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Abstract
Cloud radiative effect (CRE) is crucial for the development of tropical cyclones (TCs). This study
investigates the impact of cloud radiation on TC seeds and TCs in an aquaplanet model by tuning
‘threshold diameter to convert cloud ice particles to snow’ (DCS). With increased cloud cover
associated with higher DCS, seed frequency decreases, but the greater intensity increase of seeds
leads to a higher survival rate from seeds to TCs. The changes in large-scale circulation within the
models are responsible for the reduced seed frequency. Higher DCS enhances equatorial cloud
liquid and ice amounts, thereby intensifying radiation heating to the tropics. Increased radiation
leads to more moisture and higher temperatures at high levels and increases the temperature
gradient from the tropics to the subtropics, thereby intensifying the Hadley circulation. The
resulting decrease in convective available potential energy and intensification of vertical wind shear
act as inhibiting factors for seed genesis. Besides, the presence of more high-level clouds
accumulates both longwave and shortwave heating, creating favorable thermal conditions for the
circulation to develop at the mesoscale. This process supports the growth of seeds into mature TCs,
resulting in higher survival rates from seeds to TCs. The findings on TCs and CRE in aquaplanet
models could serve as a foundation and provide evidence for studies conducted in more complex
environmental conditions.

1. Introduction

Tropical cyclones (TCs), widely acknowledged as
among the most formidable and awe-inspiring nat-
ural phenomena, have gained increasing attention
in the scientific community due to their potential
response to global warming (Kossin 2018, Lu and
Xiong 2019, Guzman and Jiang 2021, Studholme et al
2022, Feng et al 2023, Zhang et al 2023). However,
the assessment of future changes in TC characteristics

remains challenged, as evidenced by conflicting res-
ults regarding the potential increase or decrease in fre-
quency frommultiple studies (Knutson et al 2019, Lee
et al 2020, Shan and Yu 2020, Emanuel 2021, Vecchi
et al 2021). The heterogeneity of TC datasets and
the intricate interplay of environmental factors that
shape their formation and evolution make it imper-
ative to investigate the effects of individual environ-
mental processes on TCs (Lanzante 2019, Cha et al
2020, Chand et al 2022).
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Cloud radiative effect (CRE), identified as the dif-
ference between the all-sky radiation flux and the
clear-sky flux (Medeiros et al 2021), exerts strong
influences on atmospheric systems at various tem-
poral scales, including interannual phenomena such
as ENSO, subseasonal systems like Madden–Julian
Oscillation (MJO), and intraseasonal systems such
as TCs (Crueger and Stevens 2015, Radel et al 2016,
Middlemas et al 2019, Ruppert et al 2020, Medeiros
et al 2021, Wu et al 2021). Clouds enveloping storms
intercept the infrared radiation emitted by Earth’s
surface and lower atmosphere, inducing a localized
warming of the lower-middle troposphere compared
to the surrounding environment (Emanuel et al 2014,
Wu et al 2021). This anomalous radiative heating
further reinforces the circulation from the storm’s
inner core outward, thus augmenting clouds within
the inner core. Ruppert et al (2019) proposed that the
intensified circulation within the disturbance region
facilitates the transport of increased moisture and
low-level angular momentum, thereby enhancing the
likelihood of TC development. This positive cloud
radiation feedback (CRF) loop effectively accelerates
the storm’s gestation period and contributes signific-
antly to its rapid intensification (Wing and Emanuel
2014, Wing et al 2016, Ruppert et al 2019). However,
Yang et al (2022) recently introduced a novel per-
spective suggesting that CRF could induce a tilt in
the eyewall of a TC, consequently constraining their
capacity to attain higher intensities. Hence, there is a
pressing need for investigations and explorations of
the genesis and intensities of multiple TCs to better
understand the thermodynamic and dynamic roles of
CRE throughout the lifecycle of TCs.

Regional climatemodels (RCMs) like theWeather
Research and Forecasting (WRF) model are widely
undertaken to investigate the influence of CRE
on TCs; however, due to the computational costs
involved in accurately simulating TCs with high-
resolution RCMs, prior studiesmainly examined lim-
ited tropical depressions or TC tracks to explore the
modulation of the CRE on cyclogenesis or intens-
ity development (Ruppert et al 2019, Smith et al
2020, Yang et al 2021, 2022). Meanwhile, regional
weather models primarily concentrate on the loc-
alized effects of cloud radiation while overlooking
its broader influence on the global circulation pat-
terns associated with climate change and the sub-
sequent impacts on TC characteristics. General circu-
lation models (GCMs) have demonstrated enhanced
accuracy in simulating TC frequency, size, and struc-
ture since 2000 (Camargo and Wing 2016), due to
advancements in tuning that enhance the representa-
tion of flow disturbances, temperature profiles, wind
fields, and wave patterns (Li et al 2013, Hourdin et al
2017, Balaji et al 2022). Therefore, the utilization of
GCMs is acknowledged as a credible and pioneering

approach to explore the intricate interplay between
CRE and TCs. By employing GCMs, we can invest-
igate not only the influence of regional cloud radi-
ation on TC development throughout its lifespan but
also the modifications in global general circulation
and the subsequent TC responses to diverse cloud
processes.

As a category of GCM, idealized numerical model
simulations on an aqua planet could serve as an
insightful tool for investigating climate influences
on TCs (Yoshioka and Kurihara 2008, Blackburn
et al 2013, Merlis et al 2013, Williamson et al
2013). Regional perturbations like a warming pool
on the ocean could be imposed to assess the poten-
tial impacts of regional climate features on TC beha-
vior (Yoshioka and Kurihara 2008). Aquaplanet sim-
ulations also allow prescribed changes in key fields
like SST profiles (Blackburn et al 2013, Williamson
et al 2013), CO2 levels, and cross-equatorial heat
flux (Merlis et al 2013), to explore TC frequency
and track responses to altered environmental condi-
tions. However, the influence of changing CRE on
TCs remains unexplored to the best of our knowledge.
Therefore, we adopt the idealized aquaplanet frame-
work for the GCM simulation to isolate the effects of
cloud radiation on the physical processes governing
the formation and evolution of TCs from terretrial
influences. The aquaplanet configuration, character-
ized by the absence of land, vegetation, topography,
and sea ice, and with only ocean-covered lower
boundary conditions, serves as a valuable framework
for a focused examination of the cloud radiation
change on TCs by eliminating some external forcings
and atmospheric variations. The following questions
will be addressed:

(1) How do the characteristics of TC seeds and TCs
change under different cloud conditions?

(2) What are the underlying large-scale environ-
mental changes associated with different cloud
radiative forcing that influence storm dynamics?

(3) What is the localized impact of different cloud
radiative forcing on TCs?

To address these three questions, we perform
the aquaplanet GCM simulations with varying
‘threshold diameter to convert cloud ice particles to
snow’ (DCS), followed by TC detection and analysis
within each experiment. Additionally, we analyze the
changes in cloudproperties under awarming scenario
to gain insights into potential shifts in cloud radiation
induced by climate change. The experimental design
and methodology are detailed in section 2, followed
by the examination of TC responses to cloud radi-
ation and the underlying mechanisms in section 3.
Finally, our conclusions and discussions are presen-
ted in section 4 and 5.
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2. Model andmethods

2.1. Aquaplanet model and experiment design
In our study, we utilize the Community Atmosphere
Model version 6 (CAM6) within the Community
Earth SystemModel version 2 (CESM2) to investigate
the changes in TC characteristics. The CAM6 aqua-
planet configuration involved running the model
with zonally symmetric sea surface temperature (SST)
prescribed above the default settings. The latitudinal
structures of the SST field, termed ‘Qobs’ (Neale and
Hoskins 2000), are close to the observed profile in the
Pacific with a maximum of 300.15 K at the equator,
decreasing to ∼60◦ latitude symmetrically (figure
S1). The aquaplanet model employs a finite volume
dynamical core with a horizontal resolution of 0.9◦

latitude × 1.25◦ longitude and includes 32 hybrid
sigma-pressure levels. The Cloud Layers Unified by
Binormals parameterization is utilized to represent
boundary layer turbulence, shallow convection, and
cloud macrophysics (Golaz et al 2002, Bogenschutz
and Krueger 2013). The Rapid Radiative Transfer
Model for General Circulation Models is employed
for simulating radiative transfer processes (Iacono
et al 2000), while the deep convection scheme follows
Zhang and McFarlane (1995). The cloud microphys-
ics scheme is from Gettelman and Morrison (2015),
which incorporates a new representation of autocon-
version to reduce sensitivity (Gettelman et al 2019).
Additional details regarding the aquaplanet setup can
be found in Medeiros et al (2016).

Among the 16 cloud microphysics and aerosol
parameters in the Community Atmosphere Model-
including the parameters such as the cloud droplet
number limiter, minimum sub-grid vertical velocity
for cloud droplet activation, and fall-speed para-
meters for cloud ice and snow- the cloud droplet
size (DCS) has been identified as one of the most
influential parameters affecting net radiative fluxes
(Zhao et al 2013, Eidhammer et al 2014). DCS also
exhibits strong sensitivity to other climate variables,
such as precipitation rates and cloud amounts at
mid and high levels, making it an effective para-
meter for investigating specific questions related to
CRF (Pathak et al 2020, Fan et al 2021, Huang et al
2024). Increasing DCS reduces the efficiency of con-
verting cloud ice to snow, resulting in a greater pres-
ence of cloud ice in the atmosphere and stronger
CRF. To investigate the influence of DCS on CRE,
we conduct three controlled experiments using the
CAM6 aquaplanet model, varying the DCS values as
200 µm, 500 µm (default), and 800 µm. Each experi-
ment is run for ten years, with the first two years dis-
carded as spin-up, and the output data is archived
daily. Figure S2(a) presents the precipitation snap-
shots on the first day after the model spin-up, and we
could observe that some precipitation bands extend
from the ITCZ and reach the midlatitude, resembling
the atmospheric rivers in Earth’s present-day climate,

which are directly related to baroclinic waves (Zhang
et al 2021b). Intense circular precipitation snapshots
also exist in the tropics, which are potentially TCs
that we aim to investigate. Besides, the tropical cli-
mate reaches an equilibrium between Day 730 and
3650 (figure S2(b)) after the initial spin-up, which we
select as our study period.

Another warming experiment is modified based
on the experiment with DCS setting to 500 µm to
figure out the response of the cloud radiation with a
more warming scenario. The SST is elevated by 5 K
(SST + 5 K) and the CO2 concentration is quad-
rupled (4× CO2). Henceforth, the experiments with
DCS of 200 µm, 500 µm, and 800 µm, along with the
warming experiment, will be referred to as Group200,
Group500, Group800, and Groupwarming, respectively,
in the subsequent sections.

2.2. Seed and TC tracks definition
We distinguish between weak TC seeds and TCs
identified as structured vortices to facilitate accurate
detection and support further analysis. The detection
is performedwithin the tropical region (30◦ S–30◦ N)
to avoid themisdetection of the extratropical cyclones
produced by the front system. Besides, within the
equatorial region bounded by 5◦ S–5◦ N, where the
Coriolis force is relatively weak for tropical cyclogen-
esis to occur, specific random cyclonic systems may
manifest and form highly localized and short-lived
storm tracks that remain confined within the equat-
orial region (Li et al 2013). Therefore, vortices origin-
atingwithin 5◦ of the equator are excluded to preserve
the analytical integrity. To determine the seed tracks,
we initially identify different vortices by connecting
grids with 850 hPa relative vorticity (RV850) greater
than 3.0 × 10−5 s−1 (taking the absolute value for
grids in the southern hemisphere) and define the cen-
ter of each vortex as the location with the minimum
pressure among all the relevant grids (Ikehata and
Satoh 2021). Subsequently, vortices with distances
less than 10◦ between consecutive 1 d time steps are
connected to form seed tracks, which are then con-
sidered for further analysis if they persist for a min-
imum of 3 d.

The TC tracking algorithm (henceforth tracker)
used in this study is improved based on the
open-source TempestExtremes tracker (Ullrich and
Zarzycki 2017). Previous studies have proven the
feasibility of utilizing the minimum surface pressure
criterion to find TCs in aquaplanet models (Chavas
et al 2017, Chavas and Reed 2019). The detailed pro-
cedures to find the TC tracks in the models are as
follows:

1. Presence of the storm system: TCs are identified
using more stringent criteria compared to the
seeds. The storm is validated if the surface pres-
sure exhibits a minimum increase of 2 hPa from
the storm center within an angular radius of 5◦
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in any direction. The location with the minimum
pressure is defined as the center of the storm.
These storm points are considered indicative of
the maturity phase within the lifetime of the final
TC tracks.

2. TC point continuity: the initial process involves
linking mature TC points in consecutive daily
time slices, where the separation between their
centers is within a great circle distance of 10◦.
Subsequent procedures only consider the case of
at least two or more consecutive storms that fol-
low the same track.

3. TC point backtrack: a backtracking procedure
is performed from the initial point in the track
obtained from step 2 to identify potential seeds
that precede the mature storms, thus facilitating
the acquisition of the development stage. Seeds
that preserve a distance of less than 10◦ from the
point at the previous timestep are connected iter-
atively until no seed satisfying the aforementioned
requirements is identified. If multiple points sat-
isfy the requirement, the one closest to the previ-
ous timestep is selected (Suzuki-Parker 2012, Wu
and Duan 2023).

4. TC point forward track: starting from the final
point in the track obtained from step 2, we initiate
a forward tracking process for potential seeds after
themature storms. Seeds that remainwithin a dis-
tance of less than 10◦ and are closest to the point at
the subsequent timestep are iteratively connected
until no seed meets the specified criteria (Suzuki-
Parker 2012, Wu and Duan 2023). Following the
inclusion of both the development stage from the
backtrack and the dissipation stage from the for-
ward track, the final tracks lasting for a minimum
duration of 3 d are chosen as the TC tracks.

Figure S3 illustrates an example of one detec-
ted TC track in Group500 utilizing the aforemen-
tioned tracker. The mature storm points have exhib-
ited a well-organized cyclone structure. Through the
backtracking procedure, the previous disturbance
responsible for the formation of this TC is identi-
fied. Conversely, in the subsequent detection proced-
ure, the dissipation stage of the TCs is also captured,
providing the full lifetime of the TCs.

2.3. Calculation of environmental variables
In accordance with prior investigations (Fudeyasu
et al 2020, Ikehata and Satoh 2021), the environ-
mental conditions in which both TCs and seeds exist
are determined by computing averages within a radial
range of 0◦–5◦ from their respective centers, thereby
enabling a direct assessment of the influence of envir-
onmental fields. The abbreviations of the variables
used in this study are listed in table S1 and elucid-
ated within Text S1 for reference. Additionally, we
adopt the the genesis potential index (GPI) to relate
the occurrence of TCs to large-scale environmental

conditions favorable for their formation (Cavicchia
et al 2023). The GPI is calculated with the equation
as follows (Emanuel and Nolan 2004):

GPI=
∣∣105AV850

∣∣ 3/2(RH700

50

)(
PI

70

)3

× (1+ 0.1VWS)−2
. (1)

Where AV850 is the absolute vorticity at 850 hPa,
RH700is the relative humidity at 700 hPa and VWS
is the vertical wind shear (VWS) between 200 and
850 hPa. PI is the potential intensity (PI), a para-
meter emblematic of the theoretical upper limit of TC
intensity, determined by factors such as SST and the
intricate thermodynamic structure of the local ver-
tical atmosphere (Bister and Emanuel 2002, Vecchi
and Soden 2007). In addition to this version of
GPI, the dynamical GPI has recently emerged as a
diagnostic tool for understanding TC behavior and
associated dynamical features (Wang and Murakami
2020, Huang et al 2023). However, an investiga-
tion into fundamental thermal factors like low-level
humidity is needed, which is why we adopt the ver-
sion of GPI proposed by Emanuel and Nolan (2004)
in this study.

3. Response of seeds and TCs to variations
in cloud radiation

Two distinct latitudinal peaks were observed
in the latitudinal distribution of TC frequency.
Approximately half of the TCs are located around 10◦,
benefiting from comparatively high SST and abund-
ant moisture energy available therein. The remain-
ing half generates at relatively higher latitudes due
to the higher Coriolis force for the vortices to gen-
erate, which is also demonstrated by the evidence
that seeds located at higher latitudes exhibit stronger
relative vorticity at 850 hPa (figure 1(b)). Similarly,
the latitudinal distribution of seeds also exhibited
two prominent peaks. Besides, the tropical oscilla-
tions at typical time scales in the intraseasonal peri-
ods, including the MJO, Kelvin Waves, Equatorial
Rossby (ER) waves, and combined Mixed Rossby
gravity waves and tropical depressions (MT), also
significantly modulate the probability of cyclogen-
esis (Schreck et al 2011, 2012, Landu et al 2020). The
latitudinal peak of the genesis of seed tracks dur-
ing active ER, Kelvin, and MT waves at 5◦ and 20◦

signifies the contribution of these tropical waves to
the formation of the seeds and TCs (text S2; figures
S4 and S5).

As the DCS increases from 200 to 800 µm, the fre-
quency of seeds gradually reduces, particularly con-
spicuous within the latitudinal range of 5◦–15◦. The
intrinsic characteristics of the seeds, such as rel-
atively elevated maximum sustained wind (MSW),
diminished minimum sea level pressure (MSP), and
expanded spatial area from Group800 to Group200,
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Figure 1. (a) Simulated TC tracks in three groups during the 8 year simulation period. The red dots are the genesis of the
corresponding tracks. The latitudinal frequencies of TCs and seeds are depicted on the right side of the spatial tracks. The number
is calculated as the sum within 5◦ latitudinal bins. The total number of TCs and seeds is also noted in the corresponding color. (b)
Zonal mean of seed characteristics, including 850 hPa relative vorticity (RV850), maximum sustained wind (MSW), minimum
sea level pressure (MSP), area, and roundness. The mean and 95% confidence levels are calculated using data points within 5◦

latitudinal bins. (c) Boxplots showing the characteristics in the seed tracks, including the MSW of the genesis, the lifetime
maximumMSW during the seed tracks, the lifetime minimumMSP anomaly (MSPA) during the seed tracks, the maximum
MSW increase during the seed tracks, and the minimumMSP decrease during the seed tracks. The MSPA is calculated as the
difference between the MSP and the climatological MSP. The upper and bottom of the box are the 25 and 75 quantile values,
while the upper and bottom of the whisker are the 5 and 95 quantile values. The differences in mean values between experiments
are labeled with corresponding p-values (student t-test). Significant differences (p< 0.05) are labeled in bold font. The latitudes
of samples in the Southern Hemisphere are taken as absolute values and combined with points in the Northern Hemisphere for
calculation purposes.

once again underscore the enhanced viability for seed
survival within Group200 (figure 1(b)). Because the
TempestExtreme tracker necessitates a closed con-
tour of 4 hPa within a certain distance, the round-
ness of the seeds can also determine the frequency
of the detected TCs in different groups. Here we cal-
culate the roundness as 4π times the area divided
by the square of the perimeter (where a value of
1 signifies a perfect circle and declining towards 0
denotes markedly non-circular shapes). The round-
ness exhibits a substantial decrease from 10◦ to 15◦,
which can be attributed to the gradually intensified
low-level wind, i.e. zonal wind at 850 hPa (U850;
figure 2(e)). Consequently, the occurrence of detec-
ted TCs diminishes significantly at approximately 15◦

(figure 1(a)). However, the closely similar roundness
values observed across these three groups suggest that
the variation in shape does not appear to be the
causal factor contributing to the observed disparities
in frequency.

In contrast to the seed frequency, the detected TCs
do not strictly conform to the fluctuations observed
in seed counts. The results indicate a gradual increase
in survival rates of 7.63%, 8.58%, and 12.49% from
seeds to TCs that corresponded to stepwise enhance-
ments in the DCS. Around 25◦ latitude, the TC
count is already reversed, with Group800 showing the
highest number and Group200 the lowest (figure 1
(a)). Figure 1(c) provides statistical explanations for
the enhancements in survival rates by illustrating
the intensity characteristics linked to the seed tracks.
Despite the decrease in both the mean of the gen-
esis intensity and lifetime maximum intensity as
DCS increases, the larger intensity growth indicators
(MSW increase and MSP decrease) show a greater
tendency for intensification within Group800 com-
pared toGroup200. The 95th quantile of lifetimeMSW
and concomitantly 5th quantile of lifetime MSPA
exhibit the strongest values within the high DCS
group, thus substantiating the assertion that higher
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Figure 2. Climatology of zonal mean environmental fields across three groups from 30◦S to 30◦N, including (a) integrated cloud
water (liquid and ice) across all layers, (b) integrated cloud liquid, (c) integrated cloud ice, (d) 200 hPa zonal wind (U200), (e)
850 hPa zonal wind (U850), (f) VWS, (g) shortwave flux convergence, (h) longwave flux convergence, (i) radiation flux
convergence, (j) convective available potential energy (CAPE), (k) potential intensity, and (l) TC genesis potential index. The
radiation flux convergence is calculated as the sum of the shortwave flux convergence and the longwave flux convergence. The flux
convergence is calculated as the differences between top-of-model and surface net fluxes. The mean values for each group are
noted in each subfigure. Percentage changes in Group200 and Group800 relative to the absolute value of Group500 are also shown.

DCS is beneficial to the increase in TC intensity and
engendering an elevated frequency of detected TCs.
Therefore, with higher DCS values, the seeds gener-
ated around 20◦ are more likely to develop into TCs,
resulting in a relatively higher number of TCs between
20◦ and 30◦, as well as an overall higher seed-to-TC
conversion ratio.

To further unveil the physical mechanisms under-
lying changes in the frequency of seeds, we invest-
igate the environmental factors that impact the sur-
vival rate of the seeds (Ikehata and Satoh 2021). As
DCS increases, there is a stepwise enhancement in

cloud water content, encompassing both liquid and
ice components, especially between latitudes 10◦S
and 10◦N within the tropical region (figures 2 (a)–
(c)). The abundant cloud could contribute to elev-
ated radiation (including longwave and shortwave)
flux (figures 2(g)–(i)), resulting in energy and mois-
ture accumulation within the tropics and shown
through higher temperatures and relative humidity
at different levels (figures S7(a)–(d)). At latitudes
higher than approximately 7◦, the relatively drier
and colder conditions at high altitudes in Group200
lead to higher convective available potential energy

6
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(CAPE; figures S7(b) and (d)), whereas at latitudes
lower than 7◦, the colder and drier conditions in the
lower atmosphere counteract this effect, resulting in
lower CAPE (figures S7(a) and (c)). Together, the
CAPE is found to be 7.60% greater in Group200 rel-
ative to Group500 (figure 2 (j)), effectively contrib-
uting higher PI between 10◦ and 30◦ (figure 2(k)).
Besides, a more pronounced energy gradient from
the tropics to the subtropics (figure S7(a)) intensi-
fies the Hadley circulation, as it is thermally driven
(Bischoff and Schneider 2016, Huang et al 2024). The
stronger Hadley circulation manifests as intensified
westward U200 winds above 20◦ latitude and east-
ward U850 winds below 10◦ latitude (figures 2(d))
and (e)), which amplify the top-to-bottom wind dif-
ference at these locations, thereby enhancing theVWS
and resulting in a 2.06% increase in Group800 com-
pared to Group500 (figure 2(f)). The GPI calculated
from the isolated variables highlights the positive con-
tribution of higher AV850, higher PI, and lower VWS
(figures S7(e), (g), and (h)), together yielding a sub-
stantial increase of 30.87% and a decrease of 12.56%
in the GPI of Group200 and Group800 compared to
Group500 (figure 2(l)). The positive (negative) cor-
relation of VWS (CAPE)with GPI across all seeds fur-
ther substantiates their influence in generating fewer
seeds with relatively higher cloud content (text S1;
figure S6).

Instead of large-scale environmental influences,
the storm-scale conditions during the developmental,
mature, and dissipative stages of TCs could serve
as the underlying mechanism for the positive rela-
tionship between survival rate and DCS. As depic-
ted in figure 3(a), the rise of DCS acts as an obstacle
to the ice-to-snow transformation, leading to a pro-
nounced increase of high-level clouds, particularly
during the development and maturity stages of TCs.
This enrichment in high-level clouds in turn weak-
ens the cooling effects of the longwave radiation due
to the absorption of radiation energy in the mid-
level cloud layers. The lower relative longwave cooling
in Group800 across all three stages indicates a more
apparent reduction in radiation cooling effects due
to the presence of clouds (figure 3(b)). The most
notable difference is observed during the develop-
ment stage, suggesting the onset of the warming effect
attributed to cloud-induced absorption of longwave
radiation at this stage. In Group500, the formation
of clouds is delayed compared to Group800, which
leads to the influence of clouds being more evident
during the maturity stage rather than occurring con-
currently as observed in Group800. Besides, higher
DCS leads to an intensified warming effect associ-
ated with shortwave radiation, primarily in high-level
clouds with relatively lower energy magnitudes com-
pared to longwave radiation (figure S8(a)), particu-
larly obvious in Group800 (figure S8(b)). Together,

Group800 receives the strongest radiative warming
effect from 700 to 250 hPa during the development
stage (figure S10(a)), thus fostering the enhancement
of the thermally direct transverse circulation and
facilitating efficient upwardmoisture transport (Yang
et al 2021). Consequently, we observe an intensific-
ation of potential vorticity tendency (text S3; figure
S9). The above results suggest that a higher DCS
promotes the maintenance and development of deep
convection, thereby facilitating the easier develop-
ment of stronger TCs.

4. Summary

In this study, we explore the impact of CRE on the
characteristics of TC seeds and TCs by modulat-
ing a pivotal cloud microphysics parameter, DCS, in
the aquaplanet simulation. Higher DCS hinders the
transformation of cloud ice to snow, thereby lead-
ing to an increased accumulation of clouds in the
atmosphere. Accompanied by the presence of more
clouds, the frequency of seeds decreases while the
survival rate from seeds to TCs increases gradually
among three groups of experiments. Figure 4 offers
a graphical summary of the main mechanisms that
happen with a higher DCS. We observe that more
clouds accumulate in the upper atmosphere along
the equatorial belt, resulting in increased radiation
energy accumulation within the tropics. The greater
increase in humidity and temperature at higher alti-
tudes leads to a reduced CAPE distribution ranging
from 5◦ to 30◦. Besides, the amplified energy gradi-
ent from the tropical to subtropical latitude enhances
the Hadley circulation, strengthening the low-level
trade wind and producing stronger VWS in the sim-
ulation. Therefore, the probability of seed genesis
is reduced, which arises from the adverse effects of
weakerCAPEon vortex development and the disrupt-
ive influence of strongerVWSon the vertical structure
of the vortex. Distinct from the large-scale effects, the
intensified high-level cloud coverage creates favor-
able thermal conditions at the mesoscale, facilitat-
ing the development of seeds into TCs. The long-
wave cooling is reduced while the shortwave warming
is intensified, collectively enhancing thermal condi-
tions in the mid-to-high level region, thereby enhan-
cing potential vorticity for vortices during the devel-
opment stage. Vortices thereby gain the potential to
reach higher intensities, consequently increasing the
calculated survival rate from seeds to TCs in the aqua-
planet simulation. In this idealized simulation, both
the negative and positive effects of CRF on TCs are
observed: the negative role of the general circulation
primarily inhibits TC genesis, while the positive con-
tribution of the radiation energy promotes the devel-
opment ofweak seeds into stronger TCs (Ruppert et al
2019, Yang et al 2022).
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Figure 3. (a) Azimuthal mean of longwave heating rate (shading) of TCs. Columns 1–3 represent TCs in Group200, Group500, and
Group800, with green (cyan) contours indicating ice (snow) concentration (×10−5 kg kg−1). The black contours are the cloud
fraction (×10−5). The final column illustrates longwave heating rate differences between TCs in Group800 and Group200, with
gray stippling indicating statistical significance at the 5% level (student t-test). Solid (dashed) lines represent positive (negative)
differences in ice and snow concentrations (×10−5 kg kg−1) and cloud fraction (×10−5). Rows from top to bottom represent
TCs in the development, maturity, and dissipation stages. (b) Bar plots of the relative longwave cooling for TCs during three
stages. The relative longwave cooling is calculated as the difference between the top-of-model and surface net longwave fluxes
divided by the corresponding climatological values at the latitude of the TC. Black error bars denote the 95% confidence interval.

5. Discussion

Recent studies have noted an increasing frequency
of intense TCs under global warming (Kossin et al
2020, Emanuel 2021). Another aquaplanet exper-
iment named Groupwarming, characterized by an
SST+ 5 K and 4×CO2 setup compared to Group500,
displays an increased presence of climatological high-
level clouds spanning from 15◦ to 30◦ (text S4; figure
S11). More high-level clouds are induced by a reduc-
tion in the downward circulation due to the weakened
Hadley circulation (text S4; figure S12). In the pres-
ence of such a climatological distribution, the detec-
ted TCs also contain more cloud ice and intensified
radiation warming in the high-level vertical profile

during the development stage (figure S13), poten-
tially gaining the likelihood of attaining higher intens-
ities. Furthermore, the energy accumulation result-
ing from the absorption of longwave radiation warms
the atmosphere in the vertical profile. The similar
changes in high-level cloud observed in Groupwarming

and Group800 suggest that cloud-related processes
may partly contribute to the discovered increase in TC
intensity and decrease in TC frequency (Elsner et al
2008, Chand et al 2022).

Owing to the inherent limitations in terms
of computational and storage requirements, GCMs
tend to have relatively coarse resolution compared
to RCMs, which usually produce weaker and lar-
ger storms with less realistic dynamical structures
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Figure 4. Schematic depicting the influence of higher DCS in the aquaplanet model. The rectangular box depicts changes in the
large-scale environment. The red arrows denote the flow of radiation energy. The black arrows symbolize the trade winds. The
curved gray arrows represent the Hadley circulation. The blue spirals and white cloud systems above represent TC seeds. The
subfigure in the upper left depicts the response of TCs at the mesoscale. The red ellipse denotes the radiation. The blue arrows and
the dashed lines depict the strengthened flow of the TCs.

(Camargo andWing 2016, Roberts et al 2020, Faranda
et al 2023). Despite employing the highest resolution
settings in the CAM6 aquaplanet models, the radius
of the localized TC feature surpasses those simulated
in WRF and the inner core structures are not evident
(Yang and Tan 2020). It is also important to acknow-
ledge that change in themodel resolution can alter cli-
mate feedbacks, such as the transition frompositive to
negative shortwave feedbacks observed with increas-
ing resolution in the Icosahedral Non-hydrostatic
model (Retsch et al 2019). These questions high-
light the necessity for comprehensive research into
the impact of resolution on CRF in future studies.
Nevertheless, the basin and seasonal distributions of
TCs in the latest CESM2with the 0.9◦ latitude× 1.25◦

longitude resolution exhibit a close correspondence
to observational results from 1980 to 2009 (figure
S14). This consistency arises from the superior per-
formance of CESM2 in simulating large-scale circu-
lations and their variability, such as jet streams and
stationary waves, which positions the CESM2 within
the top 10% of the Coupled Model Intercomparison
Project (Simpson et al 2020).

Moreover, the tracks of the detected TCs gener-
ated within the aquaplanet model exhibit some dis-
parities compared to the real-world TCs, which do
not follow the continuous paths originating from
tropical easterly waves and subsequently propagat-
ing into the mid-latitudes (Li et al 2013). This dis-
parity could potentially be attributed to the absence
of some physical components within the aquaplanet
configuration, such as the western North Pacific
subtropical high. Besides, in comparison to the

experimental setup featuring a single warming pool
in the ocean, the presence of zonally symmetric
SST conditions poses a hindrance to TCs to gener-
ate (Yoshioka and Kurihara 2008, Satoh et al 2015).
Hence, in order to attain a more profound compre-
hension of the intricate processes governing realistic
TCs and to elucidate disparities between observations
and idealized model outputs, it becomes necessary to
conduct a study that analyzes the intricate changes in
TCs in response to CRF with a more realistic setup
in the simulations. The present-day climate boundary
conditions and altered radiation could be employed
within the modeling framework to assess the effects
on TCs (Zhang et al 2021a), which could be our forth-
coming investigation.
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