6d).

3. Spatial structure and duration of the
post-MJO WPEE

Using the LPT method to track the MJO events, as described
in section 2b, made it possible to investigate the spatial and tem-
poral structure and evolution of the MJO-induced SST changes
during- and post-MJO events in this study for the first time. To
illustrate how the new analysis tools are used for computing the
post-MJO WPEE, we show two specific examples of the MJO
events observed in 2002 (Fig. 7) and 2018 (Fig. 8).

The transition from La Niña in 2001 to El Niño in 2002 was
proceeded by consecutive intense WWBs associated with the
MJO events (McPhaden 2004). Figures 7 and 8 show multiple
MJO events and WWBs prior to El Niño in May–June 2002
(Fig. 7d) and June–August 2018 (Fig. 8d). Warmer waters ex-
tending eastward to the Niño-3.4 region reduce the large-scale
SST zonal gradient during El Niño, enabling favorable condi-
tions for the development of the El Niño conditions in June
2022 and July 2018, respectively (Figs. 7c and 8c).

The evolution of the post-MJO WPEE SST changes during
the transition from La Niña to El Niño, and surface winds
from January–December 2002 are shown in Fig. 9. The MJO-
induced SST anomalies develop over the tropical western
Pacific (Fig. 9a) and extend toward central Pacific (Fig. 9b)
with spatial scales that resemble the SST anomalies observed
during the maturing phase of El Niño 2002 (Figs. 9d,e). The
main difference is that the post-MJO WPEE occurs on shorter
subseasonal time scales (i.e., weeks). As the multiple post-MJO
WPEE events occur, the trade winds weaken significantly, as
shown in Fig. 9, which are favorable for the development of
El Niño. Similar features in SST and surface winds are observed
during the onset of El Niño 2018 (not shown).

The observed MJO events during the onset of El Niño in
2002 and 2018 seemed favorable for developing El Niño. The
questions that need to be addressed are (i) Is the post-MJO
WPEE a common feature for all MJO events? (ii) How often
do consecutive MJO events occur during the El Niño onset or
prior to El Niño? and (iii) How are the magnitude and struc-
ture of the post-MJO WPEE affected by the MJO intensity
of precipitation and surface westerlies? In the next three sec-
tions, we aim to address these questions using long-term satel-
lite observations.

FIG. 3. Evolution of warm pool (28.58C contour) after the twoMJO
LPT events shown in Fig. 1, from the post-MJO Day-1 onward:
(a)March–April 2002 and (b) February–April 2018 with dates in color.
Day-37 and Day-78 mark the day of the maximumWPEE (Day-max)
for the two events, respectively.
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4. The MJO-induced WPEE in relation to ENSO from
1998 to 2019

The relationship between the post-MJO WPEE and ENSO
is examined using observations from 1998 to 2019. Figure 10
shows the positions of the observed eastern edge of the warm
pool and its climatology, warm pool anomaly, MJO events,
absolute zonal surface wind speed, and the Niño-3.4 index
representing ENSO conditions over the 21-yr period.

Tracking the post-MJO WPEE, as described in section 2c
and quantified in section 2d, provides a better understanding
of the relationship between MJO activity and the onset of
El Niño events from 1998 to 2019. First, we identify periods of
El Niño events according to the criteria developed by NOAA
(2016). An El Niño advisory is issued when the Niño-3.4 index
exceeds 0.58C for five consecutive overlapping 3-month peri-
ods (https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_v5.php). The onset of each event

was centered on June 2002, August 2004, September 2006,
July 2009, October 2014, and October 2018 (red arrows in
Fig. 10d).

Second, we examine the MJO events that could potentially
contribute to the onset of El Niño. We focus on MJO events
that occurred within 9 months before the onset of El Niño.
This 9-month lag period is chosen based on the robust correla-
tion observed by Kug et al. (2010) between precursors for the
onset of El Niño (e.g., equatorial sea level, zonal mean thermo-
cline) and the Niño-3.4 index. Using these criteria, we identi-
fied 25 MJO events within 9 months prior to El Niño events
and 33 MJO events during El Niño events, marked in red and
dark red in Fig. 10a, respectively. The remaining MJO events
are not related to El Niño events (marked in black in Fig. 10a).

The enhanced MJO activity consistently precedes an anom-
alous WPEE before each observed El Niño event from 1998
to 2019 (Figs. 10a,b). During multiyear La Niña conditions in

FIG. 4. (a),(b) Post-MJO warm pool displacement (103 km; colors) over time relative to positions on 5 Mar 2002
and 18 Feb 2018, respectively, from 108S to 108N. The black dashed lines enclose the equatorial band
(58S–58N). (c),(d) Averaged warm pool displacement from 58S to 58N. The vertical red lines indicate post-
MJO Day-max and the maximum post-MJO WPEE for the two MJO events, respectively, and the displace-
ment shown in gray is discarded due to the 500-km retreat.

TABLE 1. MJO events with identification numbers (ID) and their occurrences with an associated WPEE based on the ENSO state
from 1998 to 2019.

ENSO conditions

Non–El Niño
Within 9 months prior to

El Niño During El Niño

No. of events 23 20 17
MJO ID 2, 4, 5, 7, 8, 20, 31, 44, 45, 46,

48, 49, 50, 61, 62, 63, 66, 68,
70, 73, 74, 89, 91

9, 10, 11, 12, 24, 25, 34, 35, 36,
37, 38, 39, 51, 52, 75, 76, 77,
92, 93, 94

13, 14, 15, 17, 18, 26, 29, 42, 54,
55, 57, 59, 81, 85, 87, 97, 98

J OURNAL OF CL IMATE VOLUME 37860

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:09 PM UTC

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php


1999–2001 and 2010–12, the warm pool was positioned farther
west. Although a detailed explanation of the differences in
MJO activity and its impact on the warm pool displacement
during La Niña conditions is beyond the scope of this study,
Fig. 10 provides evidence that MJO events in early 2011 (61–63
in Fig. 10a) were followed by a WPEE of approximately 2000 km
(Fig. 10b). This WPEE attenuated the equatorial negative
Niño-3.4 anomalies and led to positive Niño-3.4 (Figs. 10c,d).
Similarly, the MJO events from December 2016 to February

2017 were followed by a WPEE in May–June 2017, coinciding
with relatively warm Niño-3.4 anomalies (Fig. 10a).

The 60 post-MJO WPEE events identified in section 2d are
shown in Table 1. They are grouped relative to El Niño conditions.
Among these 60 WPEE events, 20 occurred within 9 months pre-
ceding El Niño events, 17 occurred during El Niño events, and
the remaining 23 occurred during neutral or La Niña conditions.
Section 4a analyzes these results to characterize the spatial and
temporal scales of these 60 WPEE events.

FIG. 5. Monthly climatology of the warm pool (28.58C) from January–December (colors) com-
puted using the OISST-V2 data from 1982 to 2010.

FIG. 6. (a),(c) Maximum eastward warm pool (28.58C) location on 12 Apr 2002 and 7 May 2018, immediately after
the two MJO LPT events as shown in Fig. 1 (magenta) and corresponding daily climatology (blue dashed lines).
(b),(d) Anomalies computed as a difference of the warm pool absolute longitude relative to its climatology. Gray shading
highlights the region between 108S and 108N.

J AUR EGU I AND CHEN 8611 FEBRUARY 2024

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:09 PM UTC



a. MJO-induced WPEE

We examine the displacement of the eastern edge of the
warm pool over the equatorial band (58S–58N) before and af-
ter the MJO ending date (Day-0) for the 60 events identified
in sections 2c and 2d. Instead of using the average, we analyze
individual grid points within the equatorial band because the
warm pool does not move monotonically, as shown in Figs. 4a
and 4b. In Fig. 11a, we present the frequency of zonal dis-
placement over the equatorial band. In agreement with
Drushka et al. (2015), the warm pool displacement is slightly
more westward than eastward, during the MJO active phase.
However, eastward displacements are much more common,
pronounced, and long lasting (represented by red bars in
Fig. 11a) during the post-MJO period, especially during the
first 15–20 days, with displacements beyond 1000 km. The net
impact of the MJO including both the convectively active and
suppressed phases on the warm pool is predominantly east-
ward displacements (i.e., positive WPEE) (Fig. 11a).

The joint histogram of displacement of all grid points within
the equatorial band of 58S–58N shown in Fig. 11b is computed
as a function of days relative to Day-0. The most frequent
WPEE occurs during the first 15 days with displacements up
to 1000 km (Fig. 11b). These spatial and temporal scales give a
WPEE speed of about 0.8 m s21, close to the eastward Yoshida
jet speed of 1 m s21 (Yoshida 1959; Ralph et al. 1997) but slower

than ocean Kelvin waves (2 m s21). If anMJO-westerly event oc-
curs at 1508E and the warm pool eastern edge is located between
1708E and 1758W, the time it takes for the oceanic Kelvin wave
to reach the warm pool edge is about 12–22 days. On average,
the WPEE duration and displacement after MJO events are
within the range of an oceanic Kelvin wave propagation. How-
ever, other processes at these short time scales are also at work
(e.g., nonlinear advection terms, strong zonal salinity gradient in
driving surface currents jets, air–sea fluxes).

We found that 60 out of the 98 MJO events (61%) from
1998 to 2019 produced WPEE (Fig. 11). Among the 60 events,
most of them (71%) induce a WPEE during the first
15 days, and 53% sustain a WPEE beyond 20 days. It is
noteworthy that sustained and progressive post-MJO
WPEE do not occur during El Niño periods. This is because,
during the developing phase of El Niño, the warm pool is
already located over the central-eastern Pacific and remains
stationary.

b. MJO-induced WPEE in relation to El Niño

Here we examine the MJO position in the western Pacific in
relation to the WPEE, based on the three groups shown in
Table 1. To better understand the meridional extent of the
WPEE, we expand the analysis from 58S–58N to 108S–108N.
The MJO with a larger zonal extent is expected to induce a

FIG. 7. Time–longitude sections of fields averaged over the equatorial zone of 58S–58N from August 2001 to August 2002 (a) 3-day accu-
mulated rainfall, (b) 6-hourly surface zonal wind speed, (c) daily SST, and (d) Niño-3.4 monthly anomalies. The position of equatorial
warm pool is shown in black contours in (a)–(c). The MJO LPT centroids for the MJO events 7–13 (Table 1) are shown in (a) and (b).
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larger WPEE. Conversely, the MJO propagating off-equatorial
may have a less direct impact on the WPEE. To test this hy-
pothesis, we compare the extent of MJO propagation and the
associated WPEE within each group as defined in Table 1.

We analyze the initial and ending longitude locations of the
MJO tracks for each event within each group (Figs. 12a–c).
These tracks provide an indication of the zonal extent of MJO
propagation. Additionally, we compute the anomalous displace-
ment by taking the difference between the warm pool anomaly
at Day-Max and Day-0 from 108S to 108N. The composite analy-
sis, along with the 95% confidence intervals for each group
(Figs. 12d–f), demonstrates that the anomalous WPEE is a
robust signal.

The group of events prior to El Niño (Fig. 12e) induced
larger anomalous WPEE (up to 2000 km), especially in the
equatorial region but with a more pronounced effect in the
Northern Hemisphere. These events started with an anomalous
warm pool position of about 500 km at 58N, which indicates that
the WPEE began during the MJO event, consistent with
Fig. 11a. In the case of the El Niño group, the warm pool was al-
ready in an unusually eastern position (not shown), and further
eastward expansion could be attributed to both the MJO events
and El Niño development (Fig. 12f). The events unrelated to
El Niño showed relatively shorter displacements, up to 1000 km
(Fig. 12d). The impact of the MJO on the warm pool is more ev-
ident along the equatorial band (58S–58N) and in the northern
tropical hemisphere (58–108N) for the events occurring before
and during El Niño (Figs. 12e,f).

c. Composite of MJO-induced WPEE prior to El Niño

The overall effects of warm pool displacement on SST anom-
alies associated with MJO events prior to El Niño are shown in
Fig. 13. We found that MJO-induced WPEE before El Niño oc-
curred under slightly warmer anomalies between 1608 and 1758E
(Fig. 13a). The most substantial warming occurs during the
post-MJO period (Fig. 13b). The difference between the post-
MJO and during-MJO SST anomalies is shown in Fig. 13c. It
is important to note that the net post-MJO SST anomaly is
much stronger and farther east than during the MJO, which
is consistent with the MJO-induced WPEE shown in
Fig. 11a. This MJO-induced positive SST anomaly is ob-
served mostly along the equator and specifically associated
with MJO events prior to El Niño (Fig. 13c). While the
maximum warming is over the central Pacific (1758E–
1708W), a significant portion of this MJO-induced SST
warming before El Niño is concentrated within the Niño-3.4
region (east of 1708W), with SST anomalies exceeding 0.58C.
This finding suggests that MJO events directly contribute to
the SST increase in the Niño-3.4 region and, consequently, the
onset of El Niño.

The post-MJO-induced warming shown in Fig. 13b will be
favorable for the occurrence of subsequent MJO events in the
western-central Pacific. These consecutive MJO events are of-
ten associated with a progressive eastward displacement of
the warm pool, particularly during boreal winter, and will be
discussed in the following section.

FIG. 8. As in Fig. 7, but for November 2017–August 2018.
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5. Seasonal variability of the MJO and WPEE

a. Annual cycles of the MJO and MJO-induced WPEE

The MJO events and their impacts on WPEE have a pro-
nounced seasonal cycle. The 60 MJO events that produced a
WPEE (Table 1) are more frequently observed in the western
Pacific during boreal winter and early spring, shifting toward
the South Pacific convergence zone (SPCZ) (Fig. 14a). Con-
versely, weak MJO activity occurs in summer and fall, with
centers of MJO precipitation shifting toward the Northern
Hemisphere during the active Asian monsoon. The equatorial
warm pool has a significant annual cycle, migrating from
1708E to 1708W from boreal spring to summer (dashed blue
lines in Fig. 14). However, during neutral ENSO conditions,
the post-MJO equatorial warm pool displacement extends far
beyond the climatological position, especially from February
to June (orange lines in Fig. 14b).

MJO events with a significant impact on the WPEE are of-
ten observed during boreal spring, and these events can sus-
tain displacements exceeding 2000 km (Fig. 15). MJO events
occurring from January to April are more likely to reach the
warm pool’s eastern edge (Fig. 14a) and induce an eastward
expansion (Fig. 14b). On the other hand, MJO events from
June to August have a less direct impact on the warm pool
eastern edge unless they propagate farther east toward the vi-
cinity of the warm pool eastern edge. The Southern Hemi-
sphere warm pool’s eastern edge is less directly affected by
MJO events due to its far-east location (Fig. 5), unless MJO
events propagate south into the SPCZ, which occurs during
boreal winter (Figs. 14 and 15).

By examining the number of MJO-induced WPEE by
month (Fig. 15), we confirm that there are more MJO events
in boreal winter and spring compared to the rest of the year.
The boreal spring (March–May) has the most MJO events

FIG. 9. Surface wind anomalies (vectors) and SST anomaly (colors; 8C) for two post-MJO
periods (a) from 9 to 23 Jan 2002 associated with the MJO (11, Table 1) and (b) 5–30 Apr
2002 (12, Table 1), (c) El Niño onset in June 2002, maturing stages in (d) July–September
and (e) October–December 2002. The black box in all panels corresponds to the Niño-3.4
region.
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and the largest WPEE in both non-El Niño (Figs. 15a,c) and
onset of El Niño (Figs. 15b,d) conditions. These findings are
consistent with previous studies (Moore and Kleeman 1999;
Hendon et al. 2007) that have identified boreal spring as the
time when the growth of ENSO SST anomalies is most

sensitive to MJO forcing. This means that if MJO activity is
elevated during spring, the WPEE leads to strong basinwide
warm SST anomalies in the equatorial Pacific (McPhaden
et al. 2006b), leading to the development of El Niño the fol-
lowing boreal winter as was demonstrated with robust lagged

FIG. 10. (a) Eastern edge of equatorial warm pool (28.58C; magenta) averaged from 58S to 58N and its climatological position (blue
dashed) from 1998 to 2019. The MJO events occurring within 9 months prior to the El Niño onset are shown in red, during El Niño in dark
red, and the remaining events in black. The Maritime Continent (1108–1308E) is marked in gray. (b) The WPEE negative and positive
anomalies (103 km) shaded as blue and magenta, respectively. (c) Equatorial surface zonal winds from CCMP. (d) Niño-3.4 SST anomaly
(3-monthly averages). 0.58C (,20.58C) shown in red (blue). Red arrows indicate the onset of each El Niño event.
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correlations between MJO-filtered equatorial variables (OLR
and zonal surface wind speed) and Niño-3.4 SST index by
Hendon et al. (2007).

6. Effects of the MJO intensity on WPEE

To further quantify the MJO’s impacts on the warm pool
displacement in relation to El Niño onset, we examine how the
MJO intensity, as defined in section 2c, affects the warm pool
displacement prior to El Niño. This analysis excludes the
33 MJO events that occurred during El Niño from 1998 to
2019. Among the remaining 65 events observed in non–El
Niño conditions, 43 produced a positive WPEE (see Table 1)
and 22 negative or zero WPEE. Figure 16 shows the WPEE in
relation to the MJO intensity as defined by the total rain vol-
ume (Fig. 16a) and WWB (Fig. 16b). The MJO events that oc-
curred prior to El Niño are shown by red squares, whereas
events that are unrelated to El Niño are shown by gray circles.
The MJO intensity in terms of rain volume varies from 0.3 to
16 3 108 m3 with a mean of 4.6 3 108 m3, and WWBs from 3
to 9 m s21 with a mean of 5.7 m s21 (Fig. 16c).

Most MJO events occurred prior to El Niño produced positive
WPEE, whereas more non–El Niño events are negative WPEE
than positive (Figs. 16a,b). The strongest MJO events (largest
rain volume and highest WWB) precede El Niño (Fig. 16c).
However, few intense MJO events are associated with warm
pool westward displacement because these events occurred dur-
ing unfavorable background conditions. For instance, during
June 2014 (e.g., MJO 78–79 in Fig. 10), very strong trade (east-
erly) winds can counteract the WPEE and cause the initial east-
ward displacement to retreat. Each MJO event differs in terms of
duration, structure, and intensity (Fig. 1), and the MJO-induced
WPEE depends on its relative position to the warm pool eastern
edge, as well as the oceanic and atmospheric conditions (e.g.,
Bergman et al. 2001; Fedorov et al. 2015; Puy et al. 2016).

Consecutive MJO events can collectively affect the ocean
state on longer time scales (e.g., Kessler and Kleeman 2000;
Bergman et al. 2001). We found that six consecutive cases oc-
curred prior to El Niño (9–12, 24–25, 34–39, 51–52, 75–77, and
92–94), two during El Niño conditions (54–55, 26–27), and
five cases during cold or neutral conditions (3–5, 7–8, 43–45,
48–50, 61–63) as shown in Fig. 10.

FIG. 11. Equatorial (58S–58N) warm pool eastern edge displacement as a function of days during
and post-MJO precipitation from 1998 to 2019. (a) Frequency of displacement (number of the equa-
torial band grids per day), red color indicates eastward displacement, and blue colors indicate west-
ward displacement. (b) Joint histogram of the warm pool eastern edge displacement (103 km) and
frequency. (c) Number of MJO events as a function of days during- and post-MJO precipitation.
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Figure 16d highlights the difference between the consecu-
tive MJO events that occurred prior to El Niño (squares) and
the remaining consecutive MJO events (circles) shown as in
accumulated rain volume of individual events, and the WWB
corresponds to the maximum within the group. The total
WPEE of consecutive events is shown in color, and the sizes
of squares are proportional to the number of events. As

expected, larger WPEE is associated with consecutive MJO
events by strong WWBs and large accumulated rain volume,
especially before El Niño. Each El Niño event is preceded by
2–6 MJO events associated with significant WPEE ranging
from 1500 to 4000 km. These results support the premise that
the MJO group effort has a more significant impact on the
WPEE.

FIG. 12. Tracks of the MJO centroid of the MJO events for (a) non-El Niño related, (b) prior to El Niño, and (c) during El Niño. Cyan
dots and orange crosses mark the start and end of the tracks. (d)–(f) The WPEE composite as a function of latitude, every 0.258, computed
as the difference of the warm pool anomaly at Day-max and Day-0. Dashed lines show the confidence intervals (a 5 0.05). The number
of the MJO events per group are shown in (d)–(f).

FIG. 13. Composite of SST anomaly for the MJO events prior to El Niño (a) during the MJO LPTs (convectively
active phase), (b) in the post-MJO LPT period from Day-1 to Day-max, and (c) the difference between the post-MJO
and the MJO SST anomaly. The black box indicates the Niño-3.4 region and stippling marks locations with signifi-
cantly warmer at 95% confidence level.
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The large WPEE associated with consecutive MJO events
results from the long-term effect of MJO forcing on the upper
ocean and is commonly observed as large-scale SST anoma-
lies in the equatorial Pacific Ocean. Consequently, these
warm anomalies can weaken the trade winds (Fig. 10c). Un-
der favorable atmosphere and ocean conditions this initial
warming can further grow associated with positive coupled
atmosphere–ocean processes allowing the warm pool to shift
farther east during El Niño development. Consecutive MJO
events unrelated to El Niño (Fig. 16d) also exhibit relatively
strong convection and westerlies; however, they induce a rela-
tively short WPEE and are not followed by El Niño.

To compare the consecutive MJO events prior to and non–
El Niño, we composite the accumulated rainfall volume and
the averaged WWB within the MJO LPT feature from 58S to
58N (Fig. 17) for both groups. We then compute confidence
intervals at the 95% level, shown in gray and red shading, re-
spectively, in Fig. 17. Composites of rain volume and WWB
during the MJO propagation gradually increases from 308 to
1608E in both groups. However, events prior to El Niño are

significantly stronger at 95% than the non–El Niño–related
events, particularly east to 1508E. These results indicate that
MJO events preceding El Niño propagate farther eastward
than the other events. The net local impact of the MJO prior
to El Niño spans from 1508E to 1708W, and increases SST
anomalies to the east into the Niño-3.4 region, as observed in
Fig. 13c.

7. Summary and conclusions

This study examines the MJO-induced WPEE using 21 years
of satellite observations of precipitation, surface winds, and SST
data from 1998 to 2019. We use the MJO LPT method devel-
oped by Kerns and Chen (2016, 2020) to identify the actual
MJO precipitation and track it in time and space. This method
allows us to directly examine the impacts of the MJO precipita-
tion and westerly winds on the extension of the warm pool dur-
ing both convectively active and suppressed phases of the MJO.
For the first time, we can quantitatively analyze the temporal
and spatial characteristics of all MJO-induced WPEE, including
those occurring prior to El Niño events (Figs. 3, 11, and 15).

FIG. 14. (a) Annual cycle of the MJO events from 1998 to 2019 that produced a post-MJOWPEE varying with lon-
gitude and latitude (colors). Numbers indicate the MJO identification number. (b) The corresponding post-MJO
equatorial WPEE colored by the Niño-3.4 state. Cyan, orange, and red colors correspond to cold, neutral, and warm
ENSO states, respectively. The dashed blue contour marks the climatology of the eastern edge of the equatorial
warm pool. Gray shading indicates the Maritime Continent region.
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Our analysis shows that the majority of MJO events (61%) in
the equatorial western-central Pacific region induce a WPEE
ranging from 1000 to 3000 km for 15 days after the MJO LPTs
(convectively active phase). Additionally, about 20% of MJO
events lead to a continuous and long-lasting WPEE exceeding
3000 km for more than 20 days. The timing and spatial charac-
teristics of post-MJO WPEE provide valuable insights for un-
derstanding and predicting subsequent MJO precipitation,
WWBs, and the overall impacts of the MJO.

The net impact of the MJO including both the convectively
active and suppressed (post-MJO) phases on the warm pool is
predominantly eastward displacements (positive WPEE;
Fig. 11a). The post-MJO SST anomaly is much stronger and far-
ther east than during the MJO convectively active phases, which
is consistent with the MJO-induced WPEE shown in
Fig. 11a. This MJO-induced positive SST anomaly is observed
mostly along the equator and specifically associated with MJO
events prior to El Niño (Fig. 13c)

It is worth noting that MJO events prior to El Niño are sig-
nificantly stronger as measured by substantial rain volume and
intense WWBs (Figs. 16 and 17). These events can induce a
substantial WPEE exceeding 2000 km (Figs. 16a,b), which is ro-
bust and extends beyond the typical annual cycle (Figs. 12–14).
These MJO events have a pronounced intensity of rainfall and
WWBs along the equator (58S–58N) between 1508 and 1708E,
west of the Niño-3.4 region (Fig. 17). More importantly, they
contribute to a large-scale warm SST anomaly exceeding 0.58C
in the Niño-3.4 region, which is significant for El Niño develop-
ment (Fig. 13).

The MJO-induced WPEE is particularly large prior to
each El Niño in all six events over 21 years from 1998 to 2019
(Fig. 16d). The intensity of rain volume and WWBs of the
grouped consecutive MJO LPTs is directly related to the
WPEE distance. The impacts of consecutive MJO events on
the ocean have long-term atmospheric and oceanic implica-
tions, often manifesting as changes in trade wind intensity and

subsurface temperatures across the equatorial Pacific basin, as
observed prior to the onset of El Niño events in 2002/03 and
2018/19 (Figs. 7–9).

There is a distinct seasonal variability in the MJO-induced
WPEE. During boreal winter and early spring (Fig. 14), the
MJO’s track density reaches the date line’s vicinity (Fig. 12). Sig-
nificant MJO-induced WPEE anomalies (.1000 km) occur dur-
ing the transition from boreal spring to summer (Figs. 14c,d),
which coincides with the warm pool’s seasonal migration (Fig. 5).
These results confirm the role of MJO forcing on the western
Pacific during boreal spring when the zonal SST gradient is weak,
and the atmosphere–ocean coupled system is relatively unstable
to SST changes (Latif et al. 1994).

Several key conclusions can be drawn from the results pre-
sented in this study:

1) 61% of the 98MJO events induced aWPEE over 1000–3000 km
along the equator over the western-central Pacific, which can last
beyond 15–30 days after theMJO precipitation,

2) The MJO events that occurred prior to El Niño onset are
generally stronger (i.e., greater total volume of rain and
stronger surface westerly winds) and produce significant
WPEE far beyond its annual cycle (up to 1000 km), which
can contribute to positive SST anomaly in the Niño-3.4
region,

3) Consecutive MJO events can produce much stronger
WPEE prior to El Niño onset, which are observed in all
El Niño events from 1998 to 2019, and

4) More frequent MJO events and stronger MJO-induced
WPEE occur in March–May than in other seasons.

These results can help better understand the MJO–ENSO
interaction and improve the prediction of the onset of
El Niño. We provide quantitative analysis based on observa-
tions, which are consistent with previous studies on the MJO
in connection to El Niño onset (e.g., Kessler et al. 1995;

FIG. 15. Seasonal variability of the MJO events by month from January to December: (a) non–El Niño related and
(b) prior to El Niño onset from 1998 to 2019. (c),(d) The Max-WPEE (blue; km) associated with each MJO event
shown in (a) and (b).
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Shinoda and Hendon 2001; Zhang and Gottschalck 2002;
Hendon et al. 2007).

One implication of the MJO-induced WPEE and its contri-
bution to the onset of El Niño is that coupled atmosphere–
ocean processes may interact from intraseasonal to interdeca-
dal time scales, as demonstrated by Kerns and Chen (2021).
Improving coupled Earth system models could be a key to
better modeling and predicting the MJO (e.g., Savarin and
Chen 2022a,b) and ENSO, especially for forecasts of the onset
of El Niño that start in boreal spring (Barnston et al. 2012;
Zhao et al. 2016). A good representation of the MJO precipi-
tation and surface winds over the warm pool at longer time
scales may reduce the model bias in the CMIP5 models
(Brown et al. 2014). The physical mechanism(s) responsible
for the MJO-induced upper-ocean warming and its east-
ward extension are not yet fully understood. Studies using
a high-resolution coupled atmosphere–ocean model based
on the recent study by Kerns and Chen (2021) and global

coupled model reanalysis with observations from 1979 to
2023 on the MJO influences on the eastward extension of
the warm pool leading to El Niño onset are underway. Fur-
thermore, the Tropical Pacific Observing System (TPOS)
program can provide observations that are urgently
needed to shed new light on this important problem in the
future.
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