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Abstract

This study introduces a framework to evaluate convective aggregation (CA) under radiative-convective equilibrium simulations

using the vector vorticity equation cloud-resolving model (VVM) coupled to a mixed-layer slab ocean. The framework introduces

the competing effects between the convection-SST feedback (CSF) and the moisture-convection feedback (MCF) by modifying

the initial SST gradient and the mixed layer depth. Examples of applying this framework are demonstrated by comparing

simulations with different microphysics schemes. The convectional five-category scheme (VVM-Lin) and the predicted particle

properties scheme (P3) are examined by the matrix formed by these two factors. A clear bifurcation of the aggregated/non-

aggregated states can be identified in both sets of experiments. The change of the bifurcation between two sets of experiments

suggests that the P3 experiments tend to develop CA due to the stronger MCF. The budget analysis of spatial frozen moist

static energy variance is applied to quantify the stronger MCF in the P3 simulations. Convective systems in P3 simulations

develop more organized structures, which enhances MCF and leads to CA. The proposed framework provides a reconciled view

of the process-based evaluation of CA among cloud-resolving models that use different dynamics and physical parameterizations.
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Key points 10 

⚫ A framework is designed for evaluating convective aggregation (CA), focusing on two 11 

competing feedbacks in cloud-resolving models. 12 

⚫ A clear bifurcation of the aggregated/non-aggregated states can be identified in 13 

experiments with different microphysics. 14 

⚫ P3 experiments tend to develop CA due to the stronger MCF owing to more organized 15 

convective systems. 16 
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Abstract 19 

 This study introduces a framework to evaluate convective aggregation (CA) under 20 

radiative-convective equilibrium simulations using the vector vorticity equation cloud-21 

resolving model (VVM) coupled to a mixed-layer slab ocean. The framework introduces the 22 

competing effects between the convection-SST feedback (CSF) and the moisture-convection 23 

feedback (MCF) by modifying the initial SST gradient and the mixed layer depth. Examples 24 

of applying this framework are demonstrated by comparing simulations with different 25 

microphysics schemes. The convectional five-category scheme (VVM-Lin) and the predicted 26 

particle properties scheme (P3) are examined by the matrix formed by these two factors. A 27 

clear bifurcation of the aggregated/non-aggregated states can be identified in both sets of 28 

experiments.  The change of the bifurcation between two sets of experiments suggests that the 29 

P3 experiments tend to develop CA due to the stronger MCF. The budget analysis of spatial 30 

frozen moist static energy variance is applied to quantify the stronger MCF in the P3 31 

simulations. Convective systems in P3 simulations develop more organized structures, which 32 

enhances MCF and leads to CA. The proposed framework provides a reconciled view of the 33 

process-based evaluation of CA among cloud-resolving models that use different dynamics and 34 

physical parameterizations.  35 

  36 
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1 Introduction 37 

 Radiative convective equilibrium (RCE) is a conceptual model that describes a 38 

statistical balance between radiative cooling and convective heating in the atmosphere column 39 

without lateral energy transports. The concept has been applied in numerical simulations with 40 

cloud-resolving resolutions when computational resources were affordable (Held et al., 1993; 41 

Tompkins and Craig, 1998). In these studies, sometimes convection spontaneously aggregates 42 

from a random spatial distribution to clustered systems surrounded by dry convection-free 43 

areas despite spatially homogeneous and temporally constant sea surface temperature (SST). 44 

This process, called convective self-aggregation (CSA), largely changes environment moisture 45 

distribution and radiative energy due to the expansion of dry areas (Holloway and Woolnough, 46 

2016; Wing et al., 2017). The enhanced cooling effect of outgoing longwave radiation due to 47 

CSA is regarded as a process that could reduce climate sensitivity (Khairoutdinov and Emanuel, 48 

2010; Mauritsen and Stevens, 2015), and its impacts on the tropical climate have been 49 

examined and discussed (Cronin and Wing, 2017; Holloway et al., 2017; Wing, 2019). 50 

 51 

 Wing et al. (2018) organized the Radiative-Convective Equilibrium Model 52 

Intercomparison Project (RCEMIP) to investigate the roles of clouds and CSA in climate 53 

sensitivity. The RCEMIP ensemble results show that responses of the raised cloud top height 54 

and reduced high cloud coverage to the warming robustly across several types of models (Wing 55 

et al., 2020). Despite many similar behaviors to the warming found in models, there are large 56 

differences in thermodynamic structures, the degree of CSA, and the sensitivity of CSA to SST 57 

between models. The diverse outcomes in RCEMIP among models could be expected because 58 

of sophisticated interactions between physical and dynamical processes, especially in the 59 

cloud-resolving models. The numerical setups in previous studies have an impact on the 60 

occurrence of CSA due to the sensitivity of convection to the physical treatments, boundary 61 
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conditions, or model configurations. Using a general circulation model, Coppin and Bony 62 

(2015) revealed that the leading process driving the development of CSA is sensitive to SST, 63 

and the longwave radiation and the wind-induced surface heat exchange mechanism are critical 64 

in high and low SST conditions, respectively. Holloway and Woolnough (2016) showed that 65 

CSA develops faster when the rain evaporation is off, and fixed surface enthalpy fluxes and 66 

radiative cooling lead to the non-aggregated equilibrium states. Tompkins and Semie (2016) 67 

found that the treatment of the sub-grid turbulence mixing can change the behavior of CSA, 68 

and high entrainment rates in the dry regions prohibit the development of convection, which 69 

leads to the occurrence of CSA. Muller and Held (2012) found that the occurrence of self-70 

aggregation is related to the horizontal scale of the simulated domain, and Yanase et al. (2020) 71 

identified the critical length scale for CSA, which is controlled by the competition between 72 

large-scale subsidence and cold pool propagation. The above studies suggest that CSA is 73 

sensitive to various factors, some of which depend on the models themselves. It is not 74 

surprising that there are miscellaneous responses to the warming in the RCEMIP, and 75 

understanding the cause of the spread in RCEMIP is essential for evaluating the impacts of 76 

CSA on the tropical climate. 77 

 78 

 Numerous physical processes have been identified as potentially important to the 79 

initiation and maintenance of CSA in cloud-resolving simulations (detail reviews in Wing et 80 

al., 2017 and Holloway et al., 2017). The interactions between longwave radiation, water vapor, 81 

and clouds were found to be critical for CSA (Muller and Held, 2012; Holloway and 82 

Woolnough, 2016), while the wind-induced surface fluxes exchange mechanism plays an 83 

important role in the warm SST conditions (Coppin and Bony, 2015). However, these diabatic 84 

processes are not always essential for CSA (Tompkins, 2001). The interaction between 85 

convection and moisture can also trigger and maintain the CSA in the simulations with 86 
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prescribed radiative or surface fluxes (Grabowski and Moncieff, 2004; Muller and Bony, 2015). 87 

This is because the convection-induced subsidence dries the nearby atmosphere and suppresses 88 

the convection development there, while convection moistens its own environment and favors 89 

convection due to the reduction of entrainment (Tompkins, 2001; Grabowski and Moncieff, 90 

2004; Holloway and Neelin, 2009; Tompkins and Semie, 2016). This interaction is known as 91 

moisture-convection feedback (MCF, Grabowski and Moncieff, 2004) that enhances the spatial 92 

differences in moisture through the circulation generated by convection. On the other hand, 93 

MCF can also be described by idealized models with simplified physical processes. Craig and 94 

Mack (2013) demonstrated that the theoretical model of the coarsening process captures a 95 

similar behavior of the development of CSA with MCF. Emanuel et al. (2014) have shown that 96 

RCE instability occurs when subsidence and convection can effectively, respectively, dry and 97 

moisten atmospheric columns. Both cloud-resolving simulations and idealized models suggest 98 

that MCF seems to be a fundamental mechanism for CSA. 99 

 100 

 In cloud-resolving simulations with spatially uniform SST, MCF could be randomly 101 

triggered by many factors, such as the spatial variability of convection and inhomogeneities of 102 

surface fluxes. To assess the role of MCF, we adopt a spatial SST gradient distribution in the 103 

experimental design. The approach has been applied to mimic Walker or Hadley circulation in 104 

both cloud-resolving simulations and simplified models for understanding the behaviors of the 105 

large-scale flow (Grabowski et al., 2000; Bretherton and Sobel, 2002; Liu and Moncrieff, 2008; 106 

Wosfy and Kuang, 2012; Byrne and Schneider, 2016; Chen and Wu, 2019). When the SST 107 

gradient is prescribed (Fig. 1a), the convection will be induced in the warmer region and then 108 

drive a mock-Walker circulation (blue arrow in Fig. 1a), and the subsidence of the mock-109 

Walker circulation dries the column over the colder SST region (Grabowski and Moncrieff, 110 

2001; Bretherton et al., 2006). MCF induced by the mock-Walker circulation brings the 111 
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evolution towards the aggregated state, and the convection no longer aggregates spontaneously. 112 

The design prevents uncertain triggering mechanisms of convective aggregation (CA) among 113 

cloud-resolving models. Another advantage is that the treatment of physics and dynamics can 114 

be regarded as the impacts on the mock-Walker circulation because MCF is the leading 115 

mechanism for CA. 116 

 117 

 The prescribed SST gradient forces the equilibrium towards the aggregated state across 118 

the simulation. This constant-in-time forcing would diminish the effects of other processes 119 

during the development of CA. Besides, convection in the simulations with the prescribed SST 120 

gradient rapidly develops to the equilibrium with CA within few days, which leads to 121 

difficulties in analyzing and discussing the impacts of slow physical processes such as radiation. 122 

To eliminate the flaws of the prescribed SST gradient, we introduce a mixed-layer slab ocean 123 

in our framework. With the interactive SST, CA is delayed or broken down because of air-sea 124 

coupling (Bretherton et al., 2005; Reed et al., 2015; Hohenegger and Stevens, 2016; Chen and 125 

Wu, 2019; Tompkins and Semie, 2021), also known as convection-SST feedback (CSF, 126 

Grabowski, 2006). As the time proceeds following the scenario in Fig. 1a with the interactive 127 

SST, convection will reduce the shortwave radiative heating of the ocean and enhance wind-128 

induced surface fluxes, and both processes cool SST in the convective region. On the other 129 

hand, SST in the clear region is heated due to shortwave radiative heating. Then, the SST 130 

gradient is reversed as shown in Fig. 1b and induced a low-level circulation (red arrow in Fig. 131 

1b) that counteracts the mock-Walker circulation. The opposed low-level circulation flattens 132 

the spatial enthalpy differences in the low levels through the advection and leads to the non-133 

aggregated equilibrium state.  134 

 135 
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In the experimental design, whether CA develops or not depends on the competition between 136 

MCF and CSF. Following Chen and Wu (2019), MCF is represented by a zonally bell-shaped 137 

SST distribution initially prescribed in the slab ocean, and a larger SST gradient favors stronger 138 

MCF. CSF is controlled by the depth of the mixed-layer slab ocean model. With a shallow 139 

ocean mixed-layer depth, SST can respond faster to radiative heating compared to a deep one. 140 

The boundary layer circulation builds up faster to counteract the development of CA. By 141 

modifying the strength of MCF and CSF, we can construct a phase diagram with MCF and CSF 142 

to evaluate CA. In this study, we provide examples of two different microphysics schemes 143 

using this framework. The rest of this paper is organized as follows. Section 2 provides the 144 

details of the experimental settings. The results of applying the framework are presented in 145 

section 3. We discuss the possible mechanism associated with different microphysics in section 146 

4. A summary section is presented in section 5. 147 

 148 

2 Model description, experimental settings, and analyses methods 149 

2.1 The model and experiment setup 150 

 The model used in this study is the vector vorticity equation cloud-resolving model 151 

(VVM, Jung and Arakawa, 2008). Horizontal components of anelastic vorticity equations are 152 

predicted in the VVM, and velocities are diagnosed through solving a three-dimensional 153 

elliptic equation. The use of the vorticity equations eliminates pressure gradient force and 154 

inherently couples the dynamics to the thermodynamics in the governing equation. The unique 155 

dynamical core of VVM can better capture the circulation associated with the thermal gradient. 156 

The radiation model (RRTMG, Iacono et al., 2008), the land surface model (Noah LSM, Chen 157 

and Dudhia, 2001), the predicted particle properties microphysical scheme (Morrison and 158 

Milbrandt, 2015; Huang and Wu, 2020), and the block topography (Wu and Arakawa, 2011; 159 

Chien and Wu, 2016) has been implemented in the VVM for studying complicated interactions 160 
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associated with convection, such as the unified parameterization of deep convection (Arakawa 161 

and Wu, 2013; Wu and Arakawa, 2014), stratocumulus transition (Tsai and Wu, 2016), the 162 

aggregated deep convection (Tsai and Wu, 2017), afternoon thunderstorms (Kuo and Wu, 163 

2019), land-atmosphere interactions (Wu et al., 2015; Wu et al., 2019; Wu and Chen, 2021), 164 

cloud-aerosol interactions (Chang et al., 2021), and the coastal convection during summer 165 

monsoon onset (Chen et al., 2019).  166 

 167 

 Two sets of experiments are performed using VVM with a conventional predefined-168 

ice-category microphysical parameterization (VVM-Lin, Krueger et al., 1995) and the 169 

predicted particle properties microphysics schemes (P3, Morrison and Milbrandt, 2015; Huang 170 

and Wu, 2020). The horizontal domain is 1024×256 km2 with the 2 km resolution, and the 171 

vertical resolution stretches from 100 m at the bottom and to around 1 km at the model top at 172 

30 km. The slab mixed-layer ocean model coupled to VVM predicts SST using an energy 173 

budget equation following Chen and Wu (2019), and the initial SST gradient is given as a 174 

perturbation of a cosine function on the mean SST of 300 K. The dynamical fields are nudged 175 

to the calm state with the timescale of 1 day to prevent the shifting of the moist region that 176 

reported in previous channel RCE studies (Wing and Cronin, 2016; Wing et al., 2020). The 177 

experiment names are abbreviated with their microphysics, initial SST gradient, and mixed 178 

layer depth, as listed in Table 1. Most of the simulations are integrated for 25 days because 179 

reaching equilibrium quickly, and some simulations with the slow development of CA is 180 

integrated until 50 days to ensure consistent result after the onset of CA, which will be defined 181 

later. Besides, the suffix of -all represent the entire set with the same microphysics, and the 182 

suffixes of -agg and -no-agg indicate the simulations with and without CA, respectively. 183 

 184 

2.2 Moist static energy variance budget 185 
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 To evaluate the impacts of physical processes on CA, we apply the budget of the spatial 186 

variance of column-integrated frozen moist static energy introduced by Wing and Emanuel 187 

(2014). The frozen moist static energy (FMSE) is conserved by considering ice microphysical 188 

processes during moist adiabatic processes, and it is defined as 189 

ℎ𝑓 ≡ 𝑐𝑝𝑇 + 𝑔𝑧 + 𝐿𝑣𝑞𝑣 − 𝐿𝑓𝑞𝑖 .    (1) 190 

In eq. (1), 𝐿𝑣 and 𝐿𝑓 are the latent heat of vaporization and freezing, respectively; 𝑞𝑣 and 𝑞𝑖 are 191 

the mixing ratio of water vapor and ice-phase condensates, respectively; 𝑇  and 𝑧  are the 192 

temperature and height of the air; 𝑐𝑝 is the specific heat capacity of dry air at constant pressure, 193 

and 𝑔  is the gravitational acceleration constant. Through vertical integration weighted with 194 

density, the vertical redistribution term within the atmosphere column is eliminated, and the 195 

sources and sinks occur at the top and bottom boundaries and lateral transport. The budget for 196 

column FMSE is written as 197 

𝜕ℎ𝑓̂

𝜕𝑡
= SW + LW + SEF − ∇ℎ ∙ 𝑢⃑ ℎ𝑓̂.     (2) 198 

In eq. (2), ℎ𝑓̂ is column-integrated FMSE; SW and LW refer to the convergence of shortwave 199 

and longwave radiative fluxes between surface and top of the atmosphere, respectively; SEF is 200 

surface enthalpy flux; and  ∇ℎ ∙ 𝑢⃑ ℎ𝑓̂ represents the horizontal divergence of column FMSE flux. 201 

Through linearizing eq. (2) and multiplying with ℎ𝑓̂
′
 , we can yield the budget equation of 202 

spatial FMSE variance 203 

1

2

𝜕ℎ𝑓̂
′2

𝜕𝑡
= ℎ𝑓̂

′
[𝑆𝑊′ + 𝐿𝑊′ + 𝑆𝐸𝐹′ − ∇ℎ ∙ 𝑢⃑ ℎ𝑓̂

′
].     (3) 204 

In eq. (3), positive covariance terms imply that the certain process contributes to the increase 205 

of spatial FMSE variance and enhances the development of CA. The budget analysis is 206 

calculated based on daily-averaged model output, and the residual from the budget equation is 207 

taken into the FMSE divergence term. 208 
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 209 

3 Results 210 

3.1 Bifurcation of convective aggregation 211 

 The evolutions of the competition between MCF and CSF are qualitatively 212 

demonstrated by the time evolution of the horizontal distribution of daily-averaged mass 213 

streamfunction, frozen moist static energy (FMSE), and SST in the simulations with and 214 

without the development of CA as shown in Fig. 2. We present experiments P3-1.5K-0.5m and 215 

P3-1.5K-2.0m that have drastic differences in the evolution of CA as the mixed-layer depth is 216 

changed. On day 1, the mock-Walker circulation is induced in both simulations, and the 217 

subsidence dries mid-troposphere (600 hPa) as seen in the FMSE. Both simulations have 218 

similar responses to the initial SST gradient, but the mock Walker circulation is weaker in P3-219 

1.5K-0.5m due to stronger CSF in which the shallower mixed-layer depth results in the faster 220 

flattening of the initial zonal SST gradient. The stronger CSF in P3-1.5K-0.5m outweighs MCF, 221 

and the mock-Walker circulation cannot be maintained on day 5. P3-1.5K-0.5m has zonally 222 

similar values of daily-averaged OLR and homogeneous FMSE distribution in the domain, 223 

which indicates convection develops sporadically instead of being confined around the domain 224 

center. On day 9, the situation is consistent with the result on day 5 in P3-1.5K-0.5m. In P3-225 

1.5K-2.0m, the convection continues to develop in the center of the domain producing strong 226 

circulation, which leads to low values of daily-averaged OLR and a large horizontal gradient 227 

in FMSE. Notably, the equilibrium states of the two experiments are similar to their states on 228 

day 9. This suggests that the competition between MCF and CSF occurs in the first several 229 

days and determines whether or not CA develops. 230 

 231 

 We use the variance of column-integrated FMSE deviated from the spatial mean to 232 

quantify CA (Wing and Emanuel, 2014; Holloway and Woolnough, 2016; Wing et al., 2017; 233 
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Wing et al., 2020). The time evolutions of the domain-averaged FMSE variance for all 234 

simulations are presented in Fig. 3a. The experiments bifurcate into two groups after day 10, 235 

in which one group reaches an equilibrium state with the large FMSE variance, while the other 236 

one undergoes the decrease of the FMSE variance and then remains lower FMSE variance. 237 

MCF dominates in the former group of the simulations and leads to CA similar to P3-1.5K-238 

2.0m, while CSF dictates and results in the non-aggregated equilibrium in the other group like 239 

P3-1.5K-0.5m. The occurrences of CA are defined as the domain-averaged FMSE variance 240 

greater than 1015 J2 m-4 (Table 1), and they are summarized in the phase diagram composed of 241 

the initial SST gradient and the mixed-layer depth (Fig. 3b). The dashed lines of VVM-Lin-all 242 

and P3-all indicate the bifurcation of aggregated/non-aggregated states. The fact that these two 243 

sets of simulations exhibiting different bifurcation lines is a clear demonstration that our 244 

framework can effectively identify how the two feedbacks compete with each other during the 245 

development of CA among different models. The bifurcation line of P3-all is located at the 246 

lower-left part of the phase diagram, which indicates stronger MCF in P3-all compared to that 247 

in VVM-Lin-all. The results show that the framework provides a process-based evaluation of 248 

CA with different model physics, and the sophisticated interactions between physical processes 249 

can then be simplified to the impacts on the mock-Walker circulation.    250 

 251 

3.2 Evaluations with FMSE variance budget 252 

 The budget analysis of the FMSE variance is applied to investigate the physical 253 

processes that lead to enhanced MCF in P3-all. The day that the domain-averaged FMSE 254 

reaches 1015 J2 m-4 is defined as the onset of CA, and it ranges from 5 to 25 days in all the 255 

aggregated simulations (Table 1). Small variations of the onset definition do not affect the 256 

interpretations of the results. The budget terms are the summations before the onset day, as 257 

shown in Fig. 4. In this way, we can evaluate the contributions from various processes while 258 
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the total tendency terms of the FMSE variance budget are similar in these simulations. The 259 

contributions of shortwave (0.05×1015 J2 m-4) and longwave radiation (0.1×1015 J2 m-4) to 260 

FMSE variance are similar in both sets of experiments. The magnitude is relatively minor 261 

compared to the convergence terms of 0.2×1015 J2 m-4 in VVM-Lin-agg and 0.45×1015 J2 m-4 262 

in P3-agg. The convergence term is dominant in the total tendency of the spatial FMSE variance. 263 

We interpret the positive convergence term as the effects of MCF. The results indicate that 264 

enhanced MCF induced by the mock-Walker circulation leads to CA developing easier in P3-265 

all compared to VVM-Lin-all.  266 

 267 

 An interesting feature in the FMSE variance budget is found in the surface enthalpy 268 

flux term. In VVM-Lin-agg, the surface enthalpy flux term mostly enhances the increase of the 269 

horizontal FMSE variance, while it plays a negative role in the development of CA in P3-agg. 270 

The conflicting effects of the surface enthalpy flux term have been discussed in Wing and 271 

Emanuel (2014) by decomposing this term into wind anomalies, air-sea imbalance, and non-272 

linear terms. The wind speed in the moist region (positive ℎ′) is greater than that in the dry 273 

region, and the products of the two in both moist and dry regions produce positive contributions 274 

to the spatial FMSE variance. On the other hand, the air-sea disequilibrium in the dry region is 275 

larger than that in the moist region, which leads to the larger (smaller) surface enthalpy flux in 276 

the dry (moist) region. This process is similar to the low-level circulation triggered by the 277 

reverse SST gradient (Fig. 1b), and the air-sea imbalance term could represent the effects of 278 

CSF, which counteracts to CA. Fig. 4 shows that the wind speed anomaly terms are positive in 279 

both VVM-Lin-agg and P3-agg, and the wind speed anomaly term in VVM-Lin-agg 280 

(0.17×1015 J2 m-4) is slightly higher than that in P3-agg (0.12×1015 J2 m-4). The difference in 281 

the air-sea imbalance term is significant between VVM-Lin-agg (-0.13×1015 J2 m-4) and P3-282 

agg (-0.23×1015 J2 m-4). The reason is that the stronger circulation in P3-agg enhances the 283 
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surface enthalpy fluxes in the dry region, which leads to stronger CSF. However, the effects of 284 

CSF are not enough to defeat the stronger MCF generated by the mock-Walker circulation, and 285 

the negative air-sea disequilibrium would be the result of the stronger circulation. 286 

 287 

4 Discussion 288 

 In this framework, different treatments of microphysics might lead to changes in the 289 

convection structure that leads to changes in the bifurcation diagram. From observation, Chen 290 

et al. (2021) showed that the large-size convective systems are highly coupled with the seasonal 291 

cycle of the Asian-Australian monsoon system. These systems can effectively modulate the 292 

large-scale circulation through diabatic heating (Yuan and Houze, 2010; Hamada et al., 2014; 293 

Hoskins et al., 2019). In this study, we further investigate the changes in convective structures 294 

for both sets of simulations using the object-based analysis method (Tsai and Wu, 2017; Su et 295 

al., 2019; Wu and Chen, 2021). We apply the definition of the convective core clouds following 296 

Wu and Chen (2021) to identify the mature convective systems with updrafts. The size 297 

spectrum of the cloud objects is presented in Fig. 5a. The cloud objects during the early stages 298 

from the first day to half of the onset day are analyzed so that the early signals could be detected. 299 

The results show that the size spectrum of the experiments that lead to CA has a peak located 300 

at the size of about 101.3 km3, and the occurrence decreases with the increase of the size. The 301 

convective core clouds with sizes from 15.8 km3 to 31.6 km3 occur more frequently in VVM-302 

Lin-agg. On the other hand, clouds larger than 31.6 km3 are frequently found in P3-agg. The 303 

frequent occurrence of large-size convective systems in P3-all could drive a stronger mock-304 

Walker circulation that enhances MCF. 305 

 306 

 The size spectrum differences due to the convective structure changes between 307 

experiments with VVM-Lin and P3 have been examined under strongly forced environments 308 
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(Huang and Wu, 2020). The P3 scheme can represent significant variabilities of ice particles 309 

between convective and stratiform cloud regions. In the convective updraft region, the cooling 310 

effects due to ice melting around the freezing level are reduced because of the rapid removal 311 

of fast-falling ice particles in the simulations with the P3 scheme. Then, the convective updraft 312 

will be stronger and produce more extreme precipitation when the P3 scheme is applied. The 313 

mechanism and results in Huang and Wu (2020) provide a lead to explain why the convective 314 

systems are more organized in P3-all.  315 

 316 

 We sample the grid boxes inside the convective core clouds with the same period as 317 

Fig. 5a to derive the contoured frequency by altitude diagrams (CFAD) of vertical velocity for 318 

VVM-Lin-agg (Fig. 5b) and P3-agg (Fig. 5c). A top-heavy structure is shown in both VVM-319 

Lin-agg and P3-agg. Above 500 hPa, the contours of the frequency in VVM-Lin-agg (Fig. 5b) 320 

shifts towards the moderate vertical velocity region (5 m s-1 ~ 10 m s-1) when the altitude 321 

increases. This indicates that the convective updraft decelerates as ice-phase processes are 322 

involved, and the weakening starting from the freezing level is consistent with the melting 323 

effects in Huang and Wu (2020). On the other hand, P3-agg has a wider distribution of the 324 

frequency in the upper level (Fig. 5c), and the distribution extends to the more extreme region 325 

(35 m s-1). The results show that the convective updraft is stronger in P3-agg because of the 326 

reduced melting effects. The change in the convective structures due to the reduced melting 327 

effect in P3-all could increase the occurrence of large-size convective systems. Then, these 328 

systems enhance the mock-Walker circulation, and stronger MCF leads to the easier 329 

development of CA in P3-all compared to VVM-Lin-all. 330 

 331 

5 Summary 332 
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 In this study, we propose a framework to evaluate convective aggregation (CA) in 333 

radiative convective equilibrium simulations and demonstrate the framework with examples of 334 

two different microphysics schemes. The framework introduces a mixed-layer slab ocean with 335 

an initial SST gradient to design the competition between moisture-convection feedback (MCF) 336 

and convection-SST feedback (CSF) induced by the mock-Walker circulation and low-level 337 

circulation, respectively. Two sets of simulations are performed using the vector vorticity 338 

equation cloud-resolving model (VVM) with the conventional category-based (VVM-Lin) and 339 

the predicted particle properties (P3) microphysics schemes. A clear bifurcation of the 340 

aggregated/non-aggregated states can be identified in both sets of experiments. In the phase 341 

diagram constructed with the initial SST gradient and the mixed-layer depth, the boundary of 342 

the bifurcation can be identified in both sets of experiments. The bifurcation line of P3-all is 343 

located at the lower-left part of the phase diagram, which indicates stronger MCF in P3-all 344 

compared to that in VVM-Lin-all. These two sets of simulations exhibiting different bifurcation 345 

lines is a clear demonstration that our framework can effectively identify how the two 346 

feedbacks compete with each other during the development of CA among different models. 347 

The results are further quantified using the frozen moist static energy variance budget.  348 

  349 

 We provide examples with different microphysical parameterizations using the same 350 

model in this study. However, various factors can influence CA, and it is necessary to 351 

investigate what causes the differences among cloud-resolving models in RCE simulations. 352 

The framework designed based on the competing effects between MCF and CSF provides a 353 

physical-based evaluation of CA.  Currently, an intercomparison between VVM and a regional 354 

model constructed with Scalable  Computing  for  Advanced  Library  and  Environment  355 

(SCALE, Nishizawa et al., 2015; Sato et al., 2015) is conducted for RCE experiments. The 356 

preliminary results show that these two CRMs have very different pathways toward CA. We 357 
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will apply this framework to quantify the competing effects between MCF and CSF in this 358 

intercomparison to obtain process-oriented explanations of model differences.   359 
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Figure and Table 571 
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  573 

Figure 1. The schematics of the moisture-convection and convection-SST feedbacks. See 

text for more details. 
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Figure 2. Daily and meridionally averaged FMSE (color shading), mass streamfunction 

(black contours), and water vapor mixing ratio (white contours) for P3-1.5K-0.5m and P3-

1.5K-2.0m on days 1, 5, and 9. Daily-averaged SST and OLR are shown in the bottom part 

of each panel. 
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  578 

Figure 3. (a) The time evolutions of the domain-averaged FMSE variance are presented by 

the attenuated red (VVM-Lin-all) and cyan (P3-all) lines. P3-1.5K-0.5m and P3-1.5K-2.0m 

are emphasized by the thick solid and dash lines, respectively. (b) The phase diagram of 

experiments results with respect to their initial SST gradient and mixed-layer depth. The 

increase of the x-axis and the y-axis represents the strengthening of MCF and the weakening 

of CSF, which promotes CA. Circles and crosses represent the aggregated and non-

aggregated states, respectively. The dashed lines indicate the transition of the states 

with/without the development of CA in VVM-Lin-all (red) and P3-all (cyan). 
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Figure 4. The FMSE variance budget analysis of the spatial FMSE variance of VVM-Lin-

agg (red) and P3-agg (cyan). The first column is the total tendency which is the left-hand-

side term in Eq. (3), and the following four columns are the right-hand-side terms in Eq. 

(3). The final two columns are the wind speed anomaly and air-sea imbalance terms that 

decomposed from SEF. Dots represent the averages of each term, and the bars indicate the 

standard deviations. 
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 581 

Figure 5. (a) The size distribution of the convective core clouds sampled from the first day 

to half of the onset day, and the summation of the occurrence for each line is unity. The red 

and cyan thick lines, respectively, represent the averages of VVM-Lin-agg and P3-agg, and 

the attenuated lines are the size distribution for each simulation. The contoured frequency 

by altitude diagram (CFAD) of vertical velocity in logarithmic scale for VVM-Lin-agg (b) 

and P3-agg (c). 
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Table 1. The list of the simulations, their equilibrium states with/without CA, and the onset 

days of CA. 
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