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ABSTRACT: Observed Madden–Julian oscillation (MJO) events are examined with the aid of regional model simula-
tions to understand the role of cloud radiative effects in the MJO development. The importance of this role is demon-
strated by the absence of the MJO in the model simulations that contain no cloud radiative effects. Comparisons of model
simulations with and without the cloud radiative effects and observation help identify the major processes arising from
those effects. Those processes develop essentially from heating in the upper troposphere due to shortwave absorption
within anvil clouds in the upper troposphere and the convergence of longwave radiation in the middle to upper tropo-
sphere, with a peak at 300 hPa, during deep convection. First, that heating adds extra buoyancy and accelerates the rising
motion in the upper troposphere in deep convection. The vertical acceleration in the upper troposphere creates a vacuum
effect and demands for more deep convection to develop. Second, in response to that demand and required by mass bal-
ance arises the large-scale horizontal and vertical mass, moisture, and energy convergence. It strengthens deep convection
and, with the feedback from continuing cloud radiative effect, creates conditions that can perpetuate deep convection and
MJO development. That perpetuation does not occur however because those processes arising from the cloud radiative
heating in the upper troposphere stabilize the troposphere until it supports no further deep convection. Weakening deep
convection reduces cloud radiative effects. The subsequent reduction of the vacuum effect in the upper troposphere dimin-
ishes deep convection completing an MJO cycle. These results advance our understanding of the development of the MJO
in the radiative–convective system over warm waters in the tropics. They show that while the embryo of intraseasonal oscil-
lation may exist in the system its growth/development is largely dependent on cloud radiative effects and feedbacks.

KEYWORDS: Madden-Julian oscillation; Cloud radiative effects; Tropical variability

1. Introduction

The Madden–Julian oscillation (MJO; Madden and Julian
1971) is a quasi-periodic variation in deep convection, precipi-
tation, and associated atmospheric circulation over the warm
pool areas of the tropical Indian Ocean and the western
Pacific Ocean. While deep convection in the MJO is mostly
confined to the warm pool areas, waves related to the MJO
propagate in the tropical atmosphere and even extend to the
midlatitudes. The MJO has a frequency range of 20–90 days
with a peak in power at 30–50 days per cycle. Because the
MJO has reported effects on significant weather and climate
events of regional to global scales, including tropical cyclones
(e.g., Maloney and Hartmann 2000), monsoons (e.g., Wheeler
and McBride 2005; Duan et al. 2019), and El Niño (e.g.,
Takayabu et al. 1999), and because its intraseasonal time scale
has a potential for improving extended predictions on global
weather and climate (e.g., Waliser et al. 2003), its initiation

and development have been intensely studied in the past five
decades. In the course of these studies, many processes have
been identified and shown to influence MJO development, as
summarized in Wang (2005) and Zhang et al. (2020). Among
them are interactions of evaporation in the warm pool region
with large-scale atmospheric dynamics through the planetary
boundary layer (Emanuel 1987; Neelin et al. 1987; Wang and
Li 1994; Sobel et al. 2010), the influence of extratropical pro-
cesses such as westerly wind bursts (e.g., Webster 1983; Ray
and Zhang 2010), amplifying tropical atmospheric waves
modified by deep convection-induced heating (e.g., Lau and
Peng 1987; Wang 1988), interactions of radiation and convec-
tion (clouds) over tropical warm waters (Hu and Randall
1994, 1995; Raymond 2001; Bony and Emanuel 2005;
Khairoutdinov and Emanuel 2018; Benedict et al. 2020), and
others focusing on specific aspects of these processes from
water and energy balance perspectives (e.g., Bladé and
Hartmann 1993; Sobel and Maloney 2012).

While all these mechanisms play certain roles in MJO de-
velopment (Zhang et al. 2020), some of them play a more
dominant role in some events and different interplays among
those processes lead to the development of some other
events. This subtle yet critical shift of the major processes in
individual MJO development, dependent on large-scale circu-
lation conditions at the time, could explain the wide spectrum
of the MJO (20–90 days per cycle) and its elusive nature, as also
implicated by the significant difficulties in simulating the MJO in
numerical models (e.g., Miura et al. 2007; Kim et al. 2014).
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In this study, we further investigate the roles of interactions
of radiation and convection (clouds) in the development of
the MJO, using observed cases. Radiation and convection
(clouds) play an important role in the variation of the col-
umn-integrated moisture static energy (MSE) in the tropical
atmosphere, and such variation can lead to instability in the
development of intraseasonal oscillations (e.g., Hu and
Randall 1994, 1995; Kim et al. 2009; Maloney et al. 2010;
Andersen and Kuang 2012; Sobel et al. 2014; Kim et al. 2014).
Although this instability mechanism has been integrated in
our growing understanding of MJO initiation and develop-
ment in the context of moisture dynamics in the tropical
warm water regions (e.g., Ma and Kuang 2016; Zhang et al.
2020), key questions remain on how the interactions of radia-
tion and convection regulate temperature and moisture in the
tropical warm water regions to result in their cohesive
variations of intraseasonal time scale. Many studies have been
intended to understand such roles. For example, Hu and
Randall (1994, 1995) showed that intraseasonal oscillations
can emerge as a result of the destabilization of atmospheric
temperature profile by radiation competing with stabilization
of the profile by convection. The time scale of the oscillation
is dependent on the atmospheric radiative cooling rate. It re-
mains unexplained how the cooling rate is determined by the
interaction of radiation and convection/cloud. More recent
studies have used mechanism-denial experiments in global
models to isolate the effect of radiation–convection interac-
tion on MJO development (e.g., Kim et al. 2011; Wang et al.
2013, 2016; Ma and Kuang 2016). Ma and Kuang (2016), for
example, used the Superparameterized Community Atmo-
sphere Model and compared its control run result with results
of several mechanism-denial experiments while preserving
the same mean state among the runs. In their experiments,
only the one with denied radiation–convection interaction
had no MJO signals. While their results show a critical role of
the radiation–convection interaction in the MJO development
in their global model, they fall short as to how this effect is
achieved and if the same role is present in observed cases.
Thus, the processes and feedbacks arising from the convec-
tion–radiation interaction and MJO development remain
unexplained.

In this study, we will examine and identify the processes
and feedbacks arising from the cloud radiative effects and
contributing to the development of MJO (leaving the propa-
gation of MJO signal in a separate study). We show these pro-
cesses and feedbacks using the observed MJO events that
were recorded during the field campaign of DYNAMO/
CINDY2011 (Yoneyama et al. 2013). To identify these pro-
cesses and feedbacks, we use a recently modified version of
the Weather Research and Forecasting (WRF) Model capa-
ble of simulating those observed MJO events (Wang et al.
2015). The model and the data that are used to drive and vali-
date against the model control simulation are described in
section 2. In section 3, after demonstrating the consistency of
the model in describing the observed MJO events we describe
model experiments with changes to the model’s cloud radia-
tive effects. Results of the model experiments are compared
to the control and observation in section 4 to show the roles

of the cloud radiative effects and feedbacks in amplifying and
sustaining deep convection in the development of the MJO.
A summary of this work along with an implication in MJO
propagation is presented in section 5.

2. Data and methods

a. Data

We use two sources of data. Group 1 has datasets that are
used to derive the initial and boundary conditions of the re-
gional model in its simulations and experiments. Datasets in
group 1 are ERA5 data (Hersbach et al. 2020) and ERA5
sea surface temperature (SST) data. Group 2 has datasets de-
rived from field observations, including precipitation, surface
evaporation, and radiation. These data are developed from
the field campaign of the DYNAMO/CINDY2011 and the
Atmospheric Radiation Measurement (ARM) MJO Investiga-
tion Experiment (AMIE). The observations in the DYNAMO
campaign were taken over the tropical Indian Ocean from
1 October 2011 to 31 March 2012, with an intensive observing
period (IOP) from 1 October 2011 to 15 January 2012. Data
from the IOP in the Northern Sounding Array area (NSA;
shown by the black polygon in Fig. 1) are used, where two
well-organized MJO events were observed and documented.
These observations along with the AMIE data will be collec-
tively referred to as DYNAMO data in this study.

As described in detail in Ciesielski et al. (2014), these data
in group 2 have large-scale winds, geopotential height, and air
temperature that were extracted from the gridded (resolution
of 18 3 18) sounding-based DYNAMO IOP products with 3-h
and 25-hPa resolution. Atmospheric relative humidity is de-
rived from the NSA dataset (Johnson and Ciesielski 2013).
Surface evaporation data are from those collected by the R/V
Roger Revelle during the DYNAMO IOP. The atmospheric
downwelling longwave radiation flux at the surface was mea-
sured on board on DYNAMO cruise legs 2 and 3. The SST
measured at 1-m depth at the D1 mooring (08N, 78.98E) is
used to represent the SST in our focused area of analysis at
28–48N, 788–808E, the blue square box in Fig. 1. Precipitation
data are from the 3-hourly 0.258-resolution TRMM-3B42-7A

FIG. 1. The model domain is shown by the black rectangular
box. The DYNAMO IOP NSA is shown by the black polygon.
The blue square box inside the polygon is the area where detailed
analyses are conducted in this study. The background field in color
is the 850-hPa zonal wind averaged from October to December
2011 (units: m s21).
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dataset (Huffman et al. 2007). These data are used in model
validation.

b. Model

The numerical model used in this study is the modified ver-
sion of the WRF v3.8.1 by Wang et al. (2015) capable of simu-
lating the MJO events in DYNAMO. Applying this regional
model to simulate the MJO allows us to focus on regional pro-
cesses important to the MJO while sustaining a consistent at-
mospheric circulation in the model domain with the observed
global circulation through lateral and lower boundary condi-
tions (Wang et al. 2015). Although there is no feedback from
processes in the regional model to outside circulations, its po-
tential impacts on the MJO development are expected to be
small because the cloud–radiation interaction examined in
this study is a local/regional process and occurs only when
there is deep convection.

Our regional model domain is from 208S to 208N and from
488 to 1208E (black rectangle domain in Fig. 1). The horizon-
tal grid spacing is 9 km. There are 45 vertical levels in the
model, with 9 levels in its lowest 1 km and a nominal top at
20 hPa. Near the center of the domain is the NSA of
DYNAMO (black polygon in Fig. 1).

Model physical processes include surface water and energy
budgets, atmospheric boundary layer turbulent mixing, cloud
microphysics, and solar and longwave radiation transfer in the
atmosphere. They are described in detail in Wang et al.
(2015), so are not repeated here. It is important to note that
this model uses no convection parameterization and describes
convection explicitly. Although at the 9-km grid spacing the
model cannot simulate individual cumuli it can appropriately
describe convective systems on scales of 16 km and larger. By
not using parameterization for convection in the model, we
avoid the sensitivity of model simulated MJO to convective
parameterization methods. Such sensitivity has been the focus
of many studies and is, in nature, describing the sensitivity of
model MJO to convection and cloud–radiation interaction be-
cause different convective parameterizations place clouds
generated in convection along their specified vertical profiles
that would interact with both solar and longwave radiation
differently and likely result in different outcomes of their sim-
ulated MJO. By not using convective parameterization, we al-
low convection/cloud to interact with radiation freely so to
remove one constraint on model processes affecting MJO ini-
tiation and development.

Lateral boundary conditions of the model are derived using
the ERA5 data and updated every 6 h in model runs. Next to
the lateral boundary of the model is a narrow transition zone
of five model grid points into the interior (Skamarock et al.
2008). Over those five rows/columns of grids the tendencies of
boundary values are transitioned to affect the tendencies in
the model. This device, equivalent to a nudging along the
boundaries using the reanalysis data, is used to ensure the
transition of the large-scale forcing from the hydrostatic dy-
namics of the ERA5 model to the nonhydrostatic solution of
the WRF Model. Lower boundary conditions over land areas
in the model domain are specified by the ERA5 data only at

the initial time. Over oceanic areas, the SST at model grids is
assigned initially and updated every 6 h using ERA5 SST
data.

The same lateral and lower boundary conditions are used
in the model simulation of the MJO events during the
DYNAMO IOP and in model experiments. Thus, the large-
scale circulation condition imposed on the model domain is
the same in model experiments as in model control simula-
tion. The difference between their results will therefore show
the roles of processes inside the regional model in the devel-
opment of the MJO events.

3. Model validation and experiments

a. Validation

Because this model has successfully simulated the two MJO
events in the DYNAMO IOP (Wang et al. 2015, hereafter
WSZSYZ), our validation of the model is to repeat the simu-
lation of those events. This validation is necessary to assure
that the model simulations are not affected because of our use
of the recently upgraded ERA5 data (ERA-Interim data
were used in WSZSYZ). As in WSZSYZ, a spectral nudging
is applied to horizontal winds on the first three days of model
simulation. The effect of this nudging is to relax the large-
scale horizontal winds, wavenumbers 0–4 in zonal and wave-
numbers 0–2 in meridional winds, in the model domain to the
ERA5 winds. It aims to reinforce the large-scale dynamics
contained in the initial condition so that the model simulation
can continue with the correct and relevant major global-scale
dynamic elements.

Figures 2a and 2c show the model simulated 3-hourly and
daily surface precipitation, respectively, from 1 October to 15
December 2011 in the region 08–58N, 508–1208E. The varia-
tion of simulated precipitation is consistent with the observa-
tion derived from the TRMM data, shown in Figs. 2b and 2d,
although the intensity is slightly weaker. Two distinctive MJO
events are described in the model simulation. The intensity
and variation of the simulated precipitation are identical to
that in WSZSYZ. Additional analyses of our simulated dy-
namic and moisture processes during the simulated MJO are
compared to those detailed in WSZSYZ. They are nearly
identical. This consistency between these simulated and ob-
served MJO events during the DYNAMO and between our
results and those of WSZSYZ justify our use of this modeling
system to further investigate the roles of cloud radiative effect
on the MJO development. In the following discussions, we
will refer these simulated MJO events as the control results of
the model (CTRL). The CTRL will be compared and con-
trasted against the results of the model experiments with
changes in cloud radiative effect. These experiments are de-
scribed next.

b. Experiment design and rationale

To examine the roles of cloud radiative effect in the devel-
opment of the two observed MJO events we conduct two ex-
periments, EXP1 and EXP2. In EXP1, clouds at and above
600 hPa in the model are rendered transparent to the solar
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and longwave radiation. EXP2 is similar to EXP1 except that
all clouds in the model atmospheric column are rendered
transparent to the radiation. The lateral and lower boundary
conditions in EXP1 and EXP2 are the same as in the CTRL.
In these experiments, convection still develops and deep
clouds form. They just do not interact with the solar and long-
wave radiation. To reduce the sensitivity of model internal
processes and model solution to the initial condition, we use
the ensemble solution of each experiment. Each ensemble so-
lution is derived from six members. They are from simulations
using initial condition and corresponding boundary conditions
taken from the observation 3 h after the previous one, with
the first one starting at 0000 UTC 1 October 2011. Ensemble
means of the six members are calculated and used in our anal-
yses and comparisons to the CTRL.

The rationale for EXP1 and EXP2 is the following. Clouds
redistribute the solar and longwave radiation (LWR) in the
atmosphere. Clouds in the upper troposphere, such as anvil
clouds from detrainment of deep convection, have very cold
cloud-top temperatures. They effectively reduce upward
LWR at the altitude of the cloud top and, hence, shield the
LWR loss from cloud layers underneath. The net effect of
these processes is a convergence of LWR that increases the
temperature in the middle to upper troposphere. This cloud
LWR effect is most efficient over warm water regions in the
tropical Indian Ocean and the western Pacific Ocean region
for two reasons (Sherwood et al. 1994). One is the high SST
that emits large LWR, which will be absorbed at the base and
the lower portion of anvil clouds. The other is that the deep
convection in the region creates very high cloud tops with

FIG. 2. Time–longitude diagram of control results of (a) 3-hourly and (c) daily rainfall rate and observed
(b) 3-hourly and (d) daily rainfall rate (units: mm day21) from October to December 2011. The two vertical black
lines encompass the longitude band of the area of our detailed analysis.
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very cold cloud-top temperatures. The resulting strong LWR
convergence and heating in the middle- to upper-troposphere
clouds is further enhanced by the net absorption of solar radi-
ation by cloud ice particles. These radiation effects of clouds in
the middle to upper troposphere can reach up to 100 W m22,
essential to balance the atmospheric energy in the tropical
warm pool region (e.g., Stephens and Webster 1979).

Meanwhile, reflection and scattering of solar radiation by
clouds reduces the amount of solar radiation reaching the sur-
face. This reduction of solar radiation at the surface can be as
large as 2100 W m22 (e.g., Sherwood et al. 1994). Although
the effects of clouds on solar radiation and LWR nearly bal-
ance when they are integrated in the Earth–atmosphere col-
umn in the tropical warm pool region, they affect the vertical
profile of the atmospheric temperature and static stability
very differently. A large portion of the solar radiation depos-
ited at the surface in cloud-free condition over time is trans-
formed to LWR and converged to the upper troposphere
during deep convection. Although this process leaves a near
balance of the column-integrated net radiation at seasonal
and longer time scales (Stephens and Webster 1979), it in-
volves rather dynamic components of energy conversion and
redistribution in the atmosphere in subseasonal scales. The
energy redistribution in this process has been suggested to
play an important role in intraseasonal variations and the
MJO in the tropical warm water regions (Hu and Randall
1994, 1995) and supported by observed consistent phase rela-
tionship between MJO precipitation and variation of column-
integrated MSE (e.g., Lin and Mapes 2004; Ma and Kuang
2011).

When these cloud radiation effects are removed in EXP1/
EXP2 a large part of vertical redistribution of energy in the
surface–atmosphere column is interrupted and the associated
dynamic processes, such as vertical motion, weaken or are re-
placed by different forces (e.g., subsidence). If these processes
and the energy redistribution driven by the cloud radiative ef-
fects are responsible for (or described/manifested by) MJO
development in the equatorial Indian and western Pacific
Ocean region, their absence will result in the absence of the
MJO.

We acknowledge that there have been concerns of influen-
ces on the model results including the MJO from possible
model mean state shift in mechanism-denial experiments us-
ing global models [e.g., Ma and Kuang (2016) and references
therein]. Possible influences on the mean state of our regional
(finite area) model from removing the cloud radiative effects
are small because 1) the eigenvalues/modes (basic state) of
finite-area models (a boundary-value problem) are primarily
determined by their boundary conditions (e.g., Cahill 2013).
These boundary conditions in our regional model simulations
are updated every 6 h using the ERA5 data, forcing the large-
scale circulation or basic state of the model to be consistent
with observed global circulation. To a certain extent, this is
similar to using the nudging method in Ma and Kuang (2016)
to keep a similar basic state in their simulations using a global
model. 2) The removal of the cloud radiative effects in our ex-
periments can be considered as a pulse of force in the govern-
ing equations of the model that counters the cloud radiative

effect only when deep convection occurs in the model; the
force is absent in clear sky and shallow convection conditions
in the experiments. Thus, the model results show primarily
the responses of the same basic state to that pulse of force
when convection occurs.

4. Results and discussion

In this section, we examine the observation and the CTRL
results and describe the major processes arising from the
cloud radiative effects of both solar and longwave radiation
and influencing the development of the two MJO events ob-
served during the DYNAMO. These processes are identified
by the differences of the results between the CTRL and the
ensemble results of EXP1 and EXP2. In describing these pro-
cesses and their rise from the cloud radiative effects we use
this following set of variables: atmospheric temperature (T),
precipitation at the surface (Pr), downward LWR (LWR) at
the surface, the average of relative humidity (RH) in the
lower troposphere from the surface to 850 hPa, and a normal-
ized atmospheric lapse rate defined as CN = (C 2 Cm)/(Cd 2 Cm)
(Arakawa and Chen 1987), where Cm and Cd are the moist
and dry adiabatic lapse rate, respectively, and the actual lapse
rate C is calculated from the temperatures at 1000 and 300 hPa
and the physical distance between the two pressure levels.
The value of CN varies between 0 and 1; it is close to 1 when
the lapse rate is steep and near Cd, and close to 0 when the
lapse rate is less steep and near Cm. As shown in the observa-
tional work of Arakawa and Chen (1987), CN and RH have
a negative relationship in the tropical atmosphere, which de-
scribes the role of deep convection/cloud in sustaining the tem-
perature and moisture profiles of the tropical atmosphere.

a. CTRL results

Figures 3a and 3b show the temporal variations of Pr, RH,
LWR, and CN from the CTRL. Their values are averaged
over the blue square box in Fig. 1. The phases of the variations
of these variables and their averaged values over the two simu-
lated MJO events (given in the figure legend) are very close to
the observed, shown in Figs. 3c and 3d. The phase variations
show that in the MJO events during DYNAMO the moisture/
RH increases in the lower troposphere before the start of in-
tense convection (Pr). Meanwhile, the atmospheric lapse rate
CN decreases, a reflection of the moist convective adjustment
by shallow convection (Figs. 3a,c). The lapse rate decreases
sharply following the start of intense convection/Pr and even-
tually arrives at its minimum value in each of those events.
The decreasing/small lapse rate during the period of deep con-
vection occurs in conjunction with increasing/high RH. After
the period of intense convection/Pr, the RH decreases while
the lapse rate increases.

Some important physical processes driving these alterna-
tions between steep lapse rate/low RH with little convection
and less steep lapse rate/high RH during intense/deep convec-
tion in the life cycle of the MJO events are suggested by the
results in the CN–RH diagram of Fig. 4. The utility of this dia-
gram in helping our comprehension of the MJO development
is that it focuses on the interaction of radiation and
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FIG. 3. (a),(b) CTRL and (c),(d) observed 3-hourly time series of model physical variables from 1 Oct (day 0) to 15 Dec
(day 75) 2011. All results are averaged over the blue square box in Fig. 1. The thin black solid line in the time series of each
variable is its eight-value running mean. The dashed line in (a) and (c) shows the time average of RH (81.84% in CTRL
and 81.50% in the observation). The dashed line in (b) and (d) shows the average downwelling LWR, which is used in cal-
culations of LWR anomaly in peak convection (415.3 Wm22 in CTRL and 421.1 Wm22 in the observation). The average
precipitation is 7.1 and 7.9 mm day21 in CTRL and the observation, respectively. The average CN is 0.22 and 0.20 in CTRL
and the observation, respectively. The uppercase letters A to E in the set of CTRL and the observed panels mark the time
when the atmospheric conditions during the twoMJO events are examined in the CN–RH diagram in Fig. 4.
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convection in the development of the MJO. In the CN–RH di-
agram, the change of tropical atmospheric condition along the
horizontal CN axis is caused primarily by radiation and con-
vection. For instance, in clear-sky conditions, strong solar
heating at the surface and LWR cooling in the upper tropo-
sphere steepen the lapse rate, moving the condition of the at-
mosphere to the right with large CN. Convection reduces the
lapse rate to meet the static stability constraint under a given
moisture content (Manabe and Strickler 1964) by releasing a
certain amount of latent heat and associated large-scale com-
pensating subsidence that warms the middle and upper tropo-
sphere. Meanwhile, the radiative effect of clouds (anvils) from
deep convection warms the upper troposphere (section 3b) and
reduces the lapse rate, thus moving the condition to the left with
smaller CN.

Along the vertical RH axis in the CN–RH diagram, convection
can increase atmospheric moisture by enhancing horizontal
moisture convergence (e.g., Fig. 13 in WSZSYZ), moving the at-
mospheric condition up in the diagram. After the peak phase of
convection when the atmosphere convective stability increases,
the net effect of weakening convection is to further reduce atmo-
spheric moisture by condensation and precipitation, moving the
condition down to lower RH in the diagram. Meanwhile, weak
subsidence continues and dries the atmosphere.

The presence of these processes of radiation and convec-
tion and their interaction and feedback (collectively cloud ra-
diative effects) in the development of the MJO are indicated
by letters A to E in Fig. 4. They show the sequence/variation
of the atmospheric state in the CN–RH diagram in the life

cycle of each of the observed and simulated MJO events (see
the same letters marked in the time series in Fig. 3). Although
there are differences in the exact timing/dates of the phases A
to E between the observed and the CTRL in the diagram, the
evolution of the atmospheric condition from A to E described
by the CTRL mimics the observed. When all points in the
simulated (observed) time series shown in Figs. 3a and 3b
(Figs. 3c,d) were plotted in Fig. 4, the data points were scat-
tered along and in proximity to the dashed (solid) black line
in Fig. 4. To focus on the evolution of atmospheric condition
during the MJO events we show those selected five states rep-
resenting the major phases in the MJO events: 1) initiation
phase from A to B, 2) stabilization phases from B to C, and to
D, and 3) relaxation and a follow-up destabilization phase
from D to E. These phases and corresponding states were se-
lected based on the evolution described in Fig. 3 so as to best
describe the MJO development in the CN–RH diagram.

In the beginning of the MJO events, the atmosphere is at
condition A or E in the diagram with low RH (drier) and high
CN (steeper lapse rate). With little cloud, strong solar insola-
tion encourages surface evaporation in the warm pool region
(shown in the surface energy budget of the events in Fig. 8a
later). Increasing moisture pushes the atmosphere state to
higher RH (upward in the diagram). Meanwhile, increasing
surface energy intensifies turbulence in the planetary bound-
ary layer and initiates shallow convection (e.g., Khairoutdinov
and Randall 2006), pushing the state to the left in the diagram
with reduced CN. Their combined effect is to move the atmo-
sphere along the solid or dashed black line in Fig. 4 toward
state B. These processes continue until deep convection starts
after additional moistening (rising RH) and the rise of insta-
bility for deep convection and subsequently cloud radiative
effect in the troposphere (demands for smaller CN in higher
RH; e.g., Manabe and Strickler 1964). In the developing
phase of the MJO, shown by the sharp increase of Pr in Figs.
3a and 3c, there are large changes/jumps of both RH and CN

from B to C in Fig. 4 (in the observed event 2, the jumps oc-
curred at an earlier time, but showed the same large changes).
The value of CN decreases sharply (stabilization), contempo-
raneous with the large increase of atmospheric moisture.

After this period of convective stabilization, convection
weakens as indicated by the decrease of Pr in Fig. 3. As we
will further elaborate later, at the end of this very dynamic pe-
riod of deep convection the process that converges moisture
to the region weakens following the weakening of deep con-
vection as a result of its own feedback to stabilize the atmo-
spheric profile. With a stable lapse rate and weakening
convection and moisture convergence, the atmosphere re-
turns to the conditions D and E.

It is intriguing that these variations of the condition of the
troposphere described in the CN–RH diagram in Fig. 4 for the
two observed and simulated MJO events in DYNAMO share
strong similarities with the results shown in the inset of Fig. 4
describing the intraseasonal oscillation obtained from a
single-column model that only contains radiation, convection
(including cloud radiative effect), and surface evaporation
[Hu and Randall 1995; additional and nearly identical varia-
tions as the observed/CTRL in Fig. 4 are found in other cases

FIG. 4. Observed and CTRL results of variations of thermody-
namic conditions of the atmosphere in the CN–RH diagram during
the two MJO events. Each event is sequenced from A to E by the
same-colored symbols. The sequence of A to E in each observed
or simulated MJO event is shown in Fig. 3. The light gray line
shows the 21 diagonal (y 5 1 2 x) of the CN–RH diagram. The
solid and dashed black lines show the regression relationship of
RH and CN for the observed and CTRL, respectively, in the data
series presented in Fig. 3. The inset shows the low-frequency varia-
tion of mixed layer mixing ratio in (a) (similar to RH in Fig. 3), and
the variation depicted in the CN–RH diagram in (b) from the theo-
retical radiative–convective model of Hu and Randall (1995, see
their Fig. 10).
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in Hu (1992)]. Such strong similarities suggest that convection
and radiation and their interaction play a critical role in the
observed MJO development. Although moisture supply is re-
quired in supporting the oscillation it can be from multiple
processes (thus not unique), such as surface evaporation,
which is the only source in the single column radiative–
convective models (Hu and Randall 1994, 1995), or both the
surface evaporation and large-scale moisture convergence
from dynamic processes associated with deep convection in
the observed MJO events (elaborated later).

What are the processes arising from the interactions of con-
vection/cloud and radiation that play such a deterministic role
for the MJO development? To identify those processes, we
examine the results from the model experiments, focusing on
EXP1 in which clouds at and above 600 hPa are rendered
transparent to solar and longwave radiation, and compare
them to the CTRL and observations.

b. Cloud radiative effect on enhancing deep convection

Figures 5a and 5b show the ensemble results of EXP1 for
the same variables as the CTRL and observation in Fig. 3.
Because the results of EXP2 are nearly identical to EXP1 (as
shown in Fig. 6), we will focus our following discussions on
the results of EXP1. Our statistical evaluation of the results in
Figs. 5a and 5b indicates no identifiable MJO signal in those
variables. (Our statistical tests were done using power spec-
tral/Fourier analysis of signals in model outputs followed by a
red noise test of the power spectra. The same method is used
for similar tests in this study.) This outcome is in clear con-
trast to the results of the CTRL in Figs. 3a and 3b. Because
the cloud radiative effect is the only difference between the
CTRL and EXP1 it should be the root cause of the difference
between their results. We note that outside the active MJO
periods all the variables in EXP1 recover with similar varia-
tions as in the CTRL, a result indicating that the cloud radia-
tive effect is limited to the deep convective phase of the MJO.

It is important to note that although there is no detectable
MJO signal in the time series shown in Figs. 5a and 5b there
are visible shallow cloud bands with resemblance of MJO in
the warm pool region as shown in Figs. 5c and 5d from EXP1.
These bands of shallow and weak clouds/precipitation likely
depict embryos of intraseasonal oscillation similar to that
shown in Hu and Randall (1994). In their single-column mod-
els intraseasonal oscillations appeared and were shown by
variations in precipitation at the surface and clouds in the
lower troposphere. Those oscillations were weak yet detect-
able (statistically significant) largely because of the absence of
other signals and variations such as large-scale circulations
and interactions, which were not included in their single-
column models. Moreover, because those models in Hu and
Randall (1994) included no cloud radiative effects their intra-
seasonal oscillations arose essentially from the radiation de-
stabilization competing with convection stabilization in the
atmosphere over warm waters. Those intraseasonal oscilla-
tions could be the “embryo” of the MJO but not the MJO it-
self. The work of Hu and Randall (1994) showed that such an
embryo can form in the process of the radiation destabilization

and convection stabilization with the presence of a moisture
source. We also note that the theoretical model presented in
Hu and Randall (1995) did parameterize cloud radiative ef-
fects through the use of the observed CN–RH relationship of
Arakawa and Chen (1987). The parameterization however
limited the possibility to understand cloud radiative effects on
the MJO development. The resemblance of the intraseasonal
oscillation in Figs. 5c and 5d from EXP1 (and EXP2) suggests
that the embryos of such oscillations can form in radiative–
convective systems. The difference between the results in
Figs. 5c and 5d and the CTRL in Figs. 3a and 3b indicates an
important role of cloud radiative effects for the embryos of
intraseasonal oscillation to grow into full-scale MJO events.

To understand how the cloud radiative effects may have
helped grow the embryo of intraseasonal oscillation and initi-
ated and sustained deep convection development and the
MJO, we first examine the cloud radiative effects on the at-
mospheric temperature profile, alluded to by the results in
Fig. 4. Figure 6a shows the domain- and time-averaged differ-
ence of the temperature profile between CTRL and EXP1
(DT 5 TEXP1 2 TCTRL). The term DT is primarily the differ-
ence during the convective phase of the MJO events because
the profiles of TCTRL and TEXP1 are similar in cloud-free con-
ditions (no cloud effect). The difference in Fig. 6a indicates
that the CTRL (with cloud radiative effects) has warmer tem-
perature in the middle to upper troposphere. The tempera-
ture is ∼18C warmer around 300 hPa in the CTRL than in
EXP1/EXP2. Their difference is minor below 600 hPa, indi-
cating trivial radiative effect of clouds in the lower tropo-
sphere. The minor role of clouds below 600 hPa is further
shown by the difference of DT profiles between EXP1-CTRL
and EXP2-CTRL in Fig. 6a. Because EXP1 has no radiative
effects for clouds at and above 600 hPa and EXP2 has no radi-
ative effects for all clouds their temperature difference also
shows the radiative effects of clouds below 600 hPa. The mi-
nor differences between the two profiles in Fig. 6a thus show
a trivial radiative effect of those low clouds. This result is con-
sistent with that found in Sherwood et al. (1994) and the more
recent work of Zhang et al. (2019).

In Fig. 6a, the much warmer temperature in the middle to
upper troposphere in the CTRL than the temperature in
EXP1/EXP2 results primarily from net radiation convergence
in clouds (cloud radiative effect), shown in Fig. 6b. As in
Fig. 6b, there is strong heating in the CTRL simulation, in
contrast to EXP1/EXP2, by (primarily longwave) radiation
convergence in clouds in the middle to upper troposphere,
particularly near the base of anvil clouds from convection.
Heating from radiation convergence continues through anvil
clouds to the upper troposphere before changing to be cooling
above clouds in the lower stratosphere (e.g., Sherwood et al.
1994). Similar cloud radiative heating profiles have been ob-
served at the DOE ARM sites in the tropical western Pacific
(see Fig. 12 of McFarlane et al. 2007). The cloud radiative
heating in the middle to upper troposphere as well as latent
heating from deep convection (discussed next) result in the
warmer temperature in the middle to upper troposphere in
the CTRL (Fig. 6a). When the cloud radiative effect is absent
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in EXP1/EXP2 the heating in the middle to upper troposphere
disappears and its temperature is much cooler.

This heating in the middle to upper troposphere by cloud
radiative effect has profound impacts on both the intensity
and longevity of deep convection. The warmer temperature
from the heating increases the buoyancy of cloudy air in the
middle to upper troposphere. This extra buoyancy, in addition

to that from cloud latent heat release, accelerates the vertical
motion inside convection in the middle to upper troposphere.
Accelerated rising near the top of convection creates a vac-
uum effect in the column that further intensifies and sustains
vertical motion and deep convection. The vertical motion pro-
file in this process is shown by the solid line in Fig. 6c. It has a
deep layer of strong upward motion in the middle to upper

FIG. 5. (a),(b) 3-hourly time series of model physical variables of EXP1 from 1 Oct (day 0) to 15 Dec (day 75) 2011.
[The time series starts on day 3 (4 Oct) after the model self-adjustment to forced cloud transparency to radiation.]
These results are averaged over blue square box area in Fig. 1. The thin black solid line in the time series of each vari-
able is its eight-value running mean. The uppercase letters A to E are marked at the same date and hour as in the
CTRL result in Fig. 3. (c) Time–longitude diagram of EXP1 daily rainfall rate (units: mm day21) from October to
December 2011. (d) As in (c), but for EXP2.
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troposphere with a peak between 500 and 600 hPa. This pro-
file of vertical motion agrees with the observed time-mean
profile in DYNAMO (e.g., see Fig. 20 of Johnson and Ciesielski
2013). It is however in utter contrast to that from EXP1 and
EXP2, also shown in Fig. 6c, with considerable subsidence in the
upper half of the troposphere. Weak upward motion is limited in

the lower troposphere, a result indicating mostly shallow clouds
(Fig. 5). The absence of deep convection in EXP1/EXP2 indi-
cated by their vertical motion profile (representing primarily the
condition in the active phase of the MJO events when deep con-
vection would happen as in the CTRL) is a result of the absence
of the cloud radiative effects. In the absence of deep convection,
the MJO is missing (Fig. 5).

In Fig. 7, we further compare the variation of vertical
motion and RH between the CTRL and EXP1. Figure 7a
(CTRL) shows an episode of strong upward motion during
the deep convective phase of each of the MJO events. The
vertical motion has a “top-heavy” signature, similar to that
derived from the ERA-Interim data shown in Fig. 7a of Sobel
et al. (2014). This top-heavy profile derived from both the
CTRL and ERA-Interim data indicates an acceleration of
vertical motion in the middle to upper troposphere. This ac-
celeration could result from the increasing buoyancy and ver-
tical motion (i.e., the vacuum effect) in the upper troposphere
by the cloud radiative effects described earlier. It can sustain
deep convection by the feedback of increasing and intensify-
ing convection and therefore additional and strong radiative
effects in the middle to upper troposphere. Without this cloud
radiative (vacuum) effect in EXP1 the upward motion is spo-
radic, weak, unorganized, and short-lived (Fig. 7b).

c. Feedback of moisture convergence to cloud radiative
effect and deep convection

Sustaining strong vertical motion and deep convection also
requires continuous supplies of abundant moisture. Figures 7c
and 7d show the vertical profile of the variation of atmo-
spheric moisture (RH) from the CTRL and EXP1, respec-
tively. In the CTRL, Fig. 7c shows organized episodes of deep
layer moisture during the time of strong upward motion and
deep convection (w in Fig. 7a). Moist air of RH . 60% ex-
tends to 300 hPa. In contrast, RH in EXP1 in Fig. 7d shows
much shallower and less humid air at the same time with
slightly more moisture confined in the boundary layer of the
model (e.g., the average RH from 850 hPa to the surface is
83.23% in EXP1 vs 81.84% in the CTRL). These differences
indicate that the deep layer of high moisture content in the
CTRL is also a result of the cloud radiative effect because it is
the only difference in the model settings between the CTRL
and EXP1. Additional evidence supporting this notion is from
the horizontal convergence of moisture shown in Fig. 7e. The
vertically integrated moisture convergence in the CTRL (neg-
ative value in Fig. 7e) is in phase with the variation of RH in
Fig. 7c and the vertical motion in Fig. 7a. Intense vertically in-
tegrated moisture convergence occurred during deep convec-
tion when the cloud radiative effect and its generated vacuum
forcing are the strongest. In contrast, there is little evidence
of intraseasonal variation of moisture convergence in EXP1
(Fig. 7f). Because both the CTRL and EXP1 are using the
same lateral and lower boundary conditions and the cloud
radiative effect only appears when deep convection has oc-
curred in the CTRL, these differences in vertically integrated
horizontal convergence of moisture between the CTRL and
EXP1 are likely not a result of the large-scale circulation

FIG. 6. The difference of (a) vertical temperature profile (units: 8C)
and (b) cloud radiative heating profile (units: degrees day21) between
the experiments and CTRL. (c) The profile of vertical motion (dp/dt;
units: hPa day21) from the CTRL and experiments.
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anomalies (or strong moisture convergence would have been
present in EXP1, too). They should be a result consistent with
(i.e., required by) the cloud radiative effect in the CTRL.

An explanation of the connection of the cloud radiative ef-
fect and the large-scale moisture convergence is that when the
rising motion strengthens in the middle to upper troposphere
by the cloud radiative effect, primarily the heating from net
vertical convergence of longwave radiation and the subse-
quent vacuum effect, there will be a demand for the air mass
in the lower troposphere to rise and fill the “vacuum” created
by the accelerated rising motion in the middle to upper tropo-
sphere (Fig. 6c). This enhanced rising motion in the middle to
upper troposphere is shown by the top-heavy rising motion
profile in Fig. 7a, and also in Fig. 7a of Sobel et al. (2014) de-
rived from reanalysis data. The induced rising motion in the
middle to lower troposphere by the vacuum effect requires
large-scale mass convergence to sustain the horizontal pressure/
mass balance. This mass/moisture convergence (Fig. 7e) de-
scribes a positive feedback from the large-scale circulation
to the cloud radiative effect that helps sustain deep convection
and the MJO. When the cloud radiative effect is excluded

in EXP1 this feedback is missing and deep convection cannot
be sustained (Figs. 6c and 7b). Subsequently, the troposphere
is drier, especially the upper troposphere (Fig. 7d), and no
MJO appears (Fig. 5).

The surface evaporation effect on atmospheric moisture
and convection during the MJO events is examined from our
surface energy budget analysis. The results are shown in
Fig. 8a. During the period of strong horizontal convergence of
moisture concurring with the deep convection of the MJO in
the CTRL (Figs. 7a,e), the strengthening winds in the lower
troposphere also increase the surface evaporation. Because
the net radiation at the surface is reduced, due largely to the
decrease of solar radiation reaching the surface (Fig. 8a), the
increase of surface evaporation could be largely driven by
winds and also the drying of the near-surface layer by strong
upward vertical moisture flux (see Fig. 13 of WSZSYZ).
Evaporative cooling of hydrometeors during deep convection
and intense Pr also encourages surface sensible heat flux
(Fig. 8a). When the cloud radiative effect is suppressed in
EXP1, its energy budget at the surface (Fig. 8b) shows only
minor fluctuations during the time of the MJO events.

FIG. 7. (a),(c),(e) The CTRL results of 3-hourly vertical motion (cm s21), RH (%; with respect to ice), and verti-
cally integrated (surface to 500 hPa) horizontal moisture flux divergence (VIMFD; g m22 s21), respectively.
(b),(d),(f) As in (a), (c), and (e), but from EXP1.

H U E T A L . 33791 NOVEMBER 2022



d. A self-destruction mission of deep convection}
The closure

Deep convection changes the atmospheric temperature
lapse rate through both the cloud radiative effects and subse-
quent warming in convection-induced large-scale descent
(heating from adiabatic compression in the overturning circu-
lation). In doing so, it is stabilizing the atmosphere, making its
lapse rate stable with respect to the content of moisture (Man-
abe and Strickler 1964). After a period of deep convection,
the atmosphere will become stabilized with respect to the
moisture so that no additional deep convection is required
(Fig. 4). At that point, convection weakens and, subsequently,
the moistening process weakens from the weakening of both
horizontal and vertical convergence of moisture (e.g., Fig. 7e;
see also Fig. 13 of WSZSYZ). This marks the end of the active
convective phase of the two MJO events (Figs. 3 and 7a,c).

During the decay stage of the MJO events, the atmospheric
moisture is continuously depleted by weak/shallow convection
(Figs. 3a,b and 7c) while the lapse rate is becoming steeper by
radiation processes at the surface and in the atmosphere (also
consistent with the decrease of moisture). The increasing solar
heating and upward LWR at the surface (Fig. 8a) play a major
role in warming the lower troposphere while the net LWR in
the upper troposphere without clouds will decrease its tem-
perature (Figs. 6a,b).

These processes are also depicted in Fig. 4 by the change of
the tropospheric condition in the CN–RH diagram. At the
peak of convection, the troposphere of both observed and the
CTRL is at the state marked by C when the atmosphere is
high in moisture (large RH) and at the least steep lapse rate
(small CN; i.e., highest stability). In this stable condition, no
additional deep convection is required. The condition shifts
from C to D, showing the collapse of deep convection and

related horizontal moisture convergence (Fig. 7e). The end of
this cycle also presents the potential for the development of
another event when new embryos of intraseasonal oscillation
form in the radiative–convective system over the tropical
warm water regions.

e. Cloud radiative effect on moist static energy

Atmospheric moist static energy (MSE 5 h 5 cpT 1 gz 1

Lyqy 2 Lfqi, where cp is the specific heat at constant pressure,
g is gravity, Ly is the latent heat of vaporization, Lf is the la-
tent heat of freezing, and qy and qi are atmospheric vapor and
ice mixing ratio, respectively) has often been used in diagnos-
tics of variations of energy state during the development of
the MJO (e.g., Lin and Mapes 2004; Andersen and Kuang
2012; Kim et al. 2014; Sobel et al. 2014; Wang et al. 2015). The
MSE variation and the variations of energy flux term and ad-
vective term in MSE budget for the CTRL and EXP1 are
shown in Figs. 9a and 9b, respectively. The flux term (“Flux”
shown by the red line in Fig. 9) measures local sources of
MSE and is the sum of column-integrated radiation flux and
surface sensible and latent heat fluxes. The advective term
(“Adv” blue line in Fig. 9) measures the effect of large-scale
circulation on local MSE and is the sum of column-integrated
horizontal and vertical advection of MSE. These terms were
calculated using the methods detailed in Sobel et al. (2014).

FIG. 8. Surface energy budget of (a) CTRL and (b) EXP1.
FIG. 9. Area-averaged (over study area in the blue square in

Fig. 1) time series (after a 5-day moving average) of mass-weighted
column-integrated MSE budget terms derived from (a) CTRL and
(b) EXP1. “Flux” (red solid line, units: W m22) is the source sum
of net radiation and surface sensible and latent heat fluxes, and
“Adv” (blue solid line, units: W m22) is the sum of horizontal and
vertical advection of MSE. Negative Adv indicates converging flux
into the study region. The tendency of MSE, ­MSE/­t, is shown by
the black solid line (units: W m22), and the temporal variation of
column-integrated MSE is show by the black dashed line (units:
107 J m22).
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Figure 9 shows large differences in the budget of MSE be-
tween the CTRL and EXP1 (cf. Figs. 9a,b) in the active phase
of deep convection in the two MJO events. In the CTRL, the
flux term increased sharply when deep convection occurred
(see Fig. 3a for the timing). This increase is a result of the in-
crease of RH and the increase of cloud radiative heating
(Figs. 3a,b and 6b) when it is amplifying convection. Mean-
while, the Adv term in the MSE budget shows strong inward
advection of or converging (negative value) MSE, a result in-
dicating the support of large-scale circulation to intensifying
deep convection fueled by the vacuum effect of the cloud ra-
diative heating (Fig. 6). This sharp increase of advective effect
on the MSE of the study region is consistent with the large-
scale moisture convergence shown in Fig. 7e during the con-
vective phase of the MJO events. It is particularly important
to notice that the peak value of the converging Adv term in
the study region has a slight time lag relative to the peak value
of the flux/source term, especially distinct in the second MJO
event from 20 November (day 50) to 1 December (day 60).
Although it is inconclusive because only two cases are exam-
ined here, this phase lag suggests that the processes of large-
scale circulation that supported the energy needs of the MJO
development are responses to, and hence slightly behind,
the processes described in the source term, primarily the
column-integrated radiation flux from the cloud radiative
forcing. When this forcing weakened after the stabilization
of the atmosphere by deep convection (section 4d) the ad-
vective effect of large-scale circulation also weakened and
faded.

This notion that the cloud radiative effect is driving the de-
velopment of these MJO events is further supported by the
result shown in Fig. 9b; that is, when the cloud radiative effect
is absent in EXP1 only weak intraseasonal variations exist
(also see Fig. 5). These results of MSE budget and the varia-
tions of the individual elements constituting the MSE (Figs. 3
and 5) suggest that in these MJO cases processes in large-
scale circulation such as advection play an important role to
supply moisture and energy and elevate/prolong the MJO
development. The condition (an instability) that activates
the large-scale circulation to play this role is primarily de-
veloped by the cloud radiative forcing (the vacuum effect;
sections 4b and 4c).

The weak MSE variation of intraseasonal time scale in
Fig. 9b is consistent with the low-level cloudiness in Figs. 5c
and 5d, and also the result of Hu and Randall (1994). As we
have discussed earlier, this weak yet visible variation in
low-level cloudiness and associated MSE describes a pres-
ence, or an embryo, of the intraseasonal oscillation that can
exist in the tropical atmosphere from interactions of radia-
tion and convection over warm waters. The results of this
study show that the cloud radiative effect is a required forc-
ing that can grow/amplify some of the intraseasonal anoma-
lies of convection under some specific conditions. In this
process, the cloud radiative effect and its feedbacks includ-
ing those from advections of MSE by large-scale circula-
tions can elevate and further concentrate the atmospheric
energy to a much high value/state in regions where MJO
can take place.

5. Summary and concluding remarks

Two observed MJO events during the DYNAMO IOP are
examined for a plausible causal mechanism of the MJO devel-
opment. The mechanism is the cloud radiative effect. This ef-
fect was not included in the original work of Hu and Randall
(1994), who showed in their one-dimensional models that in-
traseasonal oscillations can arise as a result of destabilization
of the atmosphere by radiation and stabilization by convec-
tion over warm waters in the tropics. The oscillations are
rather weak, however, and their related convection is con-
fined to the lower troposphere. Their connection to the ob-
served MJO events was not clear. In the follow-up work of
Hu and Randall (1995), the cloud radiative effect was in-
cluded through a parameterization in the one-dimensional
context. While stronger intraseasonal oscillations occurred in
the results the parameterization limited the potential of using
the results to gain understanding of the cloud radiative effect
in the development of the oscillations. This present work us-
ing a regional model and observed MJO events shows that
the intraseasonal oscillations in radiative–convective systems
without considering cloud radiative effect could be the em-
bryos of MJO. They can grow and develop into full strength
MJO by cloud radiative effects and feedbacks.

Those effects and feedbacks are identified by the differ-
ences between the model control simulation of the MJO
events and simulations from the same model after the cloud
radiative effects are eliminated by making the clouds trans-
parent to both the solar and longwave radiation.

The absence of the MJO events in the model experiments
with no cloud-radiation effects confirms the essential role of
those effects in the MJO development. The key role of the cloud
radiative effects is the heating from the shortwave absorption
within anvil clouds in the upper troposphere and the net conver-
gence of LWR in the middle to upper troposphere through the
anvil clouds resulted from detrainment of deep convection. That
heating drives two processes. First, it adds extra buoyancy and
accelerates the rising motion of cloud/convection air in the mid-
dle to upper troposphere. This vertical acceleration in the mid-
dle to upper troposphere creates a vacuum effect that requires
more and stronger deep convection to develop. Second, the re-
quirement by mass balance demands and drives a strong in-
crease of large-scale horizontal and vertical convergence of
mass. Horizontal mass, moisture, and energy convergence
strengthens deep convection and, with the feedback from con-
tinuing convection and its elevated cloud radiative effect, creates
conditions that can perpetuate deep convection (to grow the em-
bryo of intraseasonal oscillation) andMJO development.

These processes arising from the cloud radiative heating in
the middle to upper troposphere weaken after a period during
which the heating has raised the upper troposphere tempera-
ture and stabilized the temperature profile such that it sup-
ports no further deep convection. As shown in our results,
convection weakens and precipitation decreases commencing
at the time when the atmospheric lapse rate reaches its mini-
mum value. Collapsing deep convection reduces the amount
of anvil clouds and the cloud radiative effect. The subsequent
reduction and absence of the vacuum effect in the upper
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troposphere diminishes deep convection and the MJO cycle is
completed.

Contemporaneously, a reversed radiative heating profile in
the atmosphere with weak/shallow convection (i.e., increased
solar heating at the surface and lower troposphere and net
LWR cooling in the upper troposphere) resumes and starts
destabilizing the troposphere again. With the increase of
moisture from surface evaporation this destabilization in-
tensifies. Embryos of intraseasonal oscillation form in these
radiative–convective processes, waiting for proper conditions
to grow and develop.

As the observations have indicated, “proper conditions”
for development of deep convection do not occur often and
MJO events are rather irregular (e.g., Hu et al. 2009), in con-
trast to the regular intraseasonal oscillation in pure radiative–
convection systems (Hu and Randall 1994, 1995). This differ-
ence could be attributed to many other processes concurring
and interfering with the cloud radiative effect (e.g., Zhang
et al. 2020). A key element in this interference is the motion
field and waves occurring with or prior to the MJO develop-
ment. For example, waves prior to or excited by deep convec-
tion can distort connections between the upper and lower
troposphere during deep convection and alter the vacuum ef-
fect. They could also interrupt the engagement of the large-
scale circulation (moisture and energy) support in MJO devel-
opment. Determining in what conditions such processes may
disrupt, and in what conditions they would enhance, MJO
development started or driven by the cloud radiative effect re-
mains to be examined in order to further advance our under-
standing of the MJO.

A related issue, not addressed in this study, is what role the
cloud radiative effect may have played in the propagation of
the MJO. MJO propagation is a rather perplexing subject. As
shown in Fig. 2, the MJO complex during the DYNAMO con-
tained a wide range of spectrum of waves that propagated
both eastward and westward although the MJO signal pro-
ceeded eastward. As shown by the energy spectrum of waves
in the wavelength–frequency diagram in Fig. S1 in the online
supplemental material, there are gravity waves emanating
from deep convection in the MJO. Those propagating west-
ward have more energy, as also clearly shown in Fig. 2. Figure
S1 also shows eastward propagating MJO signal in the CTRL
result as in the observed. When the cloud radiative effect is
suppressed in EXP1 its result shows no MJO signal and more
energy in high-frequency (diurnal to 2 days per cycle) gravity
waves. It is interesting to note that quasi-stationary intrasea-
sonal oscillations remain in the model experiments without
the cloud radiative effects. These results show wave compo-
nents and their changes with and without the cloud radiative
effect. The roles of the cloud radiative effect and its interac-
tion with large-scale circulation in the development of those
waves and their propagation will be studied separately.
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