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Abstract
The two-way interaction between the Madden–Julian Oscillation (MJO) and high-frequency waves (HFW) over the Maritime 
Continent is investigated through the diagnosis of 12 MJOTF/GASS models. The models are divided into good and poor 
groups based on their performance in capturing the eastward propagation of MJO. Regarding to the modulation of MJO to 
HFW, it is noted that there is a significant increase (decrease) of HFW intensity over and to the west (east) of MJO convec-
tion in the good model group, similar to the observed. However, enhanced HFW appears only over the MJO convective center 
in the poor model group. The difference in MJO modulation lies in the wind shear and specific humidity patterns associated 
with the MJO. The upscale feedback of HFW to MJO is investigated through the diagnosis of both anomalous condensational 
heating ( ̃Q

2
 ) and eddy momentum transport. It is found that shallow convection associated with Q̃

2
 develops in front of MJO 

deep convection in the good model group, as in observations. The primary contributor to Q̃
2
 among the nonlinear rectifica-

tion of HFW is the meridional advection of specific humidity anomaly ( ̃−Lv� �q
�

�y
 ). The zonally asymmetric nonlinear advection 

is not seen in the poor model group. The contribution from the nonlinear rectification of HFW ( ̃termA ) to MJO zonal wind 
tendency is maximum at 850-hPa and similar in the good and poor model groups because of the significant increased HFW 
over the MJO convection region in both groups. No eastward propagation of the MJO zonal wind in the poor model group 
attributes to the MJO flows itself.
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1  Introduction

Madden Julian Oscillation (MJO; Madden and Julian 1971, 
1972), the dominant mode of the intraseasonal variability 
in the tropics, does not appear as an isolated intraseasonal 
phenomenon of intraseasonal time scale but interacts with 
other weather and climate systems of various temporal and 

spatial scales throughout its life cycle. The MJO convection 
and the associated flows can modulate the diurnal rainfall 
over the Maritime Continent (MC) (Rauniyar and Walsh 
2011; Oh et al. 2012; Peatman et al. 2014) and generate the 
intraseasonal variation of the precipitation in the extratropics 
(Jeong et al. 2008; Wheeler et al. 2009). The intraseasonal 
variations of the frequency and intensity of tropical cyclones 
are found to be connected to the MJO activities (Sobel and 
Maloney 2000; Hall et al. 2001; Klotzbach 2014). The north-
ward-propagating MJO in the boreal summer can change the 
rainfall variabilities of the Asian summer monsoon (Singh 
et al.1992; Hung and Yanai 2004; Pai et al. 2011; Grimm 
2019). In addition, the surface westerly anomalies associ-
ated with the MJO are considered to be a vital source in 
triggering the downwelling Kelvin waves that related to the 
onset of El Niño (Lengaigne et al. 2003; Hendon et al. 2007; 
Gushchina and Dewitte 2012; Chiodi et al. 2014; Chen et al. 
2016). Besides the interactions with various atmospheric 
variabilities, the convective envelope of the MJO itself is 
considered as a hierarchical structure comprised of super 
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cloud clusters with multiple scales that move either eastward 
or westward (Nakazawa 1988). The eastward propagating 
super cloud clusters comprise of convective coupled Kelvin 
waves (CCKWs), and the westward propagating super cloud 
clusters consist of mixed Rossby-gravity waves (MRG) and 
inertio-gravity (IG) waves (Kikuchi and Wang 2010). These 
super cloud clusters are also embedded with mesoscale con-
vective systems (MCSs) or individual cloud clusters, which 
onset and decay within a time scale of hours.

As one of the essential features of the MJO, substantial 
mechanisms have been proposed to explain its eastward 
propagation, including the boundary layer frictional mois-
ture convergence of wave-Conditional Instability of the Sec-
ond Kind (CISK) theory (Chang and Lim 1988; Wang 1988; 
Wang and Li 1994; Wang and Chen 2017), wind-evaporation 
feedback in the theory of wind-induced surface heat exchange 
(WISHE) (Emanuel 1987; Neelin et al. 1987), and transport 
of mean moisture by MJO flows when MJO is regarded as a 
“moist mode” (Sobel and Maloney 2012, 2013; Wang et al. 
2017). In these theories, the interactions between the MJO 
and other time-scale modes, which may be critical to the 
MJO dynamics according to its observed hierarchical struc-
ture, however, are not taken into consideration. With the 
moist static energy (MSE) budget diagnosis, Maloney (2009) 
suggests that the activities of the synoptic eddies are of great 
importance to the recharge and discharge of the intraseasonal 
MSE in the model, which favor the eastward propagation of 
the MJO. A “skeleton model” was proposed by adding the 
synoptic wave activities and low-level moisture advection to 
the Matsuno–Gill model (Majda and Stechmann 2009). Such 
a skeleton model successfully produces a non-dispersive, 
slowly eastward propagating mode with quadrupole vortex 
structure (Majda and Stechmann 2009). Another theory man-
aged to connect the activities of the synoptic waves to the 
MJO variation is through parameterizing the eddy momen-
tum and heating transport in the governing equations (Wang 
and Liu 2011; Liu and Wang 2012, 2013). In this theory, 
the eastward propagation of the MJO is stemming from the 
boundary layer frictional convergence, while the interaction 
of the MJO with eddies adjusts the phase speed, so that it can 
be closer to the observation. In addition to the models, some 
observational evidence also verifies that nonlinear modula-
tions by the high-frequency waves (HFW) promote the east-
ward propagation of the MJO (Zhou and Li 2010; Hsu and Li 
2011; Hsu et al 2011; Krishnamurti et al. 2016).

Although tremendous efforts have been devoted and 
diverse theories have been proposed, the multi-model inter-
comparison projects show that the deficiencies in simulating 
the intensity and eastward propagation of the MJO are non-
negligible in the state-of-art models, especially over the MC 
region (Lin et al. 2006; Kim et al. 2009; Hung et al. 2013; 
Wang et al. 2017). Lin et al. (2008) suggested that the inter-
action of convective coupled equatorial waves associated 

with the MJO is of great importance to the MJO simulation. 
In this work, we will diagnose the effects of the two-way 
interactions between the HFW and MJO with the model 
results from the MJO Task Force (MJOTF) and the CEWEX 
Atmospheric System Studies (GASS) Panel. According to 
their performance in simulating the MJO eastward propaga-
tion over the MC region, the models are divided into good 
and poor model groups. The goal of this study is to figure out 
whether the two-way interaction between the HFW and MJO 
is critical to the MJO eastward propagation in the models, 
and what are the mechanisms that lead to the differences 
of the two-way interactions between good and poor model 
groups. The details of the data and methods are described 
in Sect. 2. The comparison of the MJO structure and the 
modulation of HFW by the MJO between the good and 
poor model group are analyzed in Sect. 3. The two types 
of upscale feedbacks from HFW to the MJO are discussed 
in Sect. 4. Section 5 gives a brief summary and discussion.

2 � Data and methods

The data analyzed in this study is the 20-year climate simu-
lations from the MJOTF/GASS MJO global model com-
parison project (Jiang et al. 2015; Wang et al. 2017; Wang 
and Lee 2017) (https​://www.earth​syste​mcog.org/proje​cts/
gass-yotc-mip/). The purposes of this project are to under-
stand, compare and estimate the heating, moistening and 
momentum transporting processes of the MJO in the cli-
mate models. All the variables are provided four times daily 
from 1991 to 2010 with global coverage in a 2.5° × 2.5° 
resolution and they are averaged to daily data. The vari-
ables used for analysis include the three-dimensional zonal 
and meridional winds ( u and v ), pressure vertical velocity 
( � ), geopotential height ( � ) and specific humidity ( q ) and 
the two-dimensional precipitation. The 1° × 1° daily pre-
cipitation from Global Precipitation Climatology Project 
(GPCP, Huffman et al. 2001), and the 2.5° × 2.5° three-
dimensional atmospheric fields from the ERA-Interim rea-
nalysis provided by the European Centre of Medium-Range 
Weather Forecasts (ECMWF) (Dee et al. 2011) are utilized 
to describe the observational MJO features and to compare 
with the model results. The GPCP and ERA-Interim data-
sets cover the period of 1997–2010. As we merely focus on 
the eastward propagation of MJO, only the boreal winter 
(Nov–Apr) is selected for analysis.

A temporal decomposition is applied to all of the vari-
ables. Firstly, the annual cycle is removed from the data. 
Then a given variable A is separated into three components 
with different time-scales by the Lanczos bandpass filter 
(Duchon 1979), including the high-frequency component 
( A′ , < 20 days), the MJO component ( Ã , 20–100 days) 
and the low-frequency background state component ( Ā , 

https://www.earthsystemcog.org/projects/gass-yotc-mip/
https://www.earthsystemcog.org/projects/gass-yotc-mip/
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> 100 days). The MJO active (suppressed) events are iden-
tified when the intraseasonal filtered precipitation anomaly 
averaged over 5°–15° S, 125°–135° E (denoted by the blue 
boxes in Fig. 2) is larger (smaller) than one positive (nega-
tive) stand deviation. Similar features of the MJO struc-
tures and upscale feedbacks of the HFW are found in the 
composite results of active and suppressed MJO events, but 
with opposite signs. In this case, the composite difference 
between the active and suppressed events is analyzed in this 
study. In order to highlight the structure difference between 
the good and poor model group rather than the amplitude 
difference, all the fields in the models are normalized by 
dividing the corresponding precipitation anomaly of MJO 
averaged over 5°–15° S, 125°–135° E (amplitude of the MJO 
precipitation in each model shown in Table 1), then multi-
plying by a value of 3 mm day−1.

3 � Structures of the MJO and modulation 
of HFW by the MJO

By comparing the precipitation and zonal wind anomalies 
associated with the eastward-propagating MJO over the 
MC region in each model with the observations (figure not 
shown), six models (CNRM_CM, ECHAM5_SIT, MRI-
AGCM, SPCAM3_AMIP, SPCCSM, TAMU_CAM4) are 
classified into the good model group, and another six models 
(CanCM4, CFSv2AMIP, CAM5ZMMicroCAPT, ISUGCM, 
MIROC5, MPI-ESM) are classified into the poor model 
group. The information of the 12 selected models is given 
in Table 1. Figure 1a presents the time evolution of 5°–15° 
S averaged MJO precipitation and zonal wind anomaly of 

the observation. Same as in observation, both MJO convec-
tion and flows of good model ensemble exhibit continuously 
eastward propagation (Fig. 1b), while significant westward 
propagating appears in the poor model group (Fig. 1c). Fig-
ure 2 displays the horizontal pattern of the MJO-scale pre-
cipitation and 850-hPa zonal wind. The extent of positive 
precipitation anomaly in the poor model group is smaller 
than the observation and the good model group.

When exploring the relationship between MJO and 
HFW with observational data, we have found that two MJO 
variables (zonal wind shear anomaly and specific humidity 
anomaly) are related to HFW variation (Zhu et al. 2019). 
The vertical structures of zonal wind shear anomaly and 
specific humidity anomaly are presented in Figs. 3 and 4. 
In the observation good model group, there is easterly wind 
shear of MJO over and in the west of the MJO convection 
and westerly wind shear in the east of the MJO convection. 
Although the vertical wind shear also exists in the poor 
model group, the intensity is weaker and it is more confined 
near the 120° E (Fig. 3). For the specific humidity anomaly, 
the intensity in the poor model group is also considerably 
smaller than the observation and good model group (Fig. 4). 
Besides, the boundary layer leading of the intraseasonal fil-
tered specific humidity is more apparent in the observation 
and good model group than in the poor model group.

The spatial variation of the stand deviation of vorticity 
anomalies indicates the modulation of the background MJO 
to the HFW activities. In observation (Fig. 5a), the enhanced 
specific humidity anomaly and easterly wind shear anomaly 
induce the strengthened HFW variation over and to the west 
of MJO convection. Correspondingly, the westerly wind shear 
anomaly causes the weakened HFW variation to the east of 

Table 1   Information of good model group and poor model group

Institute Model name Precipitation 
amplitude (mm/
day)

(a) Good models
 1 Centre National de la Recherche Scientifique/Météo-France CNRM-CM 11.05
 2 Academia Sinica ECHAM5-SIT 11.10
 3 Meteorological Research Institute, Japan MRI-AGCM 10.71
 4 Colorado State University SPCAM3_AMIP 13.52
 5 George Mason University SPCCSM 13.36
 6 Texas A&M University TAMU_CAM4 11.63

(b) Poor models
 1 Canadian Centre for Climate Modelling and Analysis CanCM4 5.68
 2 Climate Prediction Center, NOAA/NCEP CFSv2AMIP 10.14
 3 Lawrence Livermore National Laboratory CAM5ZMMicroCAPT 8.28
 4 Iowa State University ISUGCM 8.98
 5 Atmosphere and Ocean Research Institute/National Institute for Envi-

ronmental Studies/JAMSTEC, Japan
MIROC5 12.81

 6 Max Planck Institute for Meteorology MPI-ESM 11.24
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MJO convection. The response of the HFW variation to the 
MJO wind field is consistent with the previous studies about 
modulation of HFW from the MJO (Wang and Xie 1996; 
Maloney and Dickinson 2003; Maloney 2009). The intensity 
variation of HFW is slightly weaker in the good model group 
than observation, but most of variation passed the significance 
test (Fig. 5b). In the poor model group, the increased intensity 
of HFW is constrained over the MJO convection center and 
there is no significant decreased intensity to the east of convec-
tion center (Fig. 5c). As we mentioned above, the distinction 
between the good and poor model group is attributed to the 
more constricted, weaker MJO specific humidity and zonal 
wind shear anomaly in the poor model group.

4 � Feedback from HFW to the MJO

4.1 � Feedback from nonlinear rectification 
of condensational heating anomalies of HFW

The apparent moisture sink ( Q2 ) is first introduced by Yanai 
et al. (1973) and it can be retrieved from the specific humid-
ity tendency, the horizontal and the vertical specific humidity 
advection. The intraseasonal apparent moisture sink anomaly 
is given as:

where the tilde represents projecting the variables into the 
MJO time scale, L is the latent heat of condensation, q is 
the specific humidity, t is the time, V is the horizontal wind 

(1)Q̃2 = −L
�𝜕q

𝜕t
− L

(

�V ⋅ ∇q

)

− L

(

�
𝜔
𝜕q

𝜕p

)

vector, ∇ is the horizontal gradient operator, � is the vertical 
pressure velocity, p denotes the pressure, and Q2 represents 
the latent heating attributing to condensation, evaporation 
and subgrid-scale moisture flux convergence. The Q̃2 is 
dominated by the latent heating due to condensation, and 
therefore it can represent the condensational heating of MJO.

The upscale feedback from the HFW to the Q2 or the non-
linearly rectified apparent moisture sink is obtained through 
the interaction between the high-frequency component and 
other time-scale components. There are two diagnostics to 
obtain the intraseasonal nonlinearly rectified Q̃2:

where the Q2_LH represents the condensational heating con-
tributed by the rectification of the high-frequency compo-
nent with the low-frequency background state component, 
the Q2_T−LI represents the condensational heating contrib-
uted by the rectification of the high-frequency component 
with both the MJO component and the low-frequency 
background state component. All of the superscripts in the 

(2)

�Q
2_LH =

�
−L(u� + ū)

𝜕(q� + q̄)

𝜕x
−

�
L(v� + v̄)

𝜕(q� + q̄)

𝜕y

−

�
L(𝜔� + 𝜔̄)

𝜕(q� + q̄)

𝜕p

(3)

�Q
2_T−Li =

�Q
2
−

[

�
−L(ũ + ū)

𝜕(q̃ + q̄)

𝜕x
−

�
L(ṽ + v̄)

𝜕(q̃ + q̄)

𝜕y

−

�
L(𝜔̃ + 𝜔̄)

𝜕(q̃ + q̄)

𝜕p

]

(a) (b) (c)

Fig. 1   The Time-longitude cross-section of 5°–15° S averaged intra-
seasonal filtered (shading, unit: mm  day−1) and zonal wind at 850-
hPa (contour, unit: ms−1) for MJO active phase minus suppressed 

phase of GPCP and ERA-Interim. b, c As in a, but for good model 
group and poor model group
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equations are introduced in Sect. 2, and a more detail intro-
duction of Eqs. (3) and (4) is described in Hsu and Li (2011) 
and Zhu et al. (2019).

Figure  6 (top) illustrates the time evolution of the 
regionally averaged Q̃2 in the east of the MJO convection. 
As shown in the observation and the good model group, 
the positive condensational heating anomaly in the east of 
MJO convection first appears in the boundary layer before 
day 0 (Day 0 is the day when maximum MJO convection 
established at the 130° E) and it gradually deepens to the 
middle and upper troposphere in subsequent days. The 
boundary layer vertical integration of the east and west 
boxes averaged Q̃2 are displayed to compare the different 

time evolution of Q̃2 between the east and west of MJO 
convection [Fig. 6 (bottom)]. In the observation and good 
model group, Q̃2 over the west box decreases after day-6 
while the Q̃2 over the east box gradually grows, and finally 
Q̃2 in the east box excesses the west box. The explanation 
of how is the evolution of Q̃2 in the east and west of MJO 
convection supporting the eastward propagation of MJO 
convection given in the following. In the east of the MJO 
convection, there is developing of the shallow conden-
sational heating. It creates an unstable environment and 
favors the continuous moisture convergence, which fur-
ther generates the condensational heating of the congest 

Fig. 2   a The horizontal 
structure of the intraseasonal 
filtered precipitation (shading, 
unit: mm day−1) and wind at 
850-hPa (vector, unit: ms−1) for 
MJO active phase minus MJO 
suppressed phase of GPCP and 
ERA-Interim data. The blue 
box indicates the 15° S–5° S, 
125°–135° E. b, c As in a, but 
for good model group and poor 
model group

(a)

(b)

(c)
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clouds and the new deep convection. Meanwhile, the intra-
seasonal condensational heating decays over the west of 
the MJO convection. The establishment of the new deep 
convection in the east of MJO convection and the decay of 
it in the west favors the eastward propagation of the MJO 
convection. A similar mechanism about the importance of 
the onset of shallow convection to MJO deep convection 
is also discussed in Benedict and Randall (2007) and Hsu 
and Li (2012). Although the amplitude of Q̃2 in the east of 
MJO convection exhibits the slowly growing feature in the 
poor model group as well (Fig. 6c (top)), it is consistently 
smaller than Q̃2 in the west [Fig. 6c (bottom)]. Therefore, 

no eastward propagation of the MJO convection in the 
poor model group.

Why the condensational heating anomaly in the east of 
MJO convection can excess its counterpart in the west in 
the observation and the good model group but it cannot in 
the poor model group and how does the nonlinear rectifica-
tion of the HFW contribute to this difference? To address 
the problem, the vertical structures of Q̃2 are presented in 
Fig. 7. Because the time for the intraseasonal condensational 
heating growing from shallow to deep is about 5-days, each 
model is averaged of 5-days before the MJO deep convec-
tion appearing and then composite in the good and the poor 

(b)(a) (c)

Fig. 3   a The pressure-longitude cross-section of 5°–15° S averaged intraseasonal filtered zonal wind (unit: ms−1) for MJO active phase minus 
suppressed phase of ERA-interim data. b, c As in a, but for good model group and poor model group

(a) (b) (c)

Fig. 4   a The pressure-longitude cross-section of 5°–15° S averaged intraseasonal filtered specific humidity (unit: g/kg) for MJO active phase 
minus suppressed phase of ERA-interim data. b, c As in a, but for good model group and poor model group
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model group separately. Same as illustrated in Fig. 6 (top), 
in the east of MJO convection, there is shallow condensa-
tional heating anomaly developing in the observation and the 
good model group (Fig. 7a, b). However, no clear develop-
ment occurs in the poor model group (Fig. 7c). The vertical 
structure of Q̃2_T−LI is presented to explore the effect of non-
linear rectification of HFW on the development of the shal-
low condensational heating anomaly (Fig. 8). The structure 
of Q̃2_LH is similar to Q̃2_T−LI , but with smaller amplitude 
(figures not shown). In the observation and the good model 
group, there is positive (negative) Q̃2_T−LI appearing in the 
boundary layer in the east (west) of the MJO convection 
(Fig. 8a, b). The positive Q̃2_T−LI is in the same location as 
the shallow condensational heating of MJO and therefore 
feeds back to its development. To quantify the contribu-
tion from nonlinearly rectified condensational heating to 
the MJO shallow convective heating, the boundary layer 
(1000–700-hPa) averaged Q̃2_LH and Q̃2_T−LI to Q̃2 in the east 
of MJO convection are calculated, which are 10–40% and 
20–70% respectively (Fig. 9). Besides, the negative Q̃2_T−LI 
in the west of the MJO convection in the observation and the 
good model group suggests that the nonlinear rectification 

of the HFW also favors the decaying of the original MJO 
convection. Different from the observation and the good 
model group, there is no apparent asymmetric Q̃2_T−LI in 
the boundary layer in the poor model group, which demon-
strates that the nonlinear rectification of the HFW does not 
favors the eastward propagation of the MJO convection in 
the poor model group.

To illustrate the mechanism for the distinct Q̃2_T−LI and 
Q̃2_LH in the good and poor group, we analyzed every com-
ponent in the Q̃2_LH and Q̃2_T−LI separately and discovered 
the difference is stemmed from the meridional advection 
of specific humidity anomaly ( ̃−Lv� �q

�

�y
 ) (Fig. 10a). ̃−Lv� �q

�

�y
 

is the dominant component within the Q̃2_LH and Q̃2_T−LI . 
In the observation and the good model group, without dis-
turbances from the irrelevant terms, ̃−Lv� �q

�

�y
 shows a more 

conspicuous asymmetric feature in the east and west of the 
MJO convection than Q̃2_LH  and Q̃2_T−LI  . The positive 
(negative) ̃−Lv� �q

�

�y
 in the east (west) of MJO convection 

extends from boundary layer to middle troposphere 
(Fig. 10 a, b), which suggests it helps the development of 

Fig. 5   a Composited differ-
ence of standard deviation 
of 20-day high-pass filtered 
vorticity at 850-hPa (unit: 10−6 
s−1) between MJO active phase 
and suppressed phase of ERA-
Interim data. Dot areas are dif-
ference significant at 95% level. 
The blue box indicates the 15° 
S–5° S, 125°–135° E. b, c As in 
a, but for good model group and 
poor model group

(a)

(b)

(c)
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the condensational heating of the shallow and the conges-
tus clouds. There is no apparent asymmetric feature of 
̃
−Lv�

�q�

�y
 in the poor model group (Fig. 10c), so no asym-

metric Q̃2_LH and Q̃2_T−LI appears as well. The explanation 
of the upscale feedback from the meridional wind anomaly 
and moisture anomaly of the HFW to the MJO convection 

is associated with the modulation of MJO to HFW shown 
in Fig. 5. The weakened (strengthened) activity of the 
HFW accompanying with decreased (increased) meridi-
onal wind anomaly ( v′ ) and specific humidity anomaly ( q′ ) 
inhibits (enhances) the negative meridional moisture 
advection in the east (west) of MJO convection, which 
means that the mixing of the dry air from extratropic to 

(a) (b) (c)

Fig. 6   a (top) The pressure-time cross-section of 5°–15° S, 140°–
180° E averaged Q̃

2
 (unit: W m−2) from day-8 to day 4 for MJO active 

phase minus suppressed phase of ERA-Interim data, (bottom) the 
boundary layer (1000–700-hPa) vertical integration of the 5°–15° S, 

140° E–180° averaged Q̃
2
 (black line) and boundary layer vertical 

integration of the 5°–15° S, 85°–125° E averaged Q̃
2
 (red line) for 

MJO active phase minus suppressed phase of ERA-Interim data. b, c 
As in a, but for good model group and poor model group

(a) (b) (c)

Fig. 7   a The pressure-longitude cross-section of 5°–15° S averaged Q̃
2
 (unit: W m−2) for 5-days before MJO deep convection happening averag-

ing for MJO active phase minus suppressed phase of ERA-Interim data. b, c As in a, but for good model group and poor model group
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tropic region is decreased (increased). As a consequence, 
there is positive (negative) ̃−Lv� �q

�

�y
 in the east (west) of the 

MJO convection in the observation and the good model 
group. The schematic figure about the upscale feedback 
from the nonlinear rectification of condensational heating 
to the MJO is shown in Zhu et al. (2009). Maloney (2009) 
suggested a similar effect of meridional advection from the 

synoptic eddy on recharging and discharging the moist 
static energy of the MJO. However, in the poor model 
group, the decrease (increase) of HFW intensity is not 
significant in the east (west) of MJO convection. Thus, no 
corresponding asymmetric ̃−Lv� �q

�

�y
 is shown in the poor 

model group.

4.2 � Feedback from eddy momentum transport 
of HFW

Figure 11 displays the vertical structures of the MJO zonal 
wind anomaly ( ̃u ) and zonal wind tendency anomaly ( �̃u

�t
 ). 

In the observation and good model group, a positive (nega-
tive) �̃u

�t
 extends from the center of ũ to the transitional region 

(the region that ũ changes from positive anomaly to negative 
anomaly) in the lower (upper) troposphere. �̃u

�t
 in the center 

of ũ works to modulate the intensity of ũ , and �̃u
�t

 in the tran-
sitional region demonstrates the propagating tendency of 
ũ . In the observation and good model group, with positive 
(negative) �̃u

�t
 in the transitional region in the lower (upper) 

troposphere, ũ will increase (decrease) in this region in the 
next moment, which displays as eastward propagation of ũ . 
However, �̃u

�t
 in the poor model group is mainly constricted 

near the center of the MJO zonal wind and almost zero in 
the transitional region. Hence, ũ does not show the eastward 
propagation in the poor model group. From analyzing the 
MJO zonal momentum equation, we want to elucidate the 
reason for different intraseasonal zonal wind tendencies in 
the transitional region between the good and poor model 
group. The MJO zonal momentum equation is expressed as:

(a)

(a) (b) (c)

Fig. 8   a The pressure-longitude cross-section of 5°–15° S averaged 
Q̃

2_T−LI (unit: W  m−2) for 5-days before MJO deep convection hap-
pening averaging for MJO active phase minus suppressed phase of 

ERA-Interim data. The black boxes indicate the 85°–125° E and 140° 
E–180° for boundary layer (1000~700-hPa). b, c As in a, but for good 
model group and poor model group

Fig. 9   Ratio of boundary layer vertical integration of 5°–15° S, 140°–
180° E averaging of 5-days before MJO deep convection happening 
averaged Q̃

2_T−LI and Q̃
2_LH to Q̃

2
 for MJO active phase minus MJO 

suppressed phase of ERA-Interim data and good models (red bar is 
for Q̃

2_LH and blue bar is for Q̃
2_T−LI.)
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(a) (b) (c)

Fig. 10   a The pressure-longitude cross-section of 5°–15° S averaged 
̃
−Lv�

�q�

�y
 (unit: W m−2) for 5-days before MJO deep convection hap-

pening averaging for MJO active phase minus suppressed phase of 

ERA-Interim data. The black boxes indicate the 85°–125° E and 140° 
E–180° for boundary layer (1000~700-hPa). b, c As in a, but for good 
model group and poor model group

(a) (b) (c)

Fig. 11   a The pressure-longitude cross-section of 5°–15° S averaged 
ũ (contour, unit: ms−1. thick line is zero, interval is 0.3  ms−1) and 
�̃u

�t
 (shading, unit: 10−5 s−1) for MJO active phase minus suppressed 

phase of ERA-Interim data. b, c As in a, but for good model group 
and poor model group
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where t denotes the time, u and v are the zonal and meridi-
onal winds, p is the pressure, � is the geopotential height, f  
is the Coriolis parameter. TermA is the HFW involved terms, 

(4)

�𝜕u

𝜕t
=

(

−

�𝜕u�u�

𝜕x
−

�𝜕u�v�

𝜕y
−

�𝜕u�𝜔�

𝜕p

)

�����������������������������������������

termA1

+

(

−

�
u�
𝜕(ũ + ū)

𝜕x
−

�
v�
𝜕(ũ + ū)

𝜕y
−

�
𝜔�

𝜕(ũ + ū)

𝜕p

)

�������������������������������������������������������������������

termA2

+

(

−

�
(ũ + ū)

𝜕u�

𝜕x
−

�
(ṽ + v̄)

𝜕u�

𝜕y
−

�
(𝜔̃ + 𝜔̄)

𝜕u�

𝜕p

)

�������������������������������������������������������������������

termA3

+

(

−

�
(ũ + ū)

𝜕(ũ + ū)

𝜕x
−

�
(ṽ + v̄)

𝜕(ũ + ū)

𝜕y
−

�
(𝜔̃ + 𝜔̄)

𝜕(ũ + ū)

𝜕p
−

�𝜕𝜙

𝜕x
+ f ṽ

)

�������������������������������������������������������������������������������������������������������������������

termB

including the eddy momentum flux divergence ( termA1 ), the 
advection of intraseasonal and low-frequency background 
state momentum by the HFW flow ( termA2 ) and the advec-
tion of high-frequency momentum by the low-frequency 
background state and the intraseasonal flows ( termA3 ). 
TermB consists of all of the no HFW involved terms. The 
sum of termA and termB cannot exactly balance the MJO 
zonal wind tendency because of lacking the subgrid-scale 
turbulent flux and the coarse resolution of data, but these two 
terms can still reflect the contribution from or not from the 
HFW to the MJO zonal wind tendency.

The largest contribution from the nonlinear rectification 
of HFW to �̃u

�t
 is at 850-hPa so that the following analysis will 

focus on this level. The horizontal pattern of �̃u
�t

 at 850-hPa 
shows a similar feature as in the pressure-longitude cross-
section figure. �̃u

�t
 extends to the transitional region in the 

observation and good model group, and almost no positive 
�̃u

�t
 shows in the transitional region in the poor model group 

(Fig. 12). The transitional region averaged �̃u
�t

 , t̃ermA and 
t̃ermB are shown in Fig. 13 to figure out why the �̃u

�t
 is differ-

ent between the good and poor model group. It shows the 
contribution from t̃ermA to �̃u

�t
 is analogous in the good and 

poor models, while the contribution from t̃ermB is oppo-
site in two groups. t̃ermB shows a positive anomaly in the 
observation and good models and a negative anomaly in the 
poor models. Thus, the offset of the t̃ermA and t̃ermB causes 
�̃u

�t
 approximate to zero in the transitional region in the poor 

models.
The analogous t̃ermA in the good and poor model group 

is related to the modulation of the MJO to the HFW intensity 
over the MJO convection region. The intraseasonal zonal 

eddy momentum flux divergence ( − �̃u�u�

�x
 ) is the largest con-

tributor among t̃ermB . In Sect. 3, we discussed that the sig-
nificant increase of the HFW intensity over the MJO 

(a)

(b)

(c)

Fig. 12   a The horizontal structure of ũ (contour, unit: ms−1, black 
thick line is zero and interval is 0.3 ms−1) and 𝜕ũ

𝜕t
 (shading, unit: 10−5 

s−1) at 850-hPa for MJO active phase minus suppressed phase of 
ERA-Interim data. b, c As in a, but for good model group and poor 
model group
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convection region exists in both good and poor model group. 
The enhancement of the zonal wind of HFW ( u′ ) induces the 
positive intraseasonal zonal eddy momentum flux ( ̃u′u′ ) over 
the MJO convection region (figure not shown). The diver-
gence of ũ′u′ primarily results in the positive − �̃u�u�

�x
 in the 

transitional region in both good and poor model group. The 
schematic diagram of upscale feedback from the eddy 
momentum transport to the MJO zonal wind is included in 
Zhu et al. (2019). The essential explanation for distinct prop-
agation between the good and poor model groups is attrib-
uted to the contrary t̃ermB . It found that the intraseasonal 
flows are weaker in the poor model group than the good 
model group, especially to the east of 140° E, which makes 
the components like 𝜕ũ

𝜕x
 and ṽ weaker in the poor model group 

(Fig. 14). Thus, the sum of three dominant positive anoma-
lies ( f ṽ , −�

ū
𝜕ũ

𝜕x
 and −�

ṽ
𝜕ū

𝜕y
 ) among t̃ermB is smaller than the 

negative − �̃�

�x
 , which results in the negative t̃ermB over the 

transitional region in the poor model group (Fig. 15).

5 � Conclusion and discussion

The convection and flows of MJO can exert significant influ-
ences on the multiscale climate and weather phenomena. 
The interaction between the MJO and the HFW may be criti-
cal to the MJO dynamics based on the hierarchical structure 

of the MJO convective envelope. The effect of HFW on the 
eastward propagation of MJO has been verified with the 
observational data and some intermediate theoretical mod-
els. In this study, we want to explore the performance of the 
MJO eastward propagation, estimate the significance of two-
way interaction between MJO and HFW to the MJO east-
ward propagation and investigate the mechanisms of two-
way interaction with the model data from the 12 MJOTF/
GASS models of 20-years period.

The good and poor model groups are determined through 
the performance of eastward propagation of the MJO pre-
cipitation and zonal wind anomaly. Two fields (zonal wind 
shear anomaly and specific humidity anomaly) of MJO are 
associated with the modulation to the HFW. The zonal wind 
shear anomaly is weaker and more limited near the MJO 
convection center in the poor model group compared to the 
observation and the good model group. The specific humid-
ity anomaly is also weaker in the poor model group. The 
modulation of the HFW by the MJO is regionally dependent 
on the extent and intensity of zonal wind shear and spe-
cific humidity anomaly of the MJO. There is a significant 
increase (decrease) of HFW intensity over and to the west 
(east) of MJO convection in the observation and the good 
model group, while there is only enhanced HFW confined 
over the MJO convective center in the poor model group.

Two types of upscale feedback from the HFW to the MJO 
are investigated. The first upscale feedback diagnosed is the 

∂u/∂t termA termB

(a) (b)

Fig. 13   a The �̃u
�t

 (red bars), t̃ermA (blue bars) and t̃ermB (green bars) 
averaged over the east zonal wind transitional region minus they 
averaged over the west zonal wind transitional region at 850-hPa 
of observation and good models (unit: 10−5  s−1). b As in a, but for 
the observation and poor models. The MJO zonal wind transitional 
region is defined as a latitude 10°× longitude 20° box. The latitude 

for observation and models is 5°–15° S. The longitude are 135°–155° 
E for ERA-Interim data, 142.5°–162.5° E for CNRM-CM, 135°–155° 
E for ECHAM5-SIT, 140°–160° E for MRI-AGCM, 150°–170° E 
for SPCAM3-AMIP, 150°–170° E for SPCCSM, 140°–160° E for 
TAMU-CAM4, 130°–150° E for CanCM4, 142.5°–162.5° E for CFS-
v2AMIP, 140°–160° E for CAM5ZMMicroCAPT, 130°–150° E for 
ISUGCM, 145°–165° E for MIROC5, 132.5°–152.5° E for MPI-ESM
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nonlinear rectification of the HFW to the anomalous con-
densational heating ( ̃Q2 ). The development of the shallow 
convective heating in the east of the MJO deep convection 
is prominent and it can excess its counterpart in the west in 
the observation and the good model group. However, in the 
poor model group, the shallow convective heating in the east 
of the MJO deep convection grows slowly and is consistently 
weaker than the shallow convective heating in the west. Ana-
lyzing of the nonlinear rectification of the HFW to the MJO 
condensation heating, it finds that the asymmetric structures 
of Q̃2_T−LI and Q̃2_LH are essential to the development of the 
shallow convective heating of MJO. In the lower tropo-
sphere, the Q̃2_T−LI (or Q̃2_LH ) produces a negative (positive) 
anomaly in the west (east) of the MJO deep convection in 
the observation and the good model group. This asymmetric 
Q̃2_T−LI ( ̃Q2_LH ) indicates the nonlinear rectification of HFW 
exerts to decay the former deep convection and promote the 
establishment of the shallow convection in the east of MJO 
convection. There is no prominent asymmetric structure of 
Q̃2_T−LI ( ̃Q2_LH ) existing in the poor model group. The dif-
ference of the nonlinearly rectified condensational heating 
between the good and poor model group accounts for the 
largest contributor, meridional advection of specific humid-
ity anomaly ( ̃−Lv� �q

�

�y
 ). Because of the modulation of the 

MJO to the HFW intensity, there is weakened (enhanced) 
meridional wind and specific humidity anomaly of HFW in 
the east (west) of MJO convection, which decrease (increase) 
the mixing of dry air from extratropic to tropic region and 
contributes to the positive (negative) ̃−Lv� �q

�

�y
 . The modula-

tion of HFW’s intensity is not significant in the east and west 

(a)

(b)

(c)

Fig. 14   a The horizontal structure of ũ (contour, unit: ms−1, black 
thick line is zero and interval is 0.3 ms−1) and t̃ermA (shading, unit: 
10−5 s−1) at 850-hPa for MJO active phase minus suppressed phase 
of ERA-Interim data. b, c As in a, but for good model group and poor 
model group

(a) (b) (c)

Fig. 15   The horizontal structure of 𝜕ũ
𝜕x

 (contour, unit:, s−1, interval is 
2  ×  10−7 s−1 and with negative value plotted only) and ṽ (shading, 
unit: ms−1) at 850-hPa for MJO active phase minus suppressed phase 

composite of ERA-Interim data. b, c As in a, but for good model 
group and poor model group
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of the MJO convection in the poor model group, therefore 
̃
−Lv�

�q�

�y
 displays no apparent asymmetric structure.

The second type of upscale feedback is the eddy 
momentum transport of HFW to the MJO zonal wind 
tendency. The zonal wind tendency anomaly ( �̃u

�t
 ) in the 

transitional region implies the propagating tendency of 
the MJO zonal wind. The positive �̃u

�t
 in the transitional 

region in the observation and the good model group sup-
ports the eastward propagation of MJO zonal wind. But 
�̃u

�t
 shows almost zero or even negative in the poor model 

group, which suggests the stationary or westward propaga-
tion of zonal wind. Investigating the contribution of the 
intraseasonal nonlinear rectification of HFW ( ̃termA ) to 
�̃u

�t
 , it found that t̃ermA displays similar positive anomaly in 

the transitional region in both good and poor model group. 
The analogous t̃ermA in both good and poor model groups 
is related to the significant increase of the HFW intensity 
over the MJO convection region, and therefore they have 
the positive zonal eddy momentum flux anomaly ( ̃u′u′ ) in 
this region. The divergence of ũ′u′ triggers the positive 
zonal eddy momentum flux divergence ( − �̃u�u�

�x
 ) over the 

transitional region, which is the largest contributor to the 
t̃ermA and causes t̃ermA analogous in good and poor model 
group. The different MJO zonal wind tendencies between 
the good and poor model groups are explained through the 
no HFW involved term ( ̃termB ). The positive t̃ermB in the 
good model group further supports the eastward propagat-
ing tendency. However, negative t̃ermB in the poor model 
group almost totally offsets the positive t̃ermA , which leads 
to no eastward propagation. The negative t̃ermB attributes 
to the poor simulation of the intensity of intraseasonal 
flows, especially east of 140° E.

With the results of this work, we want to give some 
enlightenments to improve the simulation of the MJO 
eastward propagation in the climate models. The results 
of this study show that the nonlinear rectification of HFW 
is a critical key to the eastward propagation of the MJO 
convection. In the future, the more effort is encouraged to 
devote into the better simulation of high-frequency waves 
(e.g., MCS, CCEW, MRG…) in the models, of which their 
two-way interaction with the MJO can help to improve the 
eastward propagation of MJO. Meanwhile, the simulation 
of the intensity of MJO flows can also exert an impact on 
eastward propagation and need to be improved.
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