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ABSTRACT

Many previous studies have demonstrated that the boreal winters of super El Nifio events are usually accompanied by
severely suppressed Madden-Julian oscillation (MJO) activity over the western Pacific due to strong descending motion
associated with a weakened Walker Circulation. However, the boreal winter of the 2015/16 super El Nifio event is
concurrent with enhanced MJO activity over the western Pacific despite its sea surface temperature anomaly (SSTA)
magnitude over the Nifio 3.4 region being comparable to the SSTA magnitudes of the two former super El Niflo events (i.e.,
1982/83 and 1997/98). This study suggests that the MJO enhanced over western Pacific during the 2015/16 super El Nifio
event is mainly related to its distinctive SSTA structure and associated background thermodynamic conditions. In
comparison with the previous super El Nifio events, the warming SSTA center of the 2015/16 super El Nifio is located
further westward, and a strong cold SSTA is not detected in the western Pacific. Accordingly, the low-level moisture and
air temperature (as well as the moist static energy, MSE) tend to increase in the central-western Pacific. In contrast, the
low-level moisture and MSE show negative anomalies over the western Pacific during the previous super El Nifio events.
As the MJO-related horizontal wind anomalies contribute to the further westward warm SST-induced positive moisture and
MSE anomalies over the western tropical Pacific in the boreal winter of 2015/16, stronger moisture convergence and MSE
advection are generated over the western Pacific and lead to the enhancement of MJO convection.

Key words: super El Nifio, Madden-Julian oscillation, moisture diagnosis

Citation: Lei, X. B., W. J. Zhang, P.-C. Hsu, and C. Liu, 2021: Distinctive MJO activity during the boreal winter of the
2015/16 Super El Nifio in comparison with other super El Nifio events. Adv. Afmos. Sci., 38(4), 555-568,

https://doi.org/10.1007/s00376-020-0261-x.
Article Highlights:

¢ The western Pacific MJO is abnormally active during the 2015/16 super El Nifio winter compared to weak MJO
conditions in the 1982/83 and 1997/98 super El Nifio boreal winters.

¢ The warm SSTA of the 2015/16 super El Nifio event is extended westward when compared to previous super El Niflo
events, providing sufficient moisture/MSE for MJO development.

1. Introduction

The Madden-Julian oscillation (MJO, Madden and
Julian, 1971) is the most significant mode of atmospheric
intraseasonal variability over the tropics. The MJO usually ini-
tiates over the western Indian Ocean, slowly propagates east-
ward through the Maritime Continent to the central Pacific,
and dissipates near the dateline (Madden and Julian, 1972).
MJO-related circulations/convection and heating anomalies
can influence various weather events and climate variabil-
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ity, such as tropical cyclone activity (Liebmann et al., 1994;
Camargo et al., 2009), monsoons (Yasunari, 1979; Li et al.,
2018), mid-latitude storm tracks (Zheng et al., 2018), and
the North Atlantic oscillation (Cassou, 2008).

Significant progress has been made over the past few dec-
ades in revealing the basic features and underlying physical
mechanisms of the MJO (e.g., Weickmann et al., 1985; Fer-
ranti et al., 1990; Sperber, 2003; Kiladis et al., 2005). Previ-
ous studies have emphasized the importance of moisture pro-
cesses and associated moist static energy (MSE) in the initi-
ation, propagation, and intensity of the MJO (Kemball-
Cook and Weare, 2001; Maloney, 2009; Andersen and
Kuang, 2012; Adames and Wallace, 2014; Pritchard and
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Bretherton, 2014). For example, the horizontal transporta-
tion of moisture/MSE plays a crucial role in both the initi-
ation (Zhao et al., 2013; Maloney and Wolding, 2015) and
development (Andersen and Kuang, 2012; Adames and Wal-
lace, 2014) of MIJO-related convection. The low-level
moistening ahead of the MJO convection results in a relat-
ively unstable stratification that favors the eastward develop-
ment of the deep convection (Hsu and Li, 2012; Kim et al.,
2014).

The El Nifio—Southern Oscillation (ENSO) is the most
dominant coupled ocean—atmosphere phenomenon on the
interannual timescale. Numerous studies have demon-
strated its significant influences on global climate, mostly
through so-called atmospheric bridge mechanisms (e.g.,
Bjerknes, 1969; Wallace et al., 1998; Alexander et al.,
2002; Lau and Nath, 2006; Zhang et al., 2015). The relation-
ship of ENSO with the MJO has also been largely docu-
mented. Observations show that El Nifio events are usually
accompanied by active and continuous eastward-propagat-
ing MJO events (Kessler et al., 1995; Zhang and Gott-
schalck, 2002; Zavala-Garay et al., 2005). In the spring and
summer of years with developing El Nifio events, the
intraseasonal zonal westerly winds associated with the act-
ive MJO can force an eastward extension of the tropical
Pacific warm pool edge, and thus contribute to warming sea
surface temperature (SST) anomalies (SSTAs) in the cent-
ral to eastern tropical Pacific (Vecchi and Harrison, 2000;
Hendon et al., 2007; Tang and Yu, 2008).

El Nifio is also able to influence initiation, intensity,
propagation, and other basic characteristics of the MJO by
modulating the SST distribution (Kim et al., 2010; Kapur
and Zhang, 2012; Wang et al., 2019). During the mature
and decaying phases of El Nifio, MJO intensity is normally
weakened in the western tropical Pacific (Chen et al., 2015).
The frequency of intraseasonal oscillation is higher over the
western Pacific, and mainly characterized by northwest-
ward propagation during decaying El Nifio events in sum-
mer (Liu et al.,, 2016a). Correspondingly, the eastward
propagation of the MJO is also weakened at the equator
(Lin and Li, 2008). Roughly opposite responses of the MJO
can be found for La Nifia events. In recent years, another
type of El Nifio event has occurred much more frequently
with a maximum SSTA center located in the central Pacific
(CP) (Larkin and Harrison, 2005; Ashok et al., 2009; Kao
and Yu, 2009; Kug et al., 2009; Ren and Jin, 2011; Zhang et
al., 2014). In contrast to traditional El Nifio events, the CP
El Nifio is usually accompanied by enhanced MJO activity
and further eastward propagation during its mature and decay-
ing phases (e.g., Gushchina and Dewitte, 2012; Feng et al.,
2015; Chen et al., 2016; Hsu and Xiao, 2017).

Among El Nifio events, so-called super El Nifio events
have extremely warm SSTAs in the tropical Pacific and are
of considerable public concern since they can lead to more
severe global catastrophic disasters compared to normal El
Nifio events (Smith et al., 1999; Zhang et al., 2016; Geng et
al., 2017). Since the late 1970s when satellite observation
began, three super El Nifio events (i.e., 1982/83, 1997/98,
and 2015/16) have been well-observed. These three events
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share similar characteristics in terms of evolution and intens-
ity, and exhibit similar MJO-associated westerly wind anom-
alies during their development stages (McPhaden, 1999; Lev-
ine and McPhaden, 2016; Chen et al., 2017). However, the
2015/16 super El Nifio event does exhibit some unique charac-
teristics and climate impacts compared to the two prior
super El Nifio events (Jacox et al., 2016; L’Heureux et al.,
2017; Paek et al., 2017; Lyu et al., 2018). Considering the dif-
ferent oceanic/atmospheric features of the 2015/16 super El
Nifio event, some MJO features during its mature phase
may also differ from the other two super El Nifio events.
We observe that the 2015/16 super El Nifio event coincides
with enhanced MJO activity over the western Pacific, which
is very different from the previous super El Nifio events.
This observation deserves further investigation in order to
understand the possible reasons for this uniqueness during
the boreal winter of the 2015/16 super El Nifio event.

In this study, we analyze the differences in MJO activ-
ity of the 2015/16 super El Nifio event compared to the previ-
ous two super El Nifio events. Possible physical reasons for
the unique MJO feature of the 2015/16 super El Nifio event
are further investigated based on the diagnoses of moisture
and MSE budget equations. First, the data and methodo-
logy used in this study are described in section 2. Then, the
distinct MJO feature associated with the 2015/16 super El
Nifio event is displayed through inter-comparison with the
other two super El Nifio events in section 3. Possible reas-
ons for the unique MJO activity during the 2015/16 El Nifio
are examined in section 4. Finally, conclusions and discus-
sions are summarized in section 5.

2. Data and methodology

2.1. Datasets

In this study, daily mean outgoing longwave radiation
data (OLR, Liebmann and Smith, 1996) and monthly global
gridded precipitation data (Xie and Arkin, 1997) with hori-
zontal resolution of 2.5° x 2.5° from the National Oceanic
and Atmospheric Administration (NOAA) are used to
identify convective activity at the intraseasonal and interan-
nual timescales, respectively. Monthly SST data with hori-
zontal resolution of 1° x 1° is obtained from the Hadley
Centre Sea Ice and Sea Surface Temperature datasets
(HadISST1; Rayner et al., 2003). To understand the phys-
ical processes related to MJO development, the three-dimen-
sional dynamic and thermodynamic fields, including daily
averaged horizontal winds, vertical pressure velocity, air tem-
perature, specific humidity, and geopotential height, are col-
lected from the European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis (ERA-
Interim, Dee et al., 2011). The sensible heat flux (SHF), lat-
ent heat flux (LHF), and longwave (LW) and shortwave
(SW) radiation fluxes at the bottom and top of the atmo-
sphere from the ERA-Interim reanalysis are also used. The
horizontal resolution of all ERA-Interim datasets is 1.5° x
1.5°. We also use the all-season real-time multivariate MJO
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(RMM) index (Wheeler and Hendon, 2004; http://www.
bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt) to
examine the MJO amplitude over the tropics.

2.2. Methodology

To extract the MJO-associated intraseasonal variability
(30-90 days), a 201-point Lanczos bandpass filter is used
(Duchon, 1979). The monthly mean amplitude of the MJO
is measured as the square root of the filtered OLR variance
within a 3-month running window centered on that calen-
dar month (Hendon et al., 2007). Nifio3.4 index is used for
defining a super El Nifio event as the intensity of El Nifio,
which is calculated by the standardized area-averaged
SSTA in the Nifio3.4 region (5°S-5°N, 120°-170°W), and
the Nifio3.4 index during the mature phase of super El Nifio
events is usually above the 2 standard deviations. Anom-
alies were calculated as the departures from the climatolo-
gical average over the entire study period (1979-2018). The
monthly RMM amplitude is calculated by following steps:
first calculate the 90 days running averaged of daily RMM
amplitude [(RMM12+RMM22)1/2], and then calculate the
monthly mean RMM amplitude of every single month.

Column-integrated MSE and low-level moisture are
important factors for the development and maintenance of
the MJO (Maloney, 2009; Hsu and Li, 2012; Sobel and Malo-
ney, 2013; Adames and Wallace, 2014; Kim et al., 2014).
The moisture and MSE budget terms are diagnosed to under-
stand the key processes contributing to the distinct MJO activ-
ity in the boreal winter of 2015/16. The moisture budget equa-
tion at the intraseasonal timescale is based on Eq. (1) (Yanai
et al., 1973):
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where g is the specific humidity, and V and w represent hori-
zontal wind and vertical pressure velocity, respectively. O,
and L denote the apparent moisture sink and latent heat of con-
densation, and Q,/L is regarded as a residual of the mois-
ture budget. Prime notation indicates the intraseasonal
(30-90 day) component. Here, the vertical integral of Eq.
(1) is calculated from 1000 hPa to 700 hPa, considering that
low-level moisture plays a key role in development of the
MJO.

The MSE budget at intraseasonal timescales is defined
by Eq. (2) (Neelin and Held, 1987):

om\ _ —(V-Vm) - w(’i_m +LHF' + SHF + LW’ + SW’,
ot ap
@)

where m denotes MSE, defined by m = C,T+Lg+gz, and c,
is the heat capacity of dry air at constant pressure (1004
T K-l kg™, L is the specific latent heat for a unit substance
(2.5 x 106 T kg™1), g is the gravitational constant (9.8 m s72),
and z is geopotential height. The left-hand term and first
two terms of the right-hand side of Eq. (2) are vertically integ-
rated from 1000 hPa to 100 hPa. The net heat flux terms are
calculated as the differences between the top and surface
level of the atmosphere.

3. Distinct MJO activity during the 2015/16
super El Nifio

Figure la shows the Nifio3.4 index evolutions for the
three super El Nifio events. With the exception of some differ-
ences at the developing and decaying stages, the general evol-
utions and magnitudes are quite similar for these three
events. The magnitude of the 2015/16 super El Nifio event
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Fig. 1. (a) Time evolutions of the Nifio3.4 index (°C) for 1982/83 (red), 1997/98 (orange) and 2015/16 (blue) events
relative to the climatological state in 1979-2018. Notation of 0 (1) in parentheses on the x-axis represents the El
Nifio developing (decaying) year. (b) Anomalies of monthly RMM index amplitude in the boreal winters of three

super El Nifio events.
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is slightly larger, relative to the other two super El Nifio
events during their respective peak seasons. To display the
MIJO intensity during each of the three super El Nifo
events, the amplitudes of the RMM index during their
boreal winters (during which the MJO and ENSO signals
are the most vigorous) are shown in Fig. 1b. Consistent with
previous studies (e.g., Gushchina and Dewitte, 2012; Chen
et al., 2016; Wang et al., 2018), overall MJO activity is
strongly suppressed during boreal winters of the 1982/83
and 1997/98 super El Nifio events. In contrast, the 2015/16
super El Nifio event exhibits a very different MJO response
with enhanced MJO activity during boreal winter. From the
phase space diagram of the MJO (Fig. 2a) during boreal win-
ters of the three super El Nifio events, the eastward propaga-
tion of the MJO during 2015/16 is clearly more robust and
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of obviously higher amplitude over the Maritime Continent
compared to the central-western Pacific area. In contrast,
the MJO intensity over the Indian Ocean (phases 1-3) is
nearly comparable for the three super El Nifo events. The
monthly averaged RMM amplitude anomalies (Fig. 1b) rep-
resents the overall states of the MJO in the equatorial region
for each of the three super El Nifio events. To reveal the geo-
graphical distribution of MJO activity and quantify the contri-
butions of frequency effect and magnitude effect to the dis-
tinct MJO enhancement during 2015/16, we compare the fre-
quency of active MJO days (RMM amplitude greater than
1) and the averaged amplitude for each phase during boreal
winters between the three super El Nifio events (Figs. 2b
and 2c). Instances of an active MJO were more frequent in
phases 47 (especially phase 4) during the boreal winter of
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Fig. 2. (a) MJO phase space diagrams for the boreal winters of 1982/83 (red), 1997/98 (yellow), and 2015/16 (blue).
(b) The frequency of each MJO phase during the boreal winters of 1982/83, 1997/98, and 2015/16. (c) Same as (b)

but for the MJO intensity.
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2015/16, while they were less frequent in other phases
(phases 1-3 and 8) when compared to the boreal winters of
1982/83 and 1997/98 (Fig. 2b). The active MJO over the
Maritime Continent and Pacific area (phases 4-8) also had a
stronger amplitude during 2015/16 than during the previous
two events (Fig. 2c). Thus, the most significant enhance-
ment of MJO activity during 2015/16 occurred over the Mari-
time Continent to western Pacific (phases 5-8), where the
MJO was more active in terms of amplitude and frequency.

To clearly identify the key region with significant MJO
changes associated with super El Nifio events, Figure 3
shows the spatial patterns of the MJO-related (30-90 day
filtered) convection variability. For the 1982/83 and
1997/98 super El Nifio events, the MJO intensity is signific-
antly suppressed over most of the tropical Indo-Pacific
region (Figs. 3a, b). A slightly weakened MJO can also be
seen in the tropical Indian Ocean during the boreal winter of
the 2015/16 super El Nifio, while the MJO is remarkably
strengthened over the Maritime Continent and the tropical
western Pacific of the Southern Hemisphere (Fig. 3c),
which is consistent with the results shown in Fig. 2. The
enhanced MJO activity during the 2015/16 super El Nifio
event experienced a maximum over the western Pacific near
10°S, which is climatologically the region with the most vig-
orous MJO activity. Previous studies have also found sim-
ilar intraseasonal variability with this enhanced activity (Liu
et al., 2016b). The unique change in MJO amplitude during
boreal winter of the 2015/16 super El Nifio event can also
be clearly seen when the difference is taken between it and
the previous two super El Nifio events (Figs. 3d-f). The
remarkable enhancement of MJO intensity during the
2015/16 super El Nifio event is observed more consistently
over the tropical western Pacific (green boxes in Fig. 3,
120°-170°E, 5°-15°S) relative to the 1982/83 super El Nifio
event (Fig. 3d), the 1997/98 super El Nifo event (Fig. 3e),
and their average (Fig. 3f). This region will be our focus
since the largest difference appears here.
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Considering modulation of the background oceanic-atmo-
spheric conditions on MJO activity, Figure 4 displays ano-
malous SST and precipitation patterns associated with the
boreal winters of three super El Nifio events. All three
events are characterized by extremely warm SSTAs and
above average precipitation over the central to eastern trop-
ical Pacific. Compared to the previous two super El Nifio
events, the warm SSTA center is clearly displaced west-
ward by about 20 degrees of longitude for the 2015/16
super El Nifio event (Figs. 4a—c). This observation is fur-
ther supported by the SSTA difference between the 2015/16
case and the average of the other two cases (Fig. 4d). Fig-
ure 4d also shows that the precipitation anomalies are
stronger in the central Pacific and weaker in the eastern
Pacific during the 2015/16 boreal winter compared to the
other two cases. In the western Pacific, negative SSTAs and
reduced precipitation are evident for the boreal winters of
the 1982/83 and 1997/98 super El Nifio events (Figs. 4a, b).
However, slightly negative SSTAs can be found in the west-
ern Pacific with very small negative precipitation anomalies
during the boreal winter of 2015/16 (Fig. 4c). These observa-
tions suggest that the distinct oceanic and atmospheric anom-
alies in the western Pacific during the boreal winter of the
2015/16 super El Nifio event (Fig. 4d) provide different back-
ground conditions for MJO activity and may possibly lead
to unique MJO anomalies in contrast to the previous super
El Nifio events. The possible effects of the background condi-
tions will be investigated in detail in the next section.

4. Possible mechanisms responsible for
enhanced MJO activity during the boreal
winter of 2015/16

The development of MJO convection is closely linked
with the low-level moisture and MSE since these factors are
providing the favorable preconditioning for the convection.
(Maloney, 2009; Andersen and Kuang, 2012; Hsu and Li,
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Fig. 3. Anomalous distributions of 30-90 d filtered OLR standard deviation (shading, W m2) during the boreal winters of
(a) 1982/83, (b) 1997/98, and (c) 2015/16, superimposed on the climatology (contours, W m2). The corresponding
differences between (d) 2015/16 minus 1982/83, (e) 2015/16 minus 1997/98, (f) 2015/16 minus the average of 1982/83 and

1997/98.
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1982/83, (b) 1997/98, and (c) 2015/16. (d) Their differences between 2015/16 and the average of 1997/98 and
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2012; Kim et al., 2014). We diagnose the low-level mois-
ture budget, Eq. (1), and the column-integrated MSE
budget, Eq. (2), over the western tropical Pacific (5°-15°S,
120°-170°E, the green box in Fig. 3) to investigate key pro-
cesses causing unique MJO activity during the boreal winter
of 2015/16.

Composite OLR anomalies at the intraseasonal times-
cale are used to represent local MJO evolution in the west-
ern Pacific. Active MJO events were selected for the compos-
ite when the 30-90 day filtered OLR over the western
Pacific was greater than 1 standard deviation. The date with
the minimum 30-90 day OLR is defined as day 0. As
shown in Fig. 5a, the OLR anomalies change their signs
from positive to negative around day -10, when the MJO con-
vective signal initiates and develops. For low-level mois-
ture, its maximum tendency also occurs around day -10, lead-
ing the MJO convection maximum by about 10 days (Fig. 5b).
The phase relationship between the MJO-related convec-
tion and moisture suggests an important effect of the lead-
ing low-level moisture accumulation on the growth of the
MIJO convection. Despite similar evolutions of MJO convec-
tion and moisture anomalies for all three super El Nifio
events, the amplitude of moisture tendency in the 2015/16
event is about twice as strong as those of the 1982/83 and
1997/98 events (Figs. 5a, b). The enhanced moisture tend-
ency is likely contributing to the strong amplitude of MJO
convection in the 2015/16 event (Fig. 5a) during its develop-
ment stage (from day —10 to 0, when the OLR ranges from
zero to its minimum). Focusing on the MJO development
period, the moisture tendency is positive and the vertical mois-
ture advection shows a large contribution. Although the hori-
zontal moisture advection is in phase with the moisture tend-
ency, it has a relatively small contribution compared to ver-
tical advection and latent heating processes during the MJO
development stage (Figs. 5c—d). Note that the moisture
begins discharging through apparent moisture sinking and lat-
ent heat of condensation when the MJO convection is estab-
lished, which is represented as Q,/L in Eq. (1) (Kemball-
Cook and Weare, 2001; Kiladis et al., 2005).

Figure 6 further compares the moisture budget terms

and the contributions of scale interactions to the key pro-
cesses during day —10 to day O, when MJO convection
grows quickly. During the developing stage of MJO convec-
tion, the moisture tendency (dq’/0¢) of the 2015/16 event is
much stronger than those of the 1982/83 and 1997/98
events, which comes mainly from vertical moisture advec-
tion, consistent with the results shown in Fig. 5. According
to the continuity equation, the vertical advection term (the
second term on the right-hand side of Eq. (1)) can be fur-
ther decomposed as follows:

o) g2,

ap op )

where the right-hand side terms represent horizontal mois-
ture convergence and vertical moisture flux convergence,
respectively. To elucidate the importance of scale interac-
tions for vertical moisture advection, g and V are decom-
posed into low-frequency background state (LFBS, longer
than 90 days), intraseasonal component (30-90 days), and
higher-frequency disturbances (less than 30 days) as depic-
ted in the following equation:

q=q+q +q;V=V+V' +V". 4)

The overbar, prime, and asterisk indicate LFBS,
intraseasonal, and higher-frequency components, respect-
ively. Based on this, the zonal moist convergence can be sep-
arated into 9 terms representing the interactions between dif-
ferent timescales:

0 = _ _
wa—q=q-VV+q-VV’+q'VV*+q’~VV+
P
q -VV' +¢ -VV*'+
d(wg)
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P

The diagnostic result of Eq. (5) shows that the El Nifio-
related LFBS moisture converged by the MJO-related hori-

g -VV+q -VV +q - VV* +
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Fig. 5. Composites of (a) 30-90 day filtered OLR anomaly (W m2) averaged over the western Pacific region
(120°-170°E, 5°-15°S) with day O as the occurrence of maximum MJO OLR anomaly. The blue, orange and red
lines represent MJO evolutions during the boreal winters of 2015/16, 1997/98 and 1982/83, respectively. (b—e) Same
as (a) except for column-integrated (1000-700 hPa) intraseasonal moisture budget terms (10-° kg m=2 s~!) for (b)
moisture tendency, (c) horizontal advection, (d) vertical advection, and (e) residual of the moisture budget.

zontal wind anomalies (g-VV’)" is dominantly responsible
for the different growth rates of the low-level moisture tend-
ency and MJO convection amplitude associated with the
three super El Nifio events, which means leading planetary
boundary layer moisture convergence is an important factor
for the development of MJO convection (Wang, 1988). It sug-
gests that sufficient LFBS water vapor provides an import-
ant background condition for the enhanced vertical mois-
ture advection associated with the MJO during the boreal
winter of 2015/16. In comparison, contributions from other
terms are relatively negligible (Fig. 6b).

Figure 7 shows the distributions of LFBS moisture (g)
and intraseasonal horizontal wind (V’) during the develop-
ment stage of MJO convection. In the boreal winters of
1982/83 and 1997/98, below than average moisture occurs
over most regions of the western tropical Pacific, while
above than average moisture covers the eastern equatorial
Pacific (Figs. 7a, b). During the MJO development stage,
the easterly and westerly wind anomalies prevail, respect-
ively, over the eastern and western edge of the western
Pacific (120°-170°E) for both the 1982/83 and 1997/98
cases. Compared to 1982/83 and 1997/98, positive mois-
ture anomalies are observed over the western equatorial
Pacific during the boreal winter of 2015/16 (Figs. 7c, d),
accompanied by a remarkably westward shift of warm
SSTAs (Figs. 4c, d). Therefore, the MJO-related wind anom-
alies can transport a moister atmosphere from the adjacent
ocean toward the western Pacific and moisten the low-level
atmosphere there, contributing positively to MJO convect-
ive development in the boreal winter of 2015/16 (Fig. 7c).

In addition to the preconditioning effect of low-level
moisture, the positive MSE anomalies associated with the
MIJO are also argued to be important for the initiation and
growth of MJO convection (e.g., Maloney, 2009; Andersen
and Kuang, 2012; Zhao et al., 2013; Maloney and Wolding,
2015; Hsu and Xiao, 2017). Although the MSE variability is
dominated by the moisture change at the MJO timescale
(Maloney, 2009), its budget diagnosis, shown in Eq. (2),
could provide additional insights about the effects of radiat-
ive heating and surface fluxes on the MJO evolution. We ana-
lyze the MSE evolution and its related physical processes
for MJO initiation and development during the three super
El Nifio events. Figure 8 shows temporal evolutions of the
MSE anomalies averaged over the western Pacific
(5°-15°S, 120°-170°E, green box in Fig. 3). A positive
MSE tendency is detected during the initiation and develop-
ment stages of the MJO convection (Fig. 8a), when the
OLR anomaly shows a negative tendency from day —20 to 0
(Fig. 5a). For the 2015/16 super El Nifio event, the MSE tend-
ency is larger than the other two events during the MJO initi-
ation and development stages, resulting in enhanced MSE
given the same time period for MJO development (from day
—20 to 0), corresponding to the much stronger MJO activity.
Evolutions of each column-integrated MSE budget term are
displayed in Fig. 9 to inspect their respective contribution.
The column-integrated MSE tendency (0m/0t)" reaches the
peak around day —10 (Fig. 9a), consistent with the moisture
tendency (Fig. 5b). In comparison, the vertically integrated
horizontal MSE advection resembles the phase evolution of
the MSE tendency and can well explain the amplitude differ-
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(10° kg m2 s~!) and (b) individual decomposition terms of (Vdq/dp)’ between the boreal winter of 2015/16 and the
average of the boreal winters of 1982/83 and 1997/98 over the western tropical Pacific (120°-170°E, 5°-15°S) from
day —10 to day 0.
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Fig. 7. Vertically averaged (1000-700 hPa) LFBS moisture (shading, g kg~!) and MJO-related horizontal wind
(vectors, m s~1) anomalies for (a) 1982/83, (b) 1997/98, (c) 2015/16 and (d) difference between 2015/16 and the
average of 1982/83 and 1997/98 from day —10 to day 0. The green boxes denotes the western tropical Pacific
(5°-15°S, 120°-170°E).
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Fig. 9. Temporal evolutions of the column-integrated (1000100 hPa) intraseasonal MSE budget terms (W m2) during the
boreal winters of 1982/83 (red line), 1997/98 (orange line), and 2015/16 (blue line) over the western Pacific region
(120°-170°E, 5°-15°S). Day 0 denotes the date of the maximum MJO convection.

ence for the three events (Fig. 9b), suggesting its important
contribution to the differences in MJO activity. The column
vertical MSE advection shifts its phase by about a quarter
period respective to the MSE tendency and displays compar-
able amplitudes for the 1997/98 and 2015/16 events (Figs. 9¢).
The surface turbulent fluxes (Figs. 9d, ) and shortwave radi-
ation (Fig. 9g) seem to have a minor contribution to the differ-

ent MSE tendency. The evolution of longwave radiation
(Fig. 9f) is in phase with the evolution of MJO convection.
The amplitude of longwave radiation in the boreal winter of
2015/16 is larger than the other two events, indicating that
the longwave radiation may maintain the stronger MJO con-
vection in 2015/16 (Fig. 9f). The role of longwave radi-
ation in supporting the MJO convection was highlighted by
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previous studies (Andersen and Kuang, 2012; Maloney and
Wolding, 2015; Hsu and Xiao, 2017).

For a purely quantitative comparison, we show the
changes in amplitude of each budget term over the western
Pacific during the initiation and development stages of the
MJO convection (from day —20 to day 0). The differences
in the MSE budget terms between the 2015/16 super El
Nifio and the other two super El Nifio events are displayed
in Fig. 10a. Note that the sum of the right-hand side terms is
approximate to the left-hand side term (i.e., the MSE tend-
ency), suggesting that our calculations are nearly balanced.
The growth rate of MSE (0m/0t)’ during the 2015/16 super
El Nifio event is much larger than those during the 1982/83
and 1997/98 super El Nifio events, consistent with the
enhanced MJO activity. The horizontal advection here is the
most dominant term for the growth rate of the MSE. In addi-
tion, the longwave radiation during the 2015/16 El Nifio
event is the secondary contributor for the growth of the
MSE, and the larger longwave radiation has more positive
feedback for the MJO convection, since increased cloudi-
ness could produce larger longwave radiation. The other
terms are relatively small and play minor roles on the MSE
tendency. The MSE diagnostic results indicate that the hori-
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zontal advection of MSE is the key process inducing the
enhancement of MJO convection during the 2015/16 super
El Nifo event. We next examine relative contributions of pro-
cesses from different time-scale interactions to the hori-
zontal MSE advection based on the following equation:

V-V =V-Vm+V -V’ +V-Vm*+
V' .-Vm+V -V’ +V' -Vin*+

Vi VeV + V-V ()

The decomposition of different time-scale interactions
is the same as with Egs. (4-5). As shown in Fig. 10b, the
increased horizontal MSE advection in the 2015/16 super El
Nifio event is mostly attributable to the strengthened hori-
zontal advection of the LFBS MSE by MJO-related hori-
zontal wind. This result highlights the importance of interac-
tion between the LFBS MSE and the MJO-related hori-
zontal wind anomalies, as also revealed from the low-level
moisture diagnosis (Figs. 6b, 7¢). Figure 11 displays the ver-
tically (1000-100 hPa) averaged distributions of LFBS
MSE and intraseasonal horizontal wind anomalies. The
boreal winters of 1982/83 and 1997/98 show negative LBFS
MSE anomalies over the western Pacific (Figs. 1la, b),
which are related to the below average SST anomalies (C,T)
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Fig. 10. Differences of column-integrated (1000-100 hPa) intraseasonal (a) MSE budget terms (W m~2) and (b)
individual terms of (V-Vm)" averaged over the western Pacific region (120°-170°E, 5°-15°S) at the initiating and
developing stages of MJO convection (from day —20 to day 0) between 2015/16 and the average of 1982/83 and

1997/98.
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Fig. 12. Column-integrated intraseasonal (a) g-VV’ term (1000-700 hPa, g kg~!) and (b) V’- Vi term (1000-100 hPa,
W m~2, where V' represents the averaged v’ at the MJO developed stage during boreal winters of 1979-2018.

(Figs. 4a, b) and the below average moisture (Lg) (Figs. 7a,
b). In contrast, the LBFS MSE is increased over the west-
ern equatorial Pacific during boreal winter of the 2015/16
super El Nifio (Fig 11c), which is closely related to the west-
ward displacement of the warm SSTAs and convection
(Fig. 4c). The MJO-related wind anomalies tend to trans-
port the relatively higher MSE toward the western Pacific,
causing the increased MSE over the active MJO region
(Figs. 11c and d). The MSE diagnostic results suggest that
the warmer SSTs and thus low-level moistening during the

2015/16 super El Nifio event could be the key factors respons-
ible for the stronger MJO through enhancing the MSE over
the western Pacific.

In the above analyses, the intraseasonal wind differ-
ence is accompanied with the MJO itself. It is not easy to
establish a direct relationship between the MJO-related and
ENSO-related variability, although the intraseasonal variabil-
ity can be modulated by the background state. To illustrate
direct contribution of the LFBS fields (g and m) relatively,
we use the averaged intraseasonal horizontal wind (V’) from
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1979 to 2018 during the MJO development stage to replace
theg-VV’ and V-V budgets over the western tropical
Pacific (120°-170°E, 5°-15°S). Even though the MJO wind
anomalies do not make a contribution, the g-VV’ and
V’.Vm terms are apparently enhanced during the 2015/16
event compared to the 1982/83 and 1997/98 events (Fig. 12).
Relative to the previous two events, the g- VV’ and V' -V
terms are increased by 247% and 76%, respectively. There-
fore, the moisture and MSE tendency can be enhanced by dif-
ferent background moisture patterns.

5. Conclusion and discussion

Previous observation shows that western Pacific MJO
activity is strongly suppressed during the mature and decay-
ing phases of super El Nifio events (e.g., 1982/83 and
1997/98 El Niio events). The SSTAs of the most recent
super El Nifio event (i.e., 2015/16) also exhibit a very sim-
ilar evolution and amplitude as the previous super El Nifio
events. However, this super El Nifio event is accompanied
by very different MJO activity with enhanced convection
over the western Pacific during its peak phase. Compared to
the 1982/83 and 1997/98 super El Nifio events, the SSTA cen-
ter during the 2015/16 super El Nifio event shifts westward
by about 20 degrees of longitude, which can provide suffi-
cient moisture/MSE for MJO development over the west-
ern Pacific. The low-level moisture budget shows that ver-
tical moisture advection is the major contributor to the
enhancement of the MJO in 2015/16. This intensified ver-
tical advection could be attributed to the interaction between
the enhanced MJO-related zonal wind and the abundant
low-frequency background moisture field over the central-
western Pacific. The column-integrated MSE budget also sug-
gests the interaction between MJO zonal wind anomalies
and the background MSE field plays a key role in the enhance-
ment of the MJO during the boreal winter of 2015/16. In
other words, the increases in background moisture and MSE
associated with the warm SSTAs over the central-western
Pacific in the 2015/16 super El Nifio event were important
for the enhanced MJO activity.

Previous studies have revealed different MJO features,
in terms of intensity and propagation, for the eastern Pacific
(EP) and central Pacific (CP) El Nifio. The MJO intensity
and El Nifio amplitude exhibit a certain degree of linear rela-
tionship for the EP and CP El Nifio, respectively (Gushch-
ina and Dewitte, 2012; Feng et al., 2015; Chen et al., 2016;
Hsu and Xiao, 2017; Wang et al., 2018). Our study finds
that MJO intensity is very sensitive to SSTA zonal location
of El Nifio, even the super El Nifio (usually regarded as a
same type) events have different impact. It highlights that
the ENSO zonal structure and SSTA distribution need to be
considered due to their possible modulations on MJO develop-
ment. Only three super El Nifio events are investigated to
observe their differences in this study. However, to which
extent the normal El Nifio spatial SSTA patterns modulate
on MJO development remains unclear and deserves further
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investigation.
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