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ABSTRACT

The  modulation  of  Madden–Julian  oscillation  (MJO)  pattern  evolution  over  the  Maritime  Continent  (MC)  by  El
Niño–Southern  Oscillation  (ENSO)  was  investigated  through  a  combined  observational  and  modeling  study.  MJO
convective branches shifted south of the equator over the MC during eastern Pacific (EP) El Niño winters, while it
became relatively symmetric about the equator during La Niña winters. The impact of central Pacific (CP) El Niños
to MJO pattern, on the other hand, is not statistically significant. The cause of the distinctive MJO pattern evolutions
is likely attributed to the ENSO-induced changes of the background moisture and vertical shear over the MC. Ideal-
ized  numerical  experiments  with  a  2.5-layer  model  were  carried  out,  and  the  result  revealed  that  the  background
moisture change played a dominant role. An observational diagnosis of column-integrated moist static energy (MSE)
budgets was further conducted. The result indicated that the MJO pattern difference was attributed to the MSE tend-
ency asymmetry in front of MJO convection between EP El Niño and La Niña, caused by the advection of the mean
MSE by anomalous  meridional  wind.  The  difference  in  the  MJO-scale  anomalous  meridional  wind  was  ultimately
controlled by the change of the background meridional moisture gradient associated with EP El Niño and La Niña.
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1.    Introduction

The Maritime Continent (MC), commonly used to de-
scribe the region between the tropical Indian and Pacific
Oceans (10°S–20°N, 90°–150°E), is a key region affect-
ing  the  earth’s  climate  system.  It  is  made  up  of  thou-
sands of intricate islands, terrains, and shallow seas. The
complex  land–sea  distribution  and  unique  geographic
location of the MC are responsible for the rich spectrum
of  multiscale  rainfall  variability  there,  ranging  from  di-
urnal  cycles  to  interannual  and  interdecadal  timescales
(Zhu et al.,  2010; Lu et al.,  2019). Extreme weather and
climate  events  often  happen  over  the  MC.  As  it  is  loc-
ated  in  the  middle  of  the  warmest  body  of  water  in  the
world  (the  western  Pacific  warm  pool)  with  the  annual

mean sea surface temperature (SST) exceeding 28°C, the
MC is  dominated  by annual  mean large-scale  ascending
motion  that  transports  moisture  and  heat  into  the  upper
troposphere (Ramage, 1968; Li and Hsu, 2018). Serving
as  the  ascending  branch  of  the  Walker  circulation,  the
background mean upward motion over the MC is modu-
lated  by  the  interannual  variability  such  as  the  El
Niño–Southern Oscillation (ENSO) and Indian Ocean di-
pole (IOD; Li et al., 2003). These changes can further af-
fect  higher frequency modes such as the Madden–Julian
oscillation (MJO), synoptic-scale variability, and diurnal
cycle over the MC (Lin and Li, 2008; Rong et al., 2011;
Deng and Li, 2016; Deng et al., 2016; Wang et al., 2018).

MJO and ENSO are  strongest  signals  respectively  on
intraseasonal  and  interannual  timescales  (Li  and  Wang,
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2005; Li, 2010). Both modes have pronounced influence
on global weather and climate (Li et al.,  2020; Zhang et
al., 2020). First discovered by Madden and Julian (1971,
1972),  MJO  is  characterized  by  a  planetary  zonal  scale
and a slow eastward phase speed along the equator with a
characteristic  period  of  10–90  days  (Krishnamurti  and
Subrahmanyam, 1982; Murakami and Nakazawa, 1985).
ENSO,  on  the  other  hand,  has  a  spatial  scale  of  thou-
sands of kilometers and a characteristic period of 2–7 yr.
After  initiated  over  the  western  Indian  Ocean  (Zhao  et
al.,  2013),  eastward-propagating  MJO  often  crosses  the
MC in boreal winter. At the same season, ENSO reaches
its peak. The SST anomaly associated with the ENSO in-
duces an anomalous Walker circulation, with anomalous
vertical motion right over the MC. It has been shown that
such  a  background  vertical  motion  change  associated
with  El  Niño  and  La  Niña  can  affect  MJO  strength
(Wang et  al.,  2018).  In  addition  to  the  contrast  between
El  Niño  and  La  Niña,  different  types  of  El  Niños  [i.e.,
central  Pacific  (CP)  and  eastern  Pacific  (EP)  El  Niños;
Ashok et al., 2007; Kao and Yu, 2009; Yeh et al., 2009]
may  also  affect  the  MJO  intensity  differently  (Yuan  et
al.,  2015; Chen et  al.,  2016).  Thus  it  is  important  to  re-
veal the fundamental difference of MJO behaviors under
different  types  of  ENSO  and  physical  mechanisms  be-
hind the observed phenomenon.

While  many  previous  studies  showed  the  large-scale
control  of  ENSO  on  MJO  intensity,  it  is  not  clear  how
the  different  types  of  ENSO  modulate  the  MJO  pattern
evolution over  the  MC. Mechanisms through which dif-
ferent types of ENSO influence the MJO pattern over the
MC are not well resolved. From the moisture mode the-
ory  point  of  view  (Raymond,  2000, 2001; Sobel  et  al.,
2001; Maloney, 2009; Sobel and Maloney, 2012, 2013),
MJO  propagation  is  primarily  determined  by  the  zonal
asymmetry  of  column-integrated  moist  static  energy
(MSE) tendency. Through a diagnosis of 27 global gen-
eral  circulation  model  simulations, Wang  et  al.  (2017)
demonstrated  that  the  difference  between  a  good  and  a
poor model group in terms of the MJO simulation capab-
ility  lies  in  whether  or  not  these  models  capture  the  ob-
served  east–west  asymmetry  of  the  MSE  tendency.  A
positive MSE tendency in the front  of  the MJO convec-
tion arises from both the horizontal and vertical MSE ad-
vections. Thus, by using the MSE diagnostic method, one
may reveal the specific processes through which ENSO-
induced background states modulate the MJO-scale MSE
tendency and thus the MJO pattern.

Motivated by the rationale above, we intend to exam-
ine  in  this  study  the  distinctive  MJO  pattern  evolution
characteristics associated with the different types of EN-

SO  and  physical  mechanisms  behind  the  observed  phe-
nomenon  based  on  the  MSE  budget  diagnosis  frame-
work.  The  remaining  part  of  this  paper  is  organized  as
follows. In Section 2, data and methods are described. In
Section  3,  observed  MJO  structure  evolution  features
over  the MC during the different  types  of  ENSO events
are  examined.  In  Section 4,  the  background mean states
associated with the different ENSO modes are compared,
and a simple atmospheric model is used to reveal the rel-
ative  roles  of  the  background  dynamic  and  thermody-
namic fields in regulating MJO activities over the MC. In
Section 5, an MSE budget diagnosis is carried out to re-
veal  the  mechanism  responsible  for  the  MJO  structure
asymmetry  between  EP  El  Niño  and  La  Niña.  Finally,
conclusions are given in Section 6.

2.    Data and methods

The primary datasets used in the current study include
Extended  Reconstructed  Sea  Surface  Temperature
(ERSST;  version  3b,  monthly,  at  a  grid  of  2°  longitude
by 2° latitude for  1982–2012) from NOAA. The dataset
is  used  to  define  ENSO  years.  Intraseasonal  signals  are
extracted from satellite-observed outgoing long-wave ra-
diation  (OLR;  daily,  at  a  grid  of  2.5°  longitude  by  2.5°
latitude  for  1979–2013)  from NOAA.  Interannual  back-
ground fields are analyzed with ECMWF reanalysis data
(ERA-Interim;  4  times  daily  for  1982–2011).  The  ERA
reanalysis  dataset  includes  the  following  three-dimen-
sional  variables:  zonal  and  meridional  wind  (u and v),
pressure  vertical  velocity  (ω),  and  specific  humidity  (q)
at 27 pressure levels from 1000 to 100 hPa. The analysis
period is  focused on boreal  winter  season [December  to
February (DJF)] for the period of 1982–2011.

Three types of ENSO events are defined based on the
ERSST  dataset  (Table  1).  Among  them,  EP  El  Niño  is
defined when DJF mean SST anomaly averaged over the
Niño  3.4  region  exceeds  one  standard  deviation  (STD).
La Niña  is  defined when DJF mean SST anomaly  aver-
aged over the Niño 3.4 region exceeds negative one STD.
CP  El  Niño  events  are  defined  based  on  the  temporal-
zonal  pattern  of  the  SST  anomaly  (initiated  and  de-
veloped over western-CP and matured in boreal winter),
following Chung and Li (2013) and Xiang et al.  (2013).
For  the  analysis  period  only  four  CP  El  Niño  events
(1994, 2002, 2004, and 2009) are identified.

Applying  a  10–90-day  Lanczos  band-pass  filter  onto
the  daily  observed  OLR  field,  one  may  extract  in-
traseasonal  OLR  signals.  At  each  winter,  the  STD  of
10–90-day filtered OLR anomaly is used to measure the
intensity of the MJO. By composing the MJO intensity in
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different  types  of  ENSO events,  one  may  further  exam-
ine  the  dependence  of  MJO  strength  on  ENSO  type  at
each grid point. The MJO pattern evolution characterist-
ics  are  then  derived  from  the  lead–lag  time  regression
against  the  time  series  of  the  10–90-day  band-pass-
filtered  OLR  anomaly  at  a  reference  point  (5°S,  95°E),
where MJO is most active in boreal winter. The climato-
logy annual cycle of the OLR field is removed before the
band-pass filtering.

A  composite  analysis  on  horizontal  wind,  vertical p-
velocity,  specific  humidity,  and  vertical  shear  fields  is
utilized to  reveal  the  difference  of  the  interannual  back-
ground states during the different types of ENSO. A Stu-
dent’s t test is applied to examine whether the difference
is statistically significant.

A 2.5-layer theoretical model developed by Wang and
Li (1993, 1994) is applied to understand the relative im-
portance of the background dynamic and thermodynamic
fields  in  influencing  MJO  behavior  over  the  MC.  The
2.5-layer  model  was  previously  used  for  the  study  of
MJO dynamics (Li and Wang, 1994; Wang and Li, 1994;
Wang  and  Xie,  1997; Jiang  et  al.,  2004; Li  and  Zhou,
2009).  This  model  consists  of  a  2-layer  free atmosphere
and  a  well-mixed  planetary  boundary  layer  (PBL)  at  a
horizontal  domain  of  40°S–40°N,  0°–360°.  A  three-di-
mensional background mean state is specified in this an-
omaly  model  so  that  one  may  focus  on  examining  the
evolution  of  an  MJO-like  perturbation  under  different
background mean states.

m = cpT +gz+Lvq T
z q

cp = 1004 J K−1 kg−1

g = 9.8 m s−2

Lv = 2.5×106 J kg−1

To  reveal  the  cause  of  distinctive  MJO  propagation
behaviors  under  El  Niño  and  La  Niña  conditions,  a
column-integrated  MSE  budget  analysis  is  conducted.
MSE (m) may be defined as , where 
denotes  temperature,  height,  specific  humidity,

 is the specific heat at constant pres-
sure,  is  the  gravitational  acceleration,  and

 is the latent heat of vaporization.
According  to Neelin  and  Held  (1987),  column-integ-

rated MSE budget can be written as:

⟨∂tm⟩ = −ω
⟨
∂pm
⟩
−⟨V · ∇m⟩+Qt+Qr, (1)

ω

V

Qt Qr

where  denotes  vertical  pressure  velocity, p pressure
and  horizontal wind vector, and angle brackets a mass-
weighted  vertical  integral  from  1000  to  200  hPa.  The
left-hand  side  (lhs)  of  the  equation  above  represents  the
MSE tendency and the right-hand side (rhs) terms repres-
ent,  from left  to  right,  vertical  advection,  horizontal  ad-
vection,  surface heat  flux,  and vertically integrated radi-
ative  heating  rate;  and  are  calculated  based  on
ERA-Interim.

3.    MJO evolution characteristics over the
MC during different types of ENSO

As stated in Section 2, the STD of 10–90-day filtered
OLR  anomaly  is  used  to  measure  the  MJO  intensity  at
each  year. Figure  1 shows  the  10–90-day  filtered  OLR
STD anomalies averaged during EP El Niño years, CP El
Niño  years,  and  La  Niña  years.  A  marked  large-scale
negative STD anomaly appears in EP El Niño composite
over the northern MC (green box in Fig. 1), where a pos-
itive  STD  anomaly  appears  in  the  La  Niña  composite.
The STD anomaly appears much weaker and not statist-
ically significant  in  the CP El  Niño composite.  The res-
ult  indicates that  EP El Niño and La Niña exert  a  signi-
ficant impact on MJO behavior over the MC, in particu-
lar northern MC, whereas the CP El Niño’s influence on
MJO  is  weak  and  statistically  insignificant.  Therefore,
we will focus on examining the modulation of MJO pat-
tern and evolution characteristics over the MC by EP El
Niño and La Niña.

Figure  2 illustrates  distinctive  MJO  pattern  evolution
characteristics during EP El Niño and La Niña winters. It
is noted that after reaching the eastern Indian Ocean, the
main  MJO  convective  branches  shift  southward  during
EP El Niño (left panel of Fig. 2). Such a southward shift-
ing over the MC is not clearly seen in the La Niña com-
posite.  The MJO convective branches are approximately
symmetric about the equator (right panel of Fig. 2).

The  distinctive  pattern  evolution  features  shown  in
Fig. 2 reflect well the MJO variability difference over the
northern MC (i.e.,  the green box in Fig. 1). Over the re-
gion, the MJO variability is enhanced during La Niña but
significantly  suppressed during EP El  Niño.  The overall
intensity of  the MJO over the equatorial  MC is  stronger
during La Niña composite than during EP El Niño com-
posite, as seen from the longitude–time maps of the OLR
and MSE anomalies averaged on the equator (Fig. 3).

The  distinctive  MJO  pattern  evolution  behaviors  are
likely  attributed  to  the  impact  of  the  background  mean
state  changes  associated  with  EP  El  Niño  and  La  Niña.
Figure 4 illustrates low-level wind and specific humidity
anomaly  fields  in  EP  El  Niño  and  La  Niña  composites.
Note that there is a strong anticyclone anomaly over the
green box region during EP El Niño winters, while a cyc-
lone  anomaly  appears  in  La  Niña  winters.  The  anomal-

 

Table 1.   List of EP and CP El Niño years and La Niña years
ENSO type Year
EP El Niño 1982, 1986, 1991, 1997
La Niña 1984, 1988, 1999, 2007, 2010
CP El Niño 1994, 2002, 2004, 2009
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ous  anticyclone  during  El  Niño  was  referred  to  as  the
Philippine Sea anticyclone (PSAC; Wang et al., 2003) or
the  western  North  Pacific  anticyclone  (WNPAC; Wu  et
al.,  2009, 2010; Li  et  al.,  2017).  The  low-level  anticyc-
lone  (cyclone)  anomaly  may  further  induce  anomalous
PBL divergence (convergence) and thus anomalous des-
cending  (ascending)  motion  in  situ  through  the  Ekman
pumping  effect.  The  anomalous  descending  (ascending)
motion decreases (increases) local moisture through ver-
tical advection. As a result,  a negative specific humidity
anomaly  occurs  in  northern  MC  during  EP  El  Niño,

whereas a positive specific humidity anomaly occurs dur-
ing La Niña.

The vertical distributions of box-averaged zonal wind,
vorticity,  specific  humidity,  and  vertical  velocity  fields
(Fig. 5) do present significant differences between the EP
El Niño and La Niña background states. Negative specific
humidity and vorticity anomalies and anomalous descent
occur  throughout  the  troposphere  over  the  northern  MC
during EP El Niño winters (Figs. 5b–d). In contrast, pos-
itive  specific  humidity  and  vorticity  anomalies  and  an-
omalous ascent appear during La Niña winters.
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Fig. 1.   Standard deviation (STD) of 10–90-day band-pass filtered OLR anomalies (shaded; W m−2) for (a) EP El Niño, (b) CP El Niño, and (c)
La Niña. Climatological STD at each grid point has been subtracted at each panel. The green box denotes a key region (0°–20°N, 105°–145°E)
where ENSO exerts a strong impact on MJO.
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An  interesting  feature  is  the  contrast  of  vertical  pro-
files of zonal wind between EP El Niño and La Niña. A
westerly  (easterly)  vertical  shear  anomaly  appears  dur-
ing  EP  El  Niño  (La  Niña)  (Fig.  5a).  Previous  studies
demonstrated  that  the  easterly  shear  could  strengthen
tropical disturbances through barotropic–baroclinic mode
coupling  (Wang  and  Xie,  1996).  Due  to  the  coupling,
lower-tropospheric  perturbation  is  strengthened,  which
may promote a greater mid-tropospheric heating through
Ekman  pumping  induced  moisture  convergence  (Li,
2006; Ge et al., 2007).

The  observational  analysis  results  above  suggest  that
the  change  of  the  background  dynamic  and  thermody-
namic  states  associated  with  ENSO  may  modulate  the

MJO  intensity  and  propagation  over  the  MC.  However,
the  relative  role  of  the  dynamic  and  thermodynamic
states  is  not  clear.  This  scientific  question  will  be  ad-
dressed in the next section with the use of a simple atmo-
spheric model.

4.    Relative roles of ENSO background dy-
namic and thermodynamic states in regu-
lating MJO activities over MC

A 2.5-layer atmospheric model is used to examine the
relative  role  of  the  background  dynamic  and  thermody-
namic  states  associated  with  ENSO in  modulating  MJO
activities. Three sets of idealized numerical model exper-
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Fig. 2.   Lead–lag regressed patterns of 10–90-day filtered OLR anomaly (shaded; W m−2) and associated wind anomaly field at 850 hPa (vector;
m s−1) from Days 0 to 6. The regression was based on the OLR anomaly at a reference point over Indian Ocean (5°S, 95°E) for EP El Niño (left)
and La Niña (right) winters. The OLR anomalies that pass the significant test at 95% confidence level are stippled.
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iments were carried out (see Table 2). First, a control ex-
periment  (CTL) is  conducted to verify the model’s  abil-

ity of simulating the MJO-like perturbation in the tropics.
In this experiment, the observed boreal winter mean state
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Fig. 3.   The Hovmöller diagram of the regressed OLR (shaded; W m−2) and column-integrated MSE (contour; J m−2) anomalies averaged over
20°S–20°N for (a) EP El Niño and (b) La Niña winters from Days −20 to 20. The regression was based on the OLR anomaly at 5°S, 95°E. The
OLR anomalies that pass the significant test at 95% confidence level are stippled.
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Fig.  4.   Background  specific  humidity  (shaded;  g  kg−1)  and  850-hPa  wind  (vector;  m s−1)  fields  during  (a)  El  Niño  and  (b)  La  Niña  winters
(DJF). Climatological mean specific humidity and 850-hPa wind fields have been subtracted at each panel. The green box shows the same region
as that in Fig. 1.

1156 Journal of Meteorological Research Volume 34



from  ERA  reanalysis  is  specified.  Next,  two  sensitivity
experiments  were  designed.  In  EXP1,  a  horizontal  uni-
form specific humidity anomaly field derived from area-
averaged values in  northern MC (Fig.  5d)  is  superposed
onto the observed winter mean background state to mimic
the  ENSO  thermodynamic  impact.  In  EXP2,  a  uniform
vertical  shear  anomaly  field  is  superposed  onto  the  ob-
served  winter  mean  background  state  to  mimic  the  EN-
SO dynamic impact. Specifically, a constant value of 0.8
g kg−1 (which is equal to a half of the area-averaged spe-
cific  humidity  difference  at  750  hPa  between  La  Niña
and  El  Niño  composite)  is  added  to  the  seasonal  mean
moisture field in EXP1. A constant value of vertical wind

shear (u200 minus u850) of −6.5 m s−1 is added to the sea-
sonal mean zonal wind field in EXP2.

The evolution of simulated low-level wind and precip-
itation anomalies in the CTL run is shown in Fig. 6. An
MJO-like perturbation moves slowly eastward along the
equator.  The  main  convective  branch  crosses  the  MC
during  Days  4–7.  The  horizontal  pattern  of  the  MJO
shows  a  Kelvin–Rossby  wave  couplet  structure  (Li  and
Wang, 1994; Wang and Li, 1994), consistent with the ob-
served (Hendon and Salby, 1994).

The relative roles of the background moisture and ver-
tical wind shear change in regulating MJO intensity may
be revealed through the analysis of the two sensitivity ex-
periments EXP1 and EXP2. Figure 7 shows the amounts
of  accumulated (Days 4–7)  precipitation anomalies  over
the  MC region  derived  from CTL,  EXP1,  and  EXP2.  It
indicates  that  the  ENSO-induced  background  moisture
difference plays a dominant role in modulating the MJO
intensity,  whereas  the  vertical  shear  difference  appears

 

Table 2.   Description of the control and sensitivity numerical experi-
ments
Name of experiment Background mean state
CTL ΦObserved u, v, t, q, SST, ω, and  in DJF
EXP1 CTL + a uniform specific humidity anomaly
EXP2 CTL + a uniform vertical wind shear anomaly
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Fig. 5.   Vertical profiles of (a) background zonal wind (m s−1), (b) vorticity (10−6 s−1), (c) vertical p-velocity (10−3 Pa s−1), and (d) specific hu-
midity (g kg−1) averaged over the green box (0°–20°N, 105°–145°E) shown in Fig. 1 for EP El Niño (green) and La Niña (red) years.
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Fig. 6.   Time evolutions of lower-tropospheric wind (vector; m s−1) and precipitation (shaded; mm day−1) anomaly fields of an MJO-like perturb-
ation from Days 3 to 7, simulated by a simple atmospheric model.
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unimportant.  Therefore,  the  numerical  model  experi-
ments suggest that the ENSO modulation on the MJO is
primarily  through  the  change  of  the  background  mois-
ture field.

5.    Cause of the MJO pattern evolution asym-
metry between EP El Niño and La Niña—
An MSE budget diagnosis

An  important  feature  of  the  MJO  pattern  evolution
over the MC during EP El Niño is the southward shift of
the MJO main convective branches. This is in contrast to
an  approximately  equatorially  symmetric  pattern  during

La Niña. The cause of this pattern asymmetry is to be ad-
dressed through a column-integrated MSE budget analysis.
It was noted that the MJO convective center was approx-
imately in phase with the anomalous MSE center  (Jiang
et  al.,  2015; Wang  et  al.,  2017).  For  the  eastward-mov-
ing MJO, a  positive MSE tendency was located in front
of  the  MJO  convective  center.  Thus,  in  the  subsequent
analysis,  we will  focus  on the  MSE budget  diagnosis  in
front of the MJO convective center.

Figure 8 shows the horizontal patterns of the anomal-
ous MSE tendency fields (contour) when the MJO main
convection  is  located  over  the  eastern  Indian  Ocean
(around 95°E).  There is  a  clear  equatorial  asymmetry in
the MSE tendency field east of the MJO convective cen-
ter during El Niño (top panel of Fig. 8). A negative (pos-
itive)  tendency  appears  north  (south)  of  the  equator,  as
shown in the red (blue) box. In contrast, during La Niña
the  MSE  tendency  field  is  approximately  symmetric.
This implies that  during El  Niño the MJO convection is
strengthened  (weakened)  south  (north)  of  the  equator
over the MC, whereas during La Niña, the MJO convec-
tion is strengthened at both sides of the equator.

The  MSE  tendency  patterns  shown  in Fig.  8 reflect
well  the  MJO pattern  evolution  characteristics  shown in
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Fig. 7.   Accumulated (Days 4–7) precipitation anomalies as the MJO-
like disturbance passes over the MC in CTL, EXP1, and EXP2.
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Fig. 8.   Horizontal patterns of the OLR anomaly (shaded; W m−2) and column-integrated MSE tendency (contour; W m−2) fields regressed onto
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for the MSE budget analysis in front of the MJO convection.
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Fig.  2.  Note  that  there  is  a  slight  asymmetry  about  the
equator between the blue and red boxes. This is because
the  maximum  MJO  convective  center  in  boreal  winter
shifts  slightly  southward over  the Indian Ocean,  as  seen
from the OLR anomaly centers in Fig. 8. Thus, the MSE
tendency pattern difference over the northern and south-
ern  boxes  can  be  used  to  understand  the  overall  MJO
structure asymmetry between EP El Niño and La Niña.

What causes the MSE tendency difference in front  of
MJO convection  between El  Niño and La Niña?  To ad-
dress this question, we conduct an MSE budget diagnosis
over the two key regions (i.e.,  the red and blue boxes in
Fig. 8). The box-averaged MSE budget results are shown
in Fig. 9. Over the southern box (box2), the MSE tenden-
cies  are  almost  the  same  for  both  EP  El  Niño  and  La
Niña,  and  the  main  difference  appears  in  the  northern
box  (box1).  Thus,  we  will  pay  special  attention  to  the
MSE budgets over the northern box.

Figure 10 shows each of the MSE budget terms aver-
aged over the northern (red) and southern (blue) boxes. A
clear  north–south  asymmetry  in  the  MSE  tendency  ap-
pears during EP El Niño but not during La Niña. The dif-
ference  map  between  La  Niña  and  El  Niño  (Fig.  10c)

shows that the main difference lies in the meridional ad-
vection term. This term has an opposite sign between the
northern and southern boxes. By decomposing each vari-
able  into  three  components  [i.e.,  climatological  annual
cycle,  interannual  component  (2–7  yr),  and  high  fre-
quency components (< 90 days)], one may have

v = v1+ v2+ v3, (2)

and
m = m1+m2+m3. (3)

Thus, the meridional advection term may be separated
into nine terms.

−v3∂m1/∂y

Figure 11 shows the total and decomposed meridional
advection terms over the northern box during EP El Niño
and La Niña and their difference. It  is clearly seen from
the difference map (Fig. 11c) that the dominant term that
causes the MSE tendency difference between EP El Niño
and  La  Niña  lies  on  the  advection  of  the  climatological
mean  MSE  by  the  intraseasonal  wind  anomaly
( ).

To investigate the cause of the distinctive difference of
the  meridional  advection  term  between  EP  El  Niño  and
La  Niña,  we  plotted  their  vertical  distributions.  As  seen
in Fig.  12,  the  vertical  profiles  have  a  maximum  in
middle  and  lower  troposphere  (around  800–600  hPa)  in
both  the  EP  El  Niño  and  La  Niña  composites.  Thus,  to
understand  how  the  ENSO  background  states  modulate
the  MSE  tendency,  we  further  examine  the  anomalous
circulation and the climatological mean MSE fields aver-
aged over 800–600 hPa.

Figure  13 illustrates  the  horizontal  patterns  of  the
mean MSE and the MJO-scale wind fields averaged over
800–600 hPa. The climatological mean MSE has a max-
imum  center  slightly  south  of  equator  in  boreal  winter.
Over  the  northern  box  (green  box in Fig.  13),  the  mean
MSE  decreases  with  increased  latitude,  and  as  a  result,
there  is  a  negative  meridional  MSE gradient.  It  is  inter-
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Fig. 9.   MSE tendency (W m−2) anomalies averaged over the northern
(red) and southern (blue) boxes shown in Fig. 8 for EP El Niño (left)
and La Niña (right).
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Fig. 10.   MSE budget terms (W m−2) averaged over the northern (red) and southern (blue) boxes shown in Fig. 8 for (a) EP El Niño winters, (b)
La  Niña  winters,  and  (c)  their  difference  (La  Niña  minus  EP El  Niño).  Bars  from left  to  right  represent  MSE tendency (mt),  zonal  advection
(umx), meridional advection (vmy), vertical advection (wmp), vertically integrated radiative heating (qr), surface heat flux (qt), and sum of all
budget terms on rhs of the MSE budget equation (sum).
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esting  to  note  that  within  the  box  there  is  anomalous
southward  (northward)  wind  during  El  Niño  (La  Niña).
The southward (northward) wind would generate a negat-
ive (positive) meridional MSE advection, contributing to
an  MSE  tendency  asymmetry  between  EP  El  Niño  and
La  Niña.  Therefore,  the  asymmetric  meridional  wind  in
the northern box holds a key for understanding the EP El
Niño–La Niña difference.

It is hypothesized that the distinctive MJO-scale meri-
dional  wind  difference  arises  from  the  impact  of  the

background  mean  state.  Note  that  the  climatological
mean moisture over the MC longitudes in DJF is greater
south  of  the  equator  than  north  of  the  equator.  This  su-
perposes  to  the  dry  (wet)  condition  north  of  the  equator
(Fig. 4), strengthening (reducing) the background north–
south moisture gradient during EP El Niño (La Niña). As
a  result,  the  MJO  convection  shifts  southward  over  the
MC during EP El Niño, which induces anomalous south-
ward cross-equatorial low-level flow. On the other hand,
during  La  Niña  the  MJO convection  is  more  symmetric
about the equator (Fig.  2b),  and the northward wind an-
omaly  north  of  the  equator  is  a  result  of  a  suppressed
heating  in  front  of  MJO  convection  caused  by  Kelvin-
wave-induced  vertical  overturning  circulation  (Gill,
1980; Wang et al., 2017).

The equatorially asymmetric circulation pattern to the
east  of  MJO convection during EP El  Niño may be fur-
ther  deduced  from  the  meridional  distribution  of  lower-
tropospheric  vertical  velocity  field  (Fig.  14).  During  EP
El Niño,  the vertical  velocity anomaly to the east  of  the
MJO  convection  has  an  opposite  sign  between  northern
and southern region. Anomalous ascent (descent) motion
associated with the MJO appears  to  the south (north)  of
the equator. Such a meridional overturning circulation is
associated with  anomalous southward flow at  low level.
In  contrast,  the  vertical  velocity  field  during  La  Niña  is
approximately  symmetric  about  the  equator.  Anomalous
upward motion appears in both sides of the equator.

To sum up, the MSE budget analysis indicates that the
distinctive MJO pattern asymmetry over the MC between
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Fig. 11.   Decomposition of the anomalous meridional MSE advection
term (− ; W m−2) averaged over the northern box (red box in
Fig.  8)  for  (a)  EP  El  Niño,  (b)  La  Niña,  and  (c)  their  difference  (La
Niña  minus  EP  El  Niño).  Bars  from  left  to  right  represent  total  and
each  component  of  the  meridional  advection  term:  − ,
− , − , − , − , − ,
− ,  − ,  − ,  − ,  and the sum
of the nine decomposed terms. Here subscripts 1, 2, and 3 denote the
climatological  annual  cycle,  interannual,  and  high  frequency  (<  90
days) components.
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⟨v3∂m1/∂y⟩′Fig. 12.   Vertical profiles of term −  (i.e., advection of the

mean  MSE by  intraseasonal  meridional  wind;  W m−2)  averaged  over
the northern box (red box in Fig. 8) during EP El Niño (green) and La
Niña (red) winters.
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EP El Niño and La Niña results from the distinctive an-
omalous meridional advections north of the equator. The
difference of  the MJO-scale meridional  wind in front  of
the  MJO  convection  between  EP  El  Niño  and  La  Niña
results  from the impact  of  ENSO-induced change of  the
background  moisture  distribution.  A  more  symmetric
(asymmetric)  background  moisture  distribution  over  the
MC during La Niña (EP El  Niño)  leads  to  a  more sym-
metric (asymmetric) MJO structure relative to the equator.
Therefore,  the  background states  associated with  the  EP
El  Niño  and  La  Niña  play  an  important  role  in  promot-
ing the distinctive MJO structure characteristics.

6.    Conclusions and discussion

In  this  study,  we  revealed  distinctive  MJO  pattern
evolution characteristics during EP El Niño and La Niña.
The  MJO convective  branch  shifted  southward  over  the
MC region during EP El Niño winters, whereas it distrib-
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Fig. 13.   Horizontal patterns of the climatological mean MSE (shaded; J m−2) and intraseasonal wind (vector; m s−1) fields averaged over 800–
600 hPa.  Right panels show the meridional distributions of the mean MSE (m1;  blue) and anomalous meridional wind (v3;  red) averaged over
130°–150°E during (a, b) EP El Niño and (c, d) La Niña winters.
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uted  more  symmetrically  about  the  equator  during  La
Niña.  The  impact  of  CP  El  Niño  on  the  MJO structure,
on the other hand, is not statistically significant. As a res-
ult, the MJO pattern over the MC during CP El Niño re-
sembled the long-term climatology.

As a result of the pattern asymmetry, the most sensit-
ive region of  the ENSO impact  on the MJO is  in  north-
ern  MC  (0°–20°N,  105°–145°E).  The  MJO  convective
variability in the region is substantially weakened during
EP El Niño but strengthened during La Niña.

The  distinctive  MJO  pattern  evolution  characteristics
are  possibly  attributed  to  the  background  moisture  and
vertical shear changes associated with EP El Niño and La
Niña.  A  negative  specific  humidity  anomaly  and  an  an-
omalous  anticyclone,  accompanied  by  anomalous  des-
cent and westerly vertical shear, occurred over the north-
ern MC during EP El Niño winters. A nearly mirror im-
age pattern of the circulation and moisture anomalies ap-
peared  during  La  Niña  winters.  Sensitivity  experiments
with a 2.5-layer model were conducted to understand the
relative  role  of  the  background  moisture  and  vertical
shear changes. The numerical model results suggest that
the  background moisture  field  is  critical  in  affecting the
MJO strength.

The  distinctive  MJO  pattern  evolution  characteristics
between EP El Niño and La Niña were further examined
through  an  MSE  budget  analysis.  Note  that  the  MSE
tendency in front of the MJO convective center reflected
well the MJO structure asymmetry over the MC. A neg-
ative  (positive)  MSE  tendency  appeared  over  northern
MC during  EP El  Niño  (La  Niña).  The  difference  arose
primarily  from  anomalous  meridional  MSE  advection.
By  further  decomposing  the  meridional  advection  term
into nine terms,  we found that  the main contributor  was
the advection of the mean MSE by the MJO-scale meri-
dional wind. A southward (northward) wind anomaly ap-
peared over  northern MC during EP El  Niño (La Niña).
Such an MJO-scale circulation asymmetry arose from the
distinctive meridional  background moisture distributions
during EP El  Niño and La Niña.  Superposed on the  cli-
matological  mean  state,  an  equatorially  asymmetric
(symmetric)  background  moisture  distribution  occurred
during EP El Niño (La Niña). This led to an equatorially
asymmetric  (symmetric)  intraseasonal  wind  distribution
over the MC during EP El Niño (La Niña). Thus the EN-
SO-modified  background  meridional  moisture  gradient
played a fundamental role in causing the distinctive MJO
pattern evolutions over the MC.

A  limitation  of  the  current  analysis  is  that  the  data
used  are  only  up  to  2012.  A  further  examination  of  the
data  in  the  recent  period  (up  to  2019)  reveals  that  only

2015  (2017)  event  satisfies  the  definition  of  an  EP  El
Niño (a La Niña) described in Section 2. Figure 15 illus-
trates  the  MJO  pattern  evolutions  during  the  2015  and
2017  winters.  The  MJO  pattern  evolutions  resemble  in
general the composite result shown in Fig. 2, that is, the
main convective branch associated with the MJO shifted
southward  over  the  MC  longitudes  during  EP  El  Niño,
whereas  it  appeared  more  symmetric  about  the  equator
during La Niña.

An issue is how to reasonably separate the EP and CP
El Niño events.  Currently there were various definitions
about CP El Niño (see a detailed discussion on this topic
in Xiang et al., 2013). Most of the definitions were based
on  the  longitudinal  location  of  anomalous  SST  centers
during  El  Niño  mature  winter.  However,  using  these
definitions,  some mixed events (with SST anomaly cen-
ters shifted during their life cycle) might be regarded as a
CP  El  Niño  event.  We  argue  that  a  definition  based  on
the temporal evolution of an El Niño during its entire life
cycle  is  more  reasonable,  as  discussed  in Xiang  et  al.
(2013).  With  the  full  consideration  of  the  El  Niño  tem-
poral  evolution  feature, Xiang  et  al.  (2013) identified
four  CP  El  Niño  events  (1994,  2002,  2004,  and  2009)
since  1980.  Interestingly,  the  four  events  are  only  com-
mon cases among all the existing CP El Niño definitions
(Xiang et al., 2013).

A  caution  is  needed  in  interpreting  the  simple  model
result,  because  the  simple  model  adopted  a  crude  con-
vective  parametrization  scheme  and  involved  a  number
of assumptions. The simulated MJO structure is too sym-
metric about the equator,  with a too strong Kelvin wave
component  presented.  It  is  desirable  to  conduct  parallel
numerical experiments with a full-physics general circu-
lation  model.  The  conclusion  derived  from  the  simple
model  about  the  relative  role  of  the  background vertical
shear  and  moisture  changes  associated  with  ENSO  is
tentative. A further in-depth investigation is needed.

Compared  to  the  distinctive  contrast  between  EP  El
Niño  and  La  Niña,  the  MJO  pattern  evolution  over  the
MC resembled more like the long-term climatology dur-
ing CP El Niño. It is speculated that the cause of a weaker
CP El Niño impact might result from a weaker and west-
ward-shifting  circulation  response  over  the  western
North Pacific during CP El Niño, which was caused by a
combined  effect  of  nonlinear  moisture  enthalpy  advec-
tion and the zonal shifting of anomalous heating (Chen et
al., 2019; Wang et al., 2019). While the current study fo-
cused on the ENSO impact on the MJO, it  would be in-
teresting to  extend the current  scope to  examine the  up-
scale feedback of the MJO to the ENSO.
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