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ABSTRACT

The longwave cloud radiative effect (LW CRE) plays a critical role in regulating tropical moist
convection by modifying the atmospheric energy budget. While previous studies have linked LW
CRE to the maintenance of convective quasi-equilibrium (CQE) on large scales, its influence at
shorter timescales and on individual convective events remains less explored. In this study, we
analyze the relationship between precipitation and LW CRE on daily timescales at a location
over the equatorial western Pacific. We focus on how LW CRE shapes the thermodynamic
environment prior to deep convection. The present results show that enhanced LW CRE and
surface turbulent heat fluxes act to increase atmospheric moist static energy (MSE) before
rainfall events, supporting conditions favorable for deep convection. Notably, LW CRE may
facilitate ice sublimation in the lower portions of ice clouds by enhancing radiative warming,
thereby contributing to the preconditioning of the atmospheric column. In addition, increased
humidity in the lower free troposphere above the planetary boundary layer (PBL) is found to
reduce the height of anvil cloud tops, suggesting a modulation of convective vertical structure by
pre-convective moisture. These findings provide a process-level perspective on how LW CRE

contributes to maintaining a quasi-equilibrium convective state in the tropics.

1. Introduction

The conservation of the column-integrated moist state energy (MSE) is often used to study
moist convection (Neelin and Held 1987). Cloud radiative forcing (Ramanathan 1987) or effect
(CRE), a source term of the MSE budget, has been found to affect the tropical rainfall
distribution (Lau et al. 2020; Medeiros et al. 2021; Zhang et al. 2021b) and associated
atmospheric circulations (Raymond 2000; Sherwood et al. 1994; Slingo and Slingo 1988, 1991;
Tian and Ramanathan 2002, 2003) at sub-seasonal and longer timescales (Benedict et al. 2020;
Middlemas et al. 2019). In the longwave (LW) spectral regime, clouds absorb surface emitted
radiation and re-emit at a cooler atmospheric temperature, placing a greenhouse effect on the
atmosphere and the surface. The temperature difference between high-level ice clouds and the

surface is larger than that between low-level clouds and the surface. Consequently, high-level ice



clouds have a stronger LW CRE than low-level clouds at the top of the atmosphere (TOA).
Global enhancement of LW CRE in an atmosphere-only general circulation model (GCM) shifts
the midlatitude jet poleward in the Southern Hemisphere and enhances the Walker circulation
(Gu et al. 2021). Strong events of the tropical intraseasonal oscillation—Madden-Julian
Oscillation (MJO) are associated with strong radiative heating of the atmosphere, which is
thought to facilitate the passage of MJO over the Maritime Continent (Zhang et al. 2019). When
atmospheric radiative heating is horizontally homogenized on a rotating cloud-permitting sea
water-covered planet with constant sea surface temperature (SST), the slow-moving MJO-like
moisture modes become fast-travelling Kelvin-like ones (Khairoutdinov and Emanuel 2018).
Synoptic-scale radiative heating/cooling distributions within both the planetary boundary layer
(PBL) and the free atmosphere affect the tropical cyclone frequency in global model simulations

(Zhang et al. 2021a, 2023).

Despite the LW CRE enhancement of storms over tropical oceans, LW CRE produces a
different influence in the midlatitudes (Schéfer and Voigt 2018). Suppression of radiative
interactions in a GCM tends to cool and heat the warm and cold sectors of a midlatitude cyclone,
respectively, resulting in reduced near-surface and tropopause eddy available potential energy in
the midlatitudes and enhanced extratropical eddy kinetic energy (Mischell et al. 2024). The
respective enhancement and weakening of storms over tropical oceans and midlatitudes by LW
CRE may be reconciled when the tropical deep convection over oceans occurs in a convective
quasi-equilibrium (CQE) regime (Emanuel 2023; Yano and Plant 2012). Under the CQE,
cumulus convection kinetic energy generated primarily by the buoyancy force is totally
dissipated via momentum entrainment through cloud boundaries and by the frictional drag that
falling hydrometeors put on cumulus updrafts (Arakawa and Schubert 1974; Lord and Arakawa
1980). The CQE conditions in deep convective regimes over the tropics are supported by
sounding data, which suggest that the buoyancy of an air parcel uplifted adiabatically from the
sub-cloud layer to 300 hPa is indistinguishable from zero when the generated condensate is
loaded within the air parcel (Xu and Emanuel 1989). Based on observations, Jakob et al. (2019)
show that on daily scales and longer, the entire tropics is near radiative-convective equilibrium

(RCE) (Held et al. 1993), which is an idealized realization of CQE (Yano and Plant 2012). In the



aquaplanet configuration of GCMs where the planet surface is completely covered by water
(Medeiros et al. 2016), the deactivation of LW CRE significantly weakens and widens the
tropical rain belt (Medeiros et al. 2021). In both the standard and aquaplanet configurations of

GCMs, the removal of LW CRE reduces tropical precipitation extremes (Medeiros et al. 2021).

While the suppression of LW CRE has a significant effect on model precipitation simulations,
the correlation between observed CRE and precipitation varies across the tropics (Jakob et al.
2019). Satellite observation-based estimates show that the ratio of monthly mean cloud radiative
heating of the atmosphere to precipitation latent heating within every 2.5° x 2.5° gridbox ranges
from 0 to 1.5 over the tropics where deep convective systems prevail (Daloz et al. 2018). The
ratio of instantaneous cloud atmospheric radiative heating to latent heating varies over a wider
range, even if the lightest precipitation cases (precipitation rate < 0.01 mm h-!) are excluded (Sun
et al. 2022). Based on reanalysis data, daily averaged diabatic heating increases with decreasing
OLR over the tropical western Pacific at 400 hPa (Zhang et al. 2017). In addition, surface
turbulent heat flux—another source term of atmospheric MSE—increases with rising SST, which
is well known to regulate tropical deep convection and precipitation (Graham and Barnett 1987).
In the west Pacific, when monthly mean SST exceeds 28°C, deep convective clouds are
enhanced (Fu et al. 1990). Across the entire tropics, the monthly mean OLR decreases
significantly as SST increases from 26°C to approximately 29.5°-30°C. At temperatures
exceeding 30°C, OLR increases as SST continues to rise (Zhang 1993). Over the tropical oceans,
as SST increases from 27 to 30°C, organized deep convective systems become more frequent,
contributing more to total precipitation and increasing the ratio of LW cloud radiative heating to

latent heating in the troposphere (Hsiao et al. 2024).

The features of deep convective clouds change in response to surface turbulent heat flux
variations, which in turn shape the radiative heating of the atmosphere and hence the local rate of
atmospheric MSE change. Fu et al. (1990) showed that the top height of deep convective clouds
generally increases with increasing SST over the west Pacific. Fu et al. (1990) explained the
observed correlation between SST and cloud top height with the CQE perspective: As SST

increases, the presumably moistened PBL nurtures cumulus convection kinetic energy, which can



be balanced by in-cloud dissipations only if cloud top height also increases (Lord and Arakawa
1980). Numerous studies have successfully linked the MSE sources and sinks to tropical moist
convection in the context of some kind of quasi-equilibrium. To the best of our knowledge,
however, few studies have focused on understanding how processes operating at short time
scales cause the tropical convective environment to reach a quasi-equilibrium state, which is
necessary for applying existing CQE theories. Fu et al. (1994) is a seminal example of a study
that approaches tropical deep convection from a process-level perspective, linking SST-driven
variations in surface fluxes and atmospheric humidity to changes in convective structure and
depth. In the present study, we show that there is only a weak correlation between precipitation
and LW CRE on rainy days at the daily scale over a location in the equatorial western Pacific.
However, we find that LW CRE has a significant influence on the thermodynamic conditions
prior to the onset of moist convection, thereby helping to elucidate the role of LW CRE in CQE
over tropical oceans from a process-level perspective. Section 2 introduces the data and methods

we use. The results are presented in Section 3, followed by the conclusions in Section 4.
2. Data and methods

The Atmospheric Radiation Measurement (ARM) Program of the United States Department of
Energy (DOE) has a site on the Manus Island, Papua New Guinea (PNG) (2.060°S, 147.425°E),
from which the interpolated radiosonde INTERPOLATEDSONDE) data (Jensen et al. 2001)
and the surface rain gauge measurement (Surface Meteorological Instrumentation) data (Kyrouac
et al. 1997) are adopted for this study. The altitude of this site is 4 m. We choose to analyze the
data from the two El Nifio boreal winters (2006-2007 and 2009-2010) and the two La Nifa
boreal winters (20072008 and 2010-2011) as identified in Takahashi et al. (2024), allowing us
to compare our point-based results with the deep convection feature statistics reported for the
entire tropics in that study during the same period. We summed rainfall measured by the tipping
bucket rain gauge (TBRG) on each day to get the daily accumulated rainfall. We averaged the 1-
min interpolated radiosonde data on each day to get the vertical profiles of daily mean
temperature and specific humidity. The daily mean temperature and specific humidity vertical

profiles were subsequently smoothed with a 20 hPa-window running mean before they were used



to compute the MSE vertical profile. The gridded hourly SST data from the European Center for
Medium-Range Weather Forecasts (ECMWF) Reanalysis, version 5 (ERAS) (Hersbach et al.
2023) were averaged over a 2°-by-2° domain centered at the ARM site. Subsequently, the
domain-mean hourly SST data on each day were averaged to obtain the daily mean SST time
series. The surface of the 2°-by-2° domain consists primarily of sea water. The ERAS SST data,
with a spatial resolution of 0.25° x 0.25°, corresponds to a 9 x 9 grid of data points within the
study domain. Two out of the 9 % 9 grid boxes represent the Manus Island, surrounded by the

remaining oceanic grid boxes.

The Clouds and Earth’s Radiant Energy System (CERES) synoptic TOA and surface fluxes
and clouds (SYN1deg) product provides hourly 1° x 1° observed clear-sky and all-sky LW
broadband radiation fluxes data at the TOA (Doelling et al. 2013, 2016). The difference between
clear-sky and all sky LW radiation fluxes is the LW CRE. Hereinafter, we omit TOA and refer
LW CRE to LW CRE at the TOA. We averaged CERES SYNI1deg observed LW CRE over the
2°-by-2° domain centered at the ARM site to get the hourly domain-mean LW CRE. Based on
hourly LW CREs, we computed daily mean and daily maximum LW CREs.

The CERES SYN1deg product also provides retrieved cloud properties (Minnis et al. 2021,
2023; Trepte et al., 2019). CERES cloud retrievals have been frequently used to study convection
features (Wall et al. 2018; Xu et al. 2005, 2007, 2019). In the CERES cloud retrieval algorithm,
clouds are categorized into high (p. < 300 hPa), upper-middle (300 < p. < 500 hPa), low-middle
(500 < p. <700 hPa), and low (700 < p. < 1000 hPa) clouds, where p. is the pressure at which
atmospheric temperature equals to the cloud effective radiating temperature. The SYN1deg
product provides retrieved cloud properties, including cloud phase, fraction, water path, and
effective radius, for each of the 4 cloud height categories. High clouds are almost always
identified as ice clouds. Upper-middle clouds are frequently identified as either ice or liquid
clouds. Liquid clouds predominantly prevail in the lower two categories. We averaged the
product of cloud fraction and ice water path (IWP) for each ice phase categories over the domain
to get hourly ice-phase-pixel-mean IWPs in the 4 cloud height categories, respectively. Hourly

ice-phase-pixel-mean IWPs in the high and upper middle category were summed and then used



to compute daily mean and daily maximum IWPs. In a similar way, we computed hourly cloud
fraction-weighted mean high ice cloud top temperature (CTT) over the domain and then
averaged the hourly data on the same day to obtain daily mean high ice CTT time series. It
should be noted that IWP represents an estimate of the total condensate (liquid plus ice water
path) for multilayered ice-over-water clouds. Such clouds are not explicitly identified in the
CERES cloud retrievals. During the daytime, ~22% of the clouds identified as ice phase

comprise ice-over-water systems (Sun-Mack et al. 2024).

The passive-sensor cloud retrievals do not provide much information about the hydrometeor
layering within the clouds. To address that shortcoming, we employ the 2C-ICE product (Deng et
al., 2010, 2013, 2015). It provides IWC vertical profiles retrieved along a narrow field of view
(FOV) track of the CloudSat Cloud Profiling Radar (CPR; Tanelli et al. 2008) and Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO; Winker et al. 2010) Cloud-
Aerosol LIdar with Orthogonal Polarization (CALIOP). Those two satellites take measurements
within a few minutes of the coincident Aqua MODIS data used in the CERES cloud retrievals.
The 2C-ICE algorithm links the CPR radar reflectivity factor and CALIOP lidar backscattering
signal to IWC and ice cloud effective radius via radar and lidar equations. It assumes a modified
gamma size distribution of ice particles with several different shapes whose optical properties at
the radar and lidar wavelengths are taken from Hong (2007) and Yang et al. (2000). The CPR
FOV has cross-track and along-track resolutions of 1.4 and 1.7 km, respectively. We selected the
2C-ICE granules that have ice-cloud-containing FOVs within the 2°-by-2° domain during the 4
winter periods. The pressure levels and the corresponding temperatures for each 2C-ICE retrieval
column were obtained from radiosonde data recorded at the minute the study domain was
scanned by CPR and CALIOP. The averaging was performed at the same pressure level. Only the
columns in which ice clouds were detected above 300 hPa, but not below, were included in the
averaging. The temperature at the level where the mean IWC peaked above 300 hPa is defined as

cloud maximum mass temperature (CMMT).

We first analyze the correlations between precipitation and SST, and between precipitation and

LW CRE on the rainy days. Next, all the non-rainy days followed by rain days were identified



and used to determine the correlations between LW CRE on non-rainy days and precipitation on
following rainy days. We then examined how LW CRE correlates with MSEs in different
atmospheric layers and convective available potential energy (CAPE) on non-rainy days.
Additionally, we study how MSEs in different atmospheric layers and CAPE correlate with
precipitation during the following rainy days. Because CTT is important to measure the high ice
cloud greenhouse effect, we also correlated MSEs in different atmospheric layers and CAPE on

non-rainy days with CERES SYN1deg daily mean high ice CTT on following rainy days.

Finally, we compare the CERES high ice CTT with the 2C-ICE CMMT above 300 hPa. This
comparison utilizes the CERES SYNldeg cloud fraction-weighted high ice CTT corresponding
to the hour when the study domain was scanned by the CPR and CALIOP. If no high ice clouds
were identified by the CERES cloud retrieval algorithm during the relevant hour, the mean of the

ice CTTs from the preceding and following hours is used instead.
3. Results and Discussion
a. Correlations between precipitation and LW CRE

In the study area, the El Nifio winters are wetter than the La Nifia winters in term of
precipitation (Table 1), while the mean SSTs in the selected two El Nifio winters and two La
Nifia winters differ by only 0.3 K. Table 1 reveals that, while the mean daily averaged and daily
maximum LW CREs on rainy days are close in the El Nifio and La Nifa winters, mean daily
averaged and daily maximum LW CREs during the El Nifio winter period exceed their La Nifia
counterparts. Mean daily averaged and maximum ice-phase-pixel-mean IWPs are larger during
the El Nifio than during the La Nifia on rainy days and throughout, but the differences in mean
IWPs between the El Nifio and the La Nifia are larger throughout than on rainy days. The results
suggest that the non-rainy days have more ice clouds and a stronger LW CRE during the El Nifio

than during the La Nifia.

Variables El Nifo La Nina

Mean SST (K) 302.68 302.99
Number of rainy days 140 102



Mean daily accumulated rainfall (mm) 941 6.04

Mean daily accumulated rainfall on rainy days (mm) 12.10 10.72
Mean daily averaged domain-mean LW CRE (W m-2) 69.00 60.40
Mean daily averaged domain-mean LW CRE
74.96 75.38
on rainy days (W m-2)
Mean daily averaged ice-phase-pixel-mean IWP (g m2) 110.84 68.76
Mean daily averaged ice-phase-pixel-mean IWP
129.29 102.07
on rainy days (g m?2)
Mean daily maximum domain-mean LW CRE (W m-2) 101.05 87.24
Mean daily maximum domain-mean LW CRE
108.57 107.17
on rainy days (W m-2)
Mean daily maximum ice-phase-pixel-mean IWP (g m-2) 429.47 277.43
Mean daily maximum ice-phase-pixel-mean IWP
490.44 388.90

on rainy days (g m-2)

Table 1. SST, Precipitation, LW CRE, and IWP statistics in the El Nifio and La Nifa winters

Figure 1 shows the probability distributions of the variables of interest and relevant
correlations for all of the rainy days. To produce a more normal distribution, we use the logio of
daily accumulated rainfall and daily averaged ice-phase-pixel-mean IWP to create the probability
distribution. For rainy days, both daily accumulated rainfall and daily averaged IWP vary by 2-3
orders of magnitude (Figs. 1a and 1d). The large ice cloud mass variation results in a wide LW
CRE range from 3.18 to 152.81 W m-2 (Fig. 1c). On the daily basis, it does not appear that SST
and precipitation have any significant correlation (Fig. le). As shown in Fig. 1b, the daily mean
SST is always above 301.5 K. The local decoupling between SST and cirrus clouds in the
warmest SST regime of the equatorial western Pacific Ocean region was reported in early 1990s
(Fu et al. 1992). The zero correlation between SST and precipitation in Fig. 1e also agrees with
previous studies showing that the decorrelation between SST and deep convective storms over

the entire tropics in this SST range (Lau et al. 1997; Zhang 1993). Daily averaged LW CRE and



precipitation show a weak positive correlation (Fig. 1f), in agreement with the previous study
(Zhang et al. 2017). A small positive correlation also exists between daily averaged IWP and
precipitation (Fig. 1g). Similarly weak correlations were found between daily maximum LW
CRE (LW CREmax) and precipitation, and between daily maximum IWP and precipitation(not
shown). Because deep convective cores yield significantly higher precipitation rates than cirrus/
anvil clouds over the tropics (Fu et al. 1990; Schumacher and Houze 2003), the positive

correlation between IWP and precipitation on some rainy days in Fig. 1g is expected.
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FIG. 1. Probability distributions of (a) logarithm base 10 of daily accumulated rainfall (mm)
(log(Pr)), (b) SST (K), (c) daily averaged domain-mean LW CRE (W m-2), and (d) logarithm
base 10 of daily averaged ice-phase-pixel-mean IWP on rainy days in the total 4 selected winters
and scatterplots of (¢) SST vs. log(Pr), (f) LW CRE vs. log(Pr), and (g) log(IWP) vs. log(Pr). In
each of the upper panels, 4 and o are the mean and standard deviation of the variable. In each of

the lower panels, 7 and p are the correlation coefficient and p-value of the #-test, respectively.

Overall, the positive correlation between LW CRE and precipitation on the same rainy days is
weak, while a moderate positive correlation is observed between LW CRE on a non-rainy day
and the precipitation on the subsequent rainy day (Figs. 2a and 2c¢). In total, 51 non-rainy days
followed by rainy days are found during the study period. The moderate positive correlations

based on the 51 paired non-rainy—rainy samples in Fig. 2 suggest that if a rainy day is preceded



by a non-rainy day, increased ice clouds with enhanced LW radiative heating of the atmosphere
on the non-rainy day often result in enhanced precipitation on the next rainy day over the area of
interest. By analyzing spaceborne active and passive observations of clouds and precipitation
over global tropical oceans, Masunaga and Bony (2018) showed that cirrus cloud cover above 12
km increases 1-2 days prior to deep convection. Masunaga and Bony (2018) also showed that
precipitation associated with deep convection preceded by high cirrus cloudiness is significantly
greater than that preceded by low cirrus cloudiness, even though column water vapor contents
and SSTs in the high and low cirrus cloudiness conditions are similar. Ren et al. (2020) found
that one-layer ice cloud coverage increased up to 5 days before the MJO passage over the Indian
Ocean and Maritime Continent. The results shown in Fig. 2 agree with the previous studies

(Masunaga and Bony 2018; Ren et al. 2020).
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FIG. 2. Scatterplots of (a) log(Pr) vs. LW CRE (W m-2), (b) log(Pr) vs. log(IWP), (c) log(Pr)
vs. daily maximum domain-mean LW CRE (LW CREmax; W m-2), and (d) log(Pr) vs. logio of
daily maximum ice-phase-pixel-mean IWP (log(IWPmax)). LW CRE, log(IWP), LW CREmax,
and log(IWPmax) are on the non-rainy days, which precede the rainy days by one day. In each
panel, » and p are the correlation coefficient and p-value of the #-test, respectively.

b. Thermodynamics revealed by sounding data



The underlying physical processes that link the LW CRE on a rain-free day to the precipitation
on the next rainy day may be elucidated with the knowledge of the thermodynamic conditions of
the non-rainy—rainy pairs. Figures 3a and 3b show that the day-to-day variation of dry static
energy (s) is smaller than the day-to-day variation of MSE (%). As height increases, the standard
deviation of s first decreases from near surface to 892.5 hPa and then increases gradually with
increasing height. The standard deviations of s at 892.5 and 100 hPa are 0.6 and 2.6 kJ kg1,
respectively. The standard deviation of 4 shows a minimum of 2.9 kJ kg-! in the lower
troposphere at 940 hPa and is below 1.3 kJ kg-1 above 255 hPa. In the middle troposphere, the
standard deviation of / is 4-5 times larger than that of s, suggesting predominance of humidity
variation in determining the / variation. As shown in Fig. 3c, the mean difference between
saturated / (h*) and & within the PBL maximizes at the surface and reaches a minimum around
950 hPa, where the convective cloud base is often found. In the free atmosphere, the mean
difference /#*-h maximizes at 760 hPa and decreases above, suggesting that the middle-to-upper
troposphere is closer to water vapor saturation than the lower troposphere above PBL. The
vertical distribution of #*-A standard deviation generally follows the vertical distribution of /#*-h

mean (Fig. 3c).
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FIG. 3. Vertical profiles of dry static energy (s; kJ kg-1), MSE (%; kJ kg-1), and the difference
between saturated MSE (4*) and MSE (h*-h; kJ kg-1). The upper panels show the mean and one
standard deviation above and below the mean during the entire 4 selected winters. The middle
panels show the results on the non-rainy days from the 51 non-rainy—rainy pairs. The lower
panels are the same as the middle panels except that only the days with the five largest LW
CREmax and the days with the five smallest CREmax are shown. The color of the curves in the
middle and lower panels represents the LW CREmax on that day.

Anvil-like clouds dominate the ice cloud population over the equatorial western Pacific (Ren
et al. 2021). Deep convective clouds are unlikely to prevail on non-rainy days. Therefore, the
observed LW CREs on non-rainy days in this study are probably dominated by anvil clouds. On

the non-rainy days followed by rainy days, the 400-200 hPa layer appears to be warmer and the



200-100 hPa layer is cooler when the day has a greater LW CREmax than a smaller LW CREmax
(Figs. 3d and 3g). This lower-warming upper-cooling gradient resembles the upper tropospheric
vertical LW radiative heating/cooling gradient during the MJO cycle (Ren et al. 2020), owing
primarily to ice cloud base absorption and cloud top emission (Fu et al. 1997, 2018). Cloud LW
scattering tends to enhance this gradient (Ren et al. 2020). The similarity between the 400-200
hPa warming and 200—100 hPa cooling pattern associated with enhanced LW CRE (Figs. 3g and
3e), and the vertical LW radiative heating/cooling gradient from tropical ice clouds reported by
Ren et al. (2020), leads us to hypothesize that enhanced LW CRE due to increased anvil cloud
presence on non-rainy days causes the upper-tropospheric vertical warming/cooling gradient
observed in this study. In addition, a non-rainy day with enhanced LW CRE shows increased /% in
the middle-to-upper troposphere between 500 and 200 hPa (Figs. 3e and 3h). Takahashi et al.
(2024) found that 4 increased at those levels across the entire tropics during the two wetter El
Nino winters compared to the two La Nifia winters. LW radiative heating occurs in the lower
portion of anvil-like ice clouds over the equatorial western Pacific while cooling occurs in the
upper half of the clouds (Ren et al. 2021). Gu and Liou (2000) used a two-dimensional cirrus
cloud model to show that once a cirrus cloud has sufficient water content, LW radiative cooling
enhances the ice crystal growth at the cloud top and LW radiative heating enhances the ice
crystal sublimation in the lower portion of the cloud. Therefore, the increased % in the middle-to-
upper troposphere on non-rainy days found in this study likely results from enhanced ice
sublimation, which is facilitated by the LW heating in the lower portion of the cloud. Moreover,
h*-h is also smaller in the middle-to-upper troposphere if a non-rainy day has enhanced LW CRE
(Figs. 3f and 3i), suggesting that ice sublimation moistens the middle-to-upper troposphere,
approaching water vapor saturation. The moistening at those levels due to ice sublimation
enhancement by cloud LW radiative heating shown in Figs. 2 and 3 provides a process-level
understanding of the simulated CRE enhancement of the convection-moisture feedback in

previous studies (Bony and Emanuel 2005; Grabowski and Moncrieff 2004).

Previous studies showed a close link between atmospheric column-integrated water vapor and
precipitation over tropical oceans (Bretherton et al. 2004; Holloway and Neelin 2009). In this

study, while the mean / within the PBL on a non-rainy day has the most significant correlation



with rainfall on the subsequent rainy day, mean 4 above the PBL also shows a weak correlation
with the rainfall (Figs. 4a-4c). The result agrees with the previous studies that showed the
contributions of water vapor in different vertical layers to the precipitation over tropical oceans.
In a study from field campaigns in the equatorial Indian Ocean, DePasquale et al. (2014) showed
that the troposphere up to 200 hPa was gradually moistened before the MJO onset. Increased
upper tropospheric moisture after Kelvin wave passages contributed to the deep tropospheric
moisture accumulation (DePasquale et al. 2014). The contrast of the moderate correlation
between mean 4 within the PBL and precipitation and the weak correlation between mean 4 in
the lower troposphere above the PBL and precipitation (Figs. 4a and 4b) suggests that the PBL
moistening is more likely due to increased surface latent heat flux than to entrained moist air
from the PBL top. Recalling that SST and precipitation are uncorrelated (Fig. 1e), increased
surface evaporation ought to be caused by enhanced surface wind speed, as reported in previous
MJO-like disturbance modeling studies (Maloney 2009; Maloney and Sobel 2004; Maloney et al.
2010).

Emanuel (1986) proposed that surface turbulent heat flux plays a dominant role in the
intensification and maintenance of tropical cyclones and, more generally, in the development of
tropical moist convection. The stronger correlation between /# within the PBL and precipitation
compared to that between 4 in the free atmosphere and precipitation (Figs. 4a-4c) supports that
theory. On the other hand, cirrus clouds that carry / detrained from tropical deep convection can
travel an up to 1000 km long distance before they are dissipated (Luo and Rossow 2004).
Convection-generated atmospheric waves are known to help spread anvil clouds (Mapes 1993;
Prasad et al. 2019). As shown in Figs. 4d-4f, the most significant correlation between LW
CREmax and 4 on non-rainy days is the one between LW CREmax and / in the middle-to-upper
troposphere (» = 0.516). This result further emphasizes that the impact of LW CRE on the
thermodynamic condition is primarily due to the LW radiative heating and associated ice
sublimation in the lower portion of ice clouds. This finding, along with the previously observed
increase in upper-level moisture following Kelvin wave passages during the developing MJO
(DePasquale et al. 2014), provides insight in resolving the CQE theory and the criticisms it has
faced (Yano and Plant 2012).



The cause and effect relationship between large-scale forcing and deep convection is not clear
(Mapes 1993). LW radiative heating/cooling of the atmosphere, a source term of column-
integrated 4, dominated by the presence of ice clouds, is an order of magnitude smaller than the
latent heating generated by tropical deep convection (Masunaga and Bony 2018). Without the
deep convection, the ice clouds found on non-rainy days over the study region must arise from
somewhere upstream. Thus, in-cloud LW radiative heating of the advecting ice clouds helps heat
and moisten the middle-to-upper troposphere and hence regulates the thermodynamic condition
for the convection. The impact of tropical deep convection over oceans on the thermodynamics
of subsequent convection in the remote region was recognized at least three decades ago (Fu et
al. 1996). If the upstream region where ice clouds are generated and the downstream region
where subsequent deep convection occurs are studied as a whole, moist convective instability
generated by large-scale processes is still possibly balanced by momentum entrainment and
frictional drag. Such a modified quasi-equilibrium theory does not ignore convection-generated
atmospheric waves. Instead, the modified theory acknowledges that convection-generated
atmospheric waves work together with LW CRE to help retain a portion of moisture in the upper
levels. With the modified quasi-equilibrium theory, the gap between the moisture mode MJO
theory (Adames and Kim 2016) and the gravity wave MJO theory (Yang and Ingersoll 2013), as
introduced in Zhang et al. (2020), may also be filled.
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FIG. 4. The upper panels are scatterplots of rainy-day log(Pr) vs. mean MSEs in atmospheric
layers between 1000 and 900 hPa (%1000-900; kJ kg-1) (a), between 900 and 500 hPa (A900-500; kJ
kg1) (b), and between 500 and 200 hPa (%500-200; kJ kg-1), respectively. The lower panels are
scatterplots of non-rainy day LW CREmax (W m-2) vs. 41000-900, /#900-500, and /500-200, respectively.
In each panel, » and p are the correlation coefficient and p-value of the #-test, respectively.

In addition, the cloud LW radiative heating enhancement of ice sublimation influences moist
convection only if moist convection is going to occur. This conditional influence may help
explain why the CRE enhancement of convection-moisture feedback is favorable to tropical
oceans and has not been reproduced in studies of storms over midlatitudes (Mischell et al. 2024).
While convective instability can be accumulated via the wind feedback and wind-induced
surface heat exchange (Emanuel 1987; Neelin et al. 1987) over tropical oceans, the buildup of
convective instability over land is controlled by more factors, including large-scale moisture
transport, surface solar heating, and soil wetness (Emanuel 2023; Fu et al. 1999). Based on
satellite observations, Soden and Fu (1995) showed a positive relationship between the
frequency of deep convection and upper-tropospheric humidity at monthly and longer time scales

over the tropics. However, they found no correlation between deep convection and upper-level



humidity in extratropical regions. The collocation of enhanced % in both lower and upper levels
is also important to trigger the so called convective self-aggregation in RCE runs of cloud-
permitting models (Held et al. 1993; Wing et al. 2017; Wing et al. 2018). When the cloud ice
mixing ratio threshold for cloud ice-to-snow autoconversion is increased from zero to 0.1 g kg-!
in a 100-day cloud-permitting simulation, Bretherton et al. (2005) showed that widespread ice
cloud development over the dry region slow down the convective self-aggregation in the
simulation domain. The convective self-aggregation equivalence in the real atmosphere can be
triggered only when enhanced ice sublimation at upper levels and enhanced / with the PBL
happen simultaneously. Notwithstanding the success that the CQE theory and its variants have
received, reaching an equilibrium of a system often consists of several processes operating at
different speeds. Unlike middle and high latitudes where convective instability may be
accumulated with a large horizontal temperature gradient, low-level humidity often dictates the
instability over tropical oceans (Muller et al. 2009). In other words, before the / associated with
an instability is redistributed or an equilibrium is reached, increased /# within the PBL usually

means increased CAPE over tropical oceans (Raymond 1995).

The same conclusion can be drawn by applying the parcel-lifting theory to the 51 paired non-
rainy—rainy samples. As shown in Fig. 5a, lifting condensation level (LCL) on a non-rainy day
decreases with increasing rainfall in the next rainy day, although this relationship is weak. This
result, at the process level, highlights the importance of surface / in determining storm intensity
over tropical oceans, as recognized in well-established theories (Emanuel 1995; Raymond 1995).
The square root of CAPE (CAPE!”2) on a non-rainy day and rainy day precipitation show a very
weak correlation (Fig. 5b), less than that between 4 within the PBL and rainfall (Fig. 4a). The
result again, at the process level, agrees with the previous theories (Emanuel 1995; Raymond
1995). In agreement with the insignificant correlation between PBL 4 and LW CREmax (Fig.
4d), LCL and LW CREmax are only weakly correlated (Fig. 5c). The in-cloud LW radiative
heating enhancement of ice sublimation does not directly influence the humidity within the PBL.
Increased humidity in the middle-to-upper troposphere due to ice sublimation reduces the
buoyancy of an air parcel pseudo-adiabatically uplifted from the surface to this level. In other

words, increased humidity at upper levels reduces CAPE. The insignificant correlation between



CAPE!"2and LW CREmax in Fig. 5d suggests that enhanced ice sublimation in the middle-to-
upper troposphere contributes to subsequent rainfall but does not necessarily increase the
buoyancy of an air parcel adiabatically rising from the surface. How does increased humidity at
upper levels increase the subsequent rainfall amount? Air parcels in convective updrafts are
strongly mixed with entrained ambient air in the real atmosphere (Muller et al. 2009).
Presumably, the mixing between rising air parcels and the ambient air facilitates the saturation of

ambient atmospheric water vapor at upper levels and hence causes increased rainfall.
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FIG. 5. Scatterplots of (a) log(Pr) vs. lifting condensation level (LCL; hPa), (b) log(Pr) vs. the
square root of CAPE (CAPE!2; m s-1), (¢) LCL vs. daily maximum domain-mean LW CRE (LW
CREmax), and (d) CAPE!2 vs. logarithm base 10 of daily maximum ice-phase-pixel-mean IWP
(log(IWPmax)). LCL, CAPE!2, and LW CREmax are on the non-rainy days, which lead the
rainy days by one day. In each panel, » and p are the correlation coefficient and p-value of the #-
test, respectively.

c. Cloud top temperature and maximum mass temperature

CTT plays an important role in determining the magnitude of the cloud greenhouse effect,
leading to extensive study of the relationship between the thermodynamic environment of
tropical deep convection and the uppermost detrainment level (Hartmann and Larson 2002;

Zelinka and Hartmann 2010, 2011). Figure 6 shows scatterplots of various layer-mean MSEs



and CAPE on non-rainy days versus. daily mean high ice CTT on the following rainy days.
While the PBL 4 shows a moderate positive correlation with precipitation (Fig. 4a), no
correlation is found between the PBL /4 and CTT (Fig. 6a). No correlation is found between
CAPE and CTT either (Fig. 6d). However, / in the free atmosphere—particularly in the lower
troposphere above the PBL—shows a negative correlation with CTT, although the correlation is
very weak (Figs. 6b and 6¢). The results suggest that air parcel rising to the cloud top must
undergo strong mixing with the ambient air. The more humid the free atmosphere is, the more
buoyancy a rising air parcel loses through mixing with the ambient air. From the CQE
perspective, the results suggest that enhanced cloud kinetic energy may be balanced by not only
an increased cloud top but also increased momentum entrainment. Using cloud-permitting model
simulations of tropical deep convection in the RCE, Romps and Kuang (2010) showed that
undiluted updrafts are exceedingly rare above approximately 4-5 km and virtually nonexistent

above 10 km.
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FIG. 6. Scatterplots of daily averaged CERES SYN1deg cloud fraction-weighted mean high
ice cloud top temperature (CTT; K) on a rainy day vs. (a) /1000-900, (b) /900-500, (€) A500-200 (kJ
kg-1), and (d) CAPEY2 (m s-!) on the previous non-rainy day.



Based on an observed tropical squall line during its intensifying period, detrained solid
hydrometeors showed a wide range of vertical distribution between 4—16 km (Mullendore et al.
2009). It was also found that the height at which the anvil ice water content (IWC) maximized
was close to the level of maximum detrainment (LMD) 2.5—4 km below the level of neutral
buoyancy (LNB) calculated from the nearby sounding data (Mullendore et al. 2009). The LMD
is also important to the magnitude of the ice-cloud greenhouse effect (Hartmann and Larson
2002). Because LMD cannot be retrieved from passive sensor observations, active sensor
observations are necessary for studying LMD in tropical deep convection (Takahashi and Luo

2012).

Figure 7 compares CERES SYN1deg hourly high ice CTT with coincident CMMT from
CloudSat 2C-ICE above 300 hPa. A weak positive correlation is found between CTT and CMMT
(Fig. 7). Given that Fig. 6 illustrates the crucial role of mixing between a rising air parcel and the
ambient environment in determining CTT, as well as the positive correlation between CTT and
CMMT, it is reasonable to expect that both LMD and CMMT are also strongly influenced by this
mixing. Based on CPR observations of tropical deep convection, Takahashi and Luo (2012)
found only a weak correlation between the conceptually calculated LNB by considering a
pseudo-adiabatically rising air parcel and CPR-observed LMD. The discrepancy between the
conceptually calculated LNB and the LMD observed by the spaceborne radar serves as a
measure of the bulk entrainment rate in convection (Takahashi et al., 2017, 2021). Our results
agree with the previous studies. In addition, tropical deep convection has stronger updrafts over
land than over ocean (Liu and Zipser 2005). Takahashi and Luo (2012) also showed that while
conceptually calculated LNB values are similar between land and ocean, tropical deep
convection has a higher LMD over continents and over oceans. Findings from previous studies,
along with those of this study, suggest that the humidity of the free atmosphere preceding
tropical deep convection plays a crucial role not only in modulating precipitation, but also in
determining the altitude at which anvil clouds detrain from deep convective systems. This study
further suggests that atmospheric waves generated by deep convection can interact with LW CRE

to moisten the upper troposphere ahead of subsequent convection. When deep convection occurs



in a more humid upper troposphere, it tends to produce greater precipitation and lower anvil

cloud tops.
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FIG. 7. Scatterplots of CERES SYN1deg hourly high ice CTT (K) vs. CloudSat 2C-ICE above
300 hPa ice cloud maximum mass temperature (CMMT; K) at CloudSat overpasses. Only the
cases with more than five 2C-ICE columns that detect ice clouds above 300 hPa but not below
over the study domain are included. » and p are the correlation coefficient and p-value of the #-
test, respectively.

4. Conclusions

The longwave cloud radiative effect (LW CRE) has been widely studied in relation to tropical
moist convection, particularly within the framework of convective quasi-equilibrium (CQE).
However, few previous studies have examined the role of LW CRE in the CQE theories from a
process-level perspective. This study examined the interplay between precipitation, LW CRE, ice
water path (IWP), and moist static energy (MSE) in the tropical western Pacific during El Nifo
and La Nifia winters. On rainy days, weak but positive correlations were found between
precipitation and both LW CRE and IWP, consistent with the known link between deep
convection and cloud ice mass. More notably, moderate positive correlations emerged between

LW CRE and IWP on non-rainy days and precipitation on the following rainy day. This suggests



that enhanced ice clouds and associated LW radiative heating on dry days may precondition the

atmosphere for more intense precipitation events.

Sounding data revealed that this preconditioning involves warming in the mid-to-upper
troposphere and moistening presumably via ice sublimation driven by LW heating, especially in
the lower portions of ice clouds. This radiative process reduces the MSE deficit, bringing the
upper troposphere closer to saturation. Stronger correlations between precipitation and MSE
within the planetary boundary layer (PBL), as compared to the free troposphere, highlight the
critical role of surface latent heat flux—Ilikely wind-driven—in fueling subsequent convection.
The atmospheric LW radiative heating by high-level cirrus clouds over tropical oceans is an
order of magnitude smaller than the latent heating released from the deep convection that
generates the cirrus clouds. However, the present finding helps explain why the greenhouse
effect of cirrus clouds is indispensable in the CQE theories which capture important features of
tropical moist convection. A recent study shows that including orographic gravity wave
parameterization in a GCM enhances the simulated cirrus ice mass over mountainous regions
and their downstream areas (Lyu et al. 2023). Based on the findings of this study, we expect that
adding convection-generated gravity wave parameterization to a high-resolution global model
would significantly enhance the simulated MJO-like disturbance. This enhancement would result
from LW radiative heating-facilitated ice sublimation prior to deep convection over tropical
oceans. Moreover, we showed that increased humidity in the free atmosphere—particularly in

the lower troposphere above the PBL—prior to deep convection tends to lower anvil cloud tops.
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