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Abstract Previous research showed that radiative feedbacks are essential to the spontaneous development
of convective aggregation (CSA) in idealized atmosphere models. We find that the contribution of radiative
feedbacks decreases with warming and that, in warm climates, CSA occurs without radiative feedbacks.

We perform 2D simulations in different climates using a cloud-resolving model and use a layerwise moist
static energy (LMSE) framework to quantify the contribution of radiative feedbacks to the increase of LMSE
variance, which characterizes the development of CSA. The result shows that positive radiative contribution
dominates the LMSE variance production when SST is below 300 K; when SST exceeds 300 K, adiabatic
contribution shifts from negative to positive and dominates the variance production. Then we turn off radiative
feedbacks by horizontally homogenizing radiative heating rates at all model levels. CSA still occurs in warmer
climates (310-320 K). This result agrees with the LMSE diagnosis and additional 3D simulations.

Plain Language Summary Convective clouds often come together and combine to create larger
storms. Previous research indicated that this aggregation is mainly driven by a feedback loop influenced by
atmospheric radiation. However, our study reveals that this feedback mechanism becomes less effective as the
climate warms. In particular, in a warmer climate where surface temperatures are around 10 or 20° higher than
present, convective clouds can still aggregate even in the absence of this radiative feedback loop. These findings
are derived from atmosphere simulations at high resolution and analyses of the variability of moist static energy
at different altitudes.

1. Introduction

In sufficiently large-domain cloud-resolving simulations, the atmosphere tends to spontaneously organize into
distinct moist and dry regions over a uniform sea surface temperature (SST). This moisture organization is asso-
ciated with the development of persistent large-scale circulations and is known as convective self-aggregation
(CSA). In the moist regions, deep convective storms are ubiquitous; in the dry regions, subsidence prevails.
There are real-world phenomena resembling CSA. For example, previous research has shown that both tropi-
cal cyclones (TCs) and the Madden-Julian Oscillation (MJO) can be simulated with uniform boundary condi-
tions (e.g., uniform SST) over f-plane and beta-plane, respectively (Arnold & Randall, 2015; Boos et al., 2016;
Bretherton et al., 2005; Nolan et al., 2007). These results suggested that TCs and the MJO may be organized by
similar processes on a much larger scale. Therefore, understanding CSA better may help enhance our knowledge
of TCs and the MJO.

Previous research has repeatedly shown that radiative feedbacks are essential to the development of CSA using
numerical experiments (e.g., Bretherton et al., 2005; Muller & Held, 2012) and the moist static energy (MSE)
variance analysis (Andersen & Kuang, 2012; Arnold & Randall, 2015; Coppin & Bony, 2015; Holloway &
Woolnough, 2016; Pritchard & Yang, 2016; Wing & Cronin, 2016; Wing & Emanuel, 2014). Although which
radiative process predominates at various stages of development of CSA is still under debate, all these studies
agreed that radiative feedbacks made important contributions to the MSE variance budget and that CSA cannot
occur if radiative feedbacks are fully disabled. Meanwhile, the dependence of the role of radiative feedbacks on
SSTs was investigated using general circulation models (GCMs) and cloud-resolving models (CRMs) (Coppin &
Bony, 2015; Pope et al., 2021, 2023; Wing & Cronin, 2016). The results also showed that radiative feedbacks are
important to trigger and maintain CSA over a wide range of climates (e.g., 280-310 K), although their role was
noted to decrease with SSTs.
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Despite the high degree of consensus using CRM and GCM simulations, a variety of simple models suggest
that CSA may occur without radiative feedbacks (Muller et al., 2022). For example, Craig and Mack (2013) and
Windmiller and Craig (2019) used a reaction-diffusion equation to simulate the upscale growth in CSA. They
showed that CSA could be driven by a positive moisture-entrainment feedback (Tompkins, 2001; Yang, 2019).
Moreover, Haerter (2019) proposed that convection-induced cold pools can mechanically lift boundary layer air
parcels and trigger convection in nearby regions, forming CSA. Additionally, Yang (2021) found that CSA could
occur in a 1D shallow-water model with triggered convection. In that model, there is no radiative feedback, and
the persistent moist convecting regions and dry subsiding regions can result from interference of convectively
coupled gravity waves. All these simple models imply that radiative feedbacks may not be essential for the devel-
opment of self-aggregation in theory, while there have not been CRM or GCM studies supporting this conclusion.

This paper reports that CSA can still emerge without radiative feedbacks in CRM simulations with high SSTs. To
demonstrate this, we conduct a series of mechanism-denial experiments in CRM simulations over a wide range
of climates using both 2D and 3D domains. We will also apply a vertically resolved MSE variance analysis (Yao
et al., 2022)—in contrast to the conventional MSE variance analysis in Wing and Emanuel (2014)—to examine
the role of radiative feedbacks on the development of CSA in individual climate states. Section 2 will introduce
the vertically resolved MSE variance framework in detail. Section 3 will introduce the model setup and metrics to
quantify CSA. Section 4 will show the main results. We summarize our findings and discuss their implications
in Section 5.

2. The Vertically Resolved MSE Variance Framework

Previous research widely used a vertically integrated MSE variance framework to study CSA (Andersen &
Kuang, 2012; Coppin & Bony, 2015; Holloway & Woolnough, 2016; Pope et al., 2023; Wing & Emanuel, 2014).
They measured the development of CSA as an increase of the vertically integrated MSE variance and assessed
diabatic and adiabatic (advective) contributions to the variance increase. In this approach, the column integral
of MSE was first performed, and then its horizontal variance was calculated. As a result, such calculated MSE
variance consists of both the layerwise MSE (LMSE) variance at a given altitude and the covariance between
different vertical levels (Equation 10 in Yao et al., 2022). Thus, this MSE variance is referred to as the column
MSE variance. This method implicitly assumes that the vertical structures of MSE anomaly and its sources are
not fundamental to CSA. However, Mapes (2016) argued that the vertical dimension is too important to be inte-
grated over, and growing evidence has shown that boundary layer processes are particularly important to CSA
development (Mapes, 2016; Muller & Held, 2012; Yang, 2018a; Yao et al., 2022).

Here we apply the recently developed LMSE variance framework to study CSA (Yao et al., 2022). In the LMSE
framework, we first calculate horizontal MSE variance for individual vertical layers, and then we perform the
vertical integral. Although this procedure seems only slightly different from that of the column MSE analy-
sis, the two approaches are conceptually different. For example, the LMSE analysis respects the characteristic
vertical structure of CSA and does not concern covariance terms across different altitudes. A detailed discus-
sion of the LMSE analysis and its comparison to the conventional column MSE analysis can be found in Yao
et al. (2022). The framework has also been applied to study TCs and the MJO recently (Yang & Hannah, 2022;
Zhang et al., 2022).

Since CSA is a long-lasting, large-scale phenomenon, we apply both temporal and spatial running averages to
variables to filter out small-scale and high-frequency signals. We test the robustness of our results using the
temporal window width varying from 1, 3, 5, to 10 days, and the spatial window width varying from 40, 88, to
120 km. The uncertainty of the results is shown as error bars in Figure 2.

We introduce the LMSE framework in an anelastic atmosphere. We integrate the LMSE variance at individual
layers from the surface to the tropopause, which is defined using temperature minimum. The LMSE variance in
the troposphere is given by

var(h') = %/ IpoWdz, (1)
0

where A’ is the large-scale MSE anomalies at individual layers, z; is the height of the tropopause, and py = po(z)
is the reference density at individual layers in an anelastic atmosphere. Note Equation 1 is weighted by p, instead
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of pg as in Yao et al. (2022). Then if we divide Equation 1 by the total column mass, we get a quantity with a unit
of energy variance, consistent with Yang and Hannah (2022). The budget equation for the LMSE variance in the
troposphere is given by

Zt Zt Zt

o(var(h')) = /poh/[—uaxh— wazh]/dz+/poh’Qiaddz+/poh’Qf,.gsdz.
—_— 0 0 0 2)

variance \ VR VRS ]
tendency v
adiabatic production radiative SGS
(horizontal+vertical) production production

here, (u, w) are the wind speeds. The adiabatic production includes variance production from both horizontal
and vertical advection anomalies of LMSE. ( ' Qgs) are the anomalies of LMSE sources due to radiation and
sub-grid scale (SGS) processes (Units: W /kg). These anomalies of LMSE advection and sources are co-located
with the LMSE anomalies to generate or consume LMSE variance. For example, additional radiative cooling

(Q!,, < 0)indry regions (" < 0) leads to an increase in the LMSE variance, promoting the development of CSA.

If we assume the horizontal SGS MSE flux convergence is negligible, then the SGS MSE tendency is dominated
by the vertical SGS MSE flux convergence, which is Qs = — L 0.F ( Fis MSE flux; Yao et al., 2022), then the
Po

total SGS production of LMSE variance can be further decomposed into two parts:
Zt Zt Zt 2t 2t

/poh’Qi.gsdz = /h’(—()zF’)dz= —/0Z(h’F’)dZ+/F’dz(h’)dz=h’F’|z:()+/F’6Z(h’)dz. 3)

0 0 0 0 0

The first term on the right-hand side appears to be the variance production from surface fluxes. It can be numer-
ically calculated as the product of the MSE anomaly at the lowest model level and the anomaly of surface
fluxes. The second term is the variance production from the remaining SGS processes. In a mixed-layer limit
(0:(h") = 0), the second term vanishes. It becomes clear that the first term represents both local impact from
surface fluxes and non-local impact due to mixing.

This study investigates the development of CSA over a wide range of climates, whose LMSE variances in equi-
librium are different. To compare among different climates, we normalize Equation 2 with the LMSE variance in
the troposphere at each time step. The normalized budget is given by

pol[—uoch — wo:hldz [ poh'Qdz [ poh'Qldz
a(var(h')) _{ 0 { o' Q) { oh'Ql,

_ . . )
var(h') var(h') var(h') var(h')

The left-hand side of Equation 4 represents the growth rate of CSA, which is measured by the fractional
change of the LMSE variance in the whole troposphere per unit time. The terms on the right-hand side
represent individual contributions to the growth rate from the adiabatic production, radiative production,
and SGS production. Note the adiabatic production is from both horizontal and vertical advection anoma-
lies of LMSE. In our following analysis, we will explicitly calculate the horizontal advection of LMSE and
calculate the vertical advection as a residual of the LMSE budget equation, since the LMSE budget is exactly
conserved in our model (Khairoutdinov & Randall, 2003). We choose this calculation method due to the
challenge of closing the LMSE budget using infrequent output to calculate the advection of MSE (Bretherton
et al., 2005).

3. Model and Method
3.1. Model Setup

We use the System for the Atmospheric Modeling (SAM; version 6.10.10) to perform 2D and 3D simulations in
this paper. SAM is an anelastic cloud-resolving model (Khairoutdinov & Randall, 2003). It solves the conserva-
tion law for momentum, mass, the frozen MSE, total non-precipitating water (water vapor, cloud water, and cloud
ice), and total precipitating water (rain, snow, and graupel).

Here we first perform 2D simulations using a periodic domain in x. The domain size is 16,384 km, with a hori-
zontal resolution of 2 km. The model top is at 33 km, with 128 vertical levels. Below 16 km, the vertical grid is
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identical to that in cloud-resolving experiments in the Radiative-Convective Equilibrium Model Intercomparison
Project (RCEMIP, Table 3 in Wing et al., 2020). The vertical resolution increases from 40 m near the surface
to 200 m above 3 km. Above 16 km, the vertical resolution gradually increases to 500 m. Newtonian damping
is applied to the top 10 km to reduce the reflection of gravity waves. The radiative transfer scheme is the same
as that of the Community Atmosphere Model (CAM3; Collins et al., 2006). The solar insolation is set to 424.5
Wm~2 to represent the climatological value in the tropics. We turn off the diurnal cycle for simplicity. The micro-
physics is the one-moment parameterization. In the microphysical scheme, the non-precipitating water (clouds)
and precipitating water (precipitation) can be further partitioned into liquid and ice phases based on temperature.
The SGS processes use SAM Smagorinsky parameterization to represent turbulent fluxes in the atmosphere and
use the Monin-Obukhov similarity theory and bulk formula to calculate turbulent surface fluxes. We show simu-
lations with five different sea surface temperatures (SSTs) in the main text: 280 K, 290 K, 300 K, 310 K, 320 K.
We also include simulations at 315 K in Text S2 and Figure S3 in Supporting Information S1 to show the robust-
ness of our findings. Each simulation runs for 150 days over a uniform SST. To examine the role of radiative
feedbacks, we also perform mechanism-denial experiments at each SST. In these simulations, we horizontally
homogenize radiative heating rates at all model levels each time the model updates radiative heating profiles.

We also perform a pair of 3D simulations at 320 K SST to test the robustness of our findings. In 3D simulations,
the domain size is 8,192 km by 8,192 km, with a horizontal resolution of 4 km. Other model setups are the same
as 2D simulations. Due to the extensive computational resources consumed, we only test the role of radiative
feedbacks at 320 K using 3D control and mechanism-denial experiments.

3.2. Metrics to Monitor CSA Development

We use column relative humidity (CRH) and its variance to visualize the development of CSA. CRH is the ratio
of the precipitable water to the saturation water vapor path in the atmospheric column (Bretherton et al., 2005;
Shamekh et al., 2020; Wing et al., 2020). It measures to what extent the air column is saturated. CRH always
varies from O to 1 and allows us to compare the development of CSA over different climates. Note there is no
universal metric to quantify the degree of CSA. Other indices (e.g., subsidence fraction) have also been used to
monitor CSA development in previous studies (Coppin & Bony, 2015; Wing, 2019; Wing & Cronin, 2016; Xu
et al., 2019; Zhang et al., 2021a).

4. Results

In this section, we will present the results of 2D and 3D simulations and the LMSE variance analysis, which
demonstrate how radiative feedbacks play a decreasing role in the development of CSA with warming.

4.1. The 2D Control Experiments

CSA occurs in all examined climates in 2D control experiments. Figures 1a—1e show the Hovmoller diagrams of
CRH in all climates. Initially, the distribution of CRH is homogenous over the domain, and the CRH variance is
close to zero (solid lines; Figure 1k). Within 20 days, the CRH variance increases substantially over time, and the
domain is divided into convection-active regions (blue; moist) and convection-suppressed regions (white; dry).
There is slight shifting and oscillation of dry and moist regions in all climates, which may result from the propa-
gation of gravity waves and the oscillation of background winds. At the end of each simulation, the CRH variance
oscillates around a consistent reference value, regardless of climate. This is because the domain-averaged CRH
always fluctuates between 0 and 1 and does not vary much with SSTs.

4.2. The Budget Analysis of the LMSE Variance

We analyze the normalized budget of the LMSE variance in the 2D control experiments (Equation 4) to quantify
the contribution of different processes to the development and maintenance of CSA (Figure 2). In the develop-
ment stage, LMSE variance increases with time, and thus the growth rate is positive. In the maintenance stage, the
system reaches an equilibrium, and thus the growth rate is close to zero. Apart from the growth rate, the budget
analyses in the two stages are very similar: contribution from individual processes has similar values in the two
stages at a given climate state.
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Figure 1. (a)-(j) are Hovmoller diagrams of column relative humidity (CRH) in the 2D control (the first row) and mechanism-denial experiments (the second row)
over different climates (left to right: 280-320 K). Panel (k) is the evolution of CRH variances in the 2D control (solid) and mechanism-denial experiments (dotted) over

different climates.

Figure 2 shows that the contribution from adiabatic processes increases monotonically with warming in both
the development and maintenance stages. The sign of normalized adiabatic LMSE variance production switches
from negative to positive at around 300 K. It suggests that, in colder climates, adiabatic processes transport
LMSE from moist to dry regions (downgradient) and consume LMSE variance, while in warmer climates, it
transfers LMSE from dry to moist regions (upgradient), increasing LMSE variance. Both changes in horizontal
and vertical advection contribute to the sign switch. Here the steepening of the domain-mean MSE profile with
warming in the boundary layer can lead to the increase of the LMSE variance production due to vertical advection
(Arnold et al., 2013). This may be viewed as the decrease of gross moist stability in a warmer climate. However,
as a common practice (Bretherton et al., 2005; Wing & Emanuel, 2014), we calculated the advection terms as a
residual to close the budget, preventing us from performing a further decomposition and testing this hypothesis.
An online diagnosis in the future will help further verify this hypothesis.
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Figure 2. The LMSE variance analysis for 2D control experiments (Equation 4). The upper panel shows the budget
averaged in the development stage, and the lower panel shows that averaged in the maintenance stage. The error bars show
uncertainty by using different window lengths of temporal and spatial running averages (varying from 1 day to 10 days, from
40 to 120 km) to get large-scale perturbations and using different window lengths (varying from 5, 10, 15, 20, to 25 days)

to average the LMSE budget in the development and maintenance stages. The “adiabatic production” represents the total
contribution from horizontal and vertical advection processes. The “diabatic production” represents the total contribution
from radiation and SGS processes.

Additionally, Figure 2 shows that the total normalized diabatic LMSE variance production, particularly radiative
production, decreases with SSTs in both the development and maintenance stages. Radiative production is mostly
positive in all climates, promoting the development of CSA. In colder climates, radiative production dominates
the LMSE variance production, while in warmer climates, radiative production only has a minor contribution.

Figure 3 visualizes the distribution of MSE anomalies and their radiative sources/sinks before normalization. The
amplitude of MSE anomalies increases by an order of magnitude with 40-K SST warming, due to an increase
in saturation vapor pressure. Meanwhile, the overall magnitude of radiative heating anomalies remains almost
unchanged. To the leading order, that explains why the normalized radiative LMSE variance production (Equa-
tion 4) decreases with warming. Previous research showed that the decrease in the role of radiative feedbacks
mainly came from the decrease in the high-cloud fraction (Pope et al., 2021, 2023), which is also present in our
simulations (black lines in Figure 3). Additionally, changes in the vertical structure of radiative anomalies further
reduce the role of radiative feedbacks. For example, in colder climates, radiative heating anomalies are significant
in the lower troposphere of the dry region, which is associated with low-cloud top radiative cooling. However,
as the climate warms, the boundary layer becomes shallower (Yang, 2018b), and the associated low-cloud top
radiative cooling also shifts to a lower fraction of the troposphere (black curves in Figure 3). Meanwhile, positive
radiative heating anomaly emerges above the low clouds in the dry region at 310 and 320 K. Such rich verti-
cal structures of radiative heating anomalies lead to a negative correlation locally between radiative anomalies
and MSE anomalies right above low clouds of the dry region, further reducing radiative production in warmer
climates.

Furthermore, Figure 2 shows that SGS processes play a vital role in damping LMSE variance in most climates,
whose negative contribution comes from both surface fluxes and other SGS processes in the boundary layer
(Supporting Information S1; Figures S1 and S2).

Based on these findings, we hypothesize: in the absence of radiative feedbacks, CSA would disappear in colder
climates but would still emerge in warmer climates. We will test our hypothesis using mechanism-denial exper-
iments in the following section.
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Figure 3. The distributions of (a—e) radiative heating anomalies (K day™") and (f—j) MSE anomalies (K) over different climates (left to right: 280-320 K) in the
development stage. The black lines in (a)-(e) show domain-averaged cloud fractions in respective climates. z, is the height of the tropopause. The y-axis shows the
fractional altitude of the troposphere.

4.3. The 2D Mechanism-Denial Experiments

The mechanism-denial experiments validate our hypothesis based on the LMSE variance analysis. Figures 1f
and 1g show that CSA disappears at 280 and 290 K when we horizontally homogenize radiative heating rates.
Gravity waves travel over the domain and form large-scale interference patterns at 280 and 290 K. Their moisture
distributions seem distinct from that of the conventional moisture aggregation in the control simulations, resulting
in lower CRH variance (Figure 1k). At 300 K, the CRH field exhibits a combination of gravity waves and weak,
short-lived aggregation (Figure 1h), also yielding a lower CRH variance compared to the control experiment. In
warmer climates, CSA is more visible without radiative feedbacks (Figures 1i and 1j and Figure S3 in Supporting
Information S1). At 310 K, stationary dry and moist signals are visibly present, for example, from day 50 to day
100 at about x = 5,000 km, although the CRH variance in the mechanism-denial experiment remains smaller than
the control experiment. At 315 K (Figure S3 in Supporting Information S1) and 320 K, stationary aggregation
signals reach a similar or even higher intensity than in the control experiment. These results support that radiative
feedbacks favor the development of CSA in colder climates, but its effect decreases and is not essential in warmer
climates.

4.4. The 3D Experiments

We further conduct 3D simulations at 320 K to test the robustness of our findings in 2D. The size of the largest
convective cluster reaches 6,000 km in the 2D experiment at 320 K (Figure 1j). Therefore, we use a domain of
8,192 km by 8,192 km to accommodate CSA. Due to the extensive computational resources consumed, we only
test the role of radiative feedbacks in 3D at 320 K.

Our results demonstrate that CSA still occurs without radiative feedbacks in 3D simulations at the SST of 320 K.
The CRH variance in both control and mechanism-denial experiments increases monotonically with time. The
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Figure 4. (a) The evolution of the spatial variances of CRH in 3D experiments at 320 K. “Homorad” means we homogenize
radiative profiles in the mechanism-denial experiment. The snapshots of CRH at day 49 in the 3D (b) control and (c)
mechanism-denial experiments.

mechanism-denial experiment reaches a higher degree of aggregation by the end of the simulation, although it
shows a slower growth in CRH variance from day 8 to day 35 (Figure 4a). Additionally, the 3D domain is divided
into dry and moist regions in the two simulations. Such slower growth of CRH variance in the development stage
in the 3D mechanism-denial experiment agrees with 2D results. Therefore, 3D simulations further support 2D
findings that radiative feedbacks are not essential to development in a warmer climate.

5. Conclusion and Discussion

This paper tests the hypothesis that radiative feedbacks are essential to the development of CSA. To achieve
this goal, we perform 2D and 3D CRM simulations and analyze the LMSE variance budget (Yao et al., 2022) to
quantify the contributions of different processes to CSA in a wide range of climates. Unlike conventional MSE
variance analysis (Wing & Emanuel, 2014), the LMSE analysis respects the characteristic vertical structures of
CSA, including its MSE anomaly and associated sources, which have been proven crucial to the development of
CSA (e.g., Muller & Held, 2012). The LMSE analysis shows that the role of adiabatic processes increases with
warming and that they become the dominant driver in warmer climates. Notably, the sign of adiabatic contribu-
tion switches from negative to positive at SSTs of around 300 K. In colder climates, adiabatic processes trans-
port LMSE from dry to moist regions (downgradient) to inhibit CSA, while in warmer climates, they transport
LMSE from dry to moist regions (upgradient) to promote CSA. The LMSE analysis also shows that the role of
radiative feedbacks decreases with warming, and this is further supported by the mechanism-denial experiments.
For example, CSA does not occur in colder climates at SSTs of 280 and 290 K without radiative feedbacks, but
convection still aggregates in warmer climates with horizontally homogenized radiation, suggesting that radiative
feedbacks are no longer essential to the development of CSA in warmer climates. This result broadly agrees with
the view that CSA can arise from the interaction between atmospheric convection and its large-scale environment
(Craig & Mack, 2013; Haerter, 2019; Muller et al., 2022; Tompkins & Semie, 2017; Windmiller & Craig, 2019;
Yang, 2018a, 2019, 2021).

The LMSE variance production depends on the positive correlation between the anomalies of MSE and its sources
and sinks. Therefore, our LMSE analysis primarily focuses on spatial perturbations. However, domain-mean radi-
ative profiles could potentially influence the behavior of convective organizations. Hsieh et al. (2023) discovered
that the response of TC genesis to climate warming depends on the climatological radiative heating profiles. For
example, anomalous radiative heating (cooling) in the warm pool region favors (inhibits) TC genesis. Therefore,
one can conduct additional sensitivity experiments to investigate the impact of mean-state radiative profiles on
CSA behavior.

Most of the study focuses on analyzing 2D CRM simulations because it is computationally expensive to perform
large-domain 3D CRM simulations. However, to test the robustness of our results, we have performed a pair of
3D simulations at 320 K SST, showing that CSA can self-emerge without radiative feedbacks. The results agree
well with our 2D CRM results. This finding may justify the use of 2D CRMs to study convective aggregation,
which are more computationally efficient.

Our study helps to establish a further connection between the physics of CSA to that of TCs and the MJO.
Research showed that TCs and the MJO could spontaneously develop under uniform boundary conditions and
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suggested that TCs and the MJO are thus special forms of CSA in Earth's atmosphere (Arnold & Randall, 2015;
Boos et al., 2016; Bretherton et al., 2005; Nolan et al., 2007). Moreover, Zhang et al. (2021b) found that the role
of radiative feedbacks in TC genesis diminished with surface warming. Therefore, both TCs and the MJO can
emerge without radiative feedbacks, as demonstrated by studies using CRMs (Muller & Romps, 2018; Reyes &
Yang, 2020; Wing et al., 2016), as well as high-resolution GCMs (Hsieh et al., 2023; Zhang et al., 2021b) and
super-parameterized GCMs (Arnold & Randall, 2015; Yang & Hannah, 2022). In this study, we show that CSA
can emerge under similar conditions, suggesting that the underlying physics of the three distinct phenomena may
share a common foundation.

Data Availability Statement
The model setup scripts and analysis code are available at https://doi.org/10.5281/zenodo.8132801.
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Erratum

The originally published version of this article contained typographical errors. In the Introduction, the first half
of the first sentence should read: “In sufficiently large-domain cloud-resolving simulations,” rather than “In
unshared, sufficiently large-domain radiative-convective equilibrium simulations.” In Section 2, at the end of the
eighth sentence of the fourth paragraph, “(Units: W m~2)” should read: “(Units: W/kg).” In the third sentence of
the caption of Figure 2, “temporal and special” should read: “temporal and spatial.” In the Acknowledgments,
quotation marks should have been omitted from the beginning of the first sentence. These errors have been
corrected, and this may be considered the authoritative version of record.
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