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ABSTRACT

In this review article, we pay primary attention to innovative works in the Madden—Julian Oscillation (MJO) field
done by Chinese scientists. The historical aspect of discovery of the MJO and earlier studies of its dynamics by
Chinese scientists are first described. It is followed by the description of recent advances in MJO propagation and ini-
tiation dynamics. For MJO eastward propagation, two types of the moisture mode theory are introduced. The first one
empbhasizes the effect of zonal asymmetry of perturbation moisture in the atmospheric boundary layer and the second
one emphasizes the zonal asymmetry of column integrated moisture static energy (MSE) tendency. The mechanisms
for MJO initiation over the western Indian Ocean include three distinctive processes: lower tropospheric moistening
due to horizontal advection caused by preceding suppressed-phase MJO, midlatitude Rossby wave activity flux con-
vergence in the upper troposphere originated from the Southern Hemisphere, and a delayed sea surface temperature
feedback in association with a preceding opposite-phase MJO. The impacts of MJO on low-frequency variability of
precipitation and temperature and associated extreme events in East Asia are also discussed.
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1. Introduction

The tropical atmosphere exhibits rich spectrum of
multiple temporal and spatial scales. Among them is a
marked intraseasonal oscillation (ISO). This sub-seaso-
nal scale variability was originally discovered by Mad-
den and Julian (1971) based on the power spectrum ana-
lysis of surface pressure and low- and upper-level zonal
wind fields at an island station over central equatorial Pa-
cific. Later, Madden and Julian (1972) further illustrated
that this variability appears over the large domain of the
tropics and has a coherent dynamic structure, propagat-

ing slowly eastward. The originally identified ISO signal
by Madden and Julian (1971, 1972) was confined in the
40-50-day period with typical zonal wavenumber one
and eastward-propagating characteristics, which were
confirmed by later studies using modern observational
data (e.g., Krishnamurti and Subrahmanyam, 1982;
Weickmann, 1983; Murakami and Nakazawa, 1985; Lau
and Chan, 1986; Knutson and Weickmann, 1987; Chen
and Murakami, 1988; Hartmann and Michelsen, 1989).
The later studies with multiple data sources and multiple
variables showed that this oscillation is of more broad-
band (20-90 days) than the original 40-50-day period
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(e.g., Krishnamurti and Subrahmanyam, 1982; Wang and
Rui, 1990; Hendon and Salby, 1994; Sperber et al., 1997,
Annamalai and Slingo, 2001; Zhang, 2005).

The ISO signals exhibit pronounced seasonality in
propagation (Madden, 1986; Wang and Rui, 1990; Mad-
den and Julian, 1994; Jones et al., 2004; Zhang and
Dong, 2004; Kikuchi et al., 2012; Lu and Hsu, 2017) and
initiation (Jiang and Li, 2005; Wang et al., 2006; Zhao et
al., 2013; Li et al., 2015). In boreal winter, ISO is charac-
terized by pronounced eastward propagation along the
seasonal mean convective zones over tropical Indian
Ocean and Maritime Continent regions (Hendon and
Salby, 1994; Salby and Hendon, 1994; Hsu and Li, 2012;
Zhao et al., 2013). This eastward-propagating mode is of-
ten referred to as the MJO mode. The boreal summer [SO
(hereafter BSISO) is characterized by pronounced north-
ward propagation over the tropical Indian Ocean and
South China Sea (Yasunari, 1979; Jiang et al., 2004; Li et
al., 2018) and northwestward propagation over western
North Pacific (Li and Wang, 2005).

The distinctive propagation characteristics between
boreal winter and summer are caused by the background
annual cycle mean state, as demonstrated by a linear sta-
bility analysis (Li, 2014). Under a northern winter mean
state in which the thermal equator shifts slightly south-
ward within one Rossby radius of deformation, convect-
ively coupled Kelvin waves are unstable while Rossby
waves are stable. As a result, the MJO perturbation
moves eastward along the mean convective zone. Under
a boreal summer mean state in which the thermal equa-
tor shifts far away from one Rossby radius of deforma-
tion and there is subsidence over the equatorial region,
Kelvin waves are damped while Rossby waves become
unstable. This promotes the northward jump of ISO con-
vection away from the equator.

The initiation of ISO convection is also quite different
between boreal winter and summer over tropical Indian
Ocean (I0). In boreal winter ISO convection often initi-
ates over southwestern 10 (Zhao et al., 2013), while in
boreal summer ISO convection is often triggered over
central equatorial IO (Wang et al., 2006; Zhang et al.,
2019). The difference is possibly caused by the seasonal
change of the mean SST over the tropical 10 (Zhang et
al., 2019).

MJO/ISO has been identified to have far reaching im-
pacts on global weather and climate. For example, dur-
ing its eastward propagating journey, MJO may trigger
the monsoon onset (Li et al., 2013) and affect the mon-
soon active and break periods (Jiang et al., 2004; Qi et
al., 2008; Hsu and Yang, 2016). It may help trigger the
El Nifio—Southern Oscillation (ENSO) events through in-
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duced westerly wind burst (Lengaigne et al., 2004; Chen
et al., 2017) and interact with diurnal cycles (Lu et al.,
2019) and high-frequency disturbances (Zhu et al., 2019)
over Maritime Continent. The tropical 10 and western
North Pacific (WNP) are regions of strong ISO variabil-
ity. These regions, not by coincidence, are also regions
with most active synoptic-scale variability (SSV) includ-
ing synoptic wave train and TC activity (Lau and Lau,
1990; Liebmann et al., 1994; Hartmann and Maloney,
2001; Maloney and Dickinson, 2003; Straub and Kiladis,
2003; Batstone et al., 2005). It is well known that ISO
exerts a large-scale control on SSV (Hendon and Lieb-
mann, 1994; Maloney and Hartmann, 1998, 2000a, b;
Straub and Kiladis, 2003). SSV, on the other hand, may
exert an upscale feedback to MJO through nonlinear rec-
tification of diabatic heating (Hsu and Li, 2011; Zhu et
al., 2019) and surface latent heat flux (Zhou and Li,
2010), eddy momentum transport (Hsu and Li, 2011; Zhu
et al., 2019), and barotropic energy conversion (Hsu et
al., 2011).

MJO is the major predictability source for extended-
range weather—climate forecast. Through 100-yr efforts,
short-range weather forecast is now quite mature. Under-
standing ENSO dynamics and improved simulation of
ENSO in coupled atmosphere—ocean models make it pos-
sible for seasonal prediction. Currently, the most diffi-
cult part in operational centers is extended range (10-30-
day) forecast. Because of that, the World Meteorological
Organization (WMO) called for grand challenging to fill
in the large forecast skill gap between short-range wea-
ther and long-range seasonal prediction. Accurate predic-
tion of MJO/ISO is crucial for bridging the gap.

Most of state-of-the-art global models, however, have
low skills in simulating MJO eastward propagation
(Wang et al., 2017). Our current knowledge in under-
standing MJO/ISO dynamics is limited. Thus, revealing
the MJO fundamental dynamics including its propaga-
tion and initiation mechanisms is critical for advancing
tropical climate dynamics, improving model capability in
predicting intraseasonal variations of the global atmo-
sphere and ocean, and bridging the current gap between
short-range weather and seasonal climate prediction.

Different from previous MJO review literatures
(Zhang, 2005; Waliser, 2006), this article pays more at-
tention to the innovative works in the MJO field done by
Chinese scientists. The objective of this paper is to re-
view the historical aspect of MJO discovery and some
earlier studies of MJO by Chinese scientists, introduce
some latest advancement in understanding MJO propaga-
tion and initiation dynamics in international research
community, and describe the impact of MJO on extreme
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weather events in China and East Asia. The remaining
part of this paper is organized as follows. In Section 2,
we describe the discovery of MJO and some theoretical
studies by Chinese scientists in earlier days. In particular,
Xie et al. (1963) discovered a 40-50-day oscillation in
the Asian monsoon region, and this paper was published
in a Chinese journal eight years before Madden and Ju-
lian (1971). In Section 3, we introduce various theories
for MJO eastward propagation, with an emphasis on the
recently developed moisture mode theory. In addition,
physical processes relevant to MJO initiation are also
discussed. In Section 4, we pay special attention to
MJO/ISO impacts on the East Asian climate. Finally, a
summary and concluding remark are given in the last
section.

2. Historical perspective of discovery and
study of MJO by Chinese scientists

Madden and Julian (1971) unveiled a 40-50-day oscil-
lation in the tropospheric zonal wind using radiosonde
observation at Canton Island in the central Pacific. This
oscillation was later found connected to a broad global
tropical circulation based on observations from multiple
stations across the tropics (Madden and Julian, 1972).
The intraseasonal signal is now referred to as the Mad-
den—Julian Oscillation (MJO). The discovery of MJO
may be regarded as one of the most important discover-
ies on tropical atmosphere in the 20th century. Papers by
Madden and Julian (1971, 1972) are among the most in-
fluential and most cited studies in modern meteorology.

One important effect of MJO is its impact on tropical
cyclone (TC) genesis. Liebmann et al. (1994) indicated
that the frequency of TC genesis during the active phase
of MJO is twice as large as that during the inactive phase
of MJO. Maloney and Hartmann (1998, 2000a, b) sug-
gested that MJO westerlies may set up favorable environ-
mental conditions for TC development by inducing low-
level cyclonic vorticity and weak vertical wind shear.
Small-scale eddies may grow through barotropic eddy
kinetic energy (EKE) conversion from the MJO back-
ground mean flow, serving as the energy source for TC
development (Hartmann and Maloney, 2001; Maloney
and Hartmann, 2001; Hsu et al., 2011). Sensitivity mo-
del experiments showed that both MJO-scale circulation
and moisture anomalies contribute to TC development
(Cao et al., 2014) and such a forcing effect is basin de-
pendent (Zhao and Li, 2019).

Li et al. (2018) published an article in Bulletin of the
American Meteorological Society (BAMS) and informed
the community that the 40-50-day oscillation was first
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discovered by Chinese scientists (Xie et al., 1963, abbre-
viated as Xie63 hereafter) in a Chinese journal “Acta
Meteorologica Sinica,” eight years before Madden and
Julian’s seminal work. Xie et al. (1963) documented an
oscillatory signal of 40-50-day period using raw radio-
sonde data from several stations in the tropics extended
from 70°E all the way to central Pacific. Their analysis
data covered three years from 1958 to 1960 for the
months of June to September. The 40-50-day signal dis-
covered by Xie63 is strikingly strong as revealed by the
total zonal wind component at 700 hPa over these sta-
tions without any filtering (Fig. 1). In addition, Xie63
also documented a relation between the low-frequency
zonal wind oscillation and the occurrence of typhoons in
the western Pacific. They noted that typhoons often ap-
peared in the confluence region where the monsoon
westerly meets the trade easterly.

Here is a direct quote, with its English translation, of
the abstract of Xie63:

“The relationship between the basic flows of the low
latitudes and the occurrence of typhoons was investig-
ated statistically and synoptically by means of recent
three-year radiosonde data. It was found that about 80%
of typhoons developed in the eastern flank of the tropical
confluence zone between the monsoon westerlies and the
easterly trade winds. The westerlies are a large-scale
and quasi-steady phenomenon. Thus it is probably reas-
onable to be called the “basic flow” while the typhoons
are considered as vortices of smaller scale. There is a
quite definite relationship between the time, location and
frequency of typhoon genesis and the location and
strength of the basic flow in the low latitudes. There was
a quasi-periodical oscillation of strength and position of
the basic zonal flow with a period longer than one
month. Such an oscillation might be helpful for the exten-
ded-range forecast of initiation and development of
typhoons.”

Irrespective of the importance of these findings more
than 50 years ago, the original paper by Xie63 was pub-
lished in Chinese and remains mostly unknown to the in-
ternational research community. Li et al. (2018) brought
attention of the study by Xie63 and its originality to MJO
community worldwide. Using modern satellite and reana-
lysis data, Li et al. (2018) verified the results of Xie63
and compared the results of Xie63 and Madden and Ju-
lian (1971) using a longer period of data (1958-1970), to
have a better comparison of ISO signals found by Xie63
and Madden and Julian (1971). In addition, the origin of
the oscillation in the monsoon westerly was discussed
and its relationship with the occurrence of TCs was con-
firmed.
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Fig. 1. Original Fig. 2 from Xie63 showing time series of 5-day running-mean zonal wind (m s') at 700 hPa. Positive (negative) values indic-
ate westerly (easterly). The abscissa represents time from 1 June to 1 September. The station number is marked in red to the left of each row of
panels and the first column is for 1958, the second for 1959, and the third for 1960. Black dots at the bottom denote the occurrence of typhoons
each year. Red arrows are added by the authors of the current study to highlight the intraseasonal periods.

Following Xie et al. (1963), Ding et al. (1977) pub-
lished a paper in Chinese to investigate how the conflu-
ent low-frequency mean flow might modulate multiple
TC formation. They found that multiple TC formation
events often happened in the region where there was
strong interaction between northern and southern hemi-
spheric circulation. Such environmental flows favor the
development of multiple tropical cyclones through the
Conditional Instability of Second Kind (CISK).

Li (1983) explored the relationships of the tropical
wave instability and the vertical profiles of convective
heating using a linear atmospheric model in an axisym-
metric cylinder coordinate system. He found that the
growth rate of the oscillatory unstable modes only oc-
curred at large horizontal scales (4,500 km), and the pre-
ferred horizontal scale is the largest when maximum
heating appeared in the lower troposphere. The result
suggested that the vertical structure of convective heat-
ing is an important factor for large-scale atmospheric dis-
turbances. The sensitivity to the vertical distribution of
the diabatic heating was further investigated by using a
general circulation model (Li et al., 2009). No systema-
tic eastward propagation over the Indian and western Pa-
cific Oceans was reproduced when the heating profile
was top heavy. Eastward propagating perturbations were
simulated with a phase speed similar to that of the MJO
only when the diabatic heating was set to bottom heavy
(Li et al., 2009). MJO instability mechanism was invest-
igated by Li (1985), who considered the cumulus con-
vective heating feedback, following the idea of CISK.
This feedback mechanism was suggested to play an im-

portant role in the initiation and maintenance of MJO in
the tropics. Lau and Peng (1987) expanded this theory
into a mobile wave CISK theory that could better ex-
plain the slow eastward propagation of MJO. Li et al.
(2002) further studied the mechanism of MJO propaga-
tion using an air—sea coupled model including both the
CISK and evaporation—wind feedback mechanisms, and
found that the CISK mechanism played a critical role in
the MJO dynamics.

3. Recent advances in understanding MJO
propagation and initiation dynamics

In this section, we will review the physical mechan-
isms relevant to MJO eastward propagation and initi-
ation, with an emphasis on latest development in the re-
cent decade. The most striking feature of MJO is its slow
eastward phase propagation along equatorial Indian
Ocean and western Pacific after being triggered over the
western Indian Ocean (Madden and Julian, 1972; Zhao et
al., 2013). The anomalous circulation associated with
MIJO has a zonal wavenumber-1 structure with a Kelvin
wave type circulation to the east and a Rossby wave gyre
circulation to the west (Hendon and Salby, 1994; Wang
and Li, 1994; Li and Zhou, 2009). Vertically it has a
first-baroclinic mode structure in the free atmosphere and
a phase lead of moisture and convergence anomalies in
the planetary boundary layer (PBL), relative to the MJO
convection (Wang and Rui, 1990; Sperber, 2003; Hsu
and Li, 2012). Compared to the MJO, the BSISO exhi-
bits a more complicated propagating characteristic with
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pronounced northward propagation over northern Indian
Ocean and South China Sea and northwestward propaga-
tion over western North Pacific (e.g., Yasunari, 1979;
Lau and Chan, 1986; Wang and Rui, 1990; Hsu and
Weng, 2001; Lawrence and Webster, 2002; Jiang et al.,
2004; Li and Wang, 2005; Tsou et al., 2005).

3.1 Mechanism for MJO eastward propagation

Various theories have been proposed to understand
MJO eastward phase propagation. Early studies assumed
that the oscillation is a Kelvin wave forced by convect-
ive heating through a so called wave—CISK mechanism
(Lau and Peng, 1987; Chang and Lim, 1988; Wang,
1988a). The major promise of this mechanism is that
heating effect can be represented by wave induced mois-
ture convergence so that its net effect is the reduction of
atmospheric static stability and thus the slowing-down of
atmospheric Kelvin waves in the tropics. The weakness
of this mechanism is that it prefers maximum growth in
small scale, which is against the observation.

The second theory is the Wind-Induced Surface Heat
Exchange (WISHE) feedback (Emanuel, 1987; Neelin et
al., 1987), which assumes a conditionally unstable atmo-
sphere so that surface heat flux anomaly may trigger at-
mospheric heating to the east of MJO main convection
under the equatorial mean easterly. However, in reality,
the observed mean flow over the Indo-Pacific warm pool
is dominated by westerly flow. As a result, this mechan-
ism favors a westward rather than an eastward phase
propagation (Wang, 1988b; Wang et al., 2017).

The third theory emphasized the role of a PBL fric-
tional effect (Wang, 1988a; Wang and Li, 1994). A PBL
convergence anomaly appears to the east of MJO main
convection, which causes the column integrated mois-
ture convergence center shifting slightly to the east of the
MJO center, results in eastward moving tendency (Li and
Wang, 1994; Wang and Li, 1994). But such a heating
tendency depends on model convective parameterization.
Idealized numerical experiments with an aqua-planet at-
mospheric GCM show that there is no clear eastward
propagation when perturbation moisture asymmetry is re-
moved even though PBL convergence asymmetry is still
presented (Hsu et al., 2014).

Recently, two distinctive moisture mode theories were
proposed. Both of the theories emphasize the important
role of MJO-scale moisture anomaly in its eastward
propagation. The first moisture mode theory emphasizes
the role of zonal asymmetry of perturbation moisture in
the atmospheric PBL (Hsu and Li, 2012). The other
moisture mode theory stresses the importance of zonal
asymmetry of time tendency of column integrated moist
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static energy (MSE) anomaly, regardless of whether or
not the perturbation moisture, particularly in PBL, is zon-
ally asymmetric (Sobel and Maloney, 2012, 2013; Jiang
et al., 2015; Adames and Kim, 2016; Wang et al., 2017).
In the following, we discuss physical mechanisms be-
hind the two moisture mode theories.

Observational analyses showed that while lower-tro-
pospheric moisture anomaly is in phase with MJO con-
vection, PBL moisture anomaly leads the MJO convec-
tion (Sperber, 2003; Kiladis et al., 2005; Hsu and Li,
2012). Figure 2 illustrates the composite zonal—vertical
distribution of MJO-filtered moisture and its phase rela-
tionship with the MJO convection (represented by a neg-
ative OLR center). While in the middle troposphere the
maximum moisture anomaly is co-located with the MJO
convection, in the PBL there is a clear zonal asymmetry
in the perturbation moisture field; that is, a positive (neg-
ative) center is located to the east (west) of the OLR cen-
ter. Because of this asymmetry, the maximum moisture
content line tilts eastward and downward.

To demonstrate how the PBL moisture asymmetry af-
fects the MJO growth and evolution via atmospheric
destabilization, the vertical profile of the intraseasonal
equivalent potential temperature (6,") was examined by
Hsu and Li (2012). As shown in the top panel of Fig. 3, a
significant increase of low-level 6, is found, consistent
with PBL moistening, to the east of the MJO convection.
If defining a convective instability parameter as the dif-
ference of 4.' between the PBL (850-1000 hPa) and the
middle troposphere (400-500 hPa), one may find that the
atmosphere is more (less) potentially unstable to the east
(west) of the MJO convective center (bottom panel of
Fig. 3). Therefore, a phase leading of a positive low-level
moisture anomaly may set up a relatively unstable strati-
fication and generate a favorable environment for poten-
tial development of new convection to the east of the
MJO convective center.

A moisture budget analysis was conducted to reveal
the cause of the PBL moistening in front of MJO convec-
tion. The diagnosis result showed that the largest posit-
ive contribution is anomalous vertical moisture advec-
tion; that is, the advection of the mean moisture (which
has a maximum at the surface and decays exponentially
with height) by anomalous ascending motion, the latter
of which is associated with the PBL convergence. This
indicates that the boundary layer convergence and associ-
ated ascending motion play an important role in moisten-
ing the PBL to the east of deep convection.

Physically, two factors may contribute to the moisten-
ing in PBL. The first factor is the boundary layer conver-
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Fig. 2. (Upper panel) Zonal—vertical distributions of 0°~10°S averaged MJO-filtered specific humidity (contour, 10™* kg kg ') and specific hu-
midity tendency (shading, 107'° kg kg ' s7!). (Bottom panel) Zonal distributions of 0°~10°S averaged MJO-filtered OLR (blue dashed line, W
m2), OLR tendency (blue solid line, 10°® W m2 s™"), and column-integrated specific humidity tendency (red line, 107 kg m ™ s™') during the act-

ive phase of MJO in the eastern Indian Ocean.
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Fig. 3. As in Fig. 2, but for MJO-filtered equivalent potential temperature (6,’, upper panel) and the convective instability index (bottom panel)
defined as the difference of 6, between the PBL and the middle troposphere [i.e., 1000-850-hPa averaged 6, minus 500—400-hPa averaged 6,'].

Unit: K. From Hsu and Li (2012).

gence, and the second factor is the surface evaporation.
Hsu and Li (2012) showed that the low-level conver-
gence presents an eastward shift to the MJO convection,
whereas the surface evaporation tends to decrease to the
east of MJO convection. The result indicates that the
boundary layer convergence is a major process that
causes the observed phase leading of PBL moisture.

The decrease of surface evaporation, along with the
increase of downward shortwave radiation, leads to the
change in SST (Jones and Weare, 1996; Shinoda et al.,

1998; Araligidad and Maloney, 2008). As a result, a
warm (cold) sea surface temperature anomaly (SSTA)
appears to the east (west) of MJO convection.

How does the warm SSTA contribute to the eastward
propagation? According to Lindzen and Nigam (1987), a
warm SSTA may induce a boundary layer convergence
through the change of the boundary layer temperature
and pressure. However, it is not clear to what extent the
observed PBL convergence is contributed by the underly-
ing SSTA. Figure 4 is a schematic diagram illustrating
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Fig. 4. Schematic diagram of boundary layer convergence induced by
free-atmospheric wave dynamic and SSTA. Cloud stands for the MJO
convection with heating. Solid (dashed) gyres with Hy (Lg) and Hy
(L) indicate the high (low) pressure anomaly associated with Kelvin
and Rossby waves response to convection, respectively. Red and blue
shadings denote the positive and negative SSTAs, respectively. Solid
green arrows indicate the anomalous ascending motion, dashed green
arrows represent the boundary layer convergence, and p, and p, are
pressure levels at the bottom and top of the PBL, respectively.

key processes that contribute to the phase leading of the
boundary layer convergence. Firstly, the mid-troposphe-
ric heating associated with MJO deep convection in-
duces a baroclinic free-atmosphere response, with a
Kelvin (Rossby) wave response to the east (west) of the
convective center. The anomalous low pressure at top of
the PBL associated with the Kelvin wave response may
induce a convergent flow in the boundary layer, while a
PBL divergence may occur to the west of the convective
center between two Rossby wave gyres. Thus, the first
convergence-generation process is associated with the
mid-tropospheric heating and equatorial wave responses
to the heating. The second generation process is associ-
ated with the SSTA forcing. As a warm SSTA is gener-
ated to the east of the MJO convection, the warm SSTA
may drive boundary layer flows through induced hydro-
static effect on sea level pressure (Lindzen and Nigam,
1987). Therefore, the convergence in the atmospheric
boundary layer may be connected to the underlying pos-
itive SSTA and associated SSTA gradients to the east of
the MJO convection.

To examine quantitatively the relative roles of the
SSTA gradient induced pressure gradient force and the
heating induced free-atmospheric wave dynamics in de-
termining the PBL convergence, a boundary-layer mo-
mentum budget was diagnosed by Hsu and Li (2012).
Following Wang and Li (1993), the PBL momentum
equation may be written as

R (ps
fkr V5+EVE = ¢e<+§M
Pe

TS<’ (1)

where a prime denotes the MJO component, f'is the Cori-
olis parameter, k is the unit vector in the vertical direc-
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tion, V5 denotes the vertically averaged horizontal wind
in the boundary layer, is the horizontal gradient opera-
tor, ¢, denotes the geopotential at the top of the bound-
ary layer, R is the gas constant of air, pg and p, are pres-
sures at the bottom and top of the PBL respectively, 7 is
the surface temperature, and E is the friction coefficient
(equal to 107° s71). The first term in the right hand side of
Eq. (1) represents the free-atmospheric wave effect. The
second term in the right hand side of Eq. (1) represents
the SSTA forcing effect. To test the sensitivity of the res-
ult to the boundary layer depth, two different PBL
depths, 1000-850 and 1000—700 hPa, are applied.

Figure 5 reveals the diagnosis results for the PBL con-
vergence. The free atmospheric wave effect in response
to the MJO heating plays a major role in determining the
boundary layer convergence. It accounts for 90% and
75% of the total boundary layer convergence in the case
of p. = 850 and p. = 700, respectively. The warm SSTA
induced by decreased latent heat flux ahead of MJO con-
vection, on the other hand, also plays a role. It contrib-
utes about 10%-25% to the observed boundary layer
convergence. Since the PBL convergence is a major
factor affecting the moisture asymmetry, the result above
suggests that both the heating induced equatorial wave
response and the underlying SSTA contribute to the east-
ward propagation of MJO.

The second type of the moisture mode theory ex-
cludes the aforementioned asymmetric PBL moisture ef-
fect but emphasizes the zonal asymmetry of column in-
tegrated MSE tendency. To unveil dynamics behind MJO
eastward propagation, Wang et al. (2017) conducted an
MSE budget for observations and outputs from 27 global
models that are separated into good and poor MJO
groups based on their 20-yr simulation performance.

,0'2. - B B B
044
067
-0.8
sum atm_wave SSTA
Fig. 5. (From left to right) Total boundary layer convergence (sum)

averaged over 0°-10°S, 130°-150°E, induced by both the free-atmo-
spheric wave dynamic (atm_wave) and SSTA, and relative contribu-
tions of wave dynamic and SSTA effect in the case of p, = 850 (filled
bars) and p, = 700 hPa (hollow bars). Unit: 10° s '. From Hsu and Li
(2012).
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MSE (m) is defined as m=c,T +gz+Lyq, where T is
temperature, z is height, g is specific humidity, ¢, is the
specific heat at constant pressure (1004 J K™' kg '), g is
the gravitational acceleration (9.8 m s2), and L, is the
latent heat of vaporization (2.5 x 10° J kg'). The
column-integrated MSE budget can be written following
Neelin and Held (1987) as

YomV="(wdpm) W x mV+ Qi+ 0O, )

where the angle bracket represents a mass-weighted ver-
tical integral from the surface to 100 hPa, p is pressure,
V is horizontal wind vector, and w is pressure velocity.
The left-hand-side term represents MSE tendency, the
first and second terms on the right-hand-side represent
the vertical and horizontal advection, respectively. O,
represents the sum of surface latent and sensible heat
fluxes, and Q, represents the sum of vertically integrated
shortwave and longwave heating rates. For the observa-
tional diagnosis, O, is calculated from MERRA (Modern
Era Retrospective Analysis for Research and Applica-
tions) and the other terms are derived from ERA I
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(ECMWF Interim Reanalysis) data.

Figure 6 (upper panels) shows lagged time—longitude
diagrams of regressed rainfall and column MSE anom-
alies for the observation as well as good and poor model
groups. A marked feature from the observation is that
column integrated MSE anomaly is approximately in
phase with the rainfall anomaly and they both show clear
eastward propagation (Fig. 6a). For the good models
(Fig. 6b), a robust eastward-propagating intraseasonal
mode is visible, which has a feature similar to the obser-
vation. By contrast, eastward propagation is not seen in
the poor model composite (Fig. 6¢). The result implies
that to the first order of approximation, MJO convective
anomaly may be regarded as an MSE envelope, moving
eastward.

To examine what causes the eastward movement of
the column integrated MSE anomaly, one may examine
the horizontal pattern of the MSE tendency at a given
time. The horizontal patterns of the MSE tendency anom-
aly (shaded) overlaid by the MSE anomaly (contour) at
day 0 are shown in lower panels of Fig. 6. Both the ob-
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Fig. 6. (Upper panels) Longitude—time evolution of rainfall anomalies (shaded, mm day ') and column-integrated Moist Static Energy (MSE)
anomalies (contour, J m % contour interval is 1 x 10°, with zero line omitted) averaged over 10°S—10°N by lag regression against 20—100-day
band-pass-filtered anomalous rainfall averaged over the equatorial eastern Indian Ocean (5°S—5°N, 75°—85°E). (Lower panels) Regressed day 0
column-integrated MSE tendency anomaly (shaded, W m™2) overlaid by MSE anomaly itself (contour, J m2; contour interval is 2 x 10°, with
zero line omitted). (a, d) are calculated from GPCP observation and ERA 1 reanalysis, (b, e) are the good MJO model composite, and (c, f) are
the poor MJO model composite. The rectangle in (d) marks the projection domain (10°S—10°N, 40°~160°E). From Wang et al. (2017).
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servation and the good model composite show a positive
tendency anomaly to the east of maximum MSE anom-
aly center and a negative tendency anomaly to the west.
Such zonal asymmetry of the MSE tendency favors the
eastward propagation of the MSE maximum. The poor
model composite, however, does not have a clear zonal
asymmetry in the MSE tendency distribution. In these
poor models, a positive tendency anomaly is observed
flanking both sides of the MSE maximum, and the tend-
ency to the west is even slightly stronger than that to the
east, possibly explaining the hint of slight westward
propagation shown in Fig. 6c.

Since the MJO tendency is controlled by four terms in
the right hand side of Eq. (2), a natural question is what
causes the observed asymmetry of the MSE tendency.
Wang et al. (2017) projected each of the terms onto the
observed MSE tendency field over the domain of 10°S—
10°N, 40°-160°E shown in Fig. 6d. If a tendency term
has a similar asymmetric pattern as in Fig. 6d, the projec-
tion coefficient should be a positive value. If a tendency
term is exactly the same as that shown in Fig. 6d, the
projection coefficient should be equal to 1. Thus, the pro-
jection coefficient can be used to measure whether or not
and to what extent a term may contribute to the eastward
propagation. Through this projection analysis, one may
diagnose the fractional contribution of each budget term
to the observed asymmetric MSE tendency.

Figure 7 shows the projection coefficients from the
ERA-I reanalysis and from the good and poor model
group composites as well as their difference. Based on
the observational diagnosis, one may see clearly that both
horizontal and vertical MSE advection terms contribute
to MJO eastward propagation, while the surface heat flux
and column integrated atmospheric radiation terms con-
tribute to westward propagation. A net effect of these
terms causes a slow eastward phase speed (Li and Hu,
2019).

In the good model composite, the vertical and hori-
zontal advections show positive coefficients with com-
parable magnitudes with the observation. O, and Q, show
negative coefficients, indicating that they hinder the east-
ward propagation. These results are in good agreement
with the observations (Fig. 7a). By contrast, the poor
model group presents negative projections for the verti-
cal advection (blue bar, Fig. 7c) and much weaker pro-
jection for the horizontal advection (pink bar, Fig. 7c¢),
compared to the good model group. The near-zero pro-
jection of MSE tendency (black bar, Fig. 7¢) in the poor
model composite is thus primarily a consequence of both
the reversed sign of vertical advection and the weaker
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Fig. 7. Projection of regressed column-integrated MSE budget terms
against the observed MSE tendency anomaly at day 0 over
10°S—-10°N, 40°-160°E. Bars from left to right represent MSE tend-
ency, vertical advection (W,q,), horizontal advection (H,q,), turbulent
heat fluxes (Q,), radiation heating rate (Q,) and sum of budget terms
(Sum). (a) is calculated from ERA-I reanalysis, and (b) and (c) are the
good and the poor model composite, respectively. (d) is the difference
between the good and poor composite results (good minus poor). From
Wang et al. (2017).

horizontal advection projection. Figure 7d shows the dif-
ference of MSE budget terms between the good and the
poor model composites. As one can see, the difference is
primarily attributed to the vertical MSE advection, fol-
lowed by the horizontal MSE advection.

How do the vertical and horizontal advection terms
contribute to MJO eastward propagation? Figure 8 is a
schematic diagram illustrating how this mechanism
works (see Wang et al., 2017 for detailed description).
To the east of the MJO convection, downward anomaly
appears in the upper troposphere and upward anomaly
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A new mechanism for MJO eastward propagation:
Advection of the background MSE by second baroclinic mode vertical motion
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Fig. 8. Schematic diagram illustrating the role of anomalous vertical MSE advection in generating a zonal asymmetric MSE tendency. The tall
cloud describes gross feature of an MJO, which has a large-scale deep convection over its center and a stratiform cloud-like structure in the rear
in the upper troposphere. The small clouds to the east of MJO convection indicate the shallow convection. The green curves denote climatologi-
cal mean MSE profiles. The orange arrows denote the second baroclinic mode vertical velocity anomalies.

appears in the lower troposphere; to the west, upward an-
omaly in association with stratiform cloud appears in the
upper troposphere while downward anomaly appears in
the lower troposphere. Given that the mean MSE profile
minimizes in the middle troposphere, such a distribution
of second-baroclinic mode vertical velocity anomalies
would induce a positive (negative) column-integrated
MSE advection to the east (west), promoting the east-
ward propagation of MJO. Wang et al. (2017) demon-
strated that the existence of stratiform cloud in the rear of
the MJO convection is critical in generating zonally
asymmetric vertical motion distribution in the upper tro-
posphere.

While the vertical MSE advection is primarily attrib-
uted to upper tropospheric process, the horizontal advec-
tion is mainly determined by meridional MSE advection
in the lower troposphere (Wang et al., 2017). Figure 9
shows a schematic diagram of this mechanism. In re-
sponse to MJO heating, lower tropospheric easterly an-
omalies associated with Kelvin wave response are gener-
ated. Decent anomalies appear to the east in association
with this Kelvin wave response, which induces a negat-
ive heating anomaly in situ. The negative heating further
induces an anticyclonic Rossby gyre with poleward flows
in the lower troposphere. The poleward flows cause a
positive MSE advection because maximum mean MSE
appears near the equator. Thus, a positive MSE tendency
appears to the east of MJO convection. Meanwhile, low-
level cyclonic flows to the west associated with Rossby

Fig. 9. Schematic representation of key processes through which the
zonal asymmetry of anomalous horizontal MSE advection is gener-
ated. The shaded and contour denote the horizontal distribution of
boreal winter mean humidity and MSE averaged over 600-800 hPa.
The green arrows denote the key anomalous flows in the lower tropo-
sphere that induce positive (negative) MSE advection to the east
(west). The red arrow at 80°E denotes ascending motion or positive
heating associated with MJO deep convection while the orange arrow
over the western Pacific Ocean denotes descending motion or negat-
ive heating in association with Kelvin wave response.

wave response advect low MSE air equatorward, leading
to a negative MSE tendency. The processes above lead to
the east-west asymmetry of the column integrated MSE
tendency, promoting eastward propagation (Kim et al.,
2014).

3.2  Mechanisms for MJO initiation
Observational analyses (e.g., Zhao et al., 2013) showed
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that MJO convection is often initiated over the western
equatorial Indian Ocean (WIO). A long-term hypothesis
is that MJO initiation arises from the circumnavigation of
a preceding MJO event that travels around the global
tropics (e.g., Lau and Peng, 1987; Wang and Li, 1994;
Matthews, 2000, 2008; Seo and Kim, 2003). The prom-
ise behind the circumnavigating hypothesis is that the
eastward-propagating upper-tropospheric divergence sig-
nal associated with MJO may trigger deep convection
over relatively moist and warm Indian Ocean after it
passes the African continent. As demonstrated by ideal-
ized numerical model experiments (Zhao et al., 2013)
and observational analyses (Li et al., 2015), this circum-
navigating process is not crucial for MJO initiation.

Based on a 20-yr observational data analysis, two ma-
jor initiation mechanisms were proposed by Zhao et al.
(2013). The first one is relevant to successive MJO
events, that is, a suppressed-phase MJO, after it moves to
eastern 1O, may trigger a convective-phase MJO, through
the low-level horizontal moisture advection. Figure 10
presents the horizontal patterns of the mean specific hu-
midity field and the MJO wind perturbation field derived
based on a 10-day average prior to MJO convective initi-
ation in WIO. As expected, maximum mean specific hu-
midity is located over EIO, where SST is higher com-
pared to WIO. The MJO flow during the initiation pe-
riod is dominated by anomalous easterlies and two anti-
cyclonic Rossby gyres over the tropical 10. Such a wind
anomaly resembles the Gill (1980) pattern and is typic-
ally observed when the suppressed MJO convection is
located in the EIO. The easterly anomalies advect the
high mean moisture westward, leading to the increase of
the lower-tropospheric moisture over the initiation re-
gion (20°S-0°, 50°-~70°E).

The second initiation mechanism is through extratro-
pical or midlatitude wave processes, a mechanism pos-
sibly applicable to primary MJO events. A case study by
Hsu et al. (1990) suggested a possible midlatitude wave
source from the Northern Hemisphere (NH). Such a hy-
pothesis, however, was challenged by Zhao et al. (2013),
who pointed out, based on their idealized numerical mo-
del experiments, that the Southern Hemispheric Rossby
wave forcing is more critical. Although the NH wave
activity is stronger in boreal winter, it is difficult for
wave fluxes to cross the equator, and thus hardly for
them to affect MJO initiation, which happens south of
the equator.

To obtain the statistically robust signal of the midlatit-
ude impact, Zhao et al. (2013) examined the upper tropo-
spheric (200-hPa) geopotential height anomaly pattern
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Fig. 10. Vertically (1000-700-hPa) integrated intraseasonal wind
(vector, m s') and the low-frequency background state specific hu-
midity (shaded, g kg™'), averaged during the initiation period (from
day —10 to day 0, with day 0O defined as the time when the area-aver-
aged OLR anomaly over the WIO initiation region switches its sign
from a positive to a negative value). From Zhao et al. (2013).

and associated wave activity flux during the MJO initi-
ation period using the same 20-yr reanalysis data (Fig.
11). Note that the geopotential height anomaly displays a
wave train pattern, with high pressure centers located
southeast of South America and southeast of Africa, and
low pressure centers in between and to the east of Mada-
gascar. There are pronounced eastward wave activity
fluxes over midlatitude Southern Hemisphere (SH), in-
dicating that the Rossby wave energy propagates east-
ward. The eastward wave activity fluxes turn northward
and converge onto the tropical 10. The wave flux conver-
gence implies that the wave energy is accumulated over
the region. Thus, SH midlatitude Rossby wave perturba-
tions may trigger MJO initiation in the tropical 10
through wave energy accumulation process.

The third initiation mechanism is through air—sea in-
teraction process. Li et al. (2008) proposed a delayed
air—sea interaction mechanism in which a preceding act-
ive phase MJO may trigger an inactive phase MJO
through a delayed effect of induced SSTA over the 10.
Figure 12 shows the evolution of the 20-90-day filtered
SST, wind stress, and OLR anomalies during a compos-
ite MJO cycle over the 10 in northern winter (DJF). The
regression is based on 20-90-day band-pass filtered zo-
nal wind stress averaged over the domain of 5°-12.5°S,
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Fig. 11. The observed 20-90-day filtered geopotential height anomaly (contour, m? s 2), Rossby wave activity flux (vector, m? s 2), and wave
flux divergence (shaded, 10> m s72; only negative values are shaded over the Indian Ocean) at 200 hPa during the initiation period from day —10

to day 0. From Zhao et al. (2013).
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season. Only wind stress and SST (OLR) anomalies that exceed 95% (90%) significance level are shown.

50°—65°E. All fields shown in Fig. 12 are regressed onto
the index. A warm SSTA appears along 10°S in pentad
—2, due to a delayed ocean response to a preceding sup-
pressed phase MJO. In pentad —1, westerly wind stress
and negative OLR signals associated with an active
phase of MJO appear in the tropical 10. This leads to
rapid decrease of the initial warm SSTA due to both the

increased surface latent heat flux and reduced shortwave
radiation associated with the active phase MJO. Because
background mean wind is westerly along 10°S, a posit-
ive westerly anomaly increases evaporative cooling in
the region. This gives rise to the in-phase relationship
between the anomalous surface shortwave radiation and
the latent heat flux, and together they act with the ocean
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entrainment to strongly cool the SST. As a result, a cold
SSTA appears along 10°S in pentad 0. In pentad +1, the
cold SSTA is enhanced over the western to central 10
along approximately 10°S (see Fig. 12). One pentad later,
a positive OLR anomaly appears at about 55°E, colloc-
ated with the cold SSTA there. The positive OLR anom-
aly subsequently expands eastward and grows. It is note-
worthy that suppressed convection tends to develop over
the location where cold SSTA is already present for 5 to
10 days, as inferred from the sequence of charts from
pentad +1 to +3. This phase relationship between the
SST and convection implies a delayed air—sea interac-
tion scenario for MJO initiation; that is, on the one hand,
an ocean cooling is induced by the wet phase of the MJO
through combined cloud radiative forcing and surface
evaporation/ocean vertical mixing, and on the other hand,
the so-induced WIO cold SSTA in turn initiates a sub-
sequent dry phase of the MJO. Thus, air—sea interactions
play an important role in the re-initiation of the MJO
over the WIO in boreal winter.

This ocean feedback mechanism was recently con-
firmed with a long-term integration of a coupled general
circulation model (Chang et al., 2019). The ocean feed-
back process becomes less effective in boreal summer
when the mean SST is low in western 10 and in-
traseasonal SST variability in the 10 is weaker (Zhang et
al., 2019).

4. Impact of MJO on East Asian climate

A great example of MJO impact on East Asian ex-
treme weather is the continuous occurrence of four ice
storms in South China during a 23-day period (from 10
January to 2 February 2008). The storms led to the
broken of electronic cable lines and collapse of high
speed train transportation systems, causing millions of
people stranded in train stations. The total economic loss
is more than 100 billion Chinese Yuan.

Hong and Li (2009) found that the persistent ice
storms resulted from the combined effect of tropical and
high-latitude low-frequency forcing. The Hovmoller dia-
gram of the OLR anomaly averaged over 15°S—5°N
shows two eastward-propagation convective-phase MJO
signals (see arrows in Fig. 13a) and a dry phase MJO sig-
nal that happened in between. The dry phase MJO stayed
over Maritime Continent from early January to 1 Febru-
ary. The spatial patterns of OLR and associated low-level
wind anomalies averaged during the dry phase are shown
in Fig. 13b. Note that in the dry phase the convection
over Sumatra was suppressed. Near the equator, easterly
anomalies occurred from the coast of Sumatra to Mada-
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gascar while southerly anomalies appeared over the Bay
of Bengal and the South China Sea. These southerly an-
omalies were critical in transporting abundant moisture
from the tropical oceans to South China.

Meanwhile, there was a persistent high pressure anom-
aly over the Siberian region in high latitudes. Figure 13c
illustrates the time series of the Siberian high index
defined as the averaged sea-level pressure (SLP) over
40°-60°N, 80°—120°E. As one can see, the high surface
pressure anomaly persisted from middle of January all
the way to middle of February. Associated with this
strong, persistent positive SLP anomaly were continuous
northerly anomalies that transported cold polar air mass
southward.

The combined forcing of moist and warm southerlies
associated with tropical MJO and cold and dry norther-
lies from high latitudes associated with the Siberian high
led to occurrence of the devastating, persistent ice storms
during the 23-day period. The analysis result implies that
an accurate long-lead forecast of such an extreme wea-
ther event requires a model that is able to capture both
the tropical and high-latitude intraseasonal oscillations.

During its eastward propagation, MJO convection
could generate an extratropical Rossby wave train that
emanates from the tropics toward high latitudes, which
could then induce remote responses in precipitation over
China. The spatial pattern of these responses is very dif-
ferent in different seasons and different phases of the
MJO due to changes in the atmospheric background state
and the location of the MJO convection center. Gener-
ally speaking, MJO exerts great impacts on the precipita-
tion and circulation in China, especially over its eastern
part (Zhang et al., 2009; Bai et al., 2011; Jia et al., 2011).

Anomalous precipitation exhibits systematic changes
in the Yangtze River basin and South China during the
eastward propagation of the MJO in boreal winter (Jia et
al., 2011). Figure 14a shows the composites of regional
mean precipitation anomalies and its departure percent-
age over Southeast China (east of 105°E and south of
32.5°N over China) for 8 MJO phases based on the Real-
time Multivariate MJO (RMM) index. When the MJO
convection center is located over the Indian Ocean
(phases 2 and 3), precipitation over the eastern China is
significantly enhanced, while it is dramatically sup-
pressed when the MJO convection center appears over
the western Pacific (phases 6 and 7).

The impacts of MJO on winter precipitation over
China are mainly through its influence on the northward
moisture transport originated from the Bay of Bengal and
the South China Sea by modulating the southern trough
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Fig. 13. (a) Hovmiiller diagram of 20~70-day filtered OLR anomaly (contour, interval: 20 W m2) averaged over 15°S—5°N. Shading denotes
the raw data. (b) Horizontal distribution of the 20-70-day filtered OLR anomaly (shaded) and 925-hPa wind anomaly (vector) fields averaged
during the MJO dry phase shown in (a). (¢) Time series of the Siberian high index defined as the averaged SLP over 40°-60°N, 80°-120°E. Red
(blue) shaded region represents the index higher (lower) than the long-term climatology. From Hong and Li (2009).

over the Bay of Bengal (Fig. 14b) and the western Pa-
cific subtropical high in the subtropics (figure omitted).
Furthermore, MJO can also modulate the East Asian
winter monsoon in the midlatitude (Fig. 14c), which fur-
ther impacts the precipitation over East China.

The positive precipitation anomalies over the Yangtze
River basin in eastern China is also enhanced when the
MIJO convection center is over the Indian Ocean, and the
positive precipitation anomalies could cover the whole
part of Southeast China but with weaker amplitude later
when MJO moves to the Maritime Continent in boreal
spring (Bai et al., 2011). Almost same distinct transition
of precipitation anomaly from being enhanced to being
suppressed as that in boreal winter is found in Southeast
China during boreal summer as the MJO convective cen-
ter moves from the Indian Ocean to the western Pacific

(Zhang et al., 2009). During boreal summer when the
northward propagation of intraseasonal oscillation pre-
vails, the impact of MJO on the precipitation becomes
complicated. The anomalous precipitation over South-
east China reaches its maximum in phase 4 during boreal
summer while it is in phase 2 in boreal winter. During
boreal summer, MJO impacts the precipitation in South-
east China mainly through the western Pacific subtropi-
cal high (WPSH), which could modulate the moisture
transport to China. When the MJO convection center is
over the Indian Ocean, the WPSH shifts farther west-
ward, and the moisture and upward motion in Southeast
China are enhanced. In contrast, when the MJO convec-
tion enters the western Pacific, the WPSH retreats east-
ward, and the moisture and upward motion in Southeast
China are weakened (Zhang et al., 2009).
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Fig. 14. Composites of anomalous regional mean (a) rainfall (bars,

mm day!) and its departure percentage (line, %) over Southeast
China, (b) geopotential height of the southern trough over the Bay of
Bengal (15°-25°N, 85°-95°E, line), and (c) the East Asian winter
monsoon (EAWM) index (line) for 8 MJO phases. The bar in (b) and
(c) indicates the value that ¢-test value minus which at the 95% confid-
ence level; therefore, positive value indicates that the composite for
corresponding MJO phase exceeds the 95% confidence level. (From
Figs. 6, 8, and 13 in Jia et al. 2011).

The MJO activity influences not only the winter pre-
cipitation (Jia et al., 2011; Yao et al., 2015) but also the
persistent heavy rainfall (PHR) events during boreal
winter in South China (Liu and Hsu, 2019). The PHR
event in Liu and Hsu (2019) was defined when rainfall
was above the 90th percentile of climatological winter-
time rainfall and persisted for three or more days. Simi-
lar to the findings of Jia et al. (2011), the MJO show sig-
nificant influences on the occurrence and total rainfall
amount of PHR events via modulating the large-scale
background conditions. During phases 14, when the
MIJO convections occur over the equatorial Indian
Ocean, the low-level moisture convergence anomaly is
observed in southeastern China (SC; 21°-26°N, 108°—
120°E) while anomalous divergence of moisture flux ap-
pears to the north (Fig. 15¢). These conditions favor an
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increase in PHR amounts over the SC but limit the PHR
in the Yangtze River valley (YR; 28°-30°N, 113°-—
122°E) (Figs. 15a, b). In contrast, decreased (increased)
PHP amounts are detected over the SC (YR) when the di-
vergence (convergence) of moisture flux anomalies in the
SC (YR) is associated with the western equatorial Pa-
cific MJO convections (phases 5-8) (Figs. 15d—f). The
wintertime PHR has experienced a long-term change
over the past three decades (1979-2011) with a decreas-
ing (an increasing) trend of PHR amount in the SC (YR).
The change in PHR amount at the decadal timescale
shows insignificant relationship with sea surface temper-
ature anomalies over the globe. Instead, it seems to be
closely linked with the decadal changes in MJO activity.
Compared to the earlier epoch (1979-1994), the Indian
Ocean (western Pacific) MJO convections along with an-
omalous moisture convergence (divergence) in the SC
occurred less (more) frequently in the recent epoch of
1995-2011 (Fig. 16b). This condition could lead to unfa-
vorable conditions for SC PHR during winter season of
1995-2011 (Fig. 16a). At the same time, the enhance-
ment of moisture convergence associated with the in-
creased frequency of active western Pacific MJO convec-
tions in the recent epoch (1995-2011) may contribute to
the increased YR PHR (Fig. 16).

The ISO moves away from the equator into the Asian
monsoon region during boreal summer; its propagation
and phase evolution affect the variations of regional
monsoon rainfall by altering background conditions for
related weather systems (Yasunari, 1980; Hartmann and
Michelsen, 1989; Annamalai and Slingo, 2001; Zhang et
al., 2009). In the East Asian monsoon region, several
flooding events that occurred in the Yangtze River basin
and southern China were found to be associated with the
northward-propagating BSISO, including the quasi-bi-
weekly oscillation (QBWO) (Yang and Li, 2003; Zhu et
al., 2003; Mao et al., 2010; Liu et al., 2014). Hsu et al.
(2016) analyzed quantitatively the influences of lower-
frequency BSISO (i.e., 30-60-day ISO, referred to as
BSISO1) and higher-frequency BSISO (i.e., 10-30-day
QBWO, referred to as BSISO2) on the occurrence prob-
ability of precipitation extreme events in southern China.
They found that the probability of extreme rainfall occur-
rences increases (decreases) by 30%—-60% relative to cli-
matological state when the moisture convergence (diver-
gence) anomalies induced by BSISO1/BSISO2 were ob-
served in southern China. The BSISOI1 is more favor-
able for the occurrence of extreme precipitation events
over inland China (such as the Yangtze-Huai River
basin), while the BSISO2 tends to exert a larger influ-
ence on rainfall extremes along the southeast coast of
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Fig. 15. (a) Anomalies of DJF persistent heavy rainfall (PHR) amount [mm (90 day) '] during phases 1-4 (P1-4) of MJO relative to climatolo-
gical state. Stippling indicates that the change of PHR amount is statistically significant at the 90% confidence level. (b) Area-averaged winter-
time (DJF) PHR amount anomalies [mm (90 day)!] during MJO phases 1-4 (P1-4) over southeastern China (red bar; SC: 21°-26°N,
108°-120°E) and Yangtze River valley (blue bar; YR: 28°-30°N, 113°~122°E). (c) is the same as (a), but for the 1000-850-hPa integrated mois-
ture (¢) flux in each winter (contour, 107® kg cm™ s™!). Shading marks the areas with changes significant at the 90% confidence level. (d)—(f) are
the same as (a)—(c), except for the composites of phases 5-8 (P5-8) of MJO.

South China (Fig. 17). The results suggest a potential for
monitoring and extended-range forecasting of extreme
precipitation events in southern China based on the states
of BSISO.

Besides rainfall extreme, recent studies revealed the

modulation of East Asian heatwave events by the BSISO
(Chen and Zhai, 2017; Hsu et al., 2017; Chen et al.,
2018; Diao et al., 2018). Chen and Zhai (2017) indicated
that the active BSISO phases are responsible for the co-
existing extremes of precipitation and temperature in



36 JOURNAL OF METEOROLOGICAL RESEARCH

g
&
2
=
T
oy
(b)

]

35 { EEE] !

m i

z i

= I

g |

= |

o |

2 1

2 |

G |

(=] |

5 i

£ |

2 1

Z i

]

i

Phase 1-4 Phase 5—8
Fig. 16. (a) Area-averaged accumulated wintertime (DJF) PHR

amounts (10° mm) during E1 (1979-1994, red bars) and E2
(19952011, blue bars) relative to the climatology, for the Yangtze
River valley (YR) and southeastern China (SC). (b) Same as (a), ex-
cept for the numbers of active MJO days with amplitude of the Real-
time Multivariate MJO (RMM) index greater than 1 for phases 1-4
(two left bars) and phases 58 (two right bars).

East Asia. Hsu et al. (2017) and Chen et al. (2018) ex-
amined the relative contributions of BSISO1 and
BSISO2 to the heatwave events in monsoon Asia. It was
found that the occurrence of heatwave in southern China
shows a closer relationship with the QBWO (BSISO2)
when the QBWO-related anomalous circulations induce
an anomalous downward circulation with increased adia-
batic heating and solar radiation over southern China.
The maintenance and persistence of long-lived heatwave
could be attributed to the effects of lower-frequency
BSISO1 (Chen et al., 2018). Diao et al. (2018) further
showed that the BSISO-related heating anomalies over
the tropical monsoon regions can generate anomalous
wave train patterns in the middle and higher latitudes,
which set up favorable environments for temperature ex-
treme occurrence over the midlatitude North Pacific and
the arctic areas.

5. Summary and concluding remarks

In this review paper, we firstly describe from histori-
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cal perspective the discovery of MJO phenomenon by
Chinese scientists. Eight years before the seminal discov-
ery by Madden and Julian (1971), Xie et al. (1963) found
a 40-50-day oscillation in zonal wind over five tropical
stations including the Canton Island station. Because of
their publication in Chinese, the paper did not attract an
attention until recently when it was reported in BAMS
(Li et al., 2018). In addition to Xie et al. (1963), a num-
ber of research works on MJO were published in Chinese
in earlier days, including tropical cyclone regulation
(Ding et al., 1977) and theoretical understanding of MJO
dynamics (Li, 1983, 1985).

The principal causes of the MJO eastward propaga-
tion are discussed. For the moisture mode theory, we in-
dicate, for the first time, that there are two types of mech-
anisms. The first type emphasizes the effect of zonal
asymmetry of anomalous moisture in PBL (Hsu and Li,
2012). A positive moisture anomaly induced by PBL
convergence in front of convection destabilizes the lower
troposphere, promoting the continuous development of
shallow, congestus, and deep convection in situ. This
promotes eastward propagation of MJO. The second type
emphasizes the asymmetry of column integrated MSE
tendency, even though the anomalous moisture is sym-
metric relative to the MJO convection (Sobel and Malo-
ney, 2013). A positive (negative) tendency to the east
(west) of the MJO convection, caused by both horizontal
and vertical MSE advection, would promote an eastward
moving tendency. In the later type, the zonal asymmetry
of PBL moisture anomaly is not critical. It is noted that
maximum contributions of vertical (horizontal) advec-
tion are in the upper (lower) troposphere, while the con-
tribution of horizontal and vertical advection in PBL is
small (Wang et al., 2017).

The mechanisms through which MJO convection is
initiated over western 10 are discussed. It is found that
low-level moisture perturbation develops a few days
prior to convection initiation over WIO. Such a moisture
anomaly is caused by advection of mean moisture by in-
traseasonal wind associated with the preceding sup-
pressed phase MJO. In addition, upper-tropospheric
Rossby wave energy dispersion from Southern Hemi-
spheric midlatitudes may also play a role. A possible
scenario through which atmosphere—ocean interactions
influence the initiation of MJO is discussed. A cold
SSTA generated by a preceding active phase MJO (due
to enhanced surface evaporation and reduced downward
shortwave radiation) may exert a delayed ocean feed-
back to initiate a suppressed phase MJO, and vice versa.

MJO exerts a great impact on climate and extreme
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Fig. 17. Percentage change (%) in probability of extreme events at the 90th percentile for each of the 8 phases of BSISO1 (two upper rows) and
BSISO2 (two lower rows) with respect to the non-BSISO state. The phases of BSISO are defined according to Lee et al. (2013). The probability
of 90th extreme occurrence in a given BSISO phase (P,) is calculated as the number of days when the rainfall exceeds the 90th percentile di-
vided by the total number of days. Percentage change is computed as [(Py — Pyon-Bsiso)/Pron-siso X 100], where P, gsiso represents the probab-
ility of 90th extreme occurrence in the non-BSISO period. Changes exceeding the 95% confidence level are dotted.

weather events over East Asia. The prolonged ice storm
event that occurred over South China in January 2008
was resulted from the combined effects of moist/warm
southerlies associated with tropical MJO and persistent
cold/dry northerlies from high latitudes associated with
the Siberian high (Hong and Li, 2009). The MJO modu-
lates the rainfall amount and strength over South China
by changing the large-scale circulation pattern and asso-
ciated moisture transport toward South China (Jia et al.,
2011; Liu and Hsu, 2019). When the MJO convections
appear over the Indian Ocean, precipitation and extreme

rainfall events over the southeastern China are signific-
antly enhanced. In contrast, the precipitation and ex-
treme rainfall events dramatically decrease when the
MJO occurs over the western Pacific. During boreal sum-
mer, as the BSISO propagates northward into the Asian
monsoon area, its anomalous circulations affect the mois-
ture transport and lead to significant changes in rainfall
amounts and the probability of rainfall extremes over
South China and the Yangtze River basin (Zhang et al.,
2009; Hsu et al., 2016). In addition to the influences on
monsoon rainfall, the BSISO could also modulate the oc-
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currences of heatwave over the Asian monsoon region
(Chen and Zhai, 2017; Hsu et al., 2017; Chen et al.,
2018) and higher latitudes (e.g., Diao et al., 2018).

Due to limited page number, this review paper is not
able to include all MJO related studies. For example, the
scale interactions of MJO with high-frequency tropical
convectively coupled waves (CCWs) and other climate
modes (such as ENSO) have received considerable atten-
tion in recent decades. The earlier work of Nakazawa
(1988) found that the tropical convections were organ-
ized on various spatiotemporal scales, ranging from the
short-lived convective cells of a few kilometers to the
low-frequency planetary-scale convections, like MJO.
Subsequent diagnostic and modeling studies showed that
the smaller-scale CCWs (including mixed Rossby—grav-
ity and inertia—gravity waves) within the large-scale MJO
envelope and the multi-cloud convective systems (con-
gestus, stratiform, and cumulus clouds) associated with
MIJO play vital roles in the eastward propagation and
maintenance of MJO convection (e.g., Majda and Stech-
mann, 2009; Khouider et al., 2013; Yang and Ingersoll,
2013, 2014; Zhu et al., 2019). The ENSO-MJO interac-
tion is another important topic. The changes in environ-
mental dynamic and thermodynamic conditions associ-
ated with ENSO may exert significant influences on
MJO initiation (Hsu and Xiao, 2017), intensity (Deng
and Li, 2016; Deng et al., 2016; Wang et al., 2018),
propagation (Chen et al., 2016), and periodicity (Liu et
al., 2016). The higher-frequency wind associated with
MIJO, on the other hand, may affect ENSO evolution
(e.g., Chen et al., 2017). The multi-scale interaction of
MJO is an important topic that is worthy of a more com-
prehensive review in the future.

Given the importance of MJO activity on global
weather and climate systems and its close relevance to
extended-range weather prediction, we hope that this pa-
per can serve as a starting point for graduate students and
young researchers to know some basics about MJO and
to motivate them to read a wider range of literature.
Some of the theoretical and modeling results discussed in
this paper are not settled yet, and further in-depth studies
are needed to challenge the current views so that science
can move forward.
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