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This paper investigated the characteristics of Madden-Julian Oscillation (MJO) in
three super El Nifio events (i.e., 1982/83, 1997/98 and 2015/16 El Nifio events) based
on reanalysis data. MJO with apparent eastward propagation can be observed during
the developing stages of these three super EL Nifio events. Enhanced MJO zonal wind
was observed over the western Pacific, especially in 1997/98 and 2015/16 El Nifio
events, which is mainly attributed to the effects of tropical background circulation
and extratropical anomalous circulation. During the mature stages of 1982/83 and
1997/98 El Nifio events, MJO with noticeable eastward propagation cannot be
observed, and the MJO zonal wind amplitude at 850 hPa was weakened
(enhanced) over the Indian Ocean and western Pacific (central and eastern
Pacific). However, MJO zonal wind amplitude over the central and eastern Pacific
was enhanced and the prominent eastward propagation was also found in the
mature stage of 2015/16 El Nifio. The eastward propagation of MJO was also
observed during the decaying stages of the three super El Nifio events, but its
intensity was weaker compared with the developing and mature stages. The
abnormal activity of MJO during the mature and decaying stages may be closely
related to the characteristics in circulation and moisture anomalies caused by El Nifio
and the seasonal cycle of circulation and moisture. In addition, this study found that
the RMM index and MJO zonal wind amplitude may lead to contradictory results in
identifying the characteristics of MJO activity, especially during the developing and
decaying stages.
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Madden-Jdulian Oscillation (MJO), super El Nifio, comparative study, extratropical
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1 Introduction

Madden-Julian Oscillation (MJO) is the most important component of tropical
atmospheric intraseasonal oscillation (Madden and Julian, 1971; Madden and Julian, 1972),
and is also the bridge between weather and climate, which means that MJO plays a critical role
in the anomalous weather and climate in many regions (Zhang, 2013; Li et al., 2014; Li et al.,
2020). El Nifio-Southern Oscillation (ENSO), as the strongest signal of large-scale sea-air
interaction, shows significant variability on interannual timescales in the tropical ocean and
atmosphere. ENSO and MJO are two of the vital systems in the tropic. Although the time scales
of ENSO and MJO are very different, they are closely related. The MJO plays an important role
in the initiation and termination of ENSO (Lau and Chan, 1988; Takayabu et al., 1999; Bergman
et al.,, 2001; Miyakawa et al., 2017). On the one hand, the strengthened MJO could induce a
stronger stochastic forcing like westerly wind burst, which trigger the El Nifio (Lau and Chan
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FIGURE 1

Evolution of monthly Nifio 3.4 index during the three super El Nifio
events. The -1, 0 and 1 represent super El Nifio event previous, onset and
next year, respectively.

1988; Bergman et al., 2001). On the other hand, the robust MJO
activities and its eastward propagation in May 1998 strengthened the
easterly anomalies over the eastern Pacific, which caused the abrupt
decaying of El Nifo (Takayabu et al., 1999; Miyakawa et al., 2017). The
MJO activity could be modulated by the ENSO (Lau and Chan, 1986;
Moon et al., 2011; Lee et al., 2019; Wei and Ren, 2019). The El Nifio
might reduce the frequency of the MJO via the air-sea interactions
(Lau and Chan, 1986). Wei and Ren (2019) indicated that ENSO can
regulate the propagation of MJO. The equatorially symmetric
eastward propagation of MJO is fast from the Indian Ocean to the
equatorial western Pacific during El Nifo, whereas the MJO during La
Nifa is very slow via the southern Maritime Continent. In addition,
the teleconnection from the MJO could be modulated by the ENSO
(Moon et al., 2011; Lee et al., 2019).

Accompany the evolution of El Nifio, anomalous MJO activity
can be observed in many regions (Li and Zhou, 1994; Hendon et al.,
2007; Chen et al., 2015; Chen et al., 2016). MJO activity is enhanced
over the western Pacific before the occurrence of El Nifo, while it is
weakened rapidly after El Nifio (Li and Zhou, 1994; Li and Li, 1995).
During the developing stages of El Nifio, anomalous MJO activity
will lead to westerly wind bursts in the western Pacific (Vecchi and
Harrison, 2000; Hendon et al., 2007), causing sinking Kelvin wave in
the ocean (Kessler et al., 1995; Seo and Xue, 2005), thus affecting the
sea surface temperature in the equatorial Pacific and providing
advantageous environment for the developing stages of El Nifo
(Zhang and Gottschalck, 2002; McPhaden et al., 2006). The
combination of the atmospheric barotropic instable mode mainly
excited by El Nifo and the MJO circulation results in the MJO
tending to a barotropic structure in the vertical direction during El
Nifo (Li and Li, 1995; Li and Smith, 1995; Chen et al., 2015). During
the El Nifio event, due to the increase of moisture and moist static
energy over the central and eastern Pacific, MJO zonal winds in the
lower tropospheric are enhanced over the central Pacific while it
weakened over the western Pacific. Meanwhile, the location of the
maximum growth rate of MJO moves eastward and the eastward
propagation speed of the MJO slow down (Fink and Speth, 1997;
Tam and Lau, 2005). In addition, the convective activity strengthens
in the central and eastern Pacific during El Nifo, changing the
position of atmospheric adiabatic heating, so that the eastward
propagation of the MJO is not obvious, and some regions have
westward propagation, especially in the Pacific (Li, 1995; Li and
Smith, 1995; Chen et al., 2015).
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In recent years, many researchers have paid more attention to the
relationship between the MJO and two types of El Nifo, especially the
relationship between the MJO and the central Pacific El Nino (Feng
et al., 2015; Yuan et al., 2015). In the eastern Pacific El Nifio, the MJO
activity over the western Pacific are enhanced during spring and
summer, while they are significantly weakened during the four to
5 months the after eastern Pacific El Nifio matures (Gushchina and
Dewitte, 2012; Chen et al., 2016). However, the enhancement of the
MJO in the central Pacific El Nifio mainly occur in the mature and
decaying stages of El Nifio (Gushchina and Dewitte, 2012; Chen et al.,
2016). During the central Pacific El Nifo, the anomalous circulation
and moisture over the maritime continent and western Pacific are
conductive to the increase of moist static energy and the conversion
from barotropic and baroclinic energy from the low-frequency
background field to MJO scale, thus strengthening the MJO activity
in these regions (Hsu et al.,, 2018; Wang et al., 2018). The horizontal
and vertical moisture advection over the central Pacific is stronger
during the central Pacific El Nifio compared with during the eastern
Pacific El Nifio, resulting in the stronger intensity and the furtherer
eastward propagation of the MJO during the central Pacific El Nino
(Chen et al., 2016). Dasgupta et al. (2021) indicated that the first and
second MJO frequency pattern is most prominent during the negative
central Pacific and positive eastern Pacific ENSO phases, respectively,
which is caused by the horizontal convergence of mean background
moisture through intraseasonal winds during the two types of ENSO
phases.

This study selected three El Nifio events (1982/83, 1997/98 and 2015/
16 EI Nifio) with the strongest SST anomalies in recent decades, which are
usually called super El Nifio (Chen et al., 2016; Yuan et al., 2016; Mu and
Ren, 2017; Abellan et al, 2018). The evolution characteristics of SST
during the super El Nifio and their effects on global weather and climate
are significantly distinct compared with those during the ordinary El Nifio
(Li and Min, 2016; Bi et al., 2017; Liu et al., 2018; Qian and Guan, 2018).
Affected by the 2015/16 El Nifio event the precipitation significantly
increased in the southern China during the autumn and winter in 2015,
especially in the South China in winter, with the precipitation reaching the
strongest value in history record (Yuan et al., 2016; Zhai et al., 2016). At
the same time, there are many similarities and differences between the
three super El Nifo events (Shao and Zhou, 2016; Paek et al., 2017; Rao
and Ren, 2017; Abellan et al., 2018). The center of positive SST anomaly
during the 2015/16 El Niflo was apparently westward compared with the
previous two El Nifo (Ren et al., 2017), which is the mixed characteristics
of the central Pacific El Nifio and eastern Pacific El Nifio (Paek et al.,
2017). The intraseasonal zonal westerly in the 2015/16 El Nifio was
weaker than that in the 1997/98 El Nino, which lead to weaker
intraseasonal SST (Lyu et al, 2018). The thermocline feedback in the
2015/16 El Nifio was weaker than the other two super El Nifio, while the
advection feedback was significantly enhanced (Zheng et al,, 2019).

The super El Nino events have gradually received more attention
due to the characteristics in the evolution and their enormous
influence on the global weather and climate, which bring the new
challenges to our research and forecasting. MJO and ENSO are the two
systems with the most significant variation in the tropical atmosphere
and ocean, and their interaction has always been a hot topic. The MJO
activity appear significantly abnormal along with the evolution of El
Niflo. So what are the characteristics of MJO activity during super El
Nino? What are the differences in MJO activities between the three
super El Nifio? In view of these problem, this paper will attempt to
compare and analyze the abnormal characteristics of MJO from the
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Evolution of MJO zonal wind at 850 hPa averaged over 10°S-10°N (colors shading, m s7%), RMM index (black lines, RMM index exceeding 1.2 are marked
with orange), and Nifio 3.4 index (red lines) during three super El Nifio events. The 0 and 1 represent super El Nifio event onset and next year, respectively.

(A—C) represent 1982/83,1997/98 and 2015/16, respectively.

developing, mature and decaying stages of the super El Nino events,
and explore the relationship between MJO and super ENSO, so as to
provide important support for the prediction of MJO. The paper is
organized as follows. Section 2 describes the data and analysis
techniques. The evolution characteristics of MJO and possible
causes of anomalous MJO activity are presented in section 3 and
section 4, respectively. We present concluding remarks with
discussions in section 5.

2 Materials and methods

Daily mean atmospheric data at a horizontal resolution of 1.5 x
1.5, including horizontal winds and specific humidity, were from the
European Center for Medium-Range Weather Forecasts Interim Re-
Analysis (ERA-Interim; Dee et al., 2011). SST data were obtained from
the National Oceanic and Atmospheric Administration (NOAA) for
both temporal resolutions of daily (Optimum Interpolation SST V2;
Reynolds et al., 2007) and monthly (Extended Reconstructed SST V5
(Huang et al,, 2017), at a horizontal resolution of .25 x .25 and 2.0 x
2.0, respectively. Furthermore, daily real-time multivariate MJO
indexes (RMM; Wheeler and Hendon, 2004) were obtained from
the Australian Bureau of Meteorology, which is the multivariate
combined EOF of 850 h Pa zonal wind, 200 h Pa zonal wind and
outgoing longwave radiation. RMM can reflect the real-time variation
of intensity and position for the MJO. The record length of all data
compiled in this study is 39years from 1 January 1979 to
31 December 2017.

Anomalies were obtained by removing the seasonal cycle and
linear trend. The MJO signal was obtained by the Lanczos band-pass
filter with 201 days of smoothing (Duchon, 1979). The time-space
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spectrum analysis is used to analyze the distribution of vibration
energy with wave number and frequency (Hayashi, 1982). The
evolution of the three super El Nifo was represented by the Nino
3.4 index (SST anomaly average over the 5°S-5°N,170°-120°W).
Figure 1 shows the evolution of the Nifio 3.4 index during the
three super El Nifio. The maximum of Nifio 3.4 index is higher
than 2.0°C in super El Nifo, while there are prominent differences in
the evolution of Nifo 3.4 index among the three events. According to
the evolution of Nifio 3.4 index, the super El Nifio events can be
divided into three stages: developing stages (from February to
September) that is a stable growth period before Nifio 3.4 index
reaches 2.0°C, mature stages (from October to February of the
following year) that is a period when Nifio 3.4 index remains
around 2.0°C, and decaying stages (from March of the following
year to July) that is a period when Nifio 3.4 index is below 2.0°C
and turn into a negative value. The Nifo 3.4 index turn from a negative
anomaly to a positive anomaly except for the 2015/16 El Nifo, which
is mainly attributed to the warming events of the Pacific in 2014 (Zhai
etal, 2016; Chen et al., 2017). In the decaying stages, the evolution of
the Nifio 3.4 index in the three super El Nifio shows a similar pattern.
However, the Nino 3.4 indices during developing stages are distinct,
and it is prominent that the intensity of the Nifio 3.4 index for the
1982/83 El Nino is significantly weaker compared with those for the
other two El Nifio events.

3 Activity and evolution of MJO

Figure 2 exhibits the evolution of MJO zonal wind at 850 hPa
averaged over the 10°S-10°N, RMM index and Nifo 3.4 index during
the three super El Nifio. It is evident that there are significant
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FIGURE 3

Time-space spectra of zonal wind at 850 hPa averaged over 10°S-10°N for 1982/83 (left), 1997/98 (middle), and 2015/16 (right) super El Nifio during

developing stages (A—C), mature stages (D—F), and decaying stages (G-1).

discrepancies in the characteristics of MJO activity during the different
stages in the three super El Nifo.

3.1 Developing stage

In the developing stage, especially from February to July, the
enhanced MJO significantly propagated eastward from the Indian
Ocean to the Pacific during the three super El Nino (Figure 2).
However, there were prominent differences in intensity, speed and
distance of propagation. The spatiotemporal spectrum analysis
(Figure 3) illustrated that the strongest power spectrum of eastward
propagation occurs in the developing stages of 1997/98 El Nifo with the
main periods of 45 days and 90 days. During the 2015/16 El Nifio, the
power spectrum of eastward propagation was relatively weak with a
major period of 40 days and 60 days. During the 1982/83 El Nifio, the
power spectrum of eastward propagation was the weakest with a main
period of about 40 days. The eastward propagation of the MJO was
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primarily dominated by zonal 1 wave, and the eastward propagation of
zonal 2 wave was also strong during the 1997/98 El Nino. In addition,
eastward propagation of strong high-frequency waves with a period of
about 25 days occurred during the developing stage, especially for 1997/
98 El Niio.

The evolution of RMM index (Figure 2) illustrated that the strongest
RMM index appeared in March 2015, and this robust MJO activity
directly promoted the development of 2015/16 El Nifio (Chen et al.,
2017; Hong et al., 2017). The average value of RMM index is about 1.2 in
winter. Thus, the strong MJO event is defined, when the RMM index is
equal or greater than 1.2. The strong MJO event occurred with the
longest duration in the developing stages of the 1997/1998 El Nifio,
while the relatively weak RMM index in the developing stages of the
1982/83 El Nifo. Figure 4 depicts the evolution characteristics of MJO
phase and intensity. Two strong MJO events occurred in the 1997/
98 and 2015/16 El Nifio events. Furthermore, the abnormal enhanced
MJO activity primarily appeared in phase 5-8. However, the
strengthened MJO activity mainly appeared in phase 1-3 during the
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developing stages of the 1982/83 El Nino. Many studies have shown that
eastward propagation of the MJO zonal westerly during the 1997/98 El
Nino and 2015/16 El Nifo directly leads to the variation of ocean
thermocline, thus promoting the development of El Nifio (McPhaden,
1999; L'Heureux et al,, 2017). As shown in Figure 2, two prominent
eastward propagation of MJO zonal westerly appeared during the
developing stages of the 1982/83 El Nifio, and the MJO activity over
the western Pacific were strengthened to a certain extent. However, the
role of the MJO in the development of this El Nifio event had not been
deeply examined due to the lack of data. At the same time, weak MJO
activities were detected during the developing stages of three super El
Nino, particularly in the 1982/83 El Nifio. The composite RMM index of
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each phase during the developing stages of three super El Nifio showed
that, on average, MJO activities in each phase weakened during the
developing stages of the 1982/83 El Nino while enhanced in each phase
during the 1997/98 El Nifio, especially phase 1 and phase5-8. However,
the MJO activities weakened in phase4-6 of the 2015/16 El Nifio while
strengthened in the other phases.

Some studies (Li and Li, 1995; Chen et al.,, 2015) suggest that MJO
activities are significantly enhanced during the developing stages of the
1982/83 El Nifo, whereas the composite RMM index shows that MJO
activities are weakened during the developing stages of the 1982/83 El
Nifo, which may be related to the method used. Figure 6 exhibits the
MJO zonal wind amplitude anomalies during the three super El Nino
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developing stages, (B) mature stages, and (C) decaying stages for the
three super El Nifio events.

events. The MJO zonal wind amplitude refers to the 3-month sliding
standard deviation of MJO zonal wind at 850 hPa (Chen et al., 2016). It
was clear that MJO zonal wind amplitude in the developing stages of
the three El Nifo events were strengthened, but there were also
obvious differences. The positive MJO amplitude anomalies were
the weakest and primarily concentrated in the western Pacific
during the developing stages of the 1982/83 El Nifio. The MJO
over the Indian Ocean near 90°E was also enhanced from April to
July. For the 1997/98 El Nifo, the MJO amplitude anomalies were the
strongest, and they are significantly strengthened throughout the
Indian Ocean and Pacific in the spring and early summer. The
abnormal intensity of MJO amplitude in the 2015/16 El Nifio was
between the previous El Nifo events, and the enhanced MJO
amplitude mainly occurred in the Pacific, while there were negative
MJO amplitude anomalies in the Indian Ocean. These results indicate
that there are certain differences between the anomalous MJO zonal
amplitude and anomalous RMM index. The discrepancies may be
attributed to the differences in the analysis methods and emphases that
evaluate the MJO intensity, which leads to contradictory results in
different studies.

3.2 Mature stages

During the mature stages of the 2015/16 El Nifo, the robust
MJO was detected along with significant eastward propagation
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over the Indian Ocean and Pacific. In contrast, the MJO activities
were weakened during the other two super El Nino, and their
eastward propagation were not prominent, and even westward
(Figure 2). The
shown in Figure 3

propagation existed in some regions

spatiotemporal spectral analysis as
illustrated that the power spectrum of eastward propagation in
the intraseasonal scale was the strongest during the mature stages
of the 2015/16 El Nifio, with a central period of about 75 days,
whereas they were significantly weakened during the 1982/83 El
Nifio and 1997/98 El Nifo, especially in the 1997/98 El Nifio. The
intraseasonal wave of eastward propagation was primarily zonal
wave 1, while the zonal wave 2 was also robust during the 2015/
16 El Nino. The prominently enhanced eastward propagation of
zonal wave 2 of more than 90 days appeared in the mature stages of
the 1982/83 El Nifio, which may be caused by the conversion of the
MJO energy to low-frequency energy of more than 90 days (Li and
Zhou, 1994; Li and Li, 1995). In addition, the power spectrum of
westward propagation at the intraseasonal and low-frequency
(>90 days) scales were also significantly enhanced during the
1982/83 and 1997/98 El Nifo events.

MJO intensity weakened during the mature stages compared
with that during the developing stages, especially in the 1997/98 El
Nino (Figure 4), which is consistent with previous studies that the
MJO activity is enhanced during the developing stages of El Nifio,
while weakened during the mature stages (Li and Zhou, 1994; Li
and Li, 1995). During the mature stages of the 1982/83 El Nifo,
RMM indexes of some days were stronger than the climate mean.
The prominent MJO activity were not observed during the mature
stages of the 1997/98 El Nifio. However, two significant eastward
propagation appeared in the 2015/16 El Nifo, and the enhanced
MJO activities were primarily located in phase 5-8. The composite
RMM index of different phase (Figure 5) showed that MJO
activities were weakened during the mature stages of the 1982/
83 and 1997/98 El Nifio events, especially at phase 4-8. However,
the MJO activities were enhanced except for phase 3 during the
mature stages of the 2015/16 El Nifio, especially in phase 4-5 and
phase 7-8. It was clear that the RMM index was incapable of
capturing the phenomenon that the MJO activity was weakened
over the western Pacific and enhanced in the central and eastern
Pacific during the mature phase of El Nifio. However, this
phenomenon could be reflected by the MJO amplitude
(Figure 6). During the early mature stages of the 1982/83 and
1997/98 El Nifo events, negative MJO amplitude anomalies mainly
occurred in the Indian Ocean and western Pacific. With the
evolution of time, the negative anomaly gradually expanded
eastward, then extended to the central Pacific in the late mature
stages and continued to the decaying stages (Figures 6A, B). The
enhanced MJO amplitude primarily occurred in the central Pacific
during the 1982/83 El Nino before December, while they were
mainly appeared in the eastern Pacific after December
(Figure 6A). In the 1997/98 El Nifo, the MJO amplitude
strengthened over the central and eastern Pacific before
December, while prominent anomalies were not detected
anymore over the central and eastern Pacific after December
(Figure 6B). During the mature stages of the 2015/16 El Niio,
negative MJO amplitude anomalies in the Indian Ocean and
western Pacific were not obvious, but positive anomalies were
significantly enhanced over the central and eastern Pacific,
especially after November (Figure 6C).
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3.3 Decaying stages

The eastward propagation of the MJO could be observed during
the decaying stages of the three super El Nifo, but their intensity,
duration and propagation distance were significantly weakened
compared with those in the developing and mature stages
(Figure 2). The spatiotemporal spectral analysis in Figure 3 also
showed that power spectrum of intraseasonal eastward propagation
during the decaying stages of the 1997/98 and 2015/16 El Nifo events
were relatively stronger than those during the 1982/83 El Nino. The
central periods of the eastward propagation for the MJO were mainly
40 days and 75 days during the decaying stages of 1997/98 El Nino,
and it was primarily 40 days for the 2015/16 El Nifio. However, there is
no center of intraseasonal eastward propagation during the 1982/83 El
Nifo. The strong wave of eastward and westward propagation of lager
than 90 days appeared in the decaying stages of the 1982/83 and 1997/
98 El Nifo events, which may be induced by the conversion of the
MJO energy to low-frequency energy of above 90 days (Li and Zhou,
1994; Li and Li, 1995). At the same time, the high-frequency wave
activities of the eastward propagation were prominent at 20-30 days
during the decaying stages of the 1997/98 El Nino. In addition, the
eastward propagation center of zonal wave 2 was detected during the
decaying stages of the 1982/83 El Niiio.

The evolution and composite results of the RMM index during
decaying stages of three super El Nifio illustrated that the MJO
activity in the decaying stages is significantly weaker than that in the
developing and mature stages. The MJO intensity in the decaying
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stages was the weakest, especially for the 1982/83 and 1997/98 El
Nifo events (Figure 2; Figure 4; Figure 5). The RMM indexes of
phase 4-8 during the decaying stages of the 1997/98 and 2015/16 El
Nifio changed from positive anomaly in the mature stages to negative
anomalies, particularly in phase 6-8 (Figure 5C). The strong MJO
activity led to the increase in the average RMM index of phase 4-5 in
May 1998. The two robust MJO activities in June and July 2016 also
enhanced the average RMM index of phase 1-2 during the decaying
stages of the 2015/16 El Nifio. Many studies had indicated that the
robust MJO activity in May 1998 triggered the easterly anomalies,
resulting in the termination of El Nifio. After the MJO event, the
Nifio 3.4 index rapidly decayed from positive anomaly to negative
anomaly (Takayabu et al., 1999; Miyakawa et al., 2017). Figure 2
showed that during the decaying stages of three super El Nifio, when
Nifio 3.4 index turned from positive to negative, the MJO easterly
existed in the eastern Pacific, which demonstrated that the MJO
easterlies may accelerate the extinction of strong El Niflo.
Meanwhile, the MJO westerlies 1998 and June
2016 existed in the eastern Pacific, while the decaying rate of the

in  April

Nifio 3.4 index was prominently reduced. The anomalous MJO zonal
wind amplitudes in the Indian Ocean and Pacific were weakened in
the decaying stages, especially in the 1982/83 and 1997/98 El Nifio,
while they were enhanced in the central and eastern Pacific,
particularly in the 2015/16 (Figure 6). The MJO zonal wind
amplitudes strengthened over the eastern Pacific, which may lead
to the stronger 2015/16 El Nifio. These results indicate that the MJO
plays a critical role in the decaying stages of El Nifio while it is

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1021953

Li et al.

10.3389/feart.2022.1021953

30N
() s "l 4 A\-V,D-‘
308 :
60N i ——
I'c rrarros NE

PT7 7> R
1A > > >N e «
> > YV & A > == 7 < .

30N ?i:'v ;’ G /4
A = TR
i

0 -

308

60N i

\.:»%'-"

30N o))

0

308 e - - :

60E  O0E 120E 150E 180E 150W 120W OOW60E 90E 120E 150E 180E 150W 120W 9OW

-30 -15 0 15 30

FIGURE 7

MJO wind at 850 hPa (vectors, m s™*) and MJO OLR (colors, W m~2) during the developing stages of the three super El Nifio events. The 0 and 1 represent
super El Nifio event onset and next year, respectively. (A—C) represent 1982/83, 1997/98 and 2015/16, respectively.

necessary to further study the interaction between the MJO and the
decaying stages of El Nifio.

4 Possible cause of anomalous MJO
activity

Figure 2 showed that the zonal westerlies of several MJO events
were enhanced around 150°E during the early developing stages of
three super El Nifo, and the maximum center of MJO zonal wind
occurred also around 150°E. Chen et al. (2017) indicated that the
enhanced MJO zonal westerlies near 150°E are largely affected by the
extratropical atmosphere. For the several MJO events during the
developing stage of three super El Nifo, our study discovered that
the enhanced MJO zonal wind near 150°E is induced by extratropical
circulation. Figure 7 shows the MJO circulation at 850 hPa and MJO
OLR during the developing stage of the three super El Nifio. The
results clearly demonstrated that the MJO active near 150°E was
closely related to the long-lasting extratropical circulations that
reach the equator, which strengthened the activities of MJO zonal
wind and OLR. The extratropical circulations originated from the
northeastern Pacific (Figures 7A, C-E) as well as Siberia (Figures 7B,
F). At the same time, due to the change of background field circulation
(low-frequency circulation of more than 90 days) during the
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developing stages of El Nifo, the MJO zonal westerly wind activity
will strengthen around 150°E. From the anomalous 850 hPa zonal
wind and specific humidity, it was clear that zonal westerly anomalies
were appear in the western Pacific during the developing stages, and
the strongest in the 1997/98 El Nifio. The zonal winds of climate states
over the central and eastern Pacific are robust easterlies and gradually
weaken to the west. Thus, the anomalous westerly over the western
Pacific amplify the zonal gradient of background zonal wind. Hsu et al.
(2018) indicate that the conversion of low-frequency kinetic energy of
more than 90 days to MJO kinetic energy is proportionate to the zonal
gradient of background zonal wind (—urz%, “” and “-=” are MJO scale
and background wind). Therefore, the occurrence of background
westerly anomaly over the western Pacific may lead to reinforcing
the barotropic energy conversion from the low-frequency background
field to the MJO scale, resulting in enhancing the activities of MJO
zonal westerly.

In the mature stages of El Nifio, the easterly anomaly from the
Indian Ocean to the western Pacific Ocean, and the abnormal
subsidence movement and negative moisture anomaly in the
maritime continent and the western Pacific Ocean are not
conducive to the MJO activities in these areas (Chen et al.,
2016). The circulation and moisture anomaly in the western
Pacific were relatively weak during the 2015/16 El Nifio, so the
weakening degree of MJO is relatively weak (Figure 8).
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Meanwhile, positive moisture anomaly and anomalous ascending
motion appeared in the central and eastern Pacific during the
mature stages of El Nifio, which provide a favorable background
field for the MJO activity, resulting in a stronger MJO amplitude
over the central and eastern Pacific (Figure 6). It is noteworthy
that the zonal westerly and positive moisture anomaly over the
central and eastern Pacific was significantly westward during the
mature stages of the 2015/16 El Niflo, comparing with the other
two El Nifio events, which is consistent with the location of
positive anomaly of MJO zonal wind amplitude to the west as
shown in Figure 6. The circulation and moisture anomalies from
the Indian Ocean to the western Pacific impeded the propagation
of MJO during the mature stages of 1982/83 and 1997/1998 El
events, which the
propagation. The 2015/16 El Nifto showed some characteristics
similar to the central Pacific El Nifio (Pack et al., 2017). Although
a certain easterly anomaly appeared over the western Pacific, the

Nifno caused discontinuous eastward

moisture was not prominent and positive moisture anomalies
appeared in the later. Furthermore, the center of positive
moisture anomaly over the central and eastern Pacific was
westward. Consequently, the
moisture background and MJO circulation strengthens the

combination of anomalous
moisture convergence in the lower troposphere on the eastern
side of MJO convection (-u’g—z), which promotes the activity and
eastward propagation of MJO over the central and eastern Pacific
(Chen et al., 2016).

In the decaying stages, the easterly anomaly and negative moisture
anomaly over the western Pacific and maritime continent were also not
conductive to the MJO activity in these areas. As the zonal westerly and
positive moisture anomaly over the central and eastern Pacific rapidly
weakened, resulting in weakening their strengthened role on the MJO.
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At the same time, the MJO activity weaken seasonally, due to the
seasonal change of the background field (Dong et al.,, 2004). Therefore,
the combination of anomalous circulation and moisture induced by El
Nino with the seasonal variation of background field greatly weakened
the MJO activity, which led to make the decaying stages the weakest
period of MJO activity. However, the related physical process and
mechanism of the abnormal MJO activity during the decaying stages
of El Nino still need to be further researched.

5 Conclusion and discussion

The relationship between MJO and El Nifio has always been a hot
topic. Based on the reanalysis data, this paper deeply compared and
analyzed the characteristics of MJO intensity and propagation during
the developing, mature, and decaying stages of three super El Nino.
Furthermore, this study identified the essential processes that induce
abnormal MJO activities. The main conclusions are as follows:

There were three MJO events with obvious eastward propagation
during the developing stages of the three super El Nifio. The RMM index
illustrated that MJO intensity decreased (or increased) in all phase
during the developing stages of the 1982/83 (1997/98) El Nifio event.
The MJO activities weakened in phase 4-6 during the developing stages
of the 2015/16 El Nifio while significantly strengthened in other phases.
In addition, the MJO zonal wind amplitude over the western Pacific
strengthened during the developing stages of three super El Nino,
especially during the 1997/98 El Nino.

The eastward propagation of MJO were not prominent during the
mature stages of the 1982/83 and 1997/98 El Nifio events, and there
were even westward propagation. On the contrary, the prominent
eastward propagation of MJO still appeared in the 2015/16 El Nino.
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The RMM index showed that MJO intensities in all phase obviously
decreased during the mature stages of the 1982/83 and 1997/98 El Nifio
events, while prominently increased in phase 4-8 during the 2015/16 El
Nifo. The MJO zonal wind amplitude weakened over the Indian Ocean
and western Pacific during the mature stages of the 1982/83 and 1997/
98 El Nino, while slightly strengthened over the central and eastern
Pacific. However, MJO zonal wind prominently strengthened over the
central and eastern Pacific during the mature stages of 2015/16 El Nio.

Although the eastward propagation of the MJO appeared during
the decaying stages of three super El Nifo, the intensity were weaker
compared with the developing and mature stages, and decaying stages
was the weakest stages of MJO activity. The RMM index indicated that
the MJO primarily decreased in phase 1-3 and phase 6-8, while the
MJO zonal wind amplitude mainly decreased over the Indian Ocean
and western Pacific.

This study found that the activity and evolution characteristics of
the MJO were mainly dominated by the low-frequency atmospheric
circulation and anomalous moisture induced by El Nifio, and they also
were regulated by the extratropical circulation. In addition, the
anomalous MJO activities played an obvious role in the developing
and decaying stages of El Nifno. This study also quantified the abnormal
characteristics of MJO activities by the RMM index and MJO amplitude
during the super El Nifo, and there were contradictory results from the
two method. Thus, we should pay more attention to they in the scientific
research and practice applications to avoid misunderstanding the MJO
characteristics. At present, many studies have focused on the interaction
between MJO and El Nifno during the developing and mature stages of
El Nifio. However, it is still necessary to further study the interaction
between the MJO and El Nifio during the decaying stages of El Nifio and
the corresponding cooperative effect on climate.
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