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Abstract Previous studies suggested that cloud longwave radiation contributes to the development and
maintenance of the Madden‐Julian Oscillation (MJO) and model‐based convection is highly sensitive to the
radiation scheme. However, currently used radiation schemes do not take cloud longwave scattering into
account, resulting in an overestimation of the outgoing longwave radiation (OLR) and an underestimation of
the downward longwave flux at the surface. We use combined active and passive satellite cloud property
retrievals to quantify the one‐layer cloud OLR and heating rate (HR) biases introduced by neglecting cloud
longwave scattering in the Indian Ocean and Maritime Continent in the context of MJO, with a focus
on its phases 3, 5, and 6. The results show that the satellite‐detected one‐layer cloud area consists primarily
of ice clouds, particularly during the boreal winter in the 4‐year study period. An increased ice cloud area
fraction of one‐layer cloud groups is present up to 5 days before the onset of MJO events. If longwave
scattering is neglected, the composite mean OLR overestimation over the one‐layer ice cloud area from
5 days before to 4 days after the MJO passage is approximately 3.5 to 5.0 W m−2. Neglecting longwave
scattering also leads to a HR underestimation at cloud base and an overestimation at cloud top, making the
base‐to‐top heating gradient less sharp at the cloud‐resolving scale.

1. Introduction

The Madden‐Julian Oscillation (MJO; Madden & Julian, 1971, 1972), an intraseasonal variability mode over
the tropics, is closely related to both tropical and extratropical weather and climate (Stan et al., 2017;
Zhang, 2005, 2013). Numerous studies have suggested that cloud‐radiation interaction (CRI) plays an
important role in regulating tropical intraseasonal variability, such as the MJO (e.g., Arnold & Randall,
2015; Crueger & Stevens, 2015; Del Genio & Chen, 2015; Hu & Randall, 1994, 1995; Johnson et al., 2015;
Khairoutdinov & Emanuel, 2018; Kim et al., 2011, 2014, 2015; Lin & Mapes, 2004; Ma & Kuang, 2011;
Raymond, 2001; Sobel & Gildor, 2003; Sobel et al., 2014; Zhang et al., 2019). From a quasi
radiative‐convective equilibrium perspective, enhanced tropical convective clouds reduce the outgoing long-
wave radiation (OLR; FTOA), resulting in a positive tendency of the column‐integrated moist static energy
(MSE; Neelin & Held, 1987). The recharge and discharge of MSE have been linked to the lifecycle of MJO
(e.g., Bladé & Hartmann, 1993; Kemball‐Cook & Weare, 2001). In addition to cloud longwave radiative for-
cing, the radiative forcing of the anomalous water vapor may also contribute to the column‐integrated MSE
tendency (Del Genio & Chen, 2015). Previous studies suggested that the MJO was associated with moisture
anomalies whose vertical structures varied with convection strength and geographic location (e.g., Tian
et al., 2006). The amplification and maintenance of MSE anomalies through radiative heating and surface
fluxes destabilize the MJO disturbance (e.g., Inoue & Back, 2015; Kim et al., 2014; Sobel et al., 2014).
However, modeling studies show different results concerning the role CRI plays in the MJO.

Hu and Randall (1994) reported the disappearance of intraseasonal oscillations in their single columnmodel
when the longwave cooling profile was fixed. Grabowski (2003) showed that CRI was not a necessary con-
dition for a model using a cloud‐resolving convection parameterization (or superparameterization) to pro-
duce MJO‐like variability, although the CRI might enhance the convection‐moisture feedback (Grabowski
&Moncrieff, 2004). Enhancement of the convection‐moisture feedback by CRI was present in a linear model
used by Bony and Emanuel (2005). Bony and Emanuel (2005) also suggested that CRI reduces the phase
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speed of large‐scale tropical disturbances and slows down propagating waves. In another superparameter-
ized general circulation model (GCM) study by Andersen and Kuang (2012), the authors showed that cloud
longwave forcing is the dominant term in maintaining the MSE anomaly and retards its eastward propaga-
tion in the context of the MJO. In a cloud‐permitting near‐global equatorial aquaplanet model, the MJO‐like
disturbances become more like Kevin waves, if the longwave radiation is horizontally homogenized
(Khairoutdinov & Emanuel, 2018). Using a conventional GCM, Maloney (2009) highlighted the role of the
preconditioned moisture anomaly in the MJO and showed that horizontal advection and surface latent heat
flux are the two leading terms in the column‐integrated intraseasonal MSE budget. The enhanced surface
latent heat flux is thought to be primarily driven by the enhanced surface wind (Maloney, 2009; Maloney
& Sobel, 2004; Maloney et al., 2010).

An observational study in the Indian Ocean showed that moisture increases throughout the troposphere
from 20 days before to 5 days after the MJO peak, although the relative humidity in the boundary layer is
always above 80% during this period (DePasquale et al., 2014). In addition tomoisture advection, the detrain-
ment and evaporation of shallow cumulus and congestus are thought to contribute to the moisture precon-
ditioning of the MJO (e.g., Johnson et al., 1999; Ruppert & Johnson, 2015). Based on a comparison of 20‐year
historical simulations from 24 climate models, Jiang et al. (2015) showed that an increased ratio of radiative
cooling to latent heating tends to be associated with a decreased amplitude of intraseasonal variability in
terms of daily rainfall anomalies during the boreal winter from the Indian Ocean to the West Pacific. One
of the 24 models greatly improved MJO simulation (Jiang et al., 2015) by implementing a more realistic ver-
tical structure of latent heating (Lappen & Schumacher, 2012). By analyzing the time‐longitude rainfall pat-
tern over the Indian Ocean, Jiang (2017) further suggests that the horizontal advection of MSE is a key
process in MJO eastward propagation in both observations and simulations. MJO simulation is sensitive
to moisture parameters in the model, such as entrainment rate and rain evaporation fraction (Hannah &
Maloney, 2011). Although an increased entrainment rate may bring an improved hindcast of MJO precipita-
tion and zonal wind, the improvement appears to result from erroneous compensation of overly high vertical
MSE advection by overly low CRI (Hannah &Maloney, 2014). In other words, a model may improve perfor-
mance of MJO simulations, even if the model physics is not close to observations.

Previous studies have shown that current GCMs have large differences in the fraction and water content of
simulated clouds, particularly ice clouds (e.g., Jiang et al., 2012; Su et al., 2013; Tsushima et al., 2013; Vignesh
et al., 2020; Wang & Su, 2013), which are believed to dominate the CRI in the context of MJO (e.g., Arnold &
Randall, 2015; Zhang et al., 2019). Thus, a leading error source of diabatic heating inMJO simulations would
be the uncertainties of simulated hydrometers that lead to the uncertainties of latent heating calculations
and the input parameters to radiation schemes. In addition to the cloud properties, the behavior of the solu-
tions to the atmospheric models is also sensitive to the selected radiation scheme, particularly the selected
longwave radiation (i.e., terrestrial radiation) scheme (Wing et al., 2017). In a modeling study by
Bretherton et al. (2005), the authors find that the midlevel inflow to the moist columns disappears when
another radiation scheme is used, and they conclude that the convective mass flux is greatly responsive to
radiative cooling perturbations. Hence, radiation scheme uncertainties may contribute to the differences
among the modeling results obtained from the different studies summarized above. The dominant contribu-
tion to the radiative heating during the MJO wet phase is cloud longwave forcing, that is, reduced OLR (Lin
&Mapes, 2004). In other words, the contribution from the cloud shortwave forcing is small (e.g., Andersen &
Kuang, 2012; Lee et al., 2001). Many widely used fast radiation schemes do not include longwave cloud scat-
tering effects, such as the Rapid Radiative Transfer Model (RRTM;Mlawer et al., 1997) and its simplified ver-
sion for GCMs (RRTMG; Clough et al., 2005; Iacono et al., 2008). RRTMG has been used in global and
regional models, including the Community Earth System Model (CESM; Kay et al., 2015) and Weather
Research and Forecasting (WRF) model (Powers et al., 2017; Skamarock et al., 2008). Longwave scattering
is ignored for two reasons: (1) Water vapor and cloud absorption contribute more significantly to radiation
attenuation (i.e., extinction) than scattering in the longwave, and (2) the implementation of longwave scat-
tering makes the radiation scheme more computationally costly (e.g., Chou et al., 1999). However, neglect-
ing longwave scattering causes biases in estimated OLR and radiative heating.

Compared to the delta 128‐stream referencemodel that includes longwave scattering, the absorption approx-
imation method (no scattering) overestimates OLR by 1.9% (5.2 W m−2), 2.7% (6.4 W m−2), and 2.7%
(6.0 W m−2) in the presence of low, middle, and high clouds, respectively, in a midlatitude summer
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atmosphere; corresponding OLR overestimations in a sub‐Arctic winter atmosphere are 2.2% (4.4 W m−2),
2.5% (4.8Wm−2), and 2.5% (4.4Wm−2) (Fu et al., 1997). Neglecting longwave scattering also underestimates
the heating rate (HR) of the cloud layer, and the underestimation may reach more than 30% for an atmo-
sphere containing high clouds (Fu et al., 1997). Chou et al. (1999) implemented longwave scattering into a
radiation scheme using a scaling technique, and they reported a maximum HR relative error of ≈8% at
the top and base of a cloud layer. Stephens et al. (2001) suggested that neglecting longwave scattering over-
estimates OLR by 8 W m−2 in the global mean and locally up to 20 W m−2. Based on field measurements of
optically thin cirrus clouds, Joseph andMin (2003) suggest an OLR overestimation of 6–8Wm−2 at most and
HR errors of up to 0.2 K day−1 if the longwave scattering is ignored.

By using cloud property data from the International Satellite Cloud Climatology Project (ISCCP) Version D2
(Rossow& Schiffer, 1991), Costa and Shine (2006) suggest an overestimation of OLR by 3.0Wm−2 with long-
wave scattering ignored. Schmidt et al. (2006) suggest an overestimation of global mean OLR by 1.5 W m−2

and an underestimation of global mean downward irradiance at the surface by 0.4 W m−2 if the longwave
scattering is neglected. Using 1 year of integrated A‐Train observations, Kuo et al. (2017) suggest that long-
wave scattering of single‐layer clouds decreases global annualmean OLR by 2.6Wm−2 and increases surface
downward irradiance by 1.2 W m−2. Kuo et al. (2017) also show that longwave scattering increases HRs
within and below cloud layers and the increased column‐averaged HR is largest in the presence of high
clouds.

Based on the results of the previous studies described above, it appears that neglecting longwave scattering
underestimates column‐integrated longwave heating and may underestimate the bottom or top heaviness of
the radiative HR profile depending on the heights of the cloud layers. If the heating profile is bottom heavy,
then the associated divergent circulation tends to recharge the column‐integrated MSE; if the heating is top
heavy, the associated circulation tends to discharge the column‐integrated MSE (Kuang, 2011; Lappen &
Schumacher, 2014; Ma & Kuang, 2011). Hence, we speculate that turning the longwave scattering on and
off in a radiation scheme may lead to significantly different simulated behaviors of convection and intrasea-
sonal variability over the tropics. However, to the best of our knowledge, none of the previous studies have
evaluated the errors of OLR and HR introduced by neglecting longwave scattering by tropical clouds in the
context of intraseasonal variability, such as the MJO, which is therefore the motivation of this study. The
objective of this study is to examine the differences between longwave radiative cooling estimates with
and without scattering calculations using satellite measurements of clouds from the Indian Ocean and
Maritime Continent, where the MJO convective signal maximizes. The data and methods are introduced in
section 2, followed by results in section 3. Conclusions are drawn in section 4.

2. Data and Methods

A recent study suggests that the CRI is strongest over the Indian Ocean and Maritime Continent (Zhang
et al., 2019). Therefore, following the study by Del Genio and Chen (2015), we focus on cloud longwave
radiation estimates over the equatorial Indian Ocean and Maritime Continent (5°N to 10°S, 65–170°E) in
three longitudinal subsections (65–110°E, 110–130°E, and 130–170°E) that represent where the minimum
OLR associated with deep convective clouds is present in MJO Phases 3, 5, and 6 during boreal winter
(Wheeler & Hendon, 2004). We call the three subareas P3, P5, and P6 (Figure 1). The minimum OLR asso-
ciated with Phase 4 spans the P3 and P5 regions, so we do not calculate statistics for that MJO phase. Boreal
winter is the peak MJO season near the equator; in boreal summer, the main MJO convective activity shifts
to north of the equator, including the Bay of Bengal and the South China Sea (e.g., Salby & Hendon, 1994;
Zhang & Dong, 2004). We therefore focus on the 9 months outside of boreal summer (i.e., from
September to May, hereafter referred to as the nonsummer months) over the study area, as in Del Genio
and Chen (2015).

The A‐Train integrated Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO),
CloudSat, Clouds and the Earth's Radiant Energy System (CERES), and Moderate Resolution Imaging
Spectroradiometer (MODIS) merged product Edition B1 (CCCM; Kato et al., 2010, 2011, 2014), which is a
combination of spaceborne active and passive sensor measurements, has been used in several studies of
cloud radiative effects (e.g., Gasparini et al., 2019; Hartmann & Berry, 2017; Kuo et al., 2017). In the
CCCM data set, vertical profiles of cloud properties at a 333 m horizontal resolution from the
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Cloud‐Aerosol Lidar with Orthogonal Polarization (CALIOP) on the CALIPSO satellite and at a 1.5 km
horizontal resolution from the Cloud Profiling Radar (CPR) on the CloudSat satellite are first merged
(averaged or interpolated) to the 1 km horizontal resolution of the MODIS pixels. CALIPSO is about 15 s
behind CloudSat on average. The resultant 1 km cloud profiles are collocated with the CERES footprints.
In each CERES footprint (about 20 km resolution), the 1 km atmospheric columns that have similar cloud
top and base heights are grouped together (Kato et al., 2010). Based on the MODIS radiance
measurements, the overall cloud optical properties of each cloud group—including cloud fraction, phase,
visible optical thickness, and effective cloud particle size—are retrieved using the CERES cloud algorithm
(Minnis et al., 2011). For the one‐layer cloud groups, the cloud optical properties are derived using the
so‐called enhanced algorithm that also utilizes the collocated CALIOP and CPR cloud profiles (Kato
et al., 2011). For the multilayer cloud groups, the optical properties of each cloud layer cannot be
determined using the retrieved overall cloud optical properties unless additional assumptions are made.
We therefore perform the longwave radiation calculations only for the one‐layer cloud groups in the study
area, as in Kuo et al. (2017). The mixed‐phase deep convective clouds have large visible optical thickness
and a cold cloud temperature and hence are regarded as one‐layer ice clouds that have low cloud base
heights in the CCCM data set. One caveat of the CCCM data set is that the retrieved cloud phase of the
mixed‐phase clouds—including the deep convective cores—is unrealistic, although the cloud top
temperature and OLR should be close to reality. The statistics in section 3 are based on cloud properties
first computed for each cloud group within CERES footprints and then area‐averaged over P3, P5, and P6
for all A‐Train overpasses in each day.

The CCCM data are available from July 2006 to April 2011, and the nonsummer months during September
2006 toMay 2010 were selected for longwave radiation calculations. All of theMJO Phases 3, 5, and 6 periods
were identified during these months using the Real‐time Multivariate MJO (RMM) index (Wheeler &
Hendon, 2004) for MJO events with RMM values >1. The first day of an MJO phase is called Day 0 in this
study. The radiation flux and HR biases due to neglecting cloud longwave scattering were estimated for
the one‐layer cloud groups over the corresponding subareas in Figure 1 from 5 days before to 4 days after
day 0 of every identified MJO phase period. It should be noted that there are multiple ways to define an
MJO index (e.g., Liu et al., 2016; Maloney & Hartmann, 1998), although almost all indices capture the
MJO leading modes in terms of low‐level wind and precipitation. Because the MJO is strongest in the
selected study area in December–February (DJF; Masunaga, 2007), the composite cloud properties and asso-
ciated radiation fluxes for all identified MJO events were reported in DJF and other nonsummer months,
respectively.

Using the longwave version of the RRTM (RRTM_LW; Mlawer et al., 1997), Tang et al. (2018) improved the
scaling method by Chou et al. (1999) by adding an adjustment term to offset the top of the atmosphere (TOA)
overestimation. Instead of assuming an isotropic blackbody ambient radiance distribution in the upper
hemisphere when solving the upward radiance, Tang et al. (2018) use the downward radiance calculated

Figure 1. The study area. Each box represents the region where the minimum OLR occurs during a particular MJO
phase.
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from the TOA to the surface as the ambient radiance in the upper hemisphere. The improved treatment of
longwave scattering by Tang et al. (2018) is more accurate and approximately 20 times faster than the
four‐streammethod. The RRTM_LWwith the improved longwave scattering treatment by Tang et al. (2018)
is adopted for radiation calculations in this study. The liquid cloud parameterization is taken from Kuo
et al. (2017). Kuo et al. (2017) parameterized the single‐scattering properties of cloud droplets for each of
the 16 RRTM_LW bands from 10 to 3,250 cm−1 based on the liquid cloud model used in Collection 6 of
theMODIS cloud optical andmicrophysical products (Platnick et al., 2017). In this liquid cloudmodel, cloud
droplets are assumed to be spheres and have a gamma size distribution with an effective variance of 0.1
(Platnick et al., 2017). Then, the Lorenz‐Mie program (Bohren & Huffman, 2008) is used to calculate the
single‐scattering properties of the cloud droplets (Kuo et al., 2017) with the refractive index of water taken
from Hale and Querry (1973) for wavelengths between 0.25 and 0.69 μm, Palmer and Williams (1974) for
wavelengths between 0.69 and 2.0 μm, and Downing and Williams (1975) for wavelengths longer than
2.0 μm.

The ice cloud parameterizations are taken from Tang et al. (2018). Tang et al. (2018) parameterized the
single‐scattering properties of cloud ice particles for the RRTM_LW based on two recently developed ice par-
ticle models, the aggregate model and the two‐habit model (THM). The aggregate model consists of
surface‐roughened eight‐hexagonal‐column aggregates (Yang et al., 2013) and is used in the MODIS
Collection 6 cloud retrievals (Platnick et al., 2017). The THM consists of a mixture of surface‐roughened
single‐hexagonal columns and 20‐column aggregates (Loeb et al., 2018). The development of the THM
was motivated by the observed increased complexity of ice particles with increasing particle size (Liu
et al., 2014; Schmitt & Heymsfield, 2014). In agreement with the MODIS Collection 6 cloud retrievals
(Platnick et al., 2017), a gamma size distribution with an effective variance of 0.1 is adopted here to derive
the single‐scattering properties of cloud ice particles (Tang et al., 2018). Loeb et al. (2018) suggest that broad-
band radiative flux calculations are sensitive to the selected ice particle model. Therefore, we use both the
aggregate model and the THM in quantifying the radiation flux and HR biases introduced by neglecting
longwave scattering.

Following the study by Kuo et al. (2017), the one‐layer cloud is assumed to be homogenous in the radiation
calculations. The cloud water path (CWP; g m−2) is derived using the CCCM cloud optical depth (τ) and
effective radius (reff) retrievals (e.g., Grenfell & Warren, 1999; Stephens, 1978) with a density of water

(ρliquid) of 10
6 g m−3 and a density of ice (ρice) of 9.167 × 105 g m−3 (e.g., Fu, 1996). The CCCM data also

include the Goddard Earth Observing System (GEOS‐5) Data Assimilation System reanalysis (Kato
et al., 2014). The collocated GEOS‐5 vertical profiles of pressure (hPa), temperature (K), water vapor mass
mixing ratio (g kg−1), and ozone mass mixing ratio (g kg−1) are adopted in the radiation calculations in this

study. Following Kuo et al. (2017), we let the volume mixing ratios of carbon dioxide (CO2), nitrous oxide
(N2O), and methane (CH4) take recent (year 2011) values of 390.5, 0.3242, and 1.803 ppmv, respectively,
from the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Myhre et al., 2014).
Because the surface types of the study areas shown in Figure 1 are mainly water and vegetation whose
near‐infrared emissivities are greater than 0.96 (Wilber et al., 1999), we set the surface emissivity to unity
in our radiation calculations for simplicity. If a more realistic treatment of surface emissivity is implemented,
the monthly mean OLR does not appear to change over the study areas in clear‐sky and all‐sky conditions
(Huang et al., 2016). Tang et al. (2018) reported similar RRTM longwave radiation flux results if upward
and downward radiances are calculated at two to four angles for the irradiance estimation. In this study,
the radiances at four angles are chosen for the hemispheric integration in the radiation flux calculation.

The maximum andminimum longwaveHRs are generally found at the cloud base and top, respectively, par-
ticularly for high clouds over the tropics (e.g., Ackerman et al., 1988; Dinh et al., 2010; Fu et al., 1997;
Hartmann & Berry, 2017; Joseph & Min, 2003; Slingo & Slingo, 1988). If cloud longwave scattering is
neglected, the largest HR errors are also present at the HR maximum and minimum (e.g., Fu et al., 1997;
Joseph & Min, 2003). In addition, to quantify the radiation flux and HR biases, we also describe the corre-
sponding cloud features. In each subarea (P3, P5, or P6 in Figure 1), we compute area‐weighted averages
of one‐layer cloud area fractions, ice cloud area fractions of one‐layer cloud groups, cloud top heights, and
cloud base heights of all of the detected daytime and nighttime cloud groups in each day to obtain their daily
mean values. The daily mean cloud feature sequences are averaged to get the pentad sequences for long‐term
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statistics. The daily mean cloud features are also used to derive their composite means and standard
deviations during the 5 days before and 4 days after each MJO phase onset over the corresponding
subarea. The same composite analysis is applied to FTOA, net longwave radiation flux at the surface
(FSURF), the HR profile, the HR minimum at the cloud top height, and the HR maximum at the cloud
base height. As shown in the next section, the one‐layer cloud groups consist primarily of ice clouds. We
therefore focus on presenting the results for ice clouds and omit results about liquid clouds.

3. Results
3.1. One‐Layer Cloud Groups

Kato et al. (2010) report that the CALIOP and CPR cloudy cases consist of about 50% each of one‐layer and
multilayer clouds. In Figure 2, the one‐layer cloud groups account for 39–47% of the area of the CALIOP and
CPR ground track in the nonsummer months during September 2006 to May 2010 (Figures 2a–2c). More
than 80% of the detected one‐layer cloud area is identified as ice cloud (Figures 2d–2f). Based on the t test,
the means of the one‐layer area fraction is smaller in DJF than in other nonsummer months over subarea
P5 (p < 0.0001), which has the largest percentage of continental area among the three subareas. The differ-
ence in the means of the one‐layer area fraction between DJF and other nonsummer months is not signifi-
cant over P3 and P6. The difference in the means of the ice cloud area fraction of the one‐layer cloud groups
between DJF and other nonsummer months is significant over P5 (p < 0.0001) and P6 (p < 0.0001), but not
over P3.

Because many cirrus clouds in the tropics originate from anvil spreading out from deep convective clouds
(e.g., Sassen et al., 2009), the increased one‐layer ice cloud area fraction in DJF over P5 and P6 suggests
the presence of more widespread deep convective clouds in this season. The peak convective activity in

Figure 2. Probability distributions of the one‐layer cloud area fraction (a–c) and ice cloud area fraction of the one‐layer cloud groups (d–f) in DJF (black bars) and
other nonsummer months (hatched bars) during September 2006 to May 2010 over the three study subareas: P3 (left panels), P5 (middle panels), and P6 (right
panels). In the upper panels, μ1 and μ2 are the means of the pentad one‐layer cloud fraction in DJF and other nonsummer months, respectively. In the lower
panels, μ1 and μ2 are the means of the pentad ice cloud fraction of the one‐layer cloud groups in DJF and other nonsummer months, respectively.
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DJF over P5 and P6 is also evident in the higher ice cloud top heights in DJF (Figure 3), which are
significantly higher than the other nonsummer months based on t test results. The lower mean ice cloud
base height in DJF over P5 is also significantly different compared to other months and may be due in
part to the increased deep convection and associated thick anvil clouds that have not been detached from
the deep convective cores (e.g., He et al., 2013; Massie et al., 2002). The mean ice cloud top and base
heights over P3 do not show any statistically significant differences between DJF and the other
nonsummer months, suggestive of only small seasonal variations of the parent deep convection over the
Indian Ocean. Figure 3 also shows that convection is generally deeper over tropical continents (P5 and
P6) than over tropical oceans (P3) because of the higher ice cloud top heights, which is a well‐known feature
(e.g., Liu et al., 2007; Williams & Stanfill, 2002).

3.2. Composite Cloud Fraction and Height

Based on the RMM index, there were 6 Phase 3 periods, 8 Phase 5 periods, and 10 Phase 6 periods in DJF and
9 Phase 3 periods, 15 Phase 5 periods, and 13 Phase 6 periods in other nonsummer months from September

2006 to May 2010. Table 1 documents the ranges of the composite
mean one‐layer cloud fraction from 5 days before to 4 days after the
start day of each of the identified MJO phases. While the one‐layer
cloud fractions are similar in DJF and other nonsummermonths over
P3, the fraction in DJF is more than 10% smaller than that in other
months over P5. The smallest composite means of one‐layer cloud
fraction over P3, P5, and P6 are present on Days −3, 0, and 1, respec-
tively (Figure 4). The respective smallest means on Days 0 and 1 over
P5 and P6 are presumably suggestive of a maximum overlap of

Figure 3. Probability distributions of the heights of the pentad one‐layer ice cloud tops (a–c) and bases (d–f) in DJF (black bars) and other nonsummer months
(hatched bars) during September 2006 to May 2010 over the three study subareas: P3 (a and d), P5 (b and e), and P6 (c and f). In all panels, μ1 and μ2 are the mean
pentad heights, and σ1 and σ2 are the standard deviations in DJF and other nonsummer months, respectively. In each panel, p is the p value of the two‐sided
Kolmogorov‐Smirnov test between the samples in DJF and other nonsummer months.

Table 1
The Ranges of the Composite Mean One‐Layer Cloud Fraction From 5 Days
Before to 4 Days After the Start Day of Each of the Identified MJO Phases

Fraction

P3 P5 P6

DJF Other DJF Other DJF Other

Lower bound 34.2% 35.0% 25.2% 42.5% 31.7% 35.2%
Upper bound 43.3% 44.3% 37.7% 50.2% 37.4% 45.8%
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multiple strong detrainment layers that may be associated with the convection initiation of the MJO (Deng
et al., 2016; Johnson et al., 1999). The largest composite means of one‐layer cloud fraction over P3, P5, and P6
are present on Days 3, 4, and 3, respectively, presumably suggestive of a minimum overlap of the multiple
strong detrainment layers when the MJO event is moving out of the associated subareas. The case‐by‐case
variation of the one‐layer cloud fraction is shown in the left panels of Figure 4. The greatest case‐by‐case
variation over the P5 region may be due to the smaller sampling area and the larger land fraction over the
this region than over the other two regions. Figure 5 shows that the area of one‐layer cloud groups
consists primarily of ice clouds from 5 days before to 4 days after the start day of each of the identified
MJO phases. The case‐by‐case variation of the ice cloud fraction shown in the left panels of Figure 5 is
greatest in the nonsummer months over P5, with much less variability during DJF and over the other
subareas. Again, the strongest case‐by‐case variation over the P5 region may result from the smaller
sampling area and the larger land portion over this region than over the other two selected regions. The
composite means of the ice cloud fraction in the right panels of Figure 5 in DJF are above 88.0% over P3,
above 91.0% over P5, and above 87.0% over P6; the means in other nonsummer months are above 85.0%
over P3, above 73.0% over P5, and above 84.0% over P6. It also appears that the ice cloud fraction over
each subarea before the MJO passage is significantly higher than the time‐average mean. These results

Figure 4. One‐layer cloud fractions from 5 days before to 4 days after the start day of each of the identified MJO phases in
DJF (black) and other nonsummer months (gray) over the corresponding subarea. The left panels (a), (c), and (e) include
the results for all the identified MJO phases over P3, P5, and P6, respectively; in the corresponding right panels
(b), (d), and (f), the solid curves are the composite means, and the error bars are the standard deviations.
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support a recent satellite study by Masunaga and Bony (2018), showing that heavy precipitating tropical
convection is associated with increased cirrus clouds 1–2 days before, especially in moist atmospheres.

Masunaga and Bony (2018) hypothesize that the prevailing cirrus clouds before peak convection may be
detrained from deep convective systems nearby and transported into the study area. Based on a trajectory
analysis, Luo and Rossow (2004) find that detrained cirrus clouds have a lifetime of about 30 ± 16 hr and
may travel a distance of about 1,000 km. A possible source of the convection could be from a previous
MJO event. DePasquale et al. (2014) report the presence of significant nonprecipitating anvil and cirrus
clouds after the rainfall cessation of the active MJO. Using the Tropical Rainfall Measuring Mission
(TRMM) and two reanalysis data sets, Jiang et al. (2011) show that the radiative cooling minimum (or heat-
ing maximum) in the upper troposphere lags the MJO peak. The scattered isolated deep convection that
occurs before an MJO active phase is thought to contribute to the increased preceding cirrus clouds as well
(Masunaga & Bony, 2018).

Local cirrus formation is also a possible origin of the increased cirrus clouds before enhanced convection
over the tropical oceans. Luo and Rossow (2004) show that more than half of the cirrus clouds (56%) over

Figure 5. Ice cloud area fractions of one‐layer cloud groups from 5 days before to 4 days after the start day of each of the
identified MJO phases in DJF (black) and other nonsummer months (gray) over the corresponding subarea. The left
panels (a), (c), and (e) include the results for all the identified MJO phases over P3, P5, and P6, respectively; in the
corresponding right panels (b), (d), and (f), the solid curves are the composite means, and the dashed lines are the
time‐average means. The circles and squares in the right panel mark the composite means that are greater than
the corresponding time‐average means at significance levels of 0.01 and 0.05, respectively, based on a one‐tail t test. The
daily mean ice cloud fraction data over each subarea was first averaged to get the pentad mean data, and the pentad mean
data were then used for calculating the time‐average mean and the significance test in DJF and other nonsummer
months, respectively.
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the tropics are formed far away from deep convective cores, and hence, they attribute the formation of such
cirrus to local transient upward air motions. Previous studies have shown that gravity waves can contribute
to cirrus formation and cirrus property modulation (Barahona et al., 2017; Haag & Kärcher, 2004; Luo &
Rossow, 2004; Prasad et al., 2019) through ice nucleation enhancement (Dinh et al., 2016; Jensen &
Pfister, 2004; Jensen et al., 2009, 2016; Kim et al., 2016; Schoeberl et al., 2015; Ueyama et al., 2015), wave
breaking (Homeyer et al., 2017), and reduced upper‐tropospheric static stability (Trier & Sharman, 2016).
Moreover, convectively coupled Kelvin waves may be present during different MJO stages (e.g.,
Gottschalck et al., 2013), and DePasquale et al. (2014) show that Kelvin wave passages during the MJO
developing stage moisten the upper troposphere, which may in turn assist in situ cirrus production.

Figure 6 shows the time evolution of the one‐layer ice cloud top and base heights for each subarea during the
passage of the MJO. The seasonal mean averages from Figure 3 are indicated by the horizontal lines. It does
not appear that the composite mean one‐layer ice cloud heights are significantly different before and after
the MJO passage, although there is a tendency for the ice cloud top height to decrease as the MJO evolves
over each region, especially in DJF over P3 and in the other nonsummer months over P5 and P6. It is unclear
if this decrease is from changes in the parent convection or from variations in the cirrus transport from other
regions. Figure 6 also shows that the ice cloud tops are higher and bases are lower (except over P6) during
DJF when the MJO is present over each region compared to the DJF mean values in Figure 3. Deep

Figure 6. Composite mean one‐layer ice cloud top (a, c, and e) and base (b, d, and f) heights from 5 days before to 4 days
after the start day of all cases of the specified MJO phase in DJF (black) and other nonsummer months (gray) over the
labeled subarea. The error bars mark the standard deviations. In each panel, the dotted lines are the corresponding
time‐average means shown in Figure 3.
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Figure 7. The composite net longwave radiation at the top of the atmosphere (FTOA; W m−2) from 5 days before to 4 days after the specified MJO phase onset in
DJF (black) and other nonsummer months (gray) over the one‐layer ice cloud area in P3, P5, and P6. In each panel, the solid lines are the composite FTOA means
with longwave scattering ignored, and the dashed lines are the corresponding FTOA means with longwave scattering considered; the error bars mark the
composite standard deviations. The first (a, e, and i) and second (b, f, and j) columns are based on the aggregate ice cloud particle model, and the third (c, g, and k)
and fourth (d, h, and l) columns use the THM.

Table 2
The Composite Mean FTOA Overestimation (Wm−2) Caused by Neglecting Longwave Scattering From 5 Days Before to 4 Days After the MJO Phase Onset (P3, P5, or
P6) in DJF and Other Nonsummer Months Over the One‐Layer Ice Cloud Portion of Subareas P3, P5, or P6

Day

P3 P5 P6

Aggregate THM Aggregate THM Aggregate THM

DJF Other DJF Other DJF Other DJF Other DJF Other DJF Other

−5 3.6 3.6 4.1 4.1 3.8 2.7 4.4 3.1 3.4 3.1 3.9 3.6
−4 4.0 3.6 4.5 4.1 4.0 3.2 4.6 3.6 3.5 3.4 4.0 3.9
−3 4.3 3.9 4.9 4.5 3.8 3.4 4.4 4.0 3.9 3.3 4.5 3.8
−2 4.1 3.5 4.7 4.0 4.6 2.9 5.2 3.3 3.7 3.4 4.2 4.0
−1 4.5 3.2 5.1 3.8 4.0 3.0 4.7 3.5 3.6 3.5 4.2 4.0
0 3.8 3.8 4.3 4.3 4.3 3.2 4.9 3.6 3.7 3.2 4.3 3.7
1 4.2 3.7 4.8 4.3 4.7 3.4 5.3 4.0 3.6 3.2 4.1 3.7
2 4.2 4.1 4.8 4.7 4.3 3.1 4.9 3.6 3.8 3.3 4.3 3.8
3 4.1 3.5 4.7 4.0 4.2 3.3 4.8 3.9 3.7 3.0 4.2 3.5
4 4.0 3.6 4.6 4.1 4.3 3.2 4.9 3.7 3.8 3.2 4.4 3.7
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convection is enhanced during the MJO, as is the stratiform rain associated with it (Lin et al., 2004). While
deeper convection will increase the ice cloud top height, more robust stratiform rain production will lower
the base of the anvil cloud. This change in DJF cloud heights agree with observed MJO seasonality
(Masunaga, 2007; Salby & Hendon, 1994; Zhang & Dong, 2004).

3.3. Composite Radiation Flux

Figure 7 shows the composite means of FTOA with and without ice scattering over the one‐layer ice cloud
area from 5 days before to 4 days after the MJO onset in each region. The left panels assume an aggregate
ice particle model, and the right panels assume a THM. The models are described in more detail in
section 2. Using an aggregate ice particle model, the composite mean FTOA shows minimum values of
156.9 and 160.6 W m−2 with and without scattering on Day 0 in DJF over P3. FTOA shows minimum values
of 177.8 and 181.6 W m−2 with and without scattering on Day 0 in DJF over P6. However, the FTOA mini-
mum is present on Day−2 in DJF over P5 with values of 148.2 and 152.8Wm−2 with and without scattering.
If the THM is used, the minimum values of FTOA are 155.4 and 159.8 Wm−2 with and without scattering on
Day 0 in DJF over P3 or 176.2 and 180.5Wm−2 with and without scattering on Day 0 in DJF over P6, or 146.6
and 152.8 W m−2 with and without scattering on Day −2 in DJF over P5. As shown in Figure 7, it does not
appear that FTOA shows any obvious serial correlation in either DJF or other months.

The FTOA overestimations caused by neglecting longwave scattering over the one‐layer ice cloud area are
documented in Table 2, which shows that the FTOA overestimation does not have any obvious correlation
with the time lead or lag from the passage of theMJO. In other words, the FTOA overestimation is a persistent
bias during the MJO active phase. As documented in Table 2, the FTOA overestimation in DJF is around 3.5
to 5 W m−2. If the cloud longwave scattering is neglected, the FTOA overestimation over the one‐layer ice

Figure 8. Same as Figure 7 except for FSURF (W m−2).
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cloud area based on the THM is about 0.5 W m−2 larger than when using the aggregate model. One
prominent feature of the THM is that the asymmetry factor decreases with increasing ice particle size
(Loeb et al., 2018; Ren et al., 2020), meaning that THM assumes more backscattering, leading to a larger
OLR overestimation. If cloud longwave scattering is included, the FTOA over the one‐layer ice cloud area
using the THM is about 1.5 W m−2 smaller than when using the aggregate model.

If longwave cloud scattering is neglected, the FSURF overestimation underneath the one‐layer ice cloud area
is small and does not show large variations before and after the MJO phase onset (Figure 8). Both the aggre-
gate model and THM suggest that the FSURF overestimation is limited to 0.2 to 0.3 W m−2. Because the sur-
face emissivity is set to unity in the radiation calculations, upward radiation flux estimations at the surface
are determined by surface temperature only and not influenced by cloud longwave scattering. Consequently,
the FSURF overestimation is completely accounted for by downward radiation flux underestimation at the
surface. When cloud longwave scattering is considered, a part of the surface radiation emission will be scat-
tered back to the surface by clouds.

The small FSURF bias over the study area in a nonscattering cloud atmosphere in the longwave is in agree-
ment with previous studies (e.g., Kuo et al., 2017). Over the tropics, the ice clouds are high, and the atmo-
sphere is humid (e.g., Slingo & Slingo, 1988). If cloud longwave scattering is considered over the tropics,
part of the radiation emitted by the surface will be scattered back by clouds, but a large portion of the back-
scattered radiation will be absorbed by the water vapor below the clouds, and only a small portion can reach
the surface. With higher clouds, more water vapor is below the clouds, and less backscattered radiation

Figure 9. Composite mean area‐weighted HR calculations (K day−1) with longwave scattering considered on days
−4 (a, f, and k), −2 (b, g, and l), 0 (c, h, and m), 2 (d, i, and n), and 4 (e, j, and o) in DJF (black) and other nonsummer
months (gray) over the one‐layer ice cloudy area in the three subareas. The aggregate model is used in the calculations.
P3 has a larger range in x‐axis values.
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reaches the surface. Consequently, the regional FSURF overestimation caused by neglecting longwave
scattering is small over the one‐layer ice cloud area in the Indian Ocean and Maritime Continent.

3.4. Composite HR

Figure 9 shows the time lag area‐weightedHR profiles (K day−1) for one‐layer ice clouds with longwave scat-
tering using the aggregate ice particle model. Using the THM leads to almost identical results. Onmost days,
there is a peak in radiative cooling in the upper troposphere over each region and a sharp decrease in cooling
(sometimes shifting to warming) below the peak, although there are variations in the resulting gradient
based on day, region, and season. The gradient is strongest during DJF and at lag days farther away from
Day 0 (e.g., Day 4 over P3 and Day −4 over P5 and P6). The gradient is generally weak on Day 0 over the

three subregions, particularly in other nonsummer months, suggest-
ing a stronger spatial variability of one‐layer ice cloud top and base
heights around the MJO convection initiation than before and after.
Although individual homogenous cloud layer longwave HR can
reach −60 K day−1 at the cloud top and near 20 K day−1 at the cloud
base (e.g., Fu et al., 1997), the regional mean HR range shown in
Figure 9 is bounded between −2.0 and 1.5 K day−1. The small regio-
nal mean HR range is due to the cancelation of HRs of individual
one‐layer ice cloud groups, the top and base heights of which have
a strong spatial variability.

Figure 10 shows the impact of including longwave scattering on the
heating profiles from Figure 9. While the overall ΔHR values are

Figure 10. Same as Figure 9 except for the difference between HR calculations (ΔHR; K day−1) with and without longwave scattering. P3 has a larger range in
x‐axis values.

Table 3
Composite Mean Maximum HR Overestimation (K day−1) Range at Cloud Top
Caused by Neglecting Longwave Scattering From 5 Days Before to 4 Days After
the MJO Phase Onset in DJF and Other Nonsummer Months Over the
One‐Layer Ice Cloud Portion of the Corresponding Subarea

Subarea

Aggregate THM

DJF Other DJF Other

P3 0.61 to 0.92 0.59 to 0.83 0.74 to 1.11 0.70 to 1.00
P5 0.72 to 1.10 0.43 to 0.59 0.86 to 1.31 0.52 to 0.71
P6 0.65 to 0.80 0.53 to 0.70 0.78 to 0.97 0.65 to 0.85
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small (<0.1 K day−1), the change in the radiative heating profile is consis-
tent across regions and seasons. There is a broad region of heating from
around 5 km (i.e., the 0°C level in the tropics) up to 12–14 km representing
highly varying cloud bases, consistent with the ice cloud base distribu-
tions in Figures 3d– 3f and the right column of Figure 6. There is a more
narrow region of cooling near cloud top between 12 and 18 km, consistent
with the ice cloud top height distributions in Figures 3a– 3c and the
left column of Figure 6. This structure is similar to the observed
longwave HRs in deep convective and cirrus regimes over Darwin
and Manaus (Li et al., 2013). In addition, the magnitude of ΔHR tends
to be larger in DJF, which has a higher one‐layer ice cloud fraction
(Figure 5), but does not appear to have a correlation with time during
the evolution of the MJO.

At cloud‐resolving scales, a sharper cloud base to cloud top heating gradient may sustain longer lasting anvil
clouds (Hartmann et al., 2018) and hence enhance the MJO. The ranges of composite mean maximum HR
overestimations and underestimations at the one‐layer ice cloud top and base heights caused by neglecting
longwave scattering are documented in Tables 3 and 4, respectively. The mean HR biases are around
1.0 K day−1, more than an order magnitude greater than by averaging HR biases at the same height
(Figure 10). As documented in Table 3, the composite mean HR overestimation at cloud top can reach
1.10 K day−1 if the aggregate model is used; the overestimation can reach 1.31 K day−1 if the THM is used.
As documented in Table 4, the composite mean HR underestimation at cloud base can reach 0.74 K day−1

with the aggregate model or 0.87 K day−1 with the THM. The HR biases found in this study are close to
the results reported by Fu et al. (1997) using a midlatitude summer high cloud case. If the cloud longwave
scattering is included, the longwave radiation backscattered by the cloud layer is partly absorbed by the
air at the cloud base, and hence, the reduction of the upward irradiance at the cloud top is greater than
the increase of the downward irradiance at the cloud base. Because HR changes are proportional to the irra-
diance changes, the maximum HR overestimation due to neglecting longwave scattering at the cloud top is
greater than the maximum HR underestimation at the cloud base.

4. Conclusions

Combined active and passive satellite cloud property retrievals are used to describe the one‐layer cloud fea-
tures from 5 days before to 4 days after the onset of MJO Phases 3, 5, and 6 in the boreal nonsummer months
from the Indian Ocean to theMaritime Continent. The cloud property retrievals are also used to quantify the
radiation calculation biases introduced by neglecting cloud longwave scattering using two different ice par-
ticle models. The results show that the satellite‐detected one‐layer cloud groups consist primarily of ice
clouds, particularly during the MJO peak season of DJF. In addition, an increased ice cloud area fraction
of one‐layer cloud groups is present before the MJO passage, supporting a recent study that also finds the
presence of increased cirrus clouds before heavily precipitating tropical convection (Masunaga &
Bony, 2018). If longwave scattering is neglected, the composite mean OLR overestimation is approximately
3.5 to 5.0 W m−2; however, the overestimation of the net longwave radiation at the surface is small, only 0.2
to 0.3 W m−2.

The composite mean HR overestimation at cloud top and underestimation at cloud base can reach 1.03 to
1.24 K day−1 and 0.71 to 0.82 K day−1, respectively, when cloud longwave scattering is neglected depending
on whether an aggregate or two‐habit ice particle model is used. Thus, if cloud longwave scattering is
ignored, there is more heating at the cloud top and more cooling at the cloud base during the passage of
the MJO, changing the heating profile gradient from cloud base to cloud top.

To briefly investigate the longwave scattering effects over the multilayer cloud regions, we carried out idea-
lized radiation calculations for two thin ice cloud layers at 7–7.5 km and 11.5–12 km, respectively. If long-
wave scattering is included, the OLR reduction in the calculation with both cloud layers is close to that
with only the upper cloud layer, but the HR increment at the cloud base and below has a maximum at a
lower altitude in the two‐layer cloud calculation than in the one‐layer cloud calculation (not shown).
Therefore, we suggest that the OLR overestimation due to neglecting cloud longwave scattering is similar

Table 4
Composite Mean Maximum HR Underestimation (K day−1) Range at
Cloud Base Caused by Neglecting of Longwave Scattering From 5 Days
Before to 4 Days After the MJO Phase Onset in DJF and Other
Nonsummer Months Over the One‐Layer Ice Cloud Portion of the
Corresponding Subarea

Subarea

Aggregate THM

DJF Other DJF Other

P3 0.47 to 0.72 0.42 to 0.52 0.56 to 0.84 0.50 to 0.64
P5 0.37 to 0.74 0.34 to 0.52 0.44 to 0.87 0.42 to 0.63
P6 0.42 to 0.53 0.39 to 0.55 0.50 to 0.64 0.47 to 0.66
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over the multilayer and one‐layer ice cloud region but the HR underestimation underneath the cloud is
largest at a lower altitude over the multilayer ice cloud regions than over the one‐layer ice cloud regions.

Whether modeled MJO behavior is sensitive to this radiation calculation bias needs to be examined in future
work. Based on the results presented in this study, we expect that the MJO‐like disturbance will be stronger
and its eastward propagation will be slower in superparameterized GCMs if cloud longwave scattering is
included. In addition, previous studies have shown that cirrus clouds have a consistent diurnal pattern over
the tropical continents (Sassen et al., 2009), and interactions between the diurnal variation of convection
over the Maritime Continent and MJO have been reported (e.g., Birch et al., 2016; Fujita et al., 2011;
Hagos et al., 2016; Ichikawa & Yasunari, 2008; Majda & Yang, 2016; Oh et al., 2012; Peatman et al., 2014;
Rauniyar & Walsh, 2011; Sakaeda et al., 2017; Sui & Lau, 1992; Tung et al., 2014; Vincent &
Lane, 2016, 2017; Zhang & Ling, 2017). Whether the radiation calculation biases introduced by neglecting
longwave scattering have consistent diurnal variability is beyond the scope of this study and should be
addressed in future studies.

Data Availability Statement

The CCCM data set was acquired from the Atmosphere Science Data Center at the NASA Langley Research
Center in Hampton, Virginia (https://eosweb.larc.nasa.gov/project/ceres/cer-news_cccm_aqua-fm3-modis-
cal-cs_relb1_table/). The longwave version of the RRTM was acquired from the Atmospheric and
Environmental Research (http://rtweb.aer.com/rrtm_frame.html). The RMM data were acquired from
International Research Institute for Climate and Society/Lamont‐Doherty Earth Observatory Climate
Date Library at Columbia University (https://iridl.ldeo.columbia.edu/SOURCES/.BoM/.MJO/.RMM/).
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