
1. Introduction
The prediction of tropical cyclones (TCs) has steadily improved over the past two decades due to advances 
in numerical models and observing systems (DeMaria et al., 2014; Simon et al., 2018). However, the pre-
dictive skill is low when the intensity of TCs is weak, because the evolution of a weak tropical convective 
system can be more sensitive to the impact from internal dynamical and environmental influences (Cossuth 
et al., 2013). To better understand the processes responsible for the development of weak TCs, we investigate 
the energy sources in developing TCs using satellite observations and model simulations.

TCs develop from tropical disturbances (TDs) under situations where the energy supplied to the storm is 
greater than that dissipated. Recent studies using CloudSat measurements of ice water content found that 
developing TCs have greater cloud ice water content within 500 km of the TC center than weakening TCs, 
confirming the importance of latent heating to TC development (Wu & Soden, 2017; Wu et al., 2020, 2021). 
However, latent heating is important to TCs only when it occurs within ∼100 km of the TC center (Nolan, 
Rappin, & Emanuel, 2007). In addition, latent heating in the early stage of TCs is often too weak and spo-
radic to support the development of TCs. Thus, during the early stage of TCs, an additional energy source 
other than latent heating may be required.

Previous theoretical and modeling studies have suggested that radiative heating from clouds may be 
a crucial energy source for the development of tropical convective systems at their early stage (Brether-
ton et al., 2005; Dudhia, 1989; Miller & Frank, 1993; Muller & Held, 2012; Wing & Emanuel, 2014; Wing 
et al., 2017; Xu & Randall, 1995). That is, clouds can alter the spatial distribution of radiative heating, and 
subsequently change the cloud and precipitation fields through changes in the overturning circulation. 

Abstract This study examines the role of cloud-radiative interactions in the development of tropical 
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Radiant Energy System measurements show that intensifying TCs have greater radiative heating from 
clouds within the TC area than weakening ones. Based on this result, idealized WRF simulations are 
performed to examine the importance of the enhanced radiative heating to TC intensification. Sensitivity 
experiments demonstrate that removing cloud-radiative interactions often inhibits tropical cyclogenesis, 
suggesting that cloud-radiative interactions play a critical role.

Plain Language Summary It is difficult to accurately predict tropical cyclone (TC) 
formation. To better understand TC formation, we analyzed the relationship between energy from infrared 
radiation and TC formation through satellite observations and computer simulations. It was found that 
TCs with a greater amount of radiative heating from clouds are more likely to intensify over the next 
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radiative heating is blocked. This result suggests that understanding how radiative heating strengthens 
TCs may improve the performance of hurricane forecasting.
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This process transports moist static energy (MSE) into the cloudy area, nurturing a convective system. Such 
interactions between clouds and radiation create a positive feedback, aggregating energy to facilitate the de-
velopment of weak tropical convective systems. Therefore, this positive feedback involving cloud-radiative 
interactions may play an important role in bolstering TC development.

Recent modeling studies have found that radiative fluxes can profoundly influence TC development. Re-
moving cloud-radiative heating often inhibits TC genesis, suggesting that radiative fluxes may play a crit-
ical role in the development of Tropical Depressions (Bretherton et al., 2005; Bu et al., 2014; Carstens & 
Wing, 2020; Dunion et al., 2014; Fovell et al., 2016; Melhauser & Zhang, 2014; Muller & Romps, 2018; No-
lan, Moon, & Stern, 2007; Ruppert et al., 2020; Smith et al., 2020; Wing et al., 2016; Wang et al., 2019; Zhang 
et al., 2021). Radiative feedbacks may assist the initiation of TC genesis by enhancing the circulation that 
transports energy into the moist convective regions (Muller & Romps, 2018; Wing et al., 2016). In addition, 
radiative heating may strengthen thermally direct secondary circulation of TCs to accelerate their tangen-
tial wind (Ruppert et al., 2020). Although these modeling studies have demonstrated the importance of 
radiative heating to TC development, observational verification is missing and more idealized simulations 
with realistic environmental forcings are required to understand the potential influence of the large-scale 
environment.

This study presents an observational analysis of the relationship between radiative heating from clouds 
and TC genesis in conjunction with idealized modeling studies to better understand their role in TC devel-
opment. To achieve these goals, we use satellite measurements from CloudSat and Clouds and the Earth's 
Radiant Energy System (CERES) to document the relationship of atmospheric radiative heating with TC 
genesis and intensification. We also use the Weather Research and Forecasting (WRF) model to further 
examine the importance of radiative processes in the development of TCs using a range of modeling condi-
tions. A MSE framework is used to examine the contribution of radiative fluxes to the increased energy in 
TCs to further elucidate the key physical processes involved in TC development.

2. Data and Methods
2.1. CloudSat Measurements

CloudSat is equipped with a lidar and cloud profiling radar to retrieve vertical profiles of cloud condensate. 
The vertical distributions of liquid and ice cloud effective radii and water contents along with ancillary 
temperature and humidity profiles from the European Centre for Medium-range Weather Forecasts anal-
yses are used to initialize a broadband radiative flux model. The CloudSat 2B-FLXHR algorithm (L'Ecuyer 
et al., 2008) is used to produce a vertically resolved radiative flux and heating rate data set that is, consistent 
with observed reflectivities from CloudSat radar and lidar retrievals. Further details of the algorithm and 
flux products are described extensively in L'Ecuyer et al. (2008). The CloudSat Tropical Cyclone Data set 
(CSTC) provides a subset of CloudSat overpasses that have observed TCs over the past 15 years (Tourville 
et al., 2015; Wu & Soden, 2017). This study used measurements of radiative fluxes from version 2B-FLXHR 
P2_R04 from 2006 to 2015, to create composites for TCs.

2.2. CERES Measurements

The CERES project provides satellite-based observations of the earth's radiation budget and clouds (Doelling 
et al., 2013, 2016; Wielicki et al., 1996). It uses measurements of radiation from CERES instruments and 
auxiliaries of cloud properties from other satellites. The CERES instrument measures the radiation at the 
top of the atmosphere (TOA) through three channels, and is part of the NASA's Earth Observing System, fly-
ing on several satellites including the Tropical Rainfall Measuring Mission and the Moderate Resolution Im-
aging Spectroradiometer. The version of the data used in this study is the “synoptic TOA and surface fluxes 
and clouds” (SYN1deg-1Hour), which uses a radiative transfer model in combination with measurements 
of radiative fluxes, cloud properties, and aerosols from geostationary satellites to complement the data. The 
horizontal resolution is one-degree latitude/longitude, and the time interval is one hour.

We use the cloud radiative effect (CRE), defined as the difference between the clear sky and total sky ra-
diative fluxes, to examine the effect of cloud radiative heating on the development of TCs. Specifically, 
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we consider the radiative heating from clouds within the atmospheric column, which is referred to as the 
Atmospheric Cloud Radiative Effect (ACRE). The ACRE is defined as the radiative flux convergence in the 
atmosphere due to clouds:

ACRE
TOA SFC total TOA SFC clear

   R R R R( ) ( ) (1)

in which TOAR  and SFCR  represent the radiative flux at the top of the atmosphere and surface, respectively. 
The subscripts total and clear indicate total sky and clear sky conditions, respectively (Harrop & Hart-
mann, 2016; Hartmann et al., 1986).

2.3. Tropical Cyclone Genesis Archive

We use the tropical cyclone genesis archive of Cossuth et al. (2013) to determine whether TDs developed 
into tropical storms or hurricanes, hereafter referred to as TCs. Cossuth et al. (2013) used subjective Dvorak 
analyses to create tropical cyclogenesis climatology for every TD in the North Atlantic and North Eastern 
Pacific from 2000 to 2010. The Dvorak technique uses satellite measurements to quantify TC intensity from 
cloud growth and dissipation patterns (Dvora,k 1975, 1984). Cossuth et al. (2013) modified the technique 
to subjectively progress through steps from identifying the system in satellite imagery to determining the 
current intensity (CI) of convective systems. The CI number ranges from 1.0 to 8.0 with an interval of 0.5. 
Operationally, the National Hurricane Center requires a CI number of 2.0 to categorize the convective sys-
tem as a TC. In this study, if a TD (CI < 2.0) grows to TC intensity (CI ≥ 2.0) after 24 h, we defined it as a 
developing TD. If a TD doesn't reach TC category after 24 h, we defined it as a non-developing TD. We also 
compared intensifying TCs with weakening TCs. The definition of intensifying/weakening TCs is if the CI 
number increases/decreases after 6 h. Complete details related to tropical cyclone genesis archive are avail-
able from Cossuth et al. (2013).

2.4. WRF Simulations

The advanced WRF model version 3.9.1 (Skamarock et al., 2008) is adopted to perform a series of sensitivity 
experiments. For these experiments, the horizontal resolution is 6 km with 540 × 540 horizontal grid points 
and 60 vertical levels. This configuration permits TC-environment interactions, which are considered to be 
crucial processes in the development of tropical convective systems, without the distortion from nested do-
mains. The microphysical parameterization scheme is the 6-class single-moment scheme WSM6 (Hong & 
Lim, 2006), and the longwave and shortwave radiative parameterization is the rapid radiative transfer model 
for GCMs (RRTMG) (Iacono et al., 2008).

Two sets of simulations are executed to examine the effect of cloud-radiative interactions on TCs: a control 
simulation (CTL) and a parallel simulation that uses the spatially homogenized longwave radiative heating 
profiles (HOM_RA). The CTL maintains regular radiative processes, while HOM_RA prescribes the same 
profile of longwave radiative heating for the entire domain, which is derived from the spatial and temporal 
average of the control simulation with the same configuration. An ensemble of simulations is performed 
with both configurations by changing initial vortex intensity (7, 10, and 13 m/s at z = 3.8 km), the strength 
of vertical wind shear (difference between 200 and 850 hPa; 4, 6, 8, 10, and 12 m/s), and sea surface temper-
ature (SST; 27 and 28°C). The point downscaling method of Nolan (2011) is adopted to specify the uniform 
background wind shear that is, nearly constant in time and space throughout the simulations. The initial 
vortex is a modified Rankine vortex, with the maximum wind at the radius of 150 km and the height of 
3 km.

2.5. Budget Analysis

MSE is conserved during the moist adiabatic processes, and is a combination of internal, potential, and 
latent energy:

h c T gz L qp v v   (2)

where h is the MSE, Lv is the latent heat of evaporation, qv is the vapor mixing ratio, and the other terms 
are the same as the conventional use in meteorology. Convection can redistribute MSE in the vertical but 
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cannot change column integrated MSE (CIMSE). Convective activity tends to increase as CIMSE increases 
(Raymond et al., 2009; Wing & Emanuel, 2014). Therefore, CIMSE is ideal for examining pathways of ener-
gy sources/sinks for convective systems. Previous studies have shown that the spatial variance of CIMSE is 
strongly correlated to the strength of the convective system within the domain (Wing & Cronin, 2016; Wing 
& Emanuel, 2014). We start with the budget equation for CIMSE, ĥ:

SEF NetSW NetL ·
ˆ

W h
h uh
t
    ¶ 

¶
 (3)

where SEF is the surface enthalpy flux including latent and sensible heat flux, NetSW and NetLW are the 
radiative convergence in the atmospheric column for shortwave and longwave, respectively. The x̂ notion 
represents a density-weighted vertical integral from the surface to the top of the atmosphere. We subtract 
the horizontal mean of Equation 3 from the original Equation 3 and multiply the results by ĥ, the anomaly 
of CIMSE, to obtain Equation 4:

21 SEF Net S N
ˆ ˆ ˆ ˆ ˆW et LW ·

2 h
h h h h h uh
t

    ¢ ¢
¢ ¢ ¢ ¢ ¢ ¢ ¢¶ 

¶
 (4)

The x notation indicates an anomaly from the horizontal mean. ·ˆ
hh uh


  is the horizontal divergence of the 

CIMSE (not calculated in this study). The terms ˆ SEFh , eˆ N t SWh , eˆ N t LWh  represent the correlations of ĥ 
with its source and sink terms, which are surface enthalpy flux, and shortwave and longwave convergence 
in the atmospheric column, respectively.

3. Results
3.1. Satellite Measurements

We create composites of ACRE for outgoing longwave at the top of the atmosphere from CloudSat meas-
urements for four intensity categories of TCs: tropical depression, tropical storm, category 1-2, and category 
3-5 TCs, based on their current intensity and subsequent intensity change (Wu & Soden, 2017). Figure 1 
shows that intensifying TCs, on average, have stronger ACRE than weakening TCs within 500 km of the TC 
center, except for category 3-5 TCs whose signal is unclear. The difference in ACRE between intensifying 
and weakening TCs is greater closer to the center. The greater ACRE in intensifying TCs is consistent with 
modeling studies which demonstrated that convective regions receive greater ACRE (Dudhia, 1989; Miller 
& Frank, 1993; Xu & Randall, 1995). Previous studies also suggested that the contrast of ACRE between the 
convective area and the environment plays a key role in convective organization (Bretherton et al., 2005; 
Muller & Held, 2012; Wing & Emanuel, 2014; Wing et al., 2017). Therefore, it is of interest to expand our 
domain to a broader area.

Since the CSTC data set only provides CloudSat observations within 500 km of the TC, whose coverage is 
only within the broad TC area, we adopt the CERES data set to examine how ACRE is distributed within 
the TC area and its environment. CERES measurements of radiative fluxes are used to create composites 
of ACRE for intensifying and weakening TCs based on 6-h intensity change. Each measurement is com-
posited after subtracting its areal mean. For both intensifying and weakening TCs, the positive ACRE is 
concentrated within ∼5-degree latitude/longitude of the TC center (Figure 2a). The strength of ACRE 
increases and the area with strong ACRE of 60 w/m2 expands as TC intensity becomes stronger. In addi-
tion, a greater ACRE occurs at the upper-right corner of TC, which might be evidence of the asymmetry 
induced by wind shear, though the composites don't rotate the measurements to the same direction of the 
wind shear.

To examine the impact of ACRE on TC development, Figure 2a shows the difference in ACRE between 
intensifying and weakening TCs. The areal mean ACRE within 5-degree latitude/longitude is ∼7 W/m2 
greater in intensifying TCs compared with weakening TCs, except for category 3-5 TCs whose difference is 
only about 2 W/m2. In contrast, the value in the area surrounding TCs is mostly negative to zero. The spatial 
contrast in ACRE is consistent with previous modeling studies related to convective self-aggregation which 
suggested that the contrast in radiative heating between the convective region and its environment plays a 
crucial role in nurturing the development of tropical convective systems (Wing & Emanuel, 2014; Wing & 
Cronin, 2016).
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To further examine how radiative heating contributes to the development of TCs, we perform a budget 
analysis of CIMSE to quantify the contribution from net longwave fluxes to the increase of energy in TCs 
using Equation 4. Previous studies performed the budget analysis for CIMSE to explore the important path-
ways that strengthen tropical convective systems (Wing & Cronin,  2016; Wing & Emanuel,  2014; Wing 
et al., 2016). However, it can be difficult to compute CIMSE from observations due to the lack of necessary 
measurements. Theoretical studies have suggested that the anomaly of CIMSE is dominated by column-in-
tegrated latent energy (i.e., water vapor), because the temperature gradient is small relative to the gradient 
of water vapor in the tropics (Raymond et al., 2009). Therefore, we utilize latent energy (L q

v v
) from CERES 

measurements to replace CIMSE (ĥ) and perform the budget analysis using Equation 4. Latent energy is 
computed as the latent heat of evaporation multiplying column water vapor from the CERES data set. 
The contribution from radiative heating to the development of TCs can be disclosed through examining 

eˆ N t LWh  (the third term on the right-hand side of Equation 4), which is termed as the anomaly of latent 
energy multiplying the anomaly of longwave radiation convergence within the atmosphere.

We create composites of eˆ N t LWh  for intensifying and weakening TCs to examine the impact of radiative 
heating on the development of TCs (Figure 2b). The composites show that both intensifying and weak-
ening TCs receive positive contributions from the net longwave radiative flux in the entire domain, with 
contributions about 500 kJ/m2*kW/m2 within the convective area. The positive value here indicates the 
positive feedbacks between CIMSE and net longwave radiative flux, which means high (low) CIMSE will 
get greater (smaller) because of anomalously high (low) longwave radiative flux convergence. This means 
that convective activity becomes stronger in the TC area and gets weaker in the environment. We further 
calculate their differences by subtracting weakening from intensifying TCs. For all intensity categories, 
contributions of net longwave radiative flux within convective regions are about twice as strong in intensi-
fying TCs, while areas outside convective regions demonstrate negative to small positive values, except for 
category 3-5 TCs whose signal is unclear. A greater eˆ N t LWh  within the TC area in intensifying TCs im-
plies a stronger contribution from longwave radiation. We repeat the same analysis for shortwave radiative 
fluxes. The contribution from shortwave radiative fluxes is almost uniformly distributed across the domain, 
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Figure 1. Observations of Atmospheric Cloud Radiative Effect of longwave radiative fluxes from CloudSat for 
intensifying and weakening tropical cyclones (TCs). Four panel represents different intensity categories: (a) tropical 
depression, (b) tropical storm, (c) category 1-2, and (d) category 3-5 TCs. Red line is intensifying TCs, and blue line 
is weakening TCs. Shadings are standard error. X-axis is the along-track distance to the zero point. Y-axis is CRE in 
W/m−2.
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indicating that shortwave may only provide limited assistance to TC intensification (Figure S1). A greater 
contribution from longwave radiation to intensifying TCs seen in CERES measurements supports previous 
modeling studies that radiation is one of primary factors in influencing the evolution of TC intensity (Fovell 
et al., 2016; Melhauser & Zhang, 2014; Muller & Romps, 2018).

As radiative heating has been shown to be clearly related to the development of TCs, radiative heating may 
also play a crucial role in influencing TC genesis, when the primary and secondary circulations of convective 
systems are still immature. To investigate this, we create composites of ACRE for developing and non-devel-
oping TDs. Developing TDs are defined as those that intensify to a TC within 24 h. Composites show that de-
veloping TDs have stronger ACRE within the convective area than non-developing TDs (Figure S2). Within 
5-degree latitude/longitude of the circulation center, the averaged ACRE in developing TDs is ∼6.5 W/m2 
greater than that in non-developing TDs, while it is ∼2.5 W/m2 less than non-developing TDs outside the 
convective area (Figure 3a), consistent with the results for TC intensification. Furthermore, we extend the 
forecasting time from 24-h to 120-h with a 24-h interval to examine how early the signal of the enhanced 
ACRE occurs prior to TC genesis. The clear signal of the enhanced ACRE in the TC area and the suppressed 
ACRE in the environment can still be observed 72 h prior to TC genesis (Figure 3a). Even beyond the 72-h 
lead time, the developing TDs still have stronger ACRE around the circulation center (Figure 3a). We also 
examine the contribution from longwave radiative fluxes to TC genesis using the budget analysis and find 
results consistent with those for TC intensification (Figure 3b). That is, developing TDs have stronger con-
tributions from longwave radiative fluxes within 5-degree latitude/longitude of the circulation center than 
non-developing TDs. The results of using CERES measurements demonstrate a clear difference in ACRE 
between developing and non-developing TDs in the convective area and the contribution from longwave 
radiative flux to the development of TCs, consistent with previous modeling studies which demonstrated 
that removing radiative heating may inhibit TC genesis (Carstens & Wing, 2020; Smith et al., 2020).
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Figure 2. Observational composites from Clouds and the Earth's Radiant Energy System measurements of (a) Atmospheric Cloud Radiative Effect and 
(b) eˆ N t LWh  for weakening tropical cyclone (TC), intensifying TC, and the difference between intensifying and weakening TCs as a function of intensity 
category. The x- and y-axis are longitude and latitude, respectively, in degrees. Numbers in intensifying and weakening columns in (a) are number of cases and 
(b) are the areal mean within 5 degree of latitude/longitude. Values in the difference column are the areal mean of their differences within 5 degree of latitude/
longitude.
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3.2. Model Simulations

Because the enhanced ACRE in developing TDs might be a response to the intensification rather than a 
cause of it, we use model sensitivity experiments to isolate the influence of ACRE on TC genesis. To exam-
ine the importance of the ACRE on the likelihood of TC genesis, we perform two sets of ensemble simula-
tions, CTL and HOM_RA, with different environmental shear, SST and initial vortex intensities (7, 10, and 
13 m/s). Overall, the number of TC genesis in CTL exceeds that in HOM_RA (Table S1). For a weak initial 
vortex (Figure 4a), most of the HOM_RA cases don't lead to TC genesis. Whereas, in CTL, only two out of 
12 simulations don't undergo TC genesis due, partly, to the detrimental effect from high wind shear. For me-
dium initial vortex intensity (Figure 4b), more vortices in HOM_RA achieve TC genesis, but the impact of 
homogenizing longwave radiative fluxes is to slow down intensification rates and to weaken the final vortex 
intensity. For a strong initial vortex (Figure 4c), only two of HOM_RA simulations don't achieve TC genesis, 
and the time for the rest of HOM_RA to reach TC genesis is much closer to the time in CTL, compared with 
weak and medium initial vortex cases. Regardless, HOM_RA still shows much slower intensification rates 
than those in control simulations. Accordingly, simulations in HOM_RA show less likelihood of TC genesis 
and slower intensification rates, indicating that removing cloud-radiative interactions suppresses TC devel-
opment. The higher percentage of TC genesis events in CTL is consistent with previous modeling studies 
which suggested that cloud-radiative interactions play a crucial role in promoting tropical cyclogenesis 
(Carstens & Wing, 2020; Muller & Romps, 2018; Smith et al., 2020; Yang & Tan, 2020).

Next, we examine the evolution of the spatial variance of CIMSE (h¢2 ) and perform the budget analysis 
described in (Equation 4) to better understand the physical processes responsible for cyclogenesis. In each 
simulation, h¢2 increases with time (Figure 4d), and the evolution is similar to TC intensity as h¢2 is highly 
related to the strength of tropical convective systems (Wing & Cronin, 2016; Wing & Emanuel, 2014) The 
sharp gain of h¢2 in the first 24 h is due to the model spinup. After the first day, the growth rate of CTL is 
consistently faster than that in HOM_RA, and the evolution of CTL and HOM_RA diverges on the second 
day. The time of the divergence in the evolution suggests that the radiative feedbacks influence TC develop-
ment from the earliest stages.

Because we substitute CIMSE with latent energy in the observational analysis, it is of interest to examine 
the viability of this method by comparing h¢2 with the spatial variance of latent energy in model simulations 
(Figure S3). Their values and evolution are highly similar, and their differences are only one-tenth of their 
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Figure 3. Observational composites of the areal-mean difference between developing and non-developing Tropical Depressions (TDs) of (a) Atmospheric 
Cloud Radiative Effect, (b) eˆ N t LWh  from Clouds and the Earth's Radiant Energy System measurements. Red bars depict the areal mean within 5-degree 
latitude and longitude of the circulation center, referred to as the TD area, and blue bars depict the areal mean between 5-10° away from the circulation center, 
referred to as the TD environment. The black vertical lines represent one standard error from the areal mean. Different pairs represent different lead-time from 
24-h to 120-h with a 24-h interval.
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values, supporting the feasibility of using latent energy to represent CIMSE in the aforementioned satel-
lite-based analysis.

To examine the contribution from the relevant physical processes toward the increase of spatial variance 
of CIMSE, we conduct a budget analysis for 2ĥ , focusing on the contributions of surface enthalpy flux and 
longwave radiative flux, the first term ( ˆ SEFh ) and third term ( eˆ N t LWh ) on the right-hand side of Equa-
tion 4. Both terms show the similar magnitude of contribution to the increase of 2ĥ , but their importance to 
increasing 2ĥ  is greater for different stages of development. For ˆ SEFh , the value remains low and is almost 
identical between CTL and HOM_RA for the first two days (Figure 4e), while a clear difference appears 
at the beginning of the third day, in which ˆ SEFh  in CTL rises sharply. For eˆ N t LWh , HOM_RA is zero 
throughout the simulation, because the LW heating profiles are uniformly prescribed in the simulation 
(Figure 4f). Whereas, in CTL simulations, this term increases steadily while also showing diurnal oscilla-
tions. In CTL, the time when eˆ N t LWh  increases significantly is one day earlier than the diverging time of 

2ĥ , suggesting that the net longwave radiative flux is the main contributor to the increase of 2ĥ  at the early 
stage of TCs. The leading contribution from longwave radiation to the increase of CIMSE within the circu-
lation center at the early stage of simulations indicates that longwave radiation may be the primary factor in 
regulating TC genesis. This conclusion is consistent with previous modeling studies which suggested that 
longwave radiation is the leading contributor for tropical convective systems at their early stage (Carstens 
& Wing, 2020; Muller & Romps, 2018; Smith et al., 2020; Wing & Cronin, 2016; Wing & Emanuel, 2014).
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Figure 4. Model simulations of storm development for two different radiative heating experiments. The upper row, (a), (b), and (c), are the evolution of vortex 
intensity (m/s) for control simulation (CTL) (black) and HOM_RA (green dashed). The x-axis represents the simulation time in hour, and y-axis is vortex 
intensity in m/s. The initial vortex intensity is (a) 7 m/s, (b) 10 m/s, and (c) 13 m/s. The lower row, (d), (e), and (f) depicts the budget analysis of the spatial 
variance of column integrated moist static energy (CIMSE) for the weak initial vortex set (7 m/s) with sea surface temperature of 27°C, (d) is for the spatial 
variance of CIMSE, (e) is for surface enthalpy flux term, and (f) is for longwave radiative flux term. Black solid lines are CTL simulations and green dashed lines 
are HOM_RA simulations. The x-axis is simulation time in day, and y-axis is the spatial covariance between CIMSE and associated terms (left to right panels: 
CIMSE in kJ/m2*kJ/m2, surface enthalpy and longwave radiative flux in kJ/m2*kW/m2).
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4. Summary
This study examined the role of cloud-radiative interactions in the development of TCs using satellite-based 
retrievals of radiative fluxes and a small ensemble of WRF simulations. We found that TCs and TDs with 
enhanced ACRE tend to intensify in the future, especially for those with weak intensity. Furthermore, these 
greater ACRE and stronger cloud-radiative interactions found in developing TDs and TCs occur in the con-
vective regions, suggesting the importance of radiation in facilitating the development of TCs. To verify the 
crucial role of cloud-radiative interactions in TC genesis, we conducted two sets of sensitivity experiments 
using different distributions of longwave radiative fluxes. Numerical simulations show that after uniform-
ly prescribing longwave radiative fluxes, the occurrence of TC genesis is greatly reduced, especially for 
those simulations with weaker initial vortices. The reason for the reduced occurrence is due to the lack of 
cloud-radiative interactions as shown in the CIMSE budget analysis. According to both satellite-based and 
model-based analyses, cloud-radiative interactions promote tropical cyclogenesis. More analyses related to 
examining the physical processes that transport energy into TDs are required to elucidate the pivotal role of 
radiation in TC genesis.

Data Availability Statement
CloudSat overpasses were downloaded directly from CloudSat Tropical Cyclone Overpass data set (https://
adelaide.cira.colostate.edu/tc/). CERES data were downloaded directly from CERES Data Product on NOAA 
website (https://ceres.larc.nasa.gov/data/). IBTrACS can be downloaded from the NOAA website (https://
www.ncdc.noaa.gov/ibtracs/). WRF simulations were simulated using WRF3.9.1, which were download-
ed from UCAR website (https://www2.mmm.ucar.edu/wrf/users/download/get_sources.html), and the 
initial configurations for a control simulation can be downloaded from the University of Miami Library 
(https://scholarship.miami.edu/discovery/fulldisplay?context=L&vid=01UOML_INST:ResearchReposito-
ry&search_scope=Research&tab=Research&docid=alma991031606061502976). Tropical cyclone genesis 
data is downloaded from the Tropical cyclone genesis archive website (http://moe.met.fsu.edu/∼jcossuth/
genesis/). Data is available through Cossuth et al. (2013).
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