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ABSTRACT: In this study, we examined the variations of precipitation morphology and rainfall in relation to the simultaneous
passages of a Madden–Julian oscillation (MJO) event and convectively coupled equatorial waves (CCEWs) observed during the
Years of the Maritime Continent pilot study. We utilized globally merged infrared brightness temperature data and the radiosonde
and radar data observed aboard the Research Vessel Mirai at 4840 S, 1018540 E. As well as the observed MJO event, equatorial
Rossby waves (ERWs), Kelvin waves (KWs), and mixed Rossby–gravity waves (MRGWs) were identified. The radar data exhibited high-frequency variation, mainly caused by KWs and MRGWs, and low-frequency variation, mainly caused by the MJO
and ERWs. The MRGWs predominantly modulated convective echo areas and both convective and stratiform volumetric rainfall.
In contrast, the MJO event had little influence on the variance of convective echoes. Moreover, stratiform echo areas and volumetric rainfall were more strongly modulated by the combined effects of the MJO, ERWs, KWs, and MRGWs than their
convective counterparts. The intense development of stratiform echo areas and volumetric rainfall was coherent with the superimposition of the active phases of the MJO event and all the analyzed CCEWs. The strongest development and a significant
reduction of convective echo-top heights before and after the peak MJO date, respectively, were coherent with the passages of
ERWs and MRGWs, which were the dominant wave types in modulating echo-top heights. Thus, it appears that the superimposition of the CCEWs on the MJO event exerted complex modulations on the convective activities within the MJO event.
SIGNIFICANCE STATEMENT: To improve the understanding of the variation characteristics of precipitation associated with the Madden–Julian oscillation (MJO) superimposed by equatorial waves, we examined variations of precipitation morphology in relation to the simultaneous passages of an MJO event and equatorial Rossby, Kelvin, and mixed
Rossby–gravity waves, which were observed near the west coast of Sumatra Island during the Years of the Maritime
Continent pilot study. We found that the multiple time-scale variability of convective and stratiform precipitation was
mainly associated with one or two types of equatorial waves, rather than the MJO event. This highlights that equatorial
waves can be key factors in modulating the development and variability of convective activities within an MJO event.
KEYWORDS: Atmosphere; Maritime Continent; Madden-Julian oscillation; Precipitation

1. Introduction
Madden–Julian oscillation (MJO) events (Madden and Julian
1972) and convectively coupled equatorial waves (CCEWs) are
large-scale propagating disturbances in the tropics. An MJO
event is a dominant mode of tropical convective variability on
intraseasonal time scales; its convective envelope has a spatial
scale of a few thousand kilometers and propagates eastward over
the Indo-Pacific warm pool (Zhang 2005; Jiang et al. 2020).
CCEWs include equatorial Rossby waves (ERWs), Kelvin
waves (KWs), mixed Rossby–gravity waves (MRGWs), eastward inertia–gravity waves (EIGWs), and westward inertia–
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gravity waves (WIGWs) (Wheeler et al. 2000; Kiladis et al.
2009). MJO and CCEW events largely modulate convective
activities in tropical regions (Wheeler and Kiladis 1999; Roundy
and Frank 2004a; Kiladis et al. 2005; Kiladis et al. 2009), thus
exerting significant impacts on the variability of tropical rainfall.
For example, Schlueter et al. (2019) found that rainfall over
northern tropical Africa is modulated by KWs and tropical depression (TD)-type disturbances on a daily time scale, while it is
affected by MJO events and ERWs on a time scale of 7–20 days.
Furthermore, Lubis and Jacobi (2015) revealed that the variability of tropical precipitation modulated by CCEWs varies
across seasons and locations.
The modulations of MJO events and CCEWs on rainfall
variability could be attributed to their distinct influence on
precipitation morphology. Barnes and Houze (2013) and
Powell and Houze (2013) found that within MJO events, the
variability of stratiform precipitation areas dominates the variability of convective precipitation areas. DePasquale et al. (2014)

DOI: 10.1175/MWR-D-20-0346.1
Ó 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 01:04 PM UTC

3380

MONTHLY WEATHER REVIEW

illustrated that the convective echo-top heights of MJO events
maximize approximately 8 days before the peak MJO date. For
rainfall variation during the active phases of the MJO, Lin et al. (2004)
and Morita et al. (2006) revealed that the variation amplitude of
stratiform rainfall is larger than that of convective rainfall. With regard
to CCEWs, Swann et al. (2006) and Holder et al. (2008) compared
the precipitation morphologies of KWs and MRGWs, indicating
that KWs tend to contain larger total and stratiform precipitation
areas than MRGWs. Further, Yasunaga and Mapes (2012) indicated that KWs, EIGWs, and WIGWs preferentially modulate
mesoscale convective systems (MCSs) with extended stratiform
precipitation, whereas ERWs, MRGWs, and TDs mainly modulate
convective precipitation and smaller-sized precipitation systems.
It has long been known that the MJO convective envelope is frequently superimposed by CCEWs (Nakazawa
1988). Considerable attention has been paid to the interactions
between MJO events and CCEWs (Dickinson and Molinari
2002; Straub and Kiladis 2003; Roundy 2008; Masunaga 2009;
Guo et al. 2014). Particularly, it has been pointed out that ERWs
and MRGWs can generate MJO events (Roundy and Frank
2004b; Yang and Ingersoll 2011). In contrast, precipitation morphology and its variation within MJO events superimposed by
CCEWs remain largely uninvestigated. Only a limited number of
studies have emphasized the impact of CCEWs on precipitation
within the convective envelope of the MJO. MacRitchie and Roundy
(2012) found that 62% of the total rainfall and 46% of the total rain
area within the MJO observed in the Indian Ocean occur within the
active phases of KWs. Gottschalck et al. (2013) noted that during the
Dynamics of the Madden–Julian Oscillation (DYNAMO) field
campaign, the active phases of KWs played a significant role in enhancing rainfall within the convective envelope of one MJO event,
whereas the strongly suppressed phase of a KW suppressed convection and rainfall during the active phase of another MJO event.
Powell and Houze (2013) and Zuluaga and Houze (2013) showed
that convective precipitation and rainfall during the active phases of
the MJO events of DYNAMO exhibit high-frequency variation on a
time scale of 2–4 days, which probably corresponds to the superimposition of WIGWs on an MJO environment.
When CCEWs are superimposed on an MJO event, the associated precipitation morphology and rainfall are dictated by
the effects of the MJO and CCEWs in different combinations.
However, the relative modulations of the MJO and CCEWs on
the variances of precipitation morphology and rainfall have not
yet been documented for an MJO event superimposed by
CCEWs. To fully characterize the precipitation associated with
such an event, it is necessary to improve our knowledge of the
effects of various modulations of the MJO event and CCEWs on
precipitation within an MJO event. The improved knowledge
will further be useful for evaluating MJO simulations by general
circulation models (GCMs), which still face significant problems
in reproducing the observed precipitation variances associated
with MJO events and CCEWs (Lin et al. 2006; Guo et al. 2015).
A stationary observation was conducted on the Research
Vessel Mirai located near the west coast of Sumatra Island
during the field campaign of the Years of the Maritime
Continent (YMC) pilot study (Pre-YMC) (Yoneyama and
Zhang 2020). As indicated by Yoneyama and Zhang (2020), the
vigorous convective activity around the Indo-Pacific Maritime
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Continent (MC) is modulated by various phenomena, including
diurnally evolving convection, CCEWs, and MJO events. The
MC is also known as a barrier to MJO propagation, as an MJO
will often weaken or fail when it reaches the MC. In particular,
during the boreal winter, the deep convection of eastwardpropagating MJO events frequently detours around the MC and
propagates through the oceanic region between Indonesia and
Australia (Wu and Hsu 2009; Kim et al. 2017; Zhang and Ling
2017). It has been revealed that CCEWs have great impacts on
MJO propagation in the MC region (Feng et al. 2015; DeMott
et al. 2018; Zhu et al. 2019). Jiang et al. (2020) reviewed several
factors that have been proposed by previous studies to be responsible for the barrier effect of the MC, including topographic
effects, land surface processes, local diurnal convection cycles, and
regional- and large-scale mean moisture distributions around the
MC. However, as indicated by Jiang et al. (2020), current GCMs
suffer from poor representation of the behavior of the MJO as it
propagates over the MC, indicating that the basic physical process
of the MC barrier effect on MJO events is still poorly understood.
The stationary observation of the Mirai during the Pre-YMC
campaign was conducted at 4840 S, 1018540 E over a period extending from 1200 UTC 23 November to 1200 UTC 17 December
2015, when the convective envelope of an MJO event, as well as
several ERWs, KWs, and MRGWs, traversed the observational
site. Although the diurnal cycle of precipitation observed during
the Pre-YMC campaign has been investigated by previous studies
(Yokoi et al. 2017; Geng et al. 2020), the relationships between the
variations of precipitation morphology and the MJO and CCEW
events during this period remain unclear. The purpose of this study
is, therefore, to examine the precipitation characteristics observed
by a C-band polarimetric radar aboard the Research Vessel Mirai
and to investigate the impact of an MJO event and three equatorial
wave types on the variances of precipitation morphology and
rainfall within the MJO event. Section 2 describes the data and
methodology. Sections 3 and 4 describe the passages of the largescale disturbances and the variation characteristics of the radarderived variables, respectively, during the Pre-YMC. Section 5
analyzes the relationships between the radar-derived variables and
large-scale disturbances. A discussion of the results is provided in
section 6, followed by the summary and conclusions in section 7.

2. Data and methodology
a. Data
This study used the globally merged infrared brightness
temperature (Tb) data from the National Aeronautics and
Space Administration (Janowiak et al. 2001) and the radiosonde and radar data observed aboard the Research Vessel
Mirai. The reader is referred to Yoneyama and Zhang (2020)
for information regarding the availability of the radiosonde and
radar data. The time interval of the Tb data was 30 min. In addition, the radiosonde observations were conducted on a 3-hourly
basis, and the shipborne polarimetric radar performed volume
scans every 6 min. The reader is referred to Geng and Katsumata
(2020) for the main specifications of the Mirai polarimetric radar.
The Tb and radiosonde data were used to identify MJO and
CCEW characteristics. Precipitation characteristics were simultaneously investigated using radar-derived variables.
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FIG. 1. Wavenumber–frequency power spectral density of the
globally merged infrared brightness temperature Tb (color shades),
summed from 158S to 158N for October 2015–January 2016. Heavy
solid boxes indicate the filter bands used to isolate the signals of the
MJO and equatorial waves. The theoretical KW dispersion curves
for the equivalent depths of h 5 5 and 90 m and the theoretical ERW
dispersion curve for an equivalent depth of h 5 5 m are superimposed. A 1-day running mean was applied to the Tb data before
spectral calculations.

b. Identification of the MJO and CCEWs
For statistical analysis, the Tb data were downgraded from
their native 30-min resolution to an hourly resolution. To
isolate the signals of the MJO event and CCEWs, we applied a
filtering criterion in the wavenumber–frequency domain
(Wheeler and Kiladis 1999; Wheeler et al. 2000). Figure 1 shows
the wavenumber–frequency power spectral density of Tb for the
period from October 2015 to January 2016. As described by
Straub and Kiladis (2002) and Roundy and Schreck (2009), the
filtering criterion was applied to the raw data, without decomposing them into symmetric and antisymmetric equatorial wave
components. The power spectral density of the zonal and meridional wind components observed by radiosonde aboard the
Mirai from 23 November to 17 December 2015 (Fig. 2) was also
used as supplementary material in determining the filtering
criterion of the periods.
As shown in Fig. 1, filter bands that encompassed the wavenumbers and periods of the enhanced spectral power values corresponding to each disturbance type were used. The MJO filter was
bounded by the eastward wavenumbers 0–9 and periods of 30–
100 days. The ERW filter was bounded by the westward wavenumbers 1–14 and periods of 13–100 days, together with a low-end
cutoff at an equivalent depth of 5 m. The KW filter was bounded by
the eastward wavenumbers 1–12, periods of 3.5–20 days, and

FIG. 2. (a) Power spectral density of the zonal wind component
observed by radiosonde aboard the Research Vessel Mirai from 23
Nov to 17 Dec 2015. Contour interval is 0.2 m2 s22 day21, with areas
over 0.4 m2 s22 day21 shaded in gray. (b) As in (a), but for the
meridional wind component. Contour interval is 0.1 m2 s22 day21,
with areas over 0.2 m2 s22 day21 shaded in gray. A 1-day running
mean was applied to the wind data before spectra calculations.

equivalent depths of 5 and 90 m. The MRGW filter was bounded
by the westward wavenumbers 1–20 and periods of 3.5–5.5 days.
The equivalent depth is a parameter closely related to the
theoretical dispersive characteristics and structures of equatorial
waves (Matsuno 1966). As indicated by Wheeler and Kiladis
(1999), observed CCEWs are often dominated by theoretical
equatorial wave signals over a range of equivalent depths. It is
well known that MRGWs often evolve into off-equatorial TDs
(Takayabu and Nitta 1993; Dickinson and Molinari 2002). The
transition of MRGWs into TDs occurs on a continuum, with TDs
possessing similar frequencies but higher wavenumbers than
MRGWs (Wheeler and Kiladis 1999). Accordingly, the TD and
MRGW signals in this study were merged rather than separated.

c. Radar-derived variables
First, quality control of the Mirai radar data was performed
using the methods described by Geng and Katsumata (2020).
Subsequently, the volume-scan data of the Mirai radar were
interpolated onto Cartesian grids using a Cressman (1959)
weighting scheme, with horizontal and vertical grid intervals of
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1 and 0.5 km, respectively. The Cartesian-based radar volume
covers 200 3 200 km2 in the horizontal direction and 20 km in
the vertical direction. The reflectivity data at an altitude of
2 km were used for convective-stratiform partitioning, rainfall
estimation, and the identification of radar precipitation features
(RPFs). The method described by Yuter and Houze (1998) was
used to partition the echo into convective and stratiform components. Rainfall was estimated from radar reflectivity according to the rain rate–reflectivity (Z–R) relationship developed by
Yokoi et al. (2017). The Z–R relationship was validated using
comparisons between ground-based rain gauge data and the
reflectivity data obtained by the Mirai radar during the PreYMC campaign. This study emphasizes the rainfall variability
during the Mirai observational period. Although the rainfall
estimation method used in this study was simplistic, tests of
various Z–R relationships revealed that the overall variation
results of both convective and stratiform rainfall, in relation to
the passages of the MJO and CCEWs, were less sensitive to the
choice of Z–R relationship (not shown). The RPFs were identified as contiguous radar pixels exceeding 10 dBZ. Based on Xu
and Rutledge (2014; 2015), the RPFs were separated into MCSs
(area $ 1000 km2) and sub-MCSs (10 km2 # area , 1000 km2).
Radar variables were derived at 1-h intervals for subsequent
statistical analyses, including time series of the hourly averaged
echo areas of $10 and $30 dBZ at 2 km, the hourly averaged 10and 30-dBZ echo-top heights, the hourly averaged volumetric
rainfall estimated from the echoes of $10 dBZ at 2 km, and the
hourly averaged populations of MCSs and sub-MCSs within the
coverage of the Cartesian-based radar data. Similar to previous
studies (Barnes and Houze 2013; Zuluaga and Houze 2013), an
echo threshold of 30 dBZ was used to capture the characteristics
of more intense precipitation. These radar variables facilitate the
investigation of both the horizontal and vertical development of
precipitation, as well as the evolution of rainfall in association
with convective activities. Similar to Xu et al. (2015), the 10- or
30-dBZ echo-top height in each grid was defined as the maximum height of the specified echo intensity in the column of the
grid. Echo areas, echo-top heights, and volumetric rainfall values
were derived for both convective and stratiform echoes.
Relationships between the radar-derived variables and the MJO,
ERW, KW, and MRGW events were investigated by performing a
simple linear regression (SLR) analysis and a standardized multiple
linear regression (MLR) analysis. Each time series of the radarderived variables was regressed against the individual time indices
of the MJO, ERW, KW, and MRGW events, with the indices of
these large-scale disturbances defined in section 3.

3. Diagnosis of the MJO, ERWs, KWs, and MRGWs
Figure 3 shows the time–longitude diagrams of the filtered Tb
anomalies for the period from 23 November to 31 December
2015. During this period, enhanced convective activities associated with an MJO event propagated through the central Indian
and western Pacific Oceans (Fig. 3a). Later, this MJO event
propagated to the central Pacific and circumnavigated the globe
(not shown). Figure 3a indicates that the convective activities associated with the MJO event propagated over the Mirai during its
stationary observation. In addition to the eastward-moving MJO
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event, there were also a number of shorter-time-scale disturbances,
which propagated either westward or eastward with time and were
associated with either ERWs, KWs, or MRGWs (Figs. 3b–d).
During the stationary observation of the Mirai, two ERWs, five
KWs, and six MRGWs propagated across the observational site.
Figure 4 highlights the behavior of the MJO as it crossed the
MC during the observational period of the Mirai. The convective activity associated with the MJO weakened near the equatorial region when it was crossing the MC. Simultaneously, the
center of the MJO convective envelope shifted southward and
propagated eastward through the oceanic region south of
Sumatra and Java. These results reflect the typical MC barrier
effect on MJO propagation during the boreal winter (Wu and
Hsu 2009; Kim et al. 2017; Zhang and Ling 2017). Notably, with
the southward detouring of the enhanced convective activity of
the MJO around the equatorial MC islands, the convective activity of the MJO over the Mirai became relatively weak.
The space–time-filtered Tb anomalies were reduced to time series
by averaging around the Mirai from 1018–1038E to 08–108S (Fig. 5). In
Fig. 5, the periods with negative and positive filtered Tb anomalies are
referred to as the active and suppressed phases, respectively. Figure 5
reveals more clearly that the passage of the MJO was superimposed
by the passages of ERWs, KWs, and MRGWs. Evidently, these
equatorial waves also overlapped with each other. The active phase of
the MJO event started on 2 December and ended on 21 December
(Fig. 5a). The MJO-filtered Tb was minimized on 13 December, which
is referred to as the peak MJO date. Figure 5a indicates that the
convective activities leading up to and during the active phase of
the MJO event were captured during the stationary observation of
the Mirai. Based on previous studies (Yang et al. 2007; Kiladis
et al. 2009), each time series of the filtered Tb anomalies shown in
Fig. 5 was used as the time index of the MJO event or a particular
equatorial wave for subsequent regression and correlation analyses.

4. Variation characteristics of the radar-derived variables
Time series of the radar-derived variables of the echo areas,
echo-top heights, and volumetric rainfall are shown in Fig. 6.
Similar to the previous studies using the Mirai radar data collected during the Pre-YMC period (Yokoi et al. 2017; Geng et al.
2020), a pronounced diurnal cycle was observed in these radarderived variables. Besides the diurnal variation, the observational results of the Mirai radar exhibited several variations in
precipitation closely related to the passages of the MJO event
and CCEWs investigated in this study.
First, all the radar-derived variables shown in Fig. 6 varied on a
time scale of 3–5 days. There were six to seven episodes when both
the convective and stratiform echoes intensified in areal coverage,
echo-top height, and volumetric rainfall. These enhanced episodes
of convective activity peaked around 24, 27, and 30 November
and 3, 7, 11, and 15 December, respectively. This 3–5-day variation was much shorter than the active phase of the MJO event
(Fig. 5a) and is referred to as the high-frequency variation.
In addition, some of the radar-derived variables in Fig. 6 exhibited variations on a time scale of more than 10 days, which is
referred to as the low-frequency variation. On a longer time scale,
the 10-dBZ stratiform echo areas at 2 km (Fig. 6b) tended to be
enhanced around 30 November and 14 December, while they were
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FIG. 3. (a) Time–longitude diagram of the MJO-filtered globally merged infrared brightness temperature Tb
anomalies, averaged from 08 to 108S for 23 Nov–31 Dec 2015. The thick vertical line represents the observational
period and the location of the Mirai. (b) As in (a), but for ERW-filtered Tb anomalies. (c) As in (a), but for KWfiltered Tb anomalies. (d) As in (a), but for MRGW-filtered Tb anomalies. In all panels, the cold and warm colors
denote positive and negative anomalies, respectively.

suppressed around 5 December. Notably, the 10-dBZ stratiform
echo areas after the peak MJO date became much larger than they
were before. This low-frequency variation is also evident in the
time series of the 30-dBZ stratiform echo areas and stratiform
volumetric rainfall (Figs. 6d,j), but more obscure in the time series
of the convective areas and volumetric rainfall (Figs. 6a,c,i).
Finally, it was interesting to find that echo-top heights
exhibited a low-frequency variation with its phase approximately

opposite to that of echo areas and volumetric rainfall.
Figures 6e–g show that the 10- and 30-dBZ convective
echo-top heights and 10-dBZ stratiform echo-top heights
peaked around 7 December, that is, 6 days before the peak
MJO date, which was close to the results of DePasquale
et al. (2014). In contrast, the echo-top heights shown in
Figs. 6e–g tended to be lower around 30 November and
after 13 December.
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FIG. 4. Horizontal distribution of the MJO-filtered globally
merged infrared brightness temperature Tb anomalies, averaged
from 1200 UTC 23 Nov to 1200 UTC 17 Dec 2015, when a stationary
observation was conducted on the Research Vessel Mirai. The location of the Mirai is shown by a filled circle. The cold and warm
colors denote positive and negative anomalies, respectively.

Figure 7 shows the time series of the standardized (zero
mean and unit variance) radar-derived variables of the echo
areas, echo-top heights, and volumetric rainfall, after a 2-day
running mean has been applied. Time series of the filtered Tb
anomalies as shown in Fig. 5 are superimposed in Fig. 7.
Figure 7 suggests that the previously shown high- and lowfrequency variations of the radar-derived variables evolved in
accordance with the passages of KWs or MRGWs and the MJO
or ERWs, respectively, which were similar to the rainfall variations modulated by the MJO and CCEWs in tropical regions
(Powell and Houze 2013; Zuluaga and Houze 2013; Schlueter
et al. 2019). Furthermore, the variation amplitudes of the convective and stratiform echoes differed around the peak MJO
date. The maximum values of the 10- and 30-dBZ stratiform
echo areas and stratiform volumetric rainfall occurring 2 days
after the peak MJO date were at least twice as high as their
convective counterparts (Figs. 7a–d, i, and j), which is consistent
with the dominant variations of stratiform precipitation areas
and rainfall within an MJO (Lin et al. 2004; Morita et al. 2006;
Barnes and Houze 2013; Powell and Houze 2013). In contrast,
the magnitudes of most of the convective echo-top heights from
3 December to the end of the stationary observation period were
higher than those of the stratiform echo-top heights (Figs. 7e–h),
indicating larger variation in convective echo-top heights than in
stratiform ones during the active phase of the MJO event.
Time series of the MCS and sub-MCS populations are shown
in Figs. 8a and 8b. The sub-MCS population was almost always
larger than the MCS population, indicating that sub-MCSs
were the dominant organizational mode of convective activity
during the observational period of the Mirai. This result is
consistent with observations from the DYNAMO shipborne
radar (Xu and Rutledge 2015). The MCS and sub-MCS populations also varied on a time scale of 3–5 days. Notably, the phase
of high-frequency variation in the MCS population was approximately opposite to that of the sub-MCS population; the MCS
population tended to be large when the sub-MCS occurrence
decreased and vice versa. In addition, the sub-MCS population
exhibited low-frequency variation more prominently than the
MCS population (Figs. 8a,b). It was noted that the variation

FIG. 5. (a) Time series of the MJO-filtered globally merged infrared
brightness temperature Tb anomalies, averaged from 1018–1038E to
08–108S for 23 Nov–31 Dec 2015. The vertical dashed line indicates the
peak MJO date. The period of the stationary observation of the Mirai
is shaded in gray. (b) As in (a), but for ERW-filtered Tb anomalies.
(c) As in (a), but for KW-filtered Tb anomalies. (d) As in (a), but for
MRGW-filtered Tb anomalies.

amplitude of the sub-MCS population around the peak MJO date
was larger than that of the MCS population (Figs. 8c,d).
Figure 9 shows the probability distribution functions (PDFs)
of echo-top heights. There were major differences in the vertical extent of the 10-dBZ echo-top heights between MCSs and
sub-MCSs and between convective and stratiform precipitation (Figs. 9a,b). The PDFs of the 10-dBZ echo-top heights
indicated the emergence of deeper convective and stratiform precipitation in MCSs than in sub-MCSs, which is consistent with the
observational results obtained during DYNAMO (Rowe and
Houze 2014; Xu and Rutledge 2015). For the echoes of the MCSs, it
was noted that the PDF of the 10-dBZ convective echo-top heights
peaked at 11 km, whereas that of the 10-dBZ stratiform echo-top
heights peaked at only 8 km. The significantly lower modal height of
the stratiform echoes implies that, in addition to old convection, a
broader mesoscale ascent in the midtroposphere also played an
important role in the formation of stratiform precipitation (Houze
2004). The marked difference between the convective and stratiform echo-top heights of the MCSs in this study contrasts with the
DYNAMO results of Rowe and Houze (2014), who observed that
the convective and stratiform precipitation of MCSs exhibit similar
modal heights in terms of 0-dBZ echo-top heights.

5. Relationships between radar-derived variables and
large-scale disturbances
To investigate the effects of the MJO, ERWs, KWs, and
MRGWs passages on the variances of convective activities
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FIG. 6. Time series of the echo areas of $10 dBZ at 2 km (cyan vertical bars) for (a) convective and
(b) stratiform echoes over the radar domain. The results after applying fast Fourier transform (FFT) low-pass
filters with cutoff periods of 3 and 9 days are shown by the red curves and black dashed curves, respectively. To
enhance figure appearance, the filtered results are scaled by a factor of 0.65. The black vertical line indicates
the peak MJO date. (c),(d) As in (a) and (b), but for the echo areas of $30 dBZ at 2 km. (e),(f) As in (a) and (b),
but for the 10-dBZ echo-top heights. (g),(h) As in (a) and (b), but for the 30-dBZ echo-top heights. (i),(j) As in
(a) and (b), but for volumetric rainfall at 2 km.

during the MJO event, each time series of the radar-derived
variables shown in Figs. 6 and 8 was regressed against the
MJO, ERW, KW, and MRGW indices (i.e., the time series
of the filtered T b anomalies shown in Fig. 5). The sample
number used in the regression analysis was 577. A correlation coefficient from an SLR analysis is statistically

significant at the 99% level when its absolute value is
greater than or equal to 0.11. A negative correlation between the radar-derived variable and the index of an MJO
event or a particular equatorial wave indicated that the
radar-derived variable tended to be enhanced during the
active phase but weakened during the suppressed phase of
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FIG. 7. Time series of the standardized echo areas of $10 dBZ at 2 km (cyan shading) for (a) convective and
(b) stratiform echoes over the radar domain. The standardization was designed for the period shown in the figure by
removing the mean and by scaling to unit variance. A 2-day running mean was applied to each time series. Time
series of filtered globally merged infrared brightness temperature anomalies averaged from 1018–1038E to 08–108S
(curves) are superimposed. The black vertical line indicates the peak MJO date. (c),(d) As in (a) and (b), but for the
standardized echo areas of $30 dBZ at 2 km. (e),(f) As in (a) and (b), but for the standardized 10-dBZ echo-top
heights. (g),(h) As in (a) and (b), but for the standardized 30-dBZ echo-top heights. (i),(j) As in (a) and (b), but for
the standardized volumetric rainfall at 2 km.

the MJO or equatorial wave event (and vice versa for a
positive correlation).
The individual contributions of the MJO, ERW, KW, and
MRGW indices to the squared multiple correlation coefficient
(R2) from a standardized MLR analysis were used to estimate

the relative influences of the large-scale disturbances on the
variances of the radar-derived variables. Note that R2 equals
the sum of the individual contributions. The R2 is statistically
significant at the 99% level when its value is greater than or
equal to 0.023. As seen below, all the R2 values derived in this
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FIG. 8. Time series of the population (cyan vertical bars) of (a) MCSs and (b) sub-MCSs over the radar domain. The
results after applying fast Fourier transform (FFT) low-pass filters with cutoff periods of 3 and 9 days are shown by the
red curves and black dashed curves, respectively. To enhance figure appearance, the filtered results are scaled by a factor
of 0.65. Time series of the standardized population (cyan shading) of (c) MCSs and (d) sub-MCSs over the radar domain.
The standardization was designed for the period shown in the figure by removing the mean and by scaling to unit
variance. A 2-day running mean was applied to each time series of the standardized population. Time series of filtered
globally merged infrared brightness temperature anomalies averaged from 1018–1038E to 08–108S (curves) are superimposed. The black vertical line in each panel indicates the peak MJO date.

study were larger than this value, and were therefore statistically significant at the 99% level. It should be pointed
out that the interactions between different large-scale
disturbances cannot be taken into account using an MLR

analysis. Consequently, the relative influences of the MJO,
ERWs, KWs, and MRGWs described in this study should
be understood as being independent of their possible
interactions.

FIG. 9. Probability distribution functions (PDFs) of the 10-dBZ echo-top heights of MCSs (cyan curves) and
sub-MCSs (red curves) for (a) convective and (b) stratiform echoes over the radar domain. The PDFs were derived
at 1-km intervals. (c),(d) As in (a) and (b), but for the 30-dBZ echo-top heights.
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a. Echo areas at 2 km
The regressed results of the 10-dBZ convective echo areas
based on an SLR analysis are shown in Fig. 10a. The correlation coefficient of the MRGW index (20.31) was negative and
was the only one that was statistically significant (at the 99%
level, same hereafter), indicating that convective echo areas
tend to increase or diminish during the active or suppressed
phases of MRGWs.
Figure 10b shows the regressed results of the 10-dBZ convective echo areas based on an MLR analysis. The R2 and the
contribution of each index to R2 are shown at the top of
Fig. 10b. The MLR result had an R2 value of 0.103, indicating
that 10.3% of the observed variance of 10-dBZ convective
echo areas can be accounted for by the variances in the MJO,
ERWs, KWs, and MRGWs. Notably, the percentage contribution of the MRGW index (9.5%) was very close to the
value of R2. In addition, there were small contributions from
the KW (0.5%) and ERW (0.3%) indices, but none from the
MJO index.
The regressed results of the 30-dBZ convective echo areas
(Fig. 11) were similar to those of the 10-dBZ convective echo
areas (Fig. 10). The correlation coefficient of the MRGW index
(20.33) was also negative and the only one that was statistically
significant (Fig. 11a). The contribution of the MRGW index
(10.7%) to the observed variance was also very close to the
value of R2 (11.4%) (Fig. 11b). There were also small contributions from the KW (0.5%) and ERW (0.2%) indices, but no
contribution from the MJO index.
Figures 10 and 11 indicate that the MRGWs exerted the
predominant modulation, whereas the MJO event had little
influence on the variances of either the 10- or the 30-dBZ
convective echo areas in the lower troposphere. Comparisons
of Fig. 10b with Fig. 10a and Fig. 11b with Fig. 11a reveal that
the MRGWs strongly enhanced and interrupted the horizontal
extent of the convective echoes several times during the passage of the MJO event.
The regressed results of the 10-dBZ stratiform echo areas,
based on an SLR analysis against each of the MJO, ERW, KW,
and MRGW indices, are shown in Fig. 12a. All the indices
exhibited statistically significant and negative correlations with
10-dBZ stratiform echo areas, indicating that the stratiform
echo areas tended to increase during the active phase but diminish during the suppressed phase of the MJO or any of the
equatorial waves. The larger-scale disturbances contributed
up to 18.9% of the observed variance in the 10-dBZ stratiform echo areas (Fig. 12b), larger than their contribution to
the observed variance in the 10-dBZ convective echo areas
(10.3%, Fig. 10b) by a factor of 1.8. This fact indicates that the
large-scale disturbances in combination can induce larger
variance in stratiform echo areas than in convective echo
areas. The percentage contributions of the MJO, ERW, KW,
and MRGW indices to the 10-dBZ stratiform echo area variance were 2%, 2%, 8.8%, and 6.1%, respectively (Fig. 12b),
indicating that each of these large-scale disturbances exerts a
certain degree of influence on the variance of 10-dBZ stratiform echo areas. The KW and MRGW indices contributed
more than the MJO and ERW indices to the 10-dBZ

FIG. 10. (a) Time series of the regressed results for the convective
echo areas of $10 dBZ at 2 km, based on an SLR analysis
against the MJO index (cyan curve), the ERW index (dark gray
curve), the KW index (green curve), and the MRGW index (red
curve). The correlation coefficient (r) for each index is shown at
the top. (b) Time series of the regressed result for the convective
echo areas of $10 dBZ at 2 km, based on an MLR analysis
against all indices (black curve). The squared multiple correlation coefficient (R2) and the contribution of each index to
R2 are shown at the top. In both (a) and (b), the radar-observed
10-dBZ convective echo areas after applying a 2-day running
mean are shaded in gray. The vertical dashed line indicates the
peak MJO date.

stratiform echo area variance. Notably, the KW index made
the strongest contribution to R2, indicating that KWs exert
the strongest effect on the variance of 10-dBZ stratiform echo
areas in the lower troposphere.
Figure 13 shows the regressed results of the 30-dBZ stratiform echo areas. Similar to the 10-dBZ stratiform echo areas
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FIG. 11. As in Fig. 10, but for the convective echo areas of $30 dBZ
at 2 km.

FIG. 12. As in Fig. 10, but for the stratiform echo areas of $10 dBZ
at 2 km.

(Fig. 12a), all indices also exhibited negative correlations with
the 30-dBZ stratiform echo areas, but the correlation coefficient of the ERW index (20.10) was slightly insignificant
(Fig. 13a). The large-scale disturbances accounted for 14.7% of
the observed variance of the 30-dBZ stratiform echo areas
(Fig. 13b), approximately 1.3 times larger than their contribution to the 30-dBZ convective echo area variance (11.4%,
Fig. 11b). This indicates that, in combination, the large-scale
disturbances can also induce more variance in 30-dBZ stratiform echo areas than in 30-dBZ convective echo areas.
Notably, although the KW (3.3%) and MRGW (9.1%) indices
were still the major contributors, the contribution of the
MRGW index to the 30-dBZ stratiform echo area variance was
nearly 3 times as high as that of the KW index. This fact indicates that, in contrast to 10-dBZ stratiform echo areas, 30-dBZ

stratiform echo area variance in the lower troposphere is more
strongly influenced by MRGWs than by KWs.
As shown in Figs. 12a and 13a, the KWs and MRGWs were
largely responsible for the high-frequency variations, while the
MJO and ERWs contributed to the low-frequency variations
of both the 10- and 30-dBZ stratiform echo areas in the lower
troposphere. Comparing Fig. 12b with Fig. 12a and Fig. 13b
with Fig. 13a makes it evident that the superposition of the
active phases of the large-scale disturbances facilitates the
horizontal extension of stratiform echoes, whereas the superposition of their suppressed phases limits the stratiform
echo areas. This is particularly true for the extensive development of stratiform echoes around 15–16 December, when
the active phases of the MJO, ERW, KW, and MRGW events
overlapped (Fig. 5). This explains why the stratiform echoes
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FIG. 13. As in Fig. 10, but for the stratiform echo areas of $30 dBZ
at 2 km.

in the lower troposphere developed extensively after the
peak MJO date.

b. Echo-top heights
The regressed results of the 10-dBZ convective echo-top
heights are shown in Fig. 14. The MRGW index had a significantly negative correlation coefficient (20.23) (Fig. 14a), indicating that the active phases of MRGWs also facilitate the
vertical development of convective echoes. Interestingly, the
correlation coefficient of the ERW index (0.30) was positive
and statistically significant, suggesting that instead of the active
phases, the suppressed phases of ERWs tend to promote the
vertical extension of convective echoes. Notably, the ERW
index was more strongly correlated with the 10-dBZ convective echo-top heights than the MRGW index. Figure 14b

VOLUME 149

indicates that the percentage contribution of the large-scale
disturbances to the variance of convective echo-top heights
was 14.3%, with the MRGW (5.1%) and ERW (9.1%) indices
being the two major contributors. In contrast, no contribution
from the MJO index and only a small contribution from the
KW index (0.1%) was observed. The regressed results indicate
that the variance of the 10-dBZ convective echo-top heights is
largely influenced by both MRGWs and ERWs, with the latter
having the strongest impact.
Figure 15 shows the regressed results of the 30-dBZ convective echo-top heights. Similar to the 10-dBZ convective
echo-top heights (Fig. 14), the MRGW and ERW indices were
also negatively and positively correlated with the 30-dBZ
convective echo-top heights, respectively, with only their correlation coefficients (20.25 and 0.23, respectively) being statistically significant (Fig. 15a). In addition, the R2 (11.8%) of
the 30-dBZ convective echo-top heights was also largely contributed by the MRGW (6.1%) and ERW (5.2%) indices
(Fig. 15b).
As shown in Figs. 14a and 15a, MRGWs and ERWs are
largely responsible for the high- and low-frequency variations
of convective echo-top heights, respectively. Comparisons of
Fig. 14b with Fig. 14a and Fig. 15b with Fig. 15a reveal that, in
addition to MRGWs, ERWs greatly promoted the vertical
development of both the 10- and 30-dBZ convective echo-top
heights before the peak MJO date around 7 December, when
the active phases of the MRGWs were superimposed by the
suppressed phase of the ERW (Figs. 5b,d). ERW-mediated
suppression of the vertical extension of the convective echoes
was also evident between 26 November and 2 December and
after the peak MJO date, i.e., 13 December, when the active
phases of the ERWs passed by (Fig. 5b). In particular, it appears that the significant reduction in the vertical extension of
the convective echoes after the peak MJO date was largely
induced by an ERW during its active phase. It was noted that
ERWs contributed little to the variances of convective echo
areas at 2 km (Figs. 10–11). Therefore, the strong modulation
of ERWs on the variances of both the 10- and 30-dBZ convective echo-top heights implies that upper-level forcing of
ERWs can greatly impact the vertical development of convection within MJO events.
Figure 16 shows the regressed results of the 10-dBZ stratiform echo-top heights. The correlation coefficients of the
MRGW (20.2) and ERW (0.19) indices were statistically significant (Fig. 16a). Similar to the 10-dBZ convective echo-top
heights (Figs. 14a), the MRGW and ERW indices were also
negatively and positively correlated with the 10-dBZ stratiform echo-top heights, respectively. Notably, the correlation of
the ERW index against the 10-dBZ stratiform echo-top heights
was weaker than that against the 10-dBZ convective echo-top
heights (Figs. 14a and 16a). Figure 16b indicates that 7.6% of the
observed variance of the 10-dBZ stratiform echo-top heights can
be accounted for by the variances in MRGWs and ERWs. In
contrast, no contributions from the MJO and KW indices were
observed. Similar to the 10-dBZ convective echo-top heights
(Fig. 14a), MRGWs and ERWs were also largely responsible for
the high- and low-frequency variations of the 10-dBZ stratiform
echo-top heights, respectively (Fig. 16a).
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FIG. 14. (a) Time series of the regressed results for the 10-dBZ
convective echo-top heights, based on an SLR analysis against
the MJO index (cyan curve), the ERW index (dark gray curve),
the KW index (green curve), and the MRGW index (red curve).
The correlation coefficient (r) for each index is shown at the top.
(b) Time series of the regressed result for the 10-dBZ convective echo-top heights, based on an MLR analysis against all
indices (black curve). The squared multiple correlation coefficient (R2) and the contribution of each index to R2 are shown at
the top. In both (a) and (b), the radar-observed 10-dBZ convective echo-top heights after applying a 2-day running mean
are shaded in gray. The vertical dashed line indicates the peak
MJO date.

On comparing Fig. 16b with Fig. 14b, we observed that the
contribution of the large-scale disturbances to the variance of
the 10-dBZ stratiform echo-top heights was nearly half that of
the 10-dBZ convective echo-top heights. This result was mainly
caused by the reduction in the contribution of ERWs to the
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FIG. 15. As in Fig. 14, but for the 30-dBZ convective echo-top
heights.

variance of the 10-dBZ stratiform echo-top heights. It appears
that the influence of ERWs on the variance of the stratiform
echo-top heights was weaker than that on the variance of the
convective echo-top heights.
The regressed results of the 30-dBZ stratiform echo-top
heights are shown in Fig. 17. Compared with 10-dBZ stratiform
echo-top heights (Fig. 16), the correlation coefficient of the
ERW index (0.05, Fig. 17a) and its contribution (0.3%,
Fig. 17b) were significantly reduced. This result further illustrates the weak influence of ERWs on the variance of stratiform echo-top heights. However, the correlation with the
MRGW index was similar to that of the 10-dBZ stratiform
echo-top heights, with its contribution (4.7%) to the 30-dBZ
stratiform echo-top height variance close to the value of
R2 (5.5%).
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FIG. 16. As in Fig. 14, but for the 10-dBZ stratiform echo-top
heights.

FIG. 17. As in Fig. 14, but for the 30-dBZ stratiform echo-top
heights.

As shown in Fig. 17, accompanying the significant reduction
in the contribution of ERWs, the low-frequency variation also
became more obscure in the 30-dBZ stratiform echo-top
heights. Instead, the MRGWs exerted the predominant modulation on the high-frequency variation of the 30-dBZ stratiform echo-top heights.

being 0%, 0.6%, 0.2%, and 11.1%, respectively. These results
indicate that, similar to the areal variances of the convective
echoes shown above (Figs. 10b and 11b), the variance of the
convective rainfall was modulated predominantly by MRGWs.
In contrast, the MJO event hardly affected the convective
rainfall variance.
Figure 19 shows the regressed results of the stratiform volumetric rainfall. The MJO, ERW, KW, and MRGW indices
were all significantly and negatively correlated with the stratiform volumetric rainfall (Fig. 19a), suggesting that these largescale disturbances can also enhance or suppress stratiform
rainfall during their active or suppressed phases. These largescale disturbances contributed to 16.4% of the observed variance in the stratiform volumetric rainfall (Fig. 19b), which was
approximately 1.4 times larger than their combined contribution

c. Volumetric rainfall
The regressed results of the convective volumetric rainfall
are shown in Fig. 18. Similar to the convective echo areas
(Figs. 10a and 11a), the correlation coefficient of only the
MRGW index (20.34) was statistically significant (Fig. 18a).
The large-scale disturbances accounted for 11.9% of the variance of the convective volumetric rainfall (Fig. 18b), with the
contributions of the MJO, ERW, KW, and MRGW indices
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volumetric rainfall was relatively small, suggesting that the
modulation of convective volumetric rainfall by MRGWs was
more prominent than that of stratiform volumetric rainfall.
However, the individual contributions of the MJO and KW indices to the stratiform volumetric rainfall variance increased,
indicating that these disturbances tend to modulate stratiform
volumetric rainfall.
For stratiform volumetric rainfall, the KW and MRGW indices contributed more than the MJO and ERW indices
(Fig. 19b). Notably, the contribution of the MRGW index was
at least twice as high as that of the KW index, indicating that
MRGWs have the strongest impact on the variance of stratiform volumetric rainfall. The strong modulation of stratiform
precipitation by MRGWs can be attributed to their strong
modulation of convection (Figs. 10 and 11), which then matures and evolves into intense stratiform precipitation (Houze
1997). The fact that the MJO, ERW, and KW events contributed little to the variance of the convective echo areas implies
that they modulate stratiform precipitation primarily via
mesoscale ascent.
The influence of the large-scale disturbances on stratiform
volumetric rainfall (Fig. 19) is similar to their influence on
stratiform echo areas (Figs. 12 and 13), with the KWs and
MRGWs largely responsible for the high-frequency variation,
while the MJO and ERWs responsible for the low-frequency
variation of stratiform volumetric rainfall. A comparison of
Fig. 19b with Fig. 19a shows that stratiform volumetric rainfall
is enhanced or suppressed by the superposition of the active or
suppressed phases of these large-scale disturbances. It appears
that the intense development of stratiform volumetric rainfall
after the peak MJO date can be attributed to the superimposition of the active phases of the ERW, KW, and MRGW
events on the active phase of the MJO event (Figs. 5 and 19b).

d. MCS and sub-MCS populations

FIG. 18. (a) Time series of the regressed results for convective
volumetric rainfall at 2 km, based on an SLR analysis against the
MJO index (cyan curve), the ERW index (dark gray curve),
the KW index (green curve), and the MRGW index (red curve).
The correlation coefficient (r) for each index is shown at the top.
(b) Time series of the regressed result for convective volumetric
rainfall at 2 km, based on an MLR analysis against all indices (black
curve). The squared multiple correlation coefficient (R2) and the
contribution of each index to R2 are shown at the top. In both
(a) and (b), the radar-observed convective volumetric rainfall after
applying a 2-day running mean is shaded in gray. The vertical
dashed line indicates the peak MJO date.

to the variance in the convective volumetric rainfall (11.9%,
Fig. 18b). The percentage contributions of the MJO, ERW, KW,
and MRGW indices to the stratiform volumetric rainfall variance were 1.6%, 0.6%, 4.6%, and 9.6%, respectively (Fig. 19b).
Compared to convective volumetric rainfall (Fig. 18b), the
contribution of the MRGW index to the variance of stratiform

The regressed results of the MCS population are shown in
Fig. 20. Both the KW (20.14) and MRGW (20.16) indices
were negatively and significantly correlated with the MCS
population (Fig. 20a), indicating that the active phases of KWs
and MRGWs facilitate the formation of MCSs. The percentage
contribution of the large-scale disturbances to the MCS population variance was 4.1%, with the KW (1.6%) and MRGW
(2.1%) indices being the two major contributors (Fig. 20b). In
contrast, only a small contribution from the MJO index (0.4%)
and no contribution from the ERW index was observed.
As shown in Fig. 20a, MRGWs and KWs were largely responsible for the high-frequency variation of the MCS population.
A comparison of Fig. 20b and Fig. 20a shows that the superposition of the active phases of MRGWs and KWs facilitates the
formation of MCSs and vice versa during the superposition of
their suppressed phases. In particular, the MCS population was
relatively large around 15 December, when the active phases of
the MRGW and KW events overlapped (Figs. 5c,d).
It is well known that the development of convection is indispensable to the formation of MCSs and those MCSs are often
accompanied by extensive stratiform precipitation (Houze 2004).
The regressed MCS results are consistent with the predominant
contribution of MRGWs to convective development and the
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FIG. 19. As in Fig. 18, but for stratiform volumetric rainfall at 2 km.

major modulations of MRGWs and KWs on stratiform echo
areas (Figs. 10–13). As KWs only contributed minimally to
convective development, it appears that the formation of MCSs
was predominantly enhanced by MRGWs, with the superimposition of the active phases of MRGWs and KWs facilitating the
growth of stratiform precipitation in MCSs.
Figure 21 shows the regressed results of the sub-MCS population. The correlation coefficients of the MJO (20.2), KW
(20.18), and MRGW (0.21) indices were statistically significant
(Fig. 21a). It was noted that the MJO and KW indices were
negatively correlated with the sub-MCS population, whereas the
MRGW index was positively correlated with it, indicating that the
formation of sub-MCSs tends to be enhanced during the active
phases of the MJO and KWs, but during the suppressed phases of
MRGWs. Figure 21b indicates that 11% of the observed variance
of the sub-MCSs population can be accounted for by the variances

VOLUME 149

FIG. 20. (a) Time series of the regressed results for the population of MCSs, based on an SLR analysis against the MJO index
(cyan curve), the ERW index (dark gray curve), the KW index
(green curve), and the MRGW index (red curve). The correlation
coefficient (r) for each index is shown at the top. (b) Time series of
the regressed result for the population of MCSs, based on an MLR
analysis against all indices (black curve). The squared multiple
correlation coefficient (R2) and the contribution of each index to R2
are shown at the top. In both (a) and (b), the radar-observed
population of MCSs after applying a 2-day running mean is shaded
in gray. The vertical dashed line indicates the peak MJO date.

in the MJO (3.3%), KWs (3.2%), and MRGWs (4.5%), with
MRGWs possessing the maximum contribution.
Figure 21a indicates that KWs and MRGWs were largely
responsible for the high-frequency variation, while the
MJO contributed to the low-frequency variation of the subMCS population. A comparison of Fig. 21b and Fig. 21a
shows that the enhanced formation of sub-MCSs around
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FIG. 21. As in Fig. 20, but for the population of sub-MCSs.

9 and 12 December can be attributed to the superposition of
the suppressed phases of MRGWs with the active phases of
the MJO and KWs (Figs. 5a,c,d). The enhanced formation
of sub-MCSs during the suppressed phases of MRGWs is
largely attributable to the predominant impediment of convective development by MRGWs during their suppressed
phases (Figs. 10 and 11), which explains why the variation
phase of the sub-MCSs was approximately opposite to that of
the MCSs (Fig. 8).

6. Discussion
a. Variability of precipitation morphology and rainfall
The regressed results of echo areas, echo-top heights, volumetric rainfall, and MCS and sub-MCS populations against the

indices of the MJO, ERWs, KWs, and MRGWs, as described in
the previous section (Figs. 10–21), are summarized in Table 1.
Except for the sub-MCS population, the majority of the variance of each radar-derived variable was found to be associated
with one or two types of CCEWs, rather than with the MJO
event investigated in this study. Thus, CCEWs can be key
factors in modulating the multiple time-scale variability of
precipitation morphology and rainfall within an MJO. Our
results support the argument of Powell and Houze (2013), who
emphasized that if an MJO event is superimposed by CCEWs,
it is important to recognize and account for these individual
waves. Given the well-known fact that MJO events frequently
evolve with various CCEWs in their convective envelopes, the
results of this study imply that MJO processes cannot be fully
understood without ascertaining the distinct modulations of
precipitation morphology and rainfall exerted by the CCEWs
superimposed within the MJO convective envelope.
In particular, we demonstrated that the combined modulation of the MJO, ERWs, KWs, and MRGWs on the stratiform
echo areas or volumetric rainfall was stronger than their
combined modulation on the convective echo areas or volumetric rainfall (Figs. 10–13 and 18–19), which implies that the
commonly observed dominant variability of stratiform precipitation areas and rainfall within an MJO (Lin et al. 2004;
Morita et al. 2006; Barnes and Houze 2013; Powell and Houze
2013) can be caused by the dominant modulation of the MJO
and CCEWs on stratiform precipitation. Furthermore, the
variation of the convective echo-top heights larger than that
of the stratiform echo-top heights (Figs. 7e–h) indicates that
convective precipitation can dominate the variability in the
vertical extent of convective activities during the active phase
of an MJO. We also demonstrated that ERW and MRGW
events exerted a great impact on the significant deepening
and dropping of convective echo-top heights before and after
the peak MJO date, respectively (Figs. 14 and 15), which
implies that the superimposition of CCEWs within an MJO
acts to produce a dominant vertical variability of convective
activities during the active phase of the MJO. Given the important role of vertical variations of convective activity in
modulating the vertical transport of heat and moisture associated with an MJO event (e.g., Katsumata et al. 2009; Lau
and Wu 2010), the results of this study highlight the impact of
CCEWs on the convective progression of MJO events during
their active phases.

b. Limitations and future work
This study could not investigate precipitation characteristics
throughout the active phase of the MJO, because the stationary
observation of the Mirai was terminated as scheduled on
17 December 2015, approximately 4 days before the transition
from the active phase to the suppressed phase of the MJO
(Fig. 5a). Although the regressed results as derived from
Global Satellite Mapping of Precipitation (GSMaP) data
(Kubota et al. 2007) throughout the active phase of the MJO
(not shown) were similar to our results based on the stationary
observation of the Mirai, the modulation of precipitation
morphology by the MJO may not have been ascertained adequately using only the GSMaP data. In addition, the impacts of
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TABLE 1. Summary of the correlation coefficients (r) and the contributions (r2) to the squared multiple correlation coefficient (R2)
derived from the regression analysis against the MJO, ERW, KW, and MRGW indices. The bold numbers indicate correlation coefficients
significant at the 99% level.

Convective echoes

10-dBZ echo areas at 2 km
30-dBZ echo areas at 2 km
10-dBZ echo-top heights
30-dBZ echo-top heights
Volumetric rainfall at 2 km

Stratiform echoes

10-dBZ echo areas at 2 km
30-dBZ echo areas at 2 km
10-dBZ echo-top heights
30-dBZ echo-top heights
Volumetric rainfall at 2 km

MCS population
Sub-MCS population

r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2
r
r2

MJO index

ERW index

KW index

MRGW index

0.01
0%
0.01
0%
0.03
0%
0.07
0.3%
20.02
0.0%
20.17
2%
20.15
1.9%
20.02
0%
20.03
0%
20.15
1.6%
20.08
0.4%
20.2
3.3%

0.05
0.3%
0.04
0.2%
0.30
9.1%
0.23
5.2%
0.07
0.6%
20.19
2%
20.10
0.4%
0.19
3.5%
0.05
0.3%
20.12
0.6%
20.04
0%
20.01
0%

20.07
0.5%
20.08
0.5%
0.09
0.1%
0.09
0.2%
20.05
0.2%
20.33
8.8%
20.21
3.3%
0.04
0%
20.07
0.5%
20.24
4.6%
20.14
1.6%
20.18
3.2%

20.31
9.5%
20.33
10.7%
20.23
5.1%
20.25
6.1
20.34
11.1%
20.26
6.1%
20.31
9.1%
20.2
4.1%
20.22
4.7%
20.32
9.6%
20.16
2.1%
0.21
4.5%

CCEWs and their interactions with the MJO on the regional
contrast in the MJO convective envelope around the MC
(Fig. 4) could not be revealed from the stationary observation
of the Mirai. More comprehensive field campaigns, such as
those proposed in YMC (Yoneyama and Zhang 2020), are
required to provide insights to these issues, which would advance our understanding of the basic physical process of the
MC barrier effect on MJO events.
The dominant contributions of CCEWs to the variation of
convective activities (Table 1) imply that CCEWs can superimpose their own dynamic features on an MJO environment
and act in combination with an MJO to modulate convective
activities, which calls for future studies. In addition, this study
has not examined the polarimetric variables obtained by the
Mirai polarimetric radar. Therefore, future research is needed
to investigate the correlation between precipitation microphysics and the superposition of the MJO and CCEWs, which
would facilitate improved understanding of the precipitation
characteristics of the MJO event.

7. Summary and conclusions
Variations in precipitation morphology and rainfall in relation to the simultaneous passages of an MJO event and
CCEWs observed during the Pre-YMC period were analyzed
using radiosonde, a C-band polarimetric radar, and globally
merged Tb data. The radiosonde and radar data were collected aboard the Research Vessel Mirai at 4840 S, 1018540 E

R2 5 år2 5 10.3%
R2 5 år2 5 11.4%
R2 5 år2 5 14.3%
R2 5 år2 5 11.8%
R2 5 år2 5 11.9%
R2 5 år2 5 18.9%
R2 5 år2 5 14.7%
R2 5 år2 5 7.6%
R2 5 år2 5 5.5%
R2 5 år2 5 16.4%
R2 5 år2 5 4.1%
R2 5 år2 5 11%

from 23 November to 17 December 2015. The radiosonde and
Tb data were used to identify the MJO and CCEW characteristics. Besides the MJO, two ERWs, five KWs, and six
MRGWs were identified by filtering the Tb data in the
wavenumber–frequency domain. Simultaneously, the variation characteristics of precipitation morphology and rainfall
were investigated from time series of radar-derived variables,
including 10- and 30-dBZ echo areas at 2 km, 10- and 30-dBZ
echo-top heights, and the volumetric rainfall at 2 km of both
convective and stratiform echoes, and the MCS and sub-MCS
populations. The convective activity associated with the MJO
weakened near the equatorial region when it was crossing the
MC, which is consistent with the typical MC barrier effect on
MJO propagation. The impacts of the MJO, ERWs, KWs,
and MRGWs on the variances of precipitation morphology
and rainfall were investigated by regressing each time series
of radar-derived variables against the MJO, ERW, KW, and
MRGW indices, defined as the time series of the filtered Tb
anomalies averaged over the observational site.
The main findings were as follows:
d

d

The radar-derived variables exhibited both high-frequency
variation on a time scale of 3–5 days and low-frequency variation
on a time scale of more than 10 days. The KW and MRGW
events were largely responsible for the high-frequency variation
and the MJO and ERW events for the low-frequency variation.
MRGWs were the disturbances that predominantly modulated convective echo areas, convective volumetric rainfall,
and stratiform volumetric rainfall. In contrast, the MJO
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event had little influence on the variance of any of the
convective variables.
Stratiform echo areas and volumetric rainfall were more
strongly modulated by the combined effects of the MJO,
ERWs, KWs, and MRGWs than their convective counterparts. The substantial horizontal extension of stratiform
echoes and the intense development of stratiform volumetric
rainfall during the active phase of the MJO event were
coherent with the superimposition of the active phases of all
the analyzed CCEWs on the MJO event.
ERWs and MRGWs were the dominant wave types in
modulating echo-top heights, especially convective ones.
MRGWs largely enhanced the vertical development of
convective activities during their active phases and vice versa
during their suppressed phases, whereas ERWs acted in a
contrary manner to MRGWs. The strongest development
and a significant reduction of convective echo-top heights
before and after the peak MJO date, respectively, were coherent with the passages of ERWs and MRGWs.
MCSs and sub-MCSs formed predominantly during the MRGW
active and suppressed phases, respectively, which is consistent
with the dominant modulation of convection by MRGWs.

The results of this study imply that the superimposition of
CCEWs with an MJO event induces distinct variability of
precipitation morphology, convective organizational mode,
and rainfall on multiple time scales within the MJO event. In
addition, our results suggest that the dominant modulation of
stratiform precipitation by the MJO and CCEWs could be an
important factor in the commonly observed dominant variability of stratiform precipitation during the active phases of
MJO events. Furthermore, CCEWs act in combination to
produce a dominant vertical variability of convection in coherence with the convective progression of MJO events during
their active phases. The large-scale dynamics of MJO events
and CCEWs, and their combined effects on the precipitation
microphysical properties and convective progression of MJO
events around the MC, need to be investigated further.
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