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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 local 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 radiative contribution dominates the
LMSE variance production when SST is less than 300 K; when SST is higher than 300 K, adiabatic variance production becomes
more important than radiative 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.
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Key Points:
e Radiative feedbacks become less important to the development of convective self-
aggregation (CSA) with surface warming.
e In warm climates, CSA can still occur without radiative feedbacks.
e Radiative feedbacks influence the horizontal scale of CSA, although they are not

essential to CSA development in warm climates.
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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 local 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 radiative contribution dominates the LMSE variance production when
SST is less than 300 K; when SST is higher than 300 K, adiabatic variance production becomes
more important than radiative 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
degrees 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.
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1. Introduction

In 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
associated 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. Previous research has shown that both tropical cyclones (TCs) and
the Madden-Julian Oscillation (MJO) can be simulated with uniform boundary conditions (e.g.,
uniform SST) over f-plane and beta-plane, respectively (Bretherton et al., 2005; Nolan et al., 2007;
Boos et al., 2016; Arnold and Randall, 2015). 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 and Held, 2012) and the
moist static energy (MSE) variance analysis (Andersen and Kuang, 2012; Wing and Emanuel,
2014; Coppin and Bony, 2015; Arnold and Randall, 2015; Wing and Cronin, 2016; Pritchard and
Yang, 2016; Holloway and Woolnough, 2016). Although which radiative process dominates 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 and Bony, 2015;

Wing and Cronin, 2016; Pope et al., 2021; Pope et al., 2023). The results also showed that radiative
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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.

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 his 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 development 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, Yang, and Tan, 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
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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 and Kuang, 2012; Wing and Emanuel, 2014; Coppin and Bony, 2015; Holloway and
Woolnough, 2016; Pope et al., 2023). 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 vertical integral of MSE was first
performed, and then its horizontal variance was calculated. As a result, such calculated MSE
variance consists of both the local MSE (LMSE) variance at a given altitude and the covariance
between different vertical levels (Equation (10) in Yao, Yang and Tan, 2022). Thus, this MSE
variance is referred to as the global 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 integrated over, and growing evidence
has shown that boundary layer processes are particularly important to CSA development (Muller

and Held, 2012; Mapes, 2016; Yang, 2018b; Yao, Yang and Tan, 2022).

Here we apply the recently developed LMSE variance framework to study CSA (Yao, Yang and
Tan, 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 global MSE analysis, the two approaches are conceptually

different. For example, the LMSE analysis respects the characteristic vertical structure of CSA and
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does not concern covariance terms across different altitudes. A detailed discussion of the LMSE
analysis and its comparison to the conventional global MSE analysis can be found in Yao, Yang
and Tan (2022). The framework has also been applied to study TCs and the MJO recently (Zhang

et al., 2022; Yang and Hannah, 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(w) = 3 [ oo d, m
0

where h' is the large-scale MSE anomalies at individual layers, z; is the height of the tropopause,
and p, = po(2) is the reference density at individual layers in an anelastic atmosphere. Note
Equation (1) is weighted by p, instead of p3 as in Yao, Yang and Tan (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
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2zt Zt Zt
d;(var(h")) = J poh'[—ud,h —wa,h]'dz + j pPoh'Q,,qdz + f poh'Qsgsdz.
N e’
variance 0 0 0 (2)
tendency 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. (Q;ad, Q;gs) are the anomalies of LMSE
sources due to radiation and sub-grid scale (SGS) processes (Units: W m~2). 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,,4 < 0) in dry regions (h' < 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 Qg4 = —piaZF (Fi1s MSE
0

flux; Yao, Yang and Tan, 2022), then the total SGS production of LMSE variance can be further

decomposed into two parts:

Zt Zt Zt Zt
J-poh’Q;gst= f h'(=0,F")dz = —f az(h’F’)dz+f F'o,(h')dz
0 0 0 0
Zt
=h'F'|,- +j F'd,(h")dz.

0

3)
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The first term on the right-hand side appears to be the variance production from surface fluxes. It
can be numerically 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 (d,(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 equilibrium 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

9, (var(h)) [ poh'T—udch —wd hl'dz [, poh'Qleqdz [ poh'Qigsdz
var(h') var(h') var(h') var(h')

4)

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 anomalies 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 and
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).
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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 and Randall,
2003). It solves the conservation 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 horizontal resolution of 2 km. The model top is at 33 km, with 128 vertical levels. Below
16 km, the vertical grid is 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 W m~2 to represent the climatological value in the tropics. We turn off the diurnal cycle for
simplicity. The microphysics 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

simulations with five different sea surface temperatures (SSTs) in the main text: 280 K, 290 K,
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300K, 310 K, 320 K. We also include simulations at 315 K in the Supporting Information to show
the robustness 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 0 to 1 and allows us to compare the

development of CSA over different climates.

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.

10
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4.1 The 2D control experiments

CSA occurs in all examined climates in 2D control experiments. Figures 1a-e 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 propagation of gravity waves and
the oscillation of background winds. At the end of each simulation, the CRH variance oscillates

around a reference value.

The horizontal scale of CSA is defined as the average distance between adjacent moist centers,
which varies from 1,000 to 16,000 km in the 2D simulations and varies non-monotonically with
SST (Figures a-e). This non-monotonical behavior is similar to the results of Yang (2018), who
found that the horizontal scale depends on the boundary layer height, which decreases with rising
SSTs, and the density differences between moist and dry centers in the boundary layer, which

increase with SSTs.

4.2 The budget analysis of the LMSE variance

Then we analyze the 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 development 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

11
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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.

Figure 2 shows that the contribution from adiabatic processes increases monotonically with
warming in both the development and maintenance stages. The sign of 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 and Emanuel, 2014), we calculated
the advection terms as a residual to close the budget, preventing us to perform a further
decomposition and to test this hypothesis. An online diagnosis in the future will help further verify

this hypothesis.

Additionally, Figure 2 shows that the total 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.
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Figure 3 shows that 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 (Equation (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; Pope et al., 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, 2018a), and the associated low-cloud top radiative cooling also
shifts to a lower altitude (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 vertical 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-S2).

13



277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

293

294

295

296

297

298

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 experiments in the following section.

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
(Figures 1h), also yielding a lower CRH variance compared to the control experiment. In warmer
climates, CSA is more visible without radiative feedbacks (Figures 1i-j and Al). At 310 K,
stationary dry and moist signals are visibly present, e.g., 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) 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.

Interestingly, the horizontal scale of CSA at 315 and 320 K increases significantly after we turn

off radiative feedbacks (Figures le and 1j). The result may suggest that radiative feedbacks still

14



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

influence CSA features in a warmer climate, even though it is no longer essential to the

development and maintenance of CSA.

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 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 (Figures 4a). Additionally, the 3D domain is divided into dry and moist regions in
the two simulations. The horizontal scale of CSA is around 2,000 km in the control experiment
(Figure 4b) and around 6,000 km in the mechanism-denial experiment (Figure 4¢). Such slower
growth of CRH variance in the development stage and larger horizontal scale in the mechanism-
denial experiment in 3D 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

15
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budget (Yao, Yang and Tan, 2022) to quantify the contributions of different processes to CSA in
a wide range of climates. Unlike conventional MSE variance analysis (Wing and Emanuel, 2014),
the LMSE analysis respects the characteristic vertical structures of CSA, including its MSE
anomaly and associated sources. which has been proven crucial to the development of CSA (e.g.,
Muller and Held, 2012). The LMSE analysis 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 and Mack, 2013; Tompkins and
Semie, 2017; Yang, 2018b; Haerter, 2019; Yang, 2019, Windmiller and Craig, 2019; Yang, 2021;

Muller et al., 2022).

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
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boundary conditions and suggested that TCs and the MJO are thus special forms of CSA in Earth’s
atmosphere (Bretherton et al., 2005; Nolan et al., 2007; Boos et al., 2016; Arnold and Randall,
2015). Interestingly, both TCs and the MJO can emerge without radiative feedbacks, as
demonstrated by studies using CRMs (Reyes and Yang, 2020, Wing et al., 2016, and Muller and
Romps, 2018), as well as super-parameterized GCMs (Arnold and Randall, 2015, and Yang and
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.
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472  Figure 1. (a)-(j) are Hovmdller diagrams of column relative humidity (CRH) in the 2D control
473  (the first row) and mechanism-denial experiments (the second row) over different climates (left to
474  right: 280-320 K). (k) is the evolution of CRH variances in the 2D control (solid) and mechanism-

475  denial experiments (dotted) over different climates.
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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 special running averages (varying from 1 day to 10 days, from 40 km 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.
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Key Points:
e Radiative feedbacks become less important to the development of convective self-
aggregation (CSA) with surface warming.
e In warm climates, CSA can still occur without radiative feedbacks.
e Radiative feedbacks influence the horizontal scale of CSA, although they are not

essential to CSA development in warm climates.
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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 local 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 radiative contribution dominates the LMSE variance production when
SST is less than 300 K; when SST is higher than 300 K, adiabatic variance production becomes
more important than radiative 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
degrees 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.
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1. Introduction

In 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
associated 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. Previous research has shown that both tropical cyclones (TCs) and
the Madden-Julian Oscillation (MJO) can be simulated with uniform boundary conditions (e.g.,
uniform SST) over f-plane and beta-plane, respectively (Bretherton et al., 2005; Nolan et al., 2007;
Boos et al., 2016; Arnold and Randall, 2015). 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 and Held, 2012) and the
moist static energy (MSE) variance analysis (Andersen and Kuang, 2012; Wing and Emanuel,
2014; Coppin and Bony, 2015; Arnold and Randall, 2015; Wing and Cronin, 2016; Pritchard and
Yang, 2016; Holloway and Woolnough, 2016). Although which radiative process dominates 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 and Bony, 2015;

Wing and Cronin, 2016; Pope et al., 2021; Pope et al., 2023). The results also showed that radiative
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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.

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 his 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 development 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, Yang, and Tan, 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
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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 and Kuang, 2012; Wing and Emanuel, 2014; Coppin and Bony, 2015; Holloway and
Woolnough, 2016; Pope et al., 2023). 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 vertical integral of MSE was first
performed, and then its horizontal variance was calculated. As a result, such calculated MSE
variance consists of both the local MSE (LMSE) variance at a given altitude and the covariance
between different vertical levels (Equation (10) in Yao, Yang and Tan, 2022). Thus, this MSE
variance is referred to as the global 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 integrated over, and growing evidence
has shown that boundary layer processes are particularly important to CSA development (Muller

and Held, 2012; Mapes, 2016; Yang, 2018b; Yao, Yang and Tan, 2022).

Here we apply the recently developed LMSE variance framework to study CSA (Yao, Yang and
Tan, 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 global MSE analysis, the two approaches are conceptually

different. For example, the LMSE analysis respects the characteristic vertical structure of CSA and



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

does not concern covariance terms across different altitudes. A detailed discussion of the LMSE
analysis and its comparison to the conventional global MSE analysis can be found in Yao, Yang
and Tan (2022). The framework has also been applied to study TCs and the MJO recently (Zhang

et al., 2022; Yang and Hannah, 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(w) = 3 [ oo d, m
0

where h' is the large-scale MSE anomalies at individual layers, z; is the height of the tropopause,
and p, = po(2) is the reference density at individual layers in an anelastic atmosphere. Note
Equation (1) is weighted by p, instead of p3 as in Yao, Yang and Tan (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
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2zt Zt Zt
d;(var(h")) = J poh'[—ud,h —wa,h]'dz + j pPoh'Q,,qdz + f poh'Qsgsdz.
N e’
variance 0 0 0 (2)
tendency 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. (Q;ad, Q;gs) are the anomalies of LMSE
sources due to radiation and sub-grid scale (SGS) processes (Units: W m~2). 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,,4 < 0) in dry regions (h' < 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 Qg4 = —piaZF (Fi1s MSE
0

flux; Yao, Yang and Tan, 2022), then the total SGS production of LMSE variance can be further

decomposed into two parts:

Zt Zt Zt Zt
J-poh’Q;gst= f h'(=0,F")dz = —f az(h’F’)dz+f F'o,(h')dz
0 0 0 0
Zt
=h'F'|,- +j F'd,(h")dz.

0

3)
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The first term on the right-hand side appears to be the variance production from surface fluxes. It
can be numerically 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 (d,(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 equilibrium 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

9, (var(h)) [ poh'T—udch —wd hl'dz [, poh'Qleqdz [ poh'Qigsdz
var(h') var(h') var(h') var(h')

4)

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 anomalies 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 and
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).
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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 and Randall,
2003). It solves the conservation 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 horizontal resolution of 2 km. The model top is at 33 km, with 128 vertical levels. Below
16 km, the vertical grid is 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 W m~2 to represent the climatological value in the tropics. We turn off the diurnal cycle for
simplicity. The microphysics 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

simulations with five different sea surface temperatures (SSTs) in the main text: 280 K, 290 K,
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300K, 310 K, 320 K. We also include simulations at 315 K in the Supporting Information to show
the robustness 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 0 to 1 and allows us to compare the

development of CSA over different climates.

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.
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4.1 The 2D control experiments

CSA occurs in all examined climates in 2D control experiments. Figures 1a-e 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 propagation of gravity waves and
the oscillation of background winds. At the end of each simulation, the CRH variance oscillates

around a reference value.

The horizontal scale of CSA is defined as the average distance between adjacent moist centers,
which varies from 1,000 to 16,000 km in the 2D simulations and varies non-monotonically with
SST (Figures a-e). This non-monotonical behavior is similar to the results of Yang (2018), who
found that the horizontal scale depends on the boundary layer height, which decreases with rising
SSTs, and the density differences between moist and dry centers in the boundary layer, which

increase with SSTs.

4.2 The budget analysis of the LMSE variance

Then we analyze the 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 development 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
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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.

Figure 2 shows that the contribution from adiabatic processes increases monotonically with
warming in both the development and maintenance stages. The sign of 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 and Emanuel, 2014), we calculated
the advection terms as a residual to close the budget, preventing us to perform a further
decomposition and to test this hypothesis. An online diagnosis in the future will help further verify

this hypothesis.

Additionally, Figure 2 shows that the total 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.
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Figure 3 shows that 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 (Equation (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; Pope et al., 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, 2018a), and the associated low-cloud top radiative cooling also
shifts to a lower altitude (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 vertical 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-S2).
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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 experiments in the following section.

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
(Figures 1h), also yielding a lower CRH variance compared to the control experiment. In warmer
climates, CSA is more visible without radiative feedbacks (Figures 1i-j and Al). At 310 K,
stationary dry and moist signals are visibly present, e.g., 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) 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.

Interestingly, the horizontal scale of CSA at 315 and 320 K increases significantly after we turn

off radiative feedbacks (Figures le and 1j). The result may suggest that radiative feedbacks still
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influence CSA features in a warmer climate, even though it is no longer essential to the

development and maintenance of CSA.

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 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 (Figures 4a). Additionally, the 3D domain is divided into dry and moist regions in
the two simulations. The horizontal scale of CSA is around 2,000 km in the control experiment
(Figure 4b) and around 6,000 km in the mechanism-denial experiment (Figure 4¢). Such slower
growth of CRH variance in the development stage and larger horizontal scale in the mechanism-
denial experiment in 3D 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
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budget (Yao, Yang and Tan, 2022) to quantify the contributions of different processes to CSA in
a wide range of climates. Unlike conventional MSE variance analysis (Wing and Emanuel, 2014),
the LMSE analysis respects the characteristic vertical structures of CSA, including its MSE
anomaly and associated sources. which has been proven crucial to the development of CSA (e.g.,
Muller and Held, 2012). The LMSE analysis 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 and Mack, 2013; Tompkins and
Semie, 2017; Yang, 2018b; Haerter, 2019; Yang, 2019, Windmiller and Craig, 2019; Yang, 2021;

Muller et al., 2022).

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
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boundary conditions and suggested that TCs and the MJO are thus special forms of CSA in Earth’s
atmosphere (Bretherton et al., 2005; Nolan et al., 2007; Boos et al., 2016; Arnold and Randall,
2015). Interestingly, both TCs and the MJO can emerge without radiative feedbacks, as
demonstrated by studies using CRMs (Reyes and Yang, 2020, Wing et al., 2016, and Muller and
Romps, 2018), as well as super-parameterized GCMs (Arnold and Randall, 2015, and Yang and
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.
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472  Figure 1. (a)-(j) are Hovmdller diagrams of column relative humidity (CRH) in the 2D control
473  (the first row) and mechanism-denial experiments (the second row) over different climates (left to
474  right: 280-320 K). (k) is the evolution of CRH variances in the 2D control (solid) and mechanism-

475  denial experiments (dotted) over different climates.
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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 special running averages (varying from 1 day to 10 days, from 40 km 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.
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Figure 3. The distributions of (a-e) radiative heating anomalies (K day 1) 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.
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490 Figure4. (a) The evolution of the spatial variances of CRH in 3D experiments at 320 K. ‘homorad’
491 means we homogenize radiative profiles in the mechanism-denial experiment. The snapshots of

492  CRH at day 49 in the 3D (b) control and (c) mechanism-denial experiments.
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