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Abstract
Numerous studies have devoted to energetic balance diagnosis of the synoptic scale disturbance (SSD) in the northern sum-
mer monsoon region, but few work has concentrated on that during boreal winter. This study investigated the energetics of 
the SSD associated with the eastward propagating Madden–Julian oscillation (MJO) convection south of the equator during 
boreal winter. The eddy kinetic energy is enhanced within and to the west of the MJO convection and is weakened to the 
east of it. This is related to the barotropic energy conversion (CK) in lower and middle troposphere and conversion of eddy 
available potential energy (CA) in upper troposphere. CK arises from interactions between SSD and MJO/lower-frequency 
flows. The SSD in the vicinity of the MJO is characterized by a wavelike pattern, with northwest to southeast tilt of elongated 
extrema of vorticity anomalies. The MJO flow in lower troposphere is characterized by zonal convergence at the convection 
center and cyclonic (anticyclonic) circulation to the east (west). The lower-frequency background flow is cyclonically sheared 
in the southern Indian Ocean. More (less) CA to the west (east) is due to more (less) generated eddy available potential 
energy from diabatic effects. The SSD contribute to the MJO eastward propagation through inducing a zonal asymmetry in 
nonlinear moisture advective tendency. This accounts for 30% of the observed asymmetric intraseasonal moisture tendency.

1 Introduction

Vigorous tropical synoptic-scale disturbances (SSDs) have 
been shown to be important for many climate phenomena 
(e.g., Lau and Lau 1990; Liu and Wang 2012; Li 2014). 
Some of them serve as “seeds” for genesis of tropical 
cyclones (e.g., Bracken and Bosart 2000; Zhou and Wang 
2007). Some of them are linked to “westerly wind burst” 
over the western-central Pacific, which is considered impor-
tant for the initiation of an El Niño event (e.g., McPhaden 

2004; Seiki and Takayabu 2007; Chen et al. 2017). It has 
been reported that the SSDs are highly dependent on the 
state of large scale atmospheric circulation (e.g., Sui and Lau 
1992; Li et al. 2013; Wang and Chen 2016, 2017). There-
fore, understanding the interactions between SSDs and the 
large-scale circulation maybe helpful to predict some climate 
phenomena (e.g., Liu et al. 2015).

Numerous studies have been devoted to investigate the 
relationship between the tropical SSDs and large scale 
circulation during boreal summer (e.g., Reed and Recker 
1971; Lau and Lau 1990, 1992; Chang et al. 1996; Sobel 
and Bretherton 1999; Li 2006). The most active regions 
for SSDs are in the northern hemisphere, especially where 
the background mean flow is cyclonic and convergent. The 
typical structure of the SSDs in northern tropical region 
is characterized by a wavelike pattern with a southwest to 
northeast tilt of elongated extrema of vorticity anomalies, 
moving westward or northwestward. Eddy kinetic energy 
budget analysis indicates that the primary energy source for 
the SSDs is the conversion from the eddy available potential 
energy in upper troposphere, while the barotropic energy 
conversion from environmental flows also play a substantial 
role especially in lower troposphere.
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Since the boreal summer intraseasonal oscillation (ISO) 
could strongly impact the variations in the large-scale flow, 
the SSD activities vary in different ISO phases (e.g., Straub 
and Kiladis 2003; Maloney and Hartmann 2001; Maloney 
and Dickinson 2003). For instance, the SSD over the western 
North Pacific (WNP) is more vigorous during the ISO west-
erly phase, when a cyclonic circulation anomaly is generated 
over the WNP in response to an enhanced ISO convection at 
the equatorial western Pacific. And the SSD is less vigorous 
during the ISO easterly phase, when an anticyclonic circu-
lation anomaly is generated over the WNP in response to a 
suppressed ISO convection at the equatorial western Pacific. 
The enhanced (suppressed) SSD activity coincides with the 
increase (decrease) of barotropic conversion from environ-
mental flow, and this has been attributed to the intensified 
(weakened) monsoon trough over the WNP.

Recently, Hsu et al. (2011) developed an energetic tool 
which could separate the effect of the ISO flow and the 
lower-frequency background flow on barotropic conversion. 
Their diagnosis suggested that the barotropic conversion 
anomalies over the WNP shown in different ISO phases are 
caused by the ISO flows, which are cyclonic and convergent 
(anticyclonic and divergent) during the ISO westerly (east-
erly) phase. By contrast, the lower-frequency background 
flow always contributes positively toward the eddy kinetic 
energy regardless of ISO phases.

While most previous studies concentrated on the energet-
ics of the SSDs during boreal summer, there are few works 
addressing the eddy energetics during boreal winter. As we 
know, the Madden–Julian oscillation (MJO) is most promi-
nent during boreal winter and exhibits an eastward propaga-
tion especially in the southern equatorial Indian Ocean and 
western Pacific Ocean (e.g., Zhang 2005; Hsu and Li 2012). 
The MJO convection generates significant variations in large 
scale flow over the tropical and subtropical regions (e.g., 
Wang et al. 2013). Some observational and modeling studies 
have reported that in association with an eastward propagat-
ing MJO convection, the SSDs are usually suppressed ahead 
(i.e., east) of it and is enhanced within and west of it (e.g. 
Maloney 2009; Kiranmayi and Maloney 2011; Andersen and 
Kuang 2012). Such eddy activity anomaly is speculated to 
arise from barotropic conversion anomalies (e.g., Andersen 
and Kuang 2012). But several questions remain unclear. For 
instance, which component of environmental flow is critical 
for the barotropic conversion anomaly east and west of the 
MJO convection? Is the dominant process in the modulation 
of the MJO on the energetics of winter-time SSDs similar as 
that due to boreal summer ISO?

The present work aims to investigate the energetic balance 
of SSDs in the vicinity of MJO convection during boreal 
winter and tries to address the above questions. The rest of 
the paper is organized as follows. The data and methods used 
in the study are described in Sect. 2. Section 3 reveals the 

relationship between the synoptic scale disturbances and the 
MJO envelope. Section 4 provides the energetic analysis to 
understand the dependence of synoptic scale disturbances on 
the MJO convection. Section 5 estimates the relative impor-
tance of the SSD upscale feedback to the MJO eastward 
propagation. The conclusion is given in Sect. 6.

2  Data and methods

2.1  Data

The datasets employed in this study include: (a) daily pre-
cipitation data from one degree daily (1DD) Global Pre-
cipitation Climatology Project (GPCP; Huffman et al. 2001) 
dataset, version 1.1; (b) daily atmospheric reanalysis data 
from ECMWF Interim Re-Analysis (ERA_I; Dee et  al. 
2011). The three-dimensional fields from ERA_I include 
zonal and meridional winds (u and v), pressure velocity (ω), 
temperature (T), specific humidity (q), and geopotential (ϕ) 
at 19 levels from 1000 to 100 hPa with a 50-hPa interval. 
The analysis period for all the data spans from 1997 to 2008 
during boreal winter (November to April) and all datasets 
are archived on a grid resolution of 2.5°.

2.2  Definition of synoptic scale disturbances

Previous studies on SSDs have used various definitions, in 
which the timescales of SSDs vary from 3 to 5 days (e.g., 
Wallace and Chang 1969) to 2.5–12 days (e.g., Maloney 
and Dickinson 2003) and to less than 30 days (e.g., Maloney 
2009; Andersen and Kuang 2012). The results were not sen-
sitive to various time scales. In this study, the SSD is defined 
as variations with a period of less than 20 days, as the intra-
seasonal time scale is considered as 20–80 days.

2.3  Eddy kinetic energy budget

Following Hsu et al. (2011), a dependent variable could be 
separated into three components, the synoptic-scale field 
(below 20 days, denoted by a prime), the intraseasonal field 
(20–80 days, denoted by a tilde overbar) and the lower-fre-
quency background state field (greater than 80 days, denoted 
by a double overbar):

All the fields were obtained by using Lanczos band-pass 
filter (Duchon 1979) with a weight of 201. Then, the time 
change rate of eddy kinetic energy on the intraseasonal time 
scale may be derived as [or see Eq. 5 of Hsu et al. (2011)]

(1)A = A + Ã + A
�

(2)𝜕K̄

𝜕t
= CK + CA + AM + FG



4863Modulation of the Madden–Julian oscillation on the energetics of wintertime synoptic-scale…

1 3

where

Each budget term on the intraseasonal time scale was 
obtained by calculating regression against an MJO refer-
ence time series as described in Section 2d, and was denoted 
by a single overbar. K is the eddy kinetic energy (EKE). 
CK represents the barotropic conversion toward EKE from 
environmental flows, including both the lower-frequency 
background flow and intraseasonal flow. CA indicates the 
conversion from eddy available potential energy (EAPE) to 
EKE through a rising or sinking motion of warm or cold air 
parcels. AM represents the advection of EKE by the lower-
frequency background flow, intraseasonal flow and synoptic 
flow. FG corresponds to the convergence of eddy geopoten-
tial fluxes. The subscript “3” means three dimensional. Note 
that only the CK and CA terms are real source (sink) of 
the EKE, while the other terms mainly represent the spatial 
redistribution of EKE (e.g., Maloney and Dickinson 2003).

2.4  Composite synoptic scale disturbances based 
on the MJO

1. The raw precipitation (Pr) was filtered to the MJO spec-
tral region (periods 20–80 day, eastward wavenumber 
1–5) in the fashion of Wheeler and Kiladis (1999).

2. The standard deviation of the filtered Pr was calculated 
at each grid point and we identified the locations that 
have the largest magnitude. Figure 1 presents the hori-
zontal distribution of the standard deviation of MJO 
Pr during boreal winter. Based on Fig. 1, four equally 
spaced reference boxes (10° × 10°) were selected; they 
cover the most active regions of MJO convection in the 
southern equatorial Indian Ocean and Pacific Ocean. 
Then, four MJO reference time series were constructed 
by box-averaged MJO Pr.

3. To look at the structure of a SSD field associated with 
the MJO convection, we regressed the SSD field onto 
each MJO reference time series. The regression coef-

(3)K =
(
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ficients were multiplied by a typical MJO Pr anomaly 
(3 mm  day−1) to give the magnitudes of the field anoma-
lies associated with an MJO event.

3  Characteristics of synoptic scale 
disturbances relative to MJO convection

Figure 2a–d display the horizontal distributions of MJO rain-
fall anomaly (contour) corresponding to the selected MJO 
rainfall time series; the shaded fields represent the intensity 
of SSD estimated by 1000–100 hPa averaged anomalous 
eddy kinetic energy. As expected, a large region of enhanced 
MJO rainfall anomaly is centered at the selected reference 
box in each panel (denoted by a green box), with a region of 
suppressed MJO rainfall anomaly to the east. Meanwhile, a 
zonal dipole structure of anomalous eddy kinetic energy is 
prominent in each panel, with a positive (negative) anomaly 
to the west (east). It shows that the SSD activity is enhanced 
within and to the west of the MJO convection center and is 
suppressed to the east of it.

Then, we examine the zonal-vertical structure of the eddy 
kinetic energy (shaded) averaged over − 5° to + 5° rela-
tive to the MJO center. For instance, for the MJO centered 
80°E, 5°S, the band for average is 10°S–0°S. The contours 
represent the MJO zonal wind anomalies. Comparisons of 
Figs. 2 and 3 indicate that the column averaged zonal dipole 
structure of eddy kinetic energy anomaly shown in Fig. 2 is 
primarily contributed by the component in middle and lower 
troposphere (below 400 hPa).

Fig. 1  Standard deviation of MJO Pr (shaded, units: mm  day−1) in 
boreal winter (November–April). The green rectangles represent the 
selected MJO reference boxes. From left to right, they are (75°–85°E, 
10°S–0°S), (95°–105°E, 10°S–0°S), (115°–125°E, 15°S–5°S) and 
(135°–145°E, 15°S–5°S)
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Next, we examine the dominant structure of SSDs to the 
west and to the east of the MJO rainfall center, respectively. 
We begin by showing an example with the MJO rainfall 
center at 80°E. First, those days when the MJO rainfall 

time series exceeding one and a half standard deviation 
of itself are selected. Then, two time series of synop-
tic vorticity anomaly at 850 hPa are constructed by the 
selected days; one is at the base point 70°E, 5°S while the 
other is at 105°E, 5°S. Figure 4a (b) presents distribution 

(a)

(b)

(c)

(d)

Fig. 2  Horizontal patterns of MJO rainfall anomalies (contours with 
an interval of 1 mm  day−1, negative values dashed) and eddy kinetic 
energy anomalies averaged over 1000–100  hPa (shaded, units:  m2 
 s−2) relative to MJO convections from the eastern Indian Ocean to the 
Maritime Continent. The MJO reference box is indicated by a green 
box in each panel

(a)

(b)

(c)

(d)

Fig. 3  Longitude-vertical plots of MJO zonal wind anomalies (con-
tours with an interval of 0.5 m  s−1, negative values dashed) and eddy 
kinetic energy anomalies (shaded, units:  m2  s−2) relative to MJO con-
vections from the eastern Indian Ocean to the Maritime Continent. 
The center of MJO convection is indicated by a green line in each 
panel. Each plot was obtained by the average over a 10° latitudinal 
band of the MJO reference box
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of regression coefficients between the 850-hPa synoptic 
vorticity anomaly of selected days at the west (east) base 
point and the corresponding fluctuations at all other grid 
points. The magnitude of regressed field is determined 
by the standard deviation of the synoptic vorticity time 
series. Comparisons between Fig. 4a, b reveal that the 
synoptic vorticity anomalies in the vicinity of the MJO 
rainfall center show a wavelike structure, with an appar-
ent northwest to southeast tilt of the elongated extrema. 
However, the synoptic fluctuations are stronger to the west 
but weaker to the east. The contrasting amplitudes of the 
synoptic wave trains are consistent with the observed zonal 
dipole structure of the EKE anomalies as shown in Figs. 2 
and 3.

The horizontal pattern of 850-hPa synoptic vorticity anom-
aly west (east) of the MJO convection at 140°E is displayed 
in Fig. 4c (d). It was calculated in a similar way as for the 
MJO convection at 80°E, except that the west (east) base point 
is 130°E, 10°S (165°E, 10°S) The northwest to southeast tilt 
of elongated extrema of synoptic vorticity anomalies is also 
prominent, and the contrasting amplitude of the wave train east 
and west of the MJO is also clear. Our calculation shows that 
such results are not sensitive to zonal locations of MJO rainfall 
center or the synoptic eddy base point (figures not shown).

It is worth mentioning that the northwest-southeast tilt 
of synoptic vorticity anomalies revealed from Fig. 4 are 
consistent with the dominant eddy structure in the southern 

tropical region, because here the MJO base points are all 
south of the equator. In comparison, the dominant eddy 
structure in the northern tropical region during boreal sum-
mer shows a southwest-northeast tilt of elongated extrema 
(e.g., Lau and Lau 1990, Hsu et al. 2011).

4  Energetic analysis of synoptic scale 
disturbances

To understand the zonal dipole structures of the SSD ampli-
tude anomalies relative to the MJO convection, we analyze 
the kinetic energy balance in use of Eq. (2). Below, we only 
focus on CK and CA, because they are real source (sink) of 
the eddy kinetic energy while the other terms act to redistrib-
ute the EKE spatially. Since the results for all the four MJO 
reference locations are similar (see Figs. 2, 3), only those 
relative to MJO positive rainfall anomalies in the eastern 
Indian Ocean (centered at 80°E) and the Maritime Continent 
(centered at 140°E) are presented as a representative in the 
following.

The left and right panels of Fig. 5 display the horizontal 
patterns of 1000–100 hPa averaged CK and CA relative to 
MJO positive rainfall anomalies at 80°E and 140°E respec-
tively. Both of them show positive anomaly to the west and 
negative anomaly to the east; the patterns agree well with the 
zonal dipole structure of column-averaged EKE anomalies 

(a) (c)

(b) (d)

Fig. 4  Horizontal structures of 850-hPa synoptic vorticity anomalies 
(units:  10−6 s−1) to the west or east of the MJO convection. The left 
(right) panels show results relative to the MJO convection centered at 

80°E (140°E). The MJO convection center is marked by a green box 
in each panel, while the base point of synoptic disturbances is indi-
cated by a solid dot
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shown in Fig. 2. Note that although some of the MJO refer-
ence centers are more off the equator than the others, the 
zonal dipole patterns of CK/CA look similar.

We further present the zonal-vertical structures of CK and 
CA, which were obtained from 10° latitude average near the 
reference centers (see Fig. 6). For all the reference locations, 

(a)

(b)

(c)

(d)

Fig. 5  Same as Fig. 2, except that the shaded areas in the left (right) panels represent CK (CA) anomalies (units:  10−6  m2  s−3). The upper (lower) 
panels show results relative to the MJO convection centered at 80°E (140°E)

(a)

(b)

(c)

(d)

Fig. 6  Same as Fig. 3, except that the shaded areas in the left (right) panels represent CK (CA) anomalies (units:  10−6  m2  s−3). The upper (lower) 
panels show results relative to the MJO convection centered at 80°E (140°E)
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the zonal dipole mode of CK is prominent below 300 hPa 
level while it of CA is mainly confined within 400–200 hPa 
level. Therefore, the column-averaged patterns of CK shown 
in Fig. 5 are primarily contributed by the component in mid-
dle and lower troposphere while the column-averaged pat-
terns of CA are due to the component in upper troposphere. 
The sum of FG and AM act to redistribute the eddy kinetic 
energy generated by CK and CA vertically toward the high-
est level and boundary layer (figures not shown). To sum 
up, the enhanced EKE to the west is due to more barotropic 
energy conversion in middle and lower troposphere and 
more conversion of EAPE to EKE in upper troposphere, 
while the suppressed EKE to the east is due to less of them.

Then, what causes the more (less) generation of CK and 
CA to the west (east) of an MJO convection? We first look 
at the CK term. According to Eq. (4), CK could be further 
decomposed into 36 individual terms (or see Eq. 3 in Hsu 
et al. 2011) so that one could easily identify the dominant 
processes in the scale interactions among synoptic eddy, 
intraseasonal flow and lower-frequency background flow. 
After comparing the amplitude of each term, we finally iden-
tify four dominant contributors to the column-averaged CK 

anomaly; they are −u�2 𝜕ũ
𝜕x

 , −u�v� 𝜕ũ
𝜕y

 −v�2 𝜕ṽ
𝜕y

 and 
(

−u�v�
�u

�y

)

 

(hereafter CK1, CK2, CK3 and CK4, respectively). The sum 
of the four terms account for 70% of the positive CK anom-
aly to the west and 50% of the negative CK anomaly to the 
east. Note that the first three terms reflect the influence of 
the intraseasonal flow on barotropic conversion and the last 
term indicates the role of lower-frequency background flow. 
Because the east–west asymmetry of CK anomalies mainly 
arise from lower and middle troposphere (see left panels of 
Fig. 6), in the following we will select 600 hPa level as a 
representative to investigate the horizontal patterns of the 
four primary CK terms and the associated environmental 
flows and understand their interactions.

Figure 7a, b present the horizontal patterns of CK1 at 
600 hPa relative to MJO positive rainfall anomaly at 80°E 
and 140°E respectively. A positive anomaly is prominent 
near the MJO center in each panel. Since u′2 > 0 , the polar-
ity of CK1 is determined by divergence of MJO zonal wind. 
As seen in Fig. 3, the MJO zonal wind anomalies are conver-
gent near the MJO center in middle and lower troposphere 
and divergent in upper troposphere. The interaction between 
synoptic eddies and MJO zonal wind yields a local baro-
tropic conversion from MJO to eddy kinetic energy near the 
MJO center in the middle and lower troposphere. This pro-
cess was known as barotropic wave accumulation (Webster 
and Chang 1988; Holland 1995; Sobel and Bretherton 1999).

Figure 8a, b display the horizontal distributions of CK2 at 
600 hPa (shaded) relative to MJO positive rainfall anomaly 
at 80°E and 140°E respectively. A zonal dipole structure of 
this term is apparent in each panel, with positive anomaly 

to the west and negative anomaly to the east. Because the 
tilt structure of synoptic vorticity shown in Fig. 4 indicates 
a negative eddy momentum flux ( u′v′ < 0 ), the placement of 
synoptic disturbances in a region where the MJO zonal wind 
increases (decreases) with latitude implies a local barotropic 
conversion from MJO to eddy kinetic energy (eddy to MJO 
kinetic energy). As one can see, the MJO wind at 600 hPa 
(see vectors in Fig. 8a–d) is characterized by a cyclonic gyre 
to the west and an anticyclonic gyre to the east. They are 
related to the so-called “quadruple vortex structure” of the 
MJO (e.g., Zhang and Ling 2012), but the gyres south of the 
MJO base points are much more dominant while the gyres to 
the north are much weaker; this is due to that the MJO base 
points are all located south of the equator. Therefore, the 
equatorward gradient of MJO zonal wind is primarily posi-
tive (negative) to the east (west) of the MJO center, which 
gives rise to positive (negative) CK2 to the east (west).

The horizontal distributions of CK3 at 600 hPa relative 
to positive MJO rainfall anomaly at 80°E and 140°E are 
shown in Fig. 9a, b. They also show positive anomaly to 
the west and negative anomaly to the east in each panel, but 
the amplitudes are much weaker compared to CK2. Such 
zonal dipole patterns are due to interactions between syn-
optic eddies and meridional divergence of MJO wind. Since 
v′2 > 0 , the polarity of CK3 is determined by the divergence 

CK1
(a)

(b)

Fig. 7  Horizontal distributions of 600-hPa MJO wind anomalies 
(vectors, units: m  s−1) and CK1 (i.e., −u�2 𝜕ũ

𝜕x
 , shaded, units:  10−6  m2 

 s−3) relative to MJO convections centered at 80°E (a) and 140°E (b). 
The MJO reference box is indicated by a green box in each panel
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of MJO meridional wind. As shown by vectors in Fig. 9, 
the quadruple vortex structure of MJO generates meridional 
convergence (divergence) anomalies to the west (east).

Figure 10a, b present horizontal distributions of CK4 at 
600 hPa. Significant positive anomalies of this term can be 
seen near and to the west of each MJO center, while weak 
negative anomalies are to the east. Figure 10c further pre-
sents boreal winter mean wind averaged at 600 hPa. As 
one can see, all the MJO centers are embedded in a large 
cyclonic gyre with positive meridional gradient of mean 
zonal wind (i.e., 𝜕u∕𝜕y > 0 ). Therefore, stronger (weaker) 
barotropic conversion related to this term is possibly due to 
stronger (weaker) eddies themselves.

Next, we examine the variation of CA. Because CA 
anomalies mainly arise from the upper tropospheric com-
ponent (see right panels of Fig. 6), in the following we only 

(a)

(b)

CK2

Fig. 8  Same as Fig.  7, except that the shaded areas represent CK2 
(i.e., −u�v� 𝜕ũ

𝜕y
)

(a)

(b)

CK3

Fig. 9  Same as Fig.  7, except that the shaded areas represent CK3 
(i.e., −v�2 𝜕ṽ

𝜕y
)

(a)

(b)

CK4

(c)

Fig. 10  a, b Same as Fig. 7a, b, except for CK4 
(

−u�v�
�u

�y

)

 . c Hori-

zontal pattern of 600-hP wind of boreal winter mean (vectors, units: 
m  s−1). The green boxes denote the MJO reference boxes as shown in 
Fig. 1
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focus on 200–400 hPa average. We first examine the coher-
ent variation of eddy pressure velocity ( �′ ) and eddy tem-
perature ( T′ ) in the upper troposphere where the conversion 
of EAPE is prominent. Figure 11 presents the correlation 
coefficients between �′ and T′ at each grid point during 
boreal winter. An out-of-phase relationship between T′ and 
�′ is prominent over the tropical Indian Ocean and western 
Pacific Ocean. It suggests that from long-term average point 
of view, the EAPE is converted toward EKE in the upper 
troposphere. Since the generation of EAPE in the upper 
troposphere is dominated by diabatic effects as external 
heating (cooling) is applied to warm (cold) air parcels (e.g., 
Lau and Lau 1992), we then examine the diabatic effects, 
as estimated by the product of eddy diabatic heating ( Q′

1
 ) 

and eddy temperature ( T′ ) averaged over 200–400 hPa. Fig-
ure 12a, b display horizontal distributions of Q′

1
T ′ averaged 

over 200–400 hPa, obtained by regression against the MJO 
rainfall time series. It suggests that more (less) EAPE is 
generated to the west (east) through diabatic effects. There-
fore, more (less) EAPE conversion to EKE to the west (east) 
is due to more (less) generated EAPE from diabatic effects.

5  Importance of synoptic scale disturbances 
to the MJO eastward propagation

One important upscale feedback exerted by the SSD on the 
MJO is through nonlinear moisture advection (e.g., Maloney 
2009; Andersen and Kuang 2012; Nasuno et al. 2015). Fig-
ure 13a, b display the zonal-vertical distributions of intrasea-
sonal moisture tendency ( 𝜕q̄

𝜕t
 , contour) and nonlinear moisture 

advective tendency ( −v� �q
�

�y
 , shaded), obtained by regression 

against MJO reference time series at 80°E and 140°E respec-
tively. The intraseasonal moisture tendency in each panel 

exhibits a zonal dipole structure, with positive anomaly to the 
east and negative anomaly to the west. According to the 
moisture mode theory, such east–west asymmetry of intra-
seasonal moisture tendency relative to an MJO convection is 
critical in its eastward propagation (e.g., Sobel et al. 2014; 
Wang et al. 2017, 2018). Meanwhile, the nonlinear moisture 
advective tendency in each panel also shows a zonal dipole 
structure, with positive (negative) anomaly to the east (west), 
indicating its role in contributing to the eastward propagation. 
It is also noted that the nonlinear advective tendency presents 
prominent negative anomalies near the MJO convection 
center, which implies its damping effect on the MJO convec-
tion. The distribution of nonlinear advective tendency is due 
to that of the SSD amplitude (see Figs. 2, 3); because SSDs 
play a role in drying the tropical air through enhancing mix-
ings, enhanced (suppressed) SSDs imply positive (negative) 
moisture advective tendency anomaly.

How much does the nonlinear moisture advective ten-
dency contribute to the MJO eastward propagation? We esti-
mate it by computing the percentage of the east–west asym-
metry of nonlinear moisture advective tendency against that 
of intraseasonal moisture advective tendency. The asymmetry 
is calculated by the difference of an east column average and 
a west column average (east minus west). For the MJO cen-
tered at 80°E, 5°S, the east (west) column is 110°E–140°E, 
10°S–0°S (40°E–70°E, 10°S–0°S). The columns relative to 

Fig. 11  Correlation coefficients between vertical averaged (200–
400  hPa) eddy temperature ( T′ ) and eddy pressure velocity ( ω� ) at 
each grid point during boreal winters in 1997–2008. Areas where the 
correlations are significant above the 95% confidence level are stip-
pled. The green boxes denote the MJO reference boxes as shown in 
Fig. 1

(a)

(b)

Fig. 12  Horizontal distributions of product of eddy diabatic heating 
anomalies and eddy temperature anomalies 

(

Q′
1
T ′
1

)

 averaged over 

200–400  hPa (shaded, units:  10−7  m2  s−3) relative to MJO convec-
tions centered at 80°E (a) and 140°E (b). The MJO reference box is 
indicated by a green box in each panel
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the other MJOs keep the same area, but change the locations 
with the change of MJO centers. The averaged percentage for 
the MJO at four locations is around 30%.

6  Summary

This study investigated the dependence of synoptic scale 
disturbances on the eastward propagating MJO convections 
in the southern equatorial regions during boreal winter with 
reanalysis data. It revealed that the synoptic scale distur-
bance is intensified within and to the west of the MJO con-
vection and is weakened to the east of it. And the zonal 
dipole structure of the eddy kinetic energy anomaly is appar-
ent through lower and middle troposphere. The dominant 
structure of the synoptic eddies to the west and east of the 
MJO convection is a wavelike disturbance, with an appar-
ent northwest to southeast tilt of the elongated extrema of 
vorticity anomaly.

The energetic diagnosis revealed that the enhancement or 
suppression of the synoptic scale disturbance with the MJO 
convection is related to more or less barotropic conversion in 
the lower and middle troposphere and conversion of eddy 
available potential energy in the upper troposphere. There are 

four dominant processes (accounted for 70%) in the barotropic 
conversion. The first process is due to barotropic wave accu-

mulation (i.e., −u�2 𝜕ũ
𝜕x

 ), which arises from zonal convergence 
of MJO flows in the lower troposphere at the convection center. 
The second process is related to the cyclonic (anticyclonic) 
circulation anomaly west (east) of the convection center (i.e., 
−u�v�

𝜕ũ

𝜕y
 ), which is caused by meridional shear of MJO zonal 

flow. The third process is associated with the convergence 
(divergence) of MJO meridional wind anomaly west (east) of 
the MJO convection (i.e., −v�2 𝜕ṽ

𝜕y
 ). The fourth process (i.e., 

−u�v�
�u

�y
 ) arises from the eddies intensities themselves, because 

the background flow is cyclonically sheared. More (less) con-
version of eddy available potential energy conversion to eddy 
kinetic energy to the west (east) of the MJO convection is due 
to more (less) generated eddy available potential energy from 
diabatic effects.

Furthermore, the zonal dipole pattern of synoptic-scale 
disturbance relative to the MJO convection benefit the MJO 
eastward propagation through generating zonal dipole mode 
of nonlinear moisture advective tendency. Our calculation 
indicates that around 30% of the east–west asymmetry of the 
intraseasonal moisture tendency is accounted for by that of the 
nonlinear moisture advective tendency.

It is known that most current state-of-art climate models 
have difficulty in simulating the eastward propagation of the 
MJO (e.g., Wang et al. 2017; Zhang et al. 2006), and the fun-
damental cause behind it has always been a research goal. 
Based on this study, the two-way interaction between the 
MJO’s horizontal circulation pattern and the high-frequency 
eddy kinetic energy anomaly plays a role in the MJO eastward 
propagation. Then, a question arises as could the performance 
of models in simulating such two-way interaction explain the 
models’ performance in the MJO eastward propagation? We 
will investigate this question in future study through multi-
model results.
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