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There is no consensus on the physical mechanisms control-
ling the scale at which convective activity organizes near
the Equator. Here, we introduce a diagnostic framework
relating the evolution of the length scale of convective ag-
gregation to the net radiative heating, the surface enthalpy
flux, and horizontal energy transport. We evaluate these
expansion tendencies of convective aggregation in twenty
high-resolution cloud-permitting simulations of radiative-
convective equilibrium. While both radiative fluxes con-
tribute to convective aggregation, the net longwave radia-
tivefluxoperates at large scales (1000-5000km) and stretches
the size of moist and dry regions, while the net shortwave
flux operates at smaller scales (500-2000 km) and shrinks it.
The surfaceflux expansion tendency is dominatedby convec-
tive gustiness, which acts to aggregate convective activity
at smaller scales (500-3000 km).
K E YWORD S
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1 | INTRODUCTION6

To first order, the size of extra-tropical storms is set by the Rossby deformation radius, which scales inversely with the7

Coriolis parameter. However, what sets the scale at which convective activity organizes near the Equator, where the8

Coriolis parameter is small, remains an open question. Observations of monsoonal depressions (e.g. Figure 12 of Houze9

[1989]) and theMadden-Julian oscillation (e.g. Figure 3b of Zhang [2005] indicate that convectively active regions near10
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the Equator span scales from 100 km to 15,000 km, but we lack a simple framework that would combine internal and11

external influences on the scale of these regions.12

Fundamental understanding of convection has been bolstered by simulating radiative-convective equilibrium, an13

idealized state of the Tropical atmosphere in which radiative cooling balances convective heating in the absence of14

lateral energy transport (e.g. review by Ramanathan and Coakley [1978]) using cloud-permitting models (e.g. Tompkins15

and Craig [1998]) and general circulationmodels with parametrized convection (e.g. Held et al. [2007]). High-resolution16

cloud-permitting simulations of non-rotating convection show the clustering of convective activity despite homoge-17

neous boundary forcing; this phenomenon has been referred to as convective self-aggregation (e.g. Held et al. [1993],18

Bretherton et al. [2005]). Studies to date with square domains in three-dimensional cloud-permitting models, with-19

out rotation, have found at most one cluster in the self-aggregated state, regardless of the domain size. With only a20

single cluster in aggregated square domains, the length scale of self aggregation in such simulations does not corre-21

late with other parameters such as resolution (e.g. Muller and Held [2012]) or surface temperature (e.g. Wing and22

Emanuel [2014]), limiting our physical understanding of the length scale of convective aggregation. However, using23

the Regional Atmospheric Modeling System, Posselt et al. [2012] showed that non-rotating simulations which used24

elongated-channel geometry exhibitedmultiple aggregated areas. Wing andCronin [2016] came to the same conclusion25

using the System for AtmosphericModeling (SAM). Arnold and Randall [2015] and Coppin and Bony [2015] showed26

that aquaplanet simulations using the Goddard Earth observing SystemAtmospheric General CirculationModel and27

the IPSL-CM5A-LR General Circulation Model, respectively, exhibited multiple convective clusters when run with28

parametrized convection. The same is true for more realistic aquaplanet simulations that include planetary rotation and29

latitudinal sea surface temperature gradients (e.g. Bretherton and Khairoutdinov [2015]). These recent findings suggest30

that the length scale L of convective aggregationmay be regulated by physical mechanisms, rather than artifacts of the31

model configuration, in some simulations – and thus within the reach of physical understanding.32

Since resolving both moist turbulent convective activity (1-10 km scale) and the scale of moist and dry regions33

associated with large-scale overturning circulations (100-1000 km scale) is computationally expensive, identifying34

the physical mechanisms that set the length scale L of moist and dry regions remains an active research area. In the35

context of an aquaplanet model with parameterized convection, Grabowski andMoncrieff [2004] have proposed that36

the length scale associated with moisture-convection feedback on intra-seasonal timescales is related to the large-scale37

subsidence drying. By taking the product of the typical horizontal wind speed (∼ 5m s−1) and a subsidence drying38

timescale (∼ 10 d), they obtain a value L ∼5000km. In the context of elongated-channel simulations,Wing and Cronin39

[2016] proposed that L is the distance needed to re-moisten a subsiding air parcel in the boundary layer, which scales40

as the ratio of the boundary layer height (∼ 1 km) to the surface enthalpy exchange coefficient (∼ 2 × 10−3), leading to41

typical values of 500 km. However, this simple scaling does not capture the decrease of length scale observed when the42

radiation scheme is changed [see Figure 7 of Wing and Cronin, 2016] from the radiative transfer module of the National43

Center for Atmospheric Research Community AtmosphereModel version 3 [CAM, Collins et al., 2006] to the Rapid44

Radiative TransferModel [RRTM, Iacono et al., 2008]. In the context of two-dimensional cloud-permitting simulations45

with SAM, Yang [2017] proposed that L scales like the product of the boundary layer height (∼ 1 km), the square root46

of the boundary layer density variations due to humidity variations (∼ √10−3, referred to as the virtual effect), and47

a combined parameter that includes momentum damping in the boundary layer, stratification and radiative cooling48

at the top of the boundary layer (5 × 10−4). Although this scaling yields the correct order of magnitude for L (∼ 150049

km), the theory requires knowledge of density and radiative cooling variations at the top of the boundary layer. The50

underlying physical mechanism proposed by Yang [2017] has been refined by Arnold and Putman [2018] in the context51

of the Goddard EarthObserving SystemAtmospheric General CirculationModel, who suggested that density variations52

in the boundary layer due to temperature variations constrain L to be less than 3000-4000 km through boundary layer53
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momentum balance.54

The previous theories predict the order of magnitude of L and some of its dependencies (surface temperature,55

boundary layer properties, etc.) by assuming a dominant physical mechanism a priori. This paper takes an alternative56

approach by formulating a budget for L and diagnosing the contributions to its evolution from different processes in57

three-dimensional cloud-permitting simulations with interactive radiation, surface fluxes and large-scale dynamics. We58

ask:59

How do radiation, surface enthalpy fluxes and advection contribute to the emergence and evolution of a dominant60

length scale for convective aggregation?61

In the spirit of the spectral analysis done in Arnold [2015] and in sections 5-7 of Bretherton and Khairoutdinov62

[2015], we develop a spectral diagnostic framework for the evolution of L in section 2, and identify the controlling63

physical mechanisms from the results in section 3.64

2 | METHOD65

Our goal is to quantify the roles of radiation, surface fluxes and advection in selecting the length scale of convective66

organization. First, we define a length scale L for convective aggregation from the spatial spectrum of moist static67

energy (section 2.1). Then, we formulate a spectral budget that relates the evolution of L to the vertically-integrated68

diabatic fluxes (section 2.2). We evaluate the radiative, surface flux and advective terms of this budget in a set of69

three-dimensional, cloud-permitting simulations across a range of sea surface temperatures, using SAM (section 2.3).70

2.1 | Definitions71

Weuse the column-integrated frozenmoist static energyH – interchangeably referred to asMSE in this paper – as a72

proxy for the organization of convection. H has units J m−2 and is defined as the sumof column internal energy, potential73

energy and latent heat:74

H
def
=

ˆ ps

0

dp

g

©«
Sensible heat︷︸︸︷

cpT + gz︸︷︷︸
Potential energy

+

Lat. heat vap︷︸︸︷
Lv q − Lf qi︸︷︷︸

Lat. heat fusion

ª®®®¬ , (1)

where ps is the surface pressure, dp the differential pressure, g the gravity constant, cp the specific heat capacity of75

dry air at constant pressure,T the absolute temperature, z the geopotential height, Lv the latent heat of vaporization,76

q the specific humidity, Lf the latent heat of fusion and qi the condensed ice watermixing ratio. When convection is77

statistically homogeneous (a.k.a. "pop-corn" convection), then H is also statistically homogeneous. However, when78

convection starts to organize, a large-scale overturning circulation develops (e.g. Muller and Bony [2015]). Regions of79

large-scale upwelling are moister (higherH ) and havemore active convection, while regions of large-scale downwelling80

are drier (lowerH ) and have less active convection. Therefore, a natural size for the organization of convection is the81

distance between regions of negative and positive spatial MSE anomalies. To gain a physical understanding of what sets82

this distance L, we formally define it as the spectral mean of the wavelength, weighted by the spatial power spectrumϕ83

ofH :84

L
def
=
〈λϕ 〉
〈ϕ 〉 , (2)
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where the wavelength λ is defined from themodulus ‖k ‖ of the wave vector k in n dimensions as:85

λ =
2π
√
n

‖k ‖ . (3)

The spatial spectrum ofH ,ϕ, is defined from theMSE spatial Fourier transform Ĥ :86

ϕ
def
= Ĥ Ĥ ∗, (4)

87

Ĥ
def
=

1

(2π)n/2
ˆ Ldom
0

exp (−ιk · x)H (x) dx, (5)

where Ĥ ∗ is the complex conjugate of Ĥ ,x is the horizontal position vector in n dimensions and ι is the unit imaginary88

number, ι2 = −1 (note that we later use i as an index to refer to distinct processes). In equation 5, the domain is assumed89

to be rectangular and to span from the origin of the coordinate system x = 0 to the opposite corner of the domain90

x = Ldom. To improve the readability of equation 2, we have introduced the spectral average〈 〉:91

〈X 〉 def=
´ kN
k0

X (k) dk
´ kN
k0

dk
, (6)

wherek0 is the wavenumber with smallest non-zeromagnitude andkN is the Nyquist wavenumber. In a rectangular92

three-dimensional model of horizontal domain size (
Lx , Ly

) and resolution (dx , dy ), the integration bounds are k0 =93

2π
(
L−1x , L

−1
y

)
and kN = π

(
dx−1, dy−1

)
. In applying equation 3 to a three-dimensional domain with equal horizontal94

lengths Lx = Ly , the pre-factor 2π√2 ensures that L equals the segment length Lx if all the powerϕ is concentrated95

in the largest wave vector k0. In this study, we havemade a simple choice for the definition of L given by equation 2.96

Alternatively, we could have used the integral scale: 2π√n 〈ϕ 〉 /〈‖k ‖ϕ 〉 to measure the scale ofMSE spatial anomalies97

(e.g. equation 8.45 of Vallis [2006] and equations 7-8 of Wing and Cronin [2016]). It is possible to generalize the98

definition of L to: L def
= 2π

√
n 〈‖k ‖pϕ 〉1/q 〈‖k ‖p+qϕ 〉−1/q , where (p, q ) ∈ Ú2 are integers. Note that (p, q ) = (−1, 1)99

in our definition of L (equation 2). The choice of (p, q ) determines the relative weighting of the different parts of100

the spectrumϕ. For example, if (p + 1) is larger than the spectral slope s such thatϕ ∼ ‖k ‖−s , then L is determined101

by the small-scale contributions to the MSE spectrum, while L is dominated by the large-scale contributions to the102

MSE spectrum if (p + q + 1) is smaller than s . Therefore, L cannot describe the MSE spectrum in its full complexity,103

andwe compare different choices for L in appendix A. Nevertheless, having a single metric L (t ) to quantify the spatial104

organization of MSE reduces the problem to a single time-dependent variable, and we proceed to relate its time-105

evolution to the diabatic fluxes ofMSE.106

2.2 | Budgets107

2.2.1 | Frozenmoist static energy budget108

The column frozenmoist static energyH is conserved under vertical convectivemixing, and altered by the net moist109

static energy flux (inWm−2) through the boundaries of the atmospheric column in consideration. The total flux is the110

sum of the net radiative flux at the top and bottom of the atmosphere ÛHrad, the net surface enthalpy flux ÛHsf, and the111
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horizontal flux of moist static energy ÛHadv (referred to as the advective flux and defined as themass-weighted column112

integral of the three-dimensional advection of local frozenmoist static energy). The evolution equation of H can be113

written:114

∂H

∂t
= ÛH lw + ÛHsw + ÛHsf + ÛHadv, (7)

where t is time (in s). When averaged in space and time, the net longwave flux ÛH lw is negative as the atmosphere cools to115

space, the net shortwave flux ÛHsw positive as the atmosphere absorbs solar radiation, and the surface enthalpy flux116

ÛHsf positive as the surface enthalpy is greater than the enthalpy of the air above it. In RCE, these three tendencies117

balance out to zero in the absence of horizontal MSE fluxes ÛHadv . As an atmospheric circulation develops, theMSE118

advective flux ÛHadv becomes positive if there is a net MSE import into the column, and negative in the case of a net119

MSE export. Equation 7 holds for all length scales, whichmeans that at a given scale, the value of each flux increases or120

decreases theMSE at that scale. This statement can bemademathematically explicit by working in spectral space.121

2.2.2 | Budget for the spatial spectrum of frozenmoist static energy122

To derive the budget for the spatial spectrum of frozenmoist static energyϕ, we start by taking the time-derivative of123

its definition (equation 4):124

∂ϕ

∂t

def
=
∂

(
Ĥ ∗Ĥ

)
∂t

= 2Re
(
Ĥ ∗

∂Ĥ

∂t

)
, (8)

where Re refers to the real part of a complex number. We then take the spatial Fourier transform of the frozenmoist125

static energy’s budget (equation 7):126

∂Ĥ

∂t
=
∂̂H

∂t
= Û̂H lw + Û̂Hsw + Û̂Hsf + Û̂Hadv . (9)

Substituting equation 9 into equation 8 yields:127

∂ϕ

∂t
= Ûϕlw + Ûϕsw + Ûϕsf + Ûϕadv, (10)

where each spectral tendency Ûϕi is related to the corresponding flux ÛHi via:128

[i , Ûϕi = 2Re
{
Ĥ ∗ Û̂Hi

}
, (11)

where [i indicates that equation 11 is valid for each individual process ÛHi . Note that we use i hereafter as a general129

subscript to refer to any of the processes that modify H : longwave radiation, shortwave radiation, surface fluxes, or130

advection. Equation 10 relates the evolution of the spectrumϕ to the spectral tendencies Ûϕi for each wave vector k.131
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2.2.3 | Convective aggregation length scale budget132

To derive the budget for the convective aggregation length scale L, we start by taking the logarithmic time-derivative of133

its definition (equation 2):134

1

L

∂L

∂t

def
=

1

〈λϕ 〉

〈
λ
∂ϕ

∂t

〉
− 1

〈ϕ 〉

〈
∂ϕ

∂t

〉
(12)

We then substitute the right-hand side of theϕ−evolution equation 10 into equation 12. This allows us to write the135

right-hand side of equation 12 as a sum of individual expansion tendencies (in units m s−1), which we refer to as the136

budget for the convective aggregation length scale L:137

∂L

∂t
= ÛLlw + ÛLsw + ÛLsf + ÛLadv . (13)

Note that we use ‘rate’ to describe the relative growth or decay (in inverse time units) of the total MSE spatial variance138

〈ϕ 〉 (aggregation rate) or the convective aggregation length scale L (expansion rate), while ‘tendency’ refers to the139

time-derivative of a variable. According to equation 12, each expansion rate is given by:140

[i ,
ÛLi
L
=
〈λ Ûϕi 〉
〈λϕ 〉 −

〈 Ûϕi 〉
〈ϕ 〉

=
〈 Ûϕi 〉
〈ϕ 〉

(
〈λ Ûϕi 〉
〈 Ûϕi 〉

〈ϕ 〉
〈λϕ 〉 − 1

) (14)

The tendencies of L, given by equation 14, can be re-written as:141

[i , ÛLi =
〈 Ûϕi 〉
〈ϕ 〉︸︷︷︸

Aggregation rate

Length scale factor︷    ︸︸    ︷
(Li − L) , (15)

142

Li
def
=
〈λ Ûϕi 〉
〈 Ûϕi 〉

, (16)

where Li is the length scale associated with the spectral tendency Ûϕi , analogous to the convective aggregation length143

scale L (equation 2), but based on the tendency of the spectrum ofH due to a particular physical process, rather than on144

the spectrum ofH itself. To build intuition about what sets Li , we consider three examples:145

1. A diabatic process that linearly damps spatialMSE anomaliesH ′ at a rate α , such as the enthalpy disequilibrium146

component of the surface flux: ÛHdis ≈ −αH ′. Following equation 11, its spectral tendency linearly damps the147

MSE spectrum for non-zero wave vectors: Ûϕdis = 2Re
{
Ĥ ∗ (̂−αH )

}
= −2αϕ. Finally, equation 16 yields: Ldis =148

〈−2αϕλ 〉 /〈−2αϕ 〉 = L, showing that a scale-neutral diabatic process that acts to linearly damp or amplify theMSE149

anomaly has the same scale L as theMSE anomaly itself.150

2. A scale-selective process that preferentially amplifiesMSE anomalies at large scales, such as the net longwave flux151

convergence: Û̂H lw = α (λ/λ0)µ Ĥ ′,where α , µ and λ0 are constant positive rate, longwave spectral exponent and152

characteristic wavenumber, respectively. Following equation 11, its spectral tendency is strongest at large scales:153

Ûϕlw = 2Re
{
Ĥ ∗ ̂α (λ/λ0)µ H

}
= 2α (λ/λ0)µ ϕ. At this point, it is useful to note that except for small wave vectors, the154
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MSE spectrum quickly decays with the wave vector amplitude: ϕ = ϕ0λs , whereϕ0 is a constant spectral amplitude155

and we require the spectral slope s be strictly larger than 2. Typically, s ≈ 3 above wavenumber (2π)L−1, as can156

be seen in panel 6b of Wing and Cronin [2016]; if the spectral slope s was smaller than 2, our definition of the157

convective aggregation length scale L would depend on themodel’s horizontal grid spacing through the Nyquist158

wave vectorkN . The diabatic length scale for that scale-selective process is calculated using equation 16:159

Llw
L

=
〈λ Ûϕlw 〉
〈 Ûϕlw 〉

〈ϕ 〉
〈λϕ 〉 =

〈
λµ+s+1

〉
〈λµ+s 〉

〈λs 〉〈
λs+1

〉 ≈ 1 +
>0︷            ︸︸            ︷
µ

(µ + s) (s − 1)︸                  ︷︷                  ︸
>1

. (17)

Therefore, a process i that amplifiesMSE anomalies at large scales has an associated length scale Li larger than160

theMSE anomaly scale L, by a factor that depends on theMSE spectral slope s and the spectral exponent of the161

process, µ.162

3. A scale-selective process that preferentially amplifiesMSE anomalies at small scales, such as the net shortwave flux163

convergence. By applying the previous model and equation 17 to the case of a constant negative spectral exponent164

µ ∈] − s, 0[, the length scale L associated with that process is smaller than theMSE anomaly scale L.165

Equation 15 allows us to interpret each tendency ÛLi as a product of two factors. In appendix A.2, we prove that the166

factor 〈 Ûϕi 〉 /〈ϕ 〉 is equal to the growth rate of moist static energy spatial variance in inverse time units (e.g. the terms167

on the right-hand side of equation 4 ofWing and Cronin [2016]; see sections 3.1-3.4 ofWing et al. [2017] for a review168

of their physical interpretation). The second factor is a length scale factor that vanishes if the convective aggregation169

length scale L equals the length scale Li . We focus on the physical interpretation of equation 15 in section 2.5.170

2.3 | Simulation design171

We use a series of twenty simulations to understand the dependence of the radiative, surface flux and advective172

expansion tendencies on the surface temperature, radiation scheme and domain geometry. FollowingWing and Cronin173

[2016], radiative-convective equilibrium (RCE) is simulated using version 6.8.2 of SAM (e.g. Khairoutdinov and Randall174

[2003]); we contrast the characteristics of the cloud-permitting experiments in table 1. Seventeen of the twenty175

simulations were provided by AllisonWing; the reader interested in the setup and general characteristics of the long-176

channel simulations is referred to sections 3 and 4 ofWing and Cronin [2016], respectively, while the characteristics177

of the square simulation are described in sections 7.2 and 7.5 of Wing and Cronin [2016]. The big square-domain178

simulation uses the same set-up as the square-domain simulations (AllisonWing, personal communication). We also run179

3mechanism denial experiments (MD), in which the radiative heating, the surface enthalpy fluxes, and both the radiative180

heating and the surface enthalpy fluxes, are horizontally homogenized at each vertical level and at the beginning of each181

timestep. The evolution of themoist static energy fieldH , averaged over the short dimension of the channel for these 3182

experiments, is depicted in Figure 1, as well as the evolution of L. The evolution of themoist static energy fieldH of the183

three square experiments is depicted in Figure 2, along with the correspondingMSE anomaly scale L .184
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Acronym LC MD SQ BSQ
# simulations 14 3 2 1

Ts (K) 280/285/.../310 300 305 305
Dom. size (km) 12 288 × 192 12 288 × 192 1536 × 1536 3072 × 3072

Radiation CAM/RRTM CAM CAM/RRTM RRTM
TABLE 1 Characteristics of the twenty cloud-permitting experiments used in this paper. From top to bottom:
Acronym given to the series of simulations (LC: Long-channel domain, MD:Mechanism-denial experiments, SQ: Square
domain, BSQ: Big square domain), number of simulations in each series, fixed surface temperatureTs , domain size and
radiation scheme.
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F IGURE 1 Hovmöller diagram of the frozenmoist static energy spatial anomalyH ′ (inMJm−2) for the threeMD
experiments and the control LC300 CAMexperiment. The vertical axis is time (in days) and the horizontal axis is x (in
1000km). The anomaly has been spatially-averaged in the y−direction. The distance between the left vertical axis and
the thick, black line represents the one-dimensional time-varying convective aggregation length scale L (t ) (in 1000km,
defined in equation 2).
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F IGURE 2 Snapshots of the frozenmoist static energy spatial anomalyH ′, averaged in time over periods of five
days (inMJm−2) for the two SQ experiments and the BSQ experiment. For each snapshot of the doubly-periodic square
domain, the horizontal axis is x (in 1000km) and the vertical axis is y (in 1000km). The radius of each black circle
represents the two-dimensional time-varying convective aggregation length scale L (t ) (in 1000km, defined in equation
2).

2.4 | Calculation of the budget terms185

Hourly-averages ofH and the diabatic fluxes ÛH lw, ÛHsw, ÛHsf are computed every hour, using their values at every time186

step. We call the radiationmodule every six minutes, calculate hypothetical radiative heating profiles without clouds187

for diagnostic purposes, and obtain longwave and shortwave “clear-sky” radiative fluxes: ÛH lwcs, ÛHswcs. The advective188

flux, ÛHadv , is computed as a residual from equation 7. We verify that ÛHadv calculated as a residual has the same behavior189

as ÛHadv computed from the three-dimensional fields ofH and velocity (for the standard experiment LC300with CAM190

radiation, the domain-averaged aggregation feedback 〈 Ûϕadv 〉matcheswithin 20% ifweuse three-dimensional snapshots191

in time ofH and velocity to compute ÛHadv directly). We calculate the Fourier transform ofH and theMSE tendencies192

ÛHi using the MATLAB Fast Fourier Transform, which uses the C library FFTW (e.g. Frigo and Johnson [2005]). For193

the LC andMD simulations, the spatial variability in the long direction is more than 10 times the spatial variability in194

the short direction once convection has aggregated. Therefore, we average H and ÛHi in the short direction before195

computing one-dimensional Fourier transforms in the long direction to calculate the moist static energy spectrum196

ϕ and the spectral tendencies Ûϕi . The spectral tendencies Ûϕi would have more power at smaller wavelengths λ if197

the Fourier transform in the long direction was applied before averaging in the short direction, which would be less198

representative of the y-averaged spatio-temporal variability depicted in Figure 1. For the SQ and BSQ simulations, we199

compute two-dimensional Fourier transforms ofH and ÛHi in the horizontal to obtainϕ and Ûϕi . In all cases, following200
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equation 6, we integrateϕ and Ûϕi between the smallest non-negative wavenumber and theNyquist wavenumber to201

compute L and ÛLi .202

2.5 | Interpretation of the expansion tendency203

For a given process (e.g., net longwave heating ÛH lw), equation 15 relates:204

1. The longwave expansion tendency ÛLlw, in units m s−1. This tendency can be interpreted as the velocity at which205

longwave radiation stretches (if ÛLlw > 0) or shrinks (if ÛLlw < 0) the size of moist and dry regions (see equation 13).206

2. The longwave aggregation rate 〈 Ûϕlw 〉 /〈ϕ 〉, in units day−1 , which is the longwave contribution to the rate of increase207

inMSE spatial variance (a standardmetric for the rate at which convection aggregates, e.g. section 3 ofWing et al.208

[2017]). If 〈 Ûϕlw 〉 > 0, themoist static energy spatial variance is reinforced and convection aggregates. If 〈 Ûϕlw 〉 < 0,209

themoist static energy field is smoothed and convection disaggregates.210

3. The convective aggregation length scale L, whichmeasures the typical size of moist and dry regions (see equation211

2).212

4. The longwave length scale Llw, whichmeasures the scale at which the longwave heating acts to aggregate convec-213

tion.214

If the aggregation tendency is positive (〈 Ûϕlw 〉 > 0) and acts at a larger scale than the convective aggregation length scale215

(Llw > L), then L will exponentially relaxes towards Llw , corresponding to a stretching ( ÛLlw > 0). We illustrate this case216

in Figure 3 and summarize the interpretation of equation 15 for all sign cases in Table 2.217

Small-scale: Li < L Large-scale: Li > L
Aggregation: 〈 Ûϕi 〉 > 0 Shrinking: ÛLi < 0 Stretching: ÛLi > 0
Disaggregation: 〈 Ûϕi 〉 < 0 Stretching: ÛLi > 0 Shrinking: ÛLi < 0

TABLE 2 Guide for interpreting equation 15which relates the expansion tendencies ÛLi to the aggregation rates
〈 Ûϕi 〉 /〈ϕ 〉 and the diabatic scales Li .

Aggregation at smaller scales Li < L will make L exponentially relax towards Li , corresponding to a shrinking218

(top-left case: ÛLi < 0). When the aggregation rate is negative (second row), Li represents the scale at whichMSE power219

is most strongly damped and acts as a repeller for the scale L ofMSE anomalies: repelling from small-scales leads to a220

stretching (bottom-left case: ÛLi > 0) while repelling from large-scales leads to a shrinking (bottom-right case: ÛLi < 0).221

Finally, when a process ÛHi acts at a scale Li that is equal to the convective aggregation scale L, then it does not affect222

the scale of convective activity and ÛLi = 0.223
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F IGURE 3 Weuse the time-averaged data from the first 30 days of the LC300 simulation as an example.
(Black line) Time-averaged convective aggregation length scale L (in day−1).
(Blue line) Length scale Llw of the longwave tendency Ûϕlw.
(1-Arrows) Longwave radiation tries to “stretch” the convective aggregation length scale L to its preferred length scale
Llw, because 〈 Ûϕlw 〉 > 0 and Llw > L.
(2-Dots)Normalized longwave spectral rates Ûϕlw/〈ϕ 〉 (in day−1) for each wavelength λ (in 1000 km). The
spectral-average of the spectral rates equals the longwave aggregation rate 〈 Ûϕlw 〉 /〈ϕ 〉 (in day−1).
(3-expansion tendency) The combination of the positive longwave aggregation rate 〈 Ûϕlw 〉 /〈ϕ 〉 > 0with the growth
from L to Llw > L leads to a positive longwave expansion tendency ÛLlw > 0.

3 | RESULTS224

We show the evolution of the convective aggregation length scale L in section 3.1 and the evolution of the tendencies225

ÛLi and Ûϕi in section 3.2. We then investigate the physics of the radiative (section 3.3) and of the surface flux (section 3.4)226

tendencies.227

3.1 | Convective aggregation length scales228

All experiments are initiatedwith a horizontally homogeneous state and small thermal noise (∼ 0.05K at the surface,229

decaying to zero at an elevation of 500meters), and therefore startwith very smallMSE anomalies (less than 0.1MJm−2).230

A horizontally homogeneous state implies small L (left of Figure 4a) and small degree of aggregation (left of Figure 4b).231
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As convection organizes, theMSE power spectrum is:232

• Enriched overall, which increases the spectrally-averagedMSE power 〈ϕ 〉, or equivalently the spatial MSE anoma-233

lies (first month of Figure 4b).234

• Preferentially enriched at long wavelengths, which increases theMSE anomaly scale L (first month of Figure 4a).235

In physical space, MSE anomalies amplify, which is referred to as convective self-aggregation. In the long-channel236

experiments (e.g. Figure 1d), aggregated bands appear on the Hovmoller diagram, while aggregated moist and dry237

“blobs” appear in the square-geometry experiments (Figure 2). The convective aggregation length scale L (markedwith238

black lines in both figures) reasonably follows the averageMSE anomaly size, and a discussion on the advantages of239

different definitions of L can be found in appendix A. Based on the degree of aggregation, it is conceptually useful to240

distinguish two phases:241

• A “growth phase”, in which convection aggregates andMSE spatial anomalies increase. To simplify the comparison242

among different experiments, we define this phase as the first month of the simulation (until the end of the 30th243

day). In the reference simulation LC300CAM, theweekly-averagedMSE spatial standard deviation at the end of244

the first month is 14.8MJm−2 , 84% of the time-averagedMSE standard deviation after the first month of simulation245

(17.6MJm−2).246

• A “mature phase”, in which convection has reached a statistically steady degree of aggregation, andMSE spatial247

anomalies have relatively small oscillations compared to their large time-averaged value (indicatedwith parenthesis248

in Figure 4).249

We will use this breakdown into two temporal phases when presenting time-averaged data in the rest of the250

manuscript. The length scale L , however, does not closely follow this same evolution:251

• During the first week or two, L grows rapidly as high and low-MSE regions appear.252

• After that,L has large-amplitude oscillations asMSEpower is exchangedbetween the longestwavelengths. Because253

our definition 2 gives the largest weight to the longest wavelength, L is very sensitive toMSE power exchange be-254

tween the two longestwavelengths (domain size and half-domain size). Consequently, cold simulations (LC280CAM,255

LC280RRTM, LC285CAM) and the MD SFC experiment, which have a significant amount of MSE power in the256

longest wavelength, can undergo very large changes despite having reached a statistically steady degree of aggre-257

gation.258

In the “mature phase”, the LC experiments which have colder surface temperatures and use the CAM radiation259

scheme generally have larger L, but the largest values of L are seen in the experiment where surface fluxes are hor-260

izontally homogenized (MD SFC, where L is still growing after 80 days of simulation). By contrast, the experiments261

in which radiative heating is made horizontally homogeneous (MDRAD andMDRADSFC, see purple lines in Figure262

4b), exhibit very weak aggregation given their surface temperature of 300K, withMSE spatial anomalies three to four263

times smaller than the control LC300CAM case. When L is defined following equation 2,MDRAD andMDRADSFC264

exhibit L values that are close to the control LC300CAM case because their power spectraϕ increases with λ at large265

λ (see Figure 4a). When L is defined as the integral scale (equation 21 in Appendix 4), it captures a flatter part of the266

weakly-aggregated power spectrumϕ, andMDRAD andMDRAD SFC exhibit very small L compared to the control267

experiment LC300CAM (see accompanyingMATLAB code for Figure 4). Finally, the square domain experiments (SQ)268
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have the smallest L, despite being strongly aggregated given their surface temperatures of 305K. For these experiments,269

L may still be limited by the domain size, which is suggested by the fact that the BSQ experiment’s MSE anomaly scale L270

(dotted black line in Figure 4a) is almost twice as large as its SQ counterpart (dotted gray line in Figure 4b). Furthermore,271

L equals half the domain size in both cases during themature phase, consistent with the cluster occupying half of the272

domain in Figure 2. The spatial organization of convection in the long-channel setting is relatively insensitive to the273

domain size as long as the domain’s aspect ratio remains large, which is discussed in section 7.5 ofWing and Cronin274

[2016]. To understandwhat causes L to vary somuch, we now study the evolution of its diabatic tendencies ÛLi .275

F IGURE 4 Evolution of (a) the convective aggregation length scale L (in 1000 km, defined in equation 2) and (b) the
spatial standard deviation ofMSE (inMJ.m−2) during the 75 days of each experiment. The solid lines represent the
experiments using the CAM radiation schemes, and are identified using the acronyms defined in table 1 and the value of
the fixed surface temperature. The dotted lines represent the experiments using the RRTM radiation scheme. We
indicate the time-averaged value in themature phase using parentheses, and use a time-moving-average of 1 week
before plotting each variable.



BEUCLER ET AL. 15

3.2 | Evolution of the length scale diabatic tendencies276

F IGURE 5 (a) Evolution of the expansion tendency ÛLi (in ms−1, on the right-hand side of equation 13) during the 75
days of experiment LC300 CAM. (b) Evolution of the aggregation rate 〈 Ûϕi 〉 /〈ϕ 〉 (in day−1) in LC300 CAM. Lines in both
subplots are smoothed using a time-moving-average of 1 week.

We start by focusing on the LC300CAMexperiment, for which the evolution of L (t ) is depicted using a green line in277

Figure 4. The total forcing ÛLtot (in m s−1), represented with a black line in Figure 5a, is equal to the tendency of L in time.278

Therefore, it is positive when L grows (t < 14.3 day), and oscillates around zero afterwards (t > 14.3 day). Because the279

variability of L is large in themature phase, the amplitude of these oscillations sometimes exceeds that of ÛLtot during280

the growth phase, challenging the idea of a uniquely-defined stationary size for convectively active regions during the281

mature phase. Following equation 13, ÛLtot can be decomposed into four expansion tendencies. The longwave tendency282

ÛLlw (blue line) stretches L at an average velocity of 1.8m s−1 during the first month and has an overall neutral effect283

afterwards as L oscillates around the longwave length scale Llw. By contrast, the shortwave tendency ÛLsw (orange284

line) shrinks L at an average velocity of 0.25m s−1 during the first month and 0.13m s−1 afterwards. The surface flux285

tendency ÛLsf stretches L for the first 12 days of the simulation before shrinking L for the rest of the simulation. Finally,286

the advective tendency ÛLadv exhibits the opposite behavior to ÛLsf in this particular case. During the growth phase, ÛLadv287



16 BEUCLER ET AL.

shrinks L at an average velocity of 0.54m s−1 because it homogenizes MSE more at large scales than at small scales288

(bottom-right case of Table 2, consistent with the spectral Hövmoller plots of Arnold [2015]), while ÛLadv stretches L289

at an average velocity of 0.93s−1 during the mature phase because it homogenizesMSEmore at small scales than at290

large scales (bottom-left case of Table 2): The reader interested in the scale-by-scaleMSE spectral tendencies Ûϕadv is291

referred to appendix D. It is instructive to compare the evolution of the length scale and aggregation tendencies for the292

same simulation (see Figure 5b and Figure 4e ofWing and Cronin [2016] for the evolution of the aggregation rates in293

time, calculated from theMSE spectrum and spatial anomalies, respectively). The longwave and shortwave aggregation294

tendencies are always positive, the advective aggregation tendency always negative, and the surface flux aggregation295

tendency transitions from positive to negative rates. Note that the amplitude of the diabatic spectral tendencies 〈 Ûϕi 〉 (in296

units J2 m−4s−1) increases less rapidly than the amplitude of the MSE spectrum 〈ϕ 〉 (in units J2 m−4) as convection297

organizes, explaining why the amplitude of the aggregation rates 〈 Ûϕi 〉 /〈ϕ 〉 (in inverse time units) decreases with time.298

Figure 6 summarizes the length scale and aggregation tendencies in both the growth phases and themature phases299

of all twenty simulations. The horizontal axis represents the expansion rate ( ÛLi /L) , with a stretching effect to the right300

and a shrinking effect to the left of the zero line. The vertical axis represents the aggregation rate (〈 Ûϕi 〉 /〈ϕ 〉) , with301

an aggregating effect above and a disaggregating effect below the zero line. Using the position of each MSE flux in302 ( ÛLi /L, 〈 Ûϕi 〉 /〈ϕ 〉) space, we can extend our observations from the 300 K CAM-radiation long channel simulation to303

different sea surface temperatures, radiation schemes and geometries:304

1. The longwave flux (bluemarkers) has positive length scale and aggregation rates during the first month across all305

simulations.306

2. The shortwave flux (orangemarkers) has negative length scale and positive aggregation rates at all time across all307

simulations. We see a sharp dependence on surface temperature: rates for warm surface temperature simulations308

are significantly smaller than their cold surface temperature counterparts.309

3. During the growth phase, the surface enthalpy flux (greenmarkers) has large positive expansion and aggregation310

rates. During themature phase, both rates become negative, with two notable exceptions. Themechanism denial311

experiments in which radiation is homogenized (MDRAD)maintain positive expansion and aggregation rates from312

surface fluxes in the mature phase, consistent with the weak aggregation of convection (see Figure 1a). In the313

square experiments, the aggregation rate becomes negative while the expansion rate remains positive.314

4. Finally, the advective flux (pink markers) exhibits the largest variability. In most simulations, advection shrinks315

L in the growth phase and damps the convective aggregation at all times. It has the opposite effect on L in the316

simulations with hottest sea surface temperature, as it can stretch L during themature phase. Both SQ and BSQ317

simulations have stretching yet disaggregating advective tendencies during the first month of the simulation. In the318

BSQ simulation, the surface enthalpy fluxes are responsible for balancing out the large advective stretching rate319

ÛLadv/L in themature phase, since Ûϕadv homogenizes small scales faster than large scales in the BSQ geometry.320

The last two sections investigate the sign and amplitude of aggregation and expansion rates from radiative and surface321

enthalpy fluxes.322
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F IGURE 6 Representation of the twenty experiments in ( ÛLi /L, 〈 Ûϕi 〉 /〈ϕ 〉) space. The aggregation and expansion
rates have been time-averaged over the first month (Growth phase, depicted with dotted lines and empty circles) or
later months (Mature phase, depicted with full lines and filled circles) of each experiment. Colors indicate differentMSE
fluxes: Longwave (blue), Shortwave (orange), Surface enthalpy flux (green) and advective flux (pink). All subplots use the
same scale for both axes.
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3.3 | Radiative rates323

F IGURE 7 Representation of five characteristic experiments in (Li , 〈 Ûϕi 〉 /〈ϕ 〉) space. The longwave and shortwave
rates have been time-averaged over the growth phases ((a) and (c) respectively) andmature phases ((b) and (d)
respectively) of each simulation. The arrows go from the time-averaged convective length scale L (representedwith a
circle) to the radiative length scale Li , and represent the length scale growth of each experiment (an arrow to the right
corresponds to ÛLi > 0). The color code is that of Figure 4.
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Since the radiative aggregation tendencies are positive across all simulations ( 〈 Ûϕlw 〉 > 0 and 〈 Ûϕsw 〉 > 0, except during324

the first week of some cold simulations), radiation acts to pull the length scale of aggregation towards the radiative325

length scale (first line of Table 2). On the one hand, we find that the longwave length scale Llw usually exceeds the326

convective aggregation length scaleL during the growth phase, as shown in panels 7a. Therefore, the longwave tendency327

in the growth phase forces L towards a larger scale Llw, and ÛLlw > 0 across all simulations and phases as shown by the328

right-pointing arrows in the top-left panel. Even if the clear-sky longwave tendency contributes up to a third of the329

aggregation tendency 〈 Ûϕlw 〉 at low temperature, its expansion tendency is always small relative to the total expansion330

tendency because the scale of water vapor anomalies is very close to theMSE anomaly scale. This is not the case in331

themature phase (Figure 7b), during which the longwave length scale Llw may be smaller than theMSE anomaly scale332

L, resulting in a shrinking according to the top-left case of Table 2. On the other hand, we find that the shortwave333

length scale Lsw is smaller than L during both phases, as shown in panels 7c and 7d. Therefore, the shortwave tendency334

forces L towards a smaller scale Lsw and ÛLsw < 0 across all simulations and phases. The shortwave expansion tendency335

ÛLsw is also dominated by the “cloudy” contribution because the clear-sky shortwave diabatic scale is so close to the336

MSE anomaly scale. Although a full analysis of the interaction between cloud radiation and convection is beyond the337

scope of this paper, we speculate that the contrast in longwave and shortwave length scales occurs due to the relative338

roles and spatial power spectra of clouds at different heights. Spectral analysis reveals that the net longwave heating is339

more coherent with column ice water, while the net shortwave heating is more coherent with column liquid water and340

columnwater vapor, which can be seen in Figure 11 of Appendix D. These results suggest that the net longwave heating341

variability is primarily dictated by high clouds, while the net shortwave heating variability is primarily dictated by low342

andmid-level clouds. High clouds are produced primarily by outflow from deep convection, which can spread far from343

the scattered convective cores, while low clouds are produced primarily by smaller-scale shallow-convective processes,344

giving us a first hint as to why Lsw < L < Llw. We refer the reader to section 6.2 of Bretherton and Khairoutdinov345

[2015] for a complementary discussion on this topic.346
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3.4 | Surface flux rates347

F IGURE 8 Decomposition of the surface flux aggregation rate (a), difference between diabatic length scale and
MSE anomaly scale (b) and expansion tendency (c) for the LC300 CAMexperiment. Panels (a) and (c) use a running
time-average of 1 weekwhile panel (b) shows length scale differences computed using 15 day time-averages. According
to equation 15, the expansion rate (c) can be obtained bymultiplying the aggregation rate (a) by the length scale
difference (b).
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At first glance, the surface flux expansion tendency ÛLsf is more challenging to interpret. The aggregation tendency348

changes sign across time and length scales, preventing us from using Lsf as a tool to interpret ÛLsf. Following section 5.2349

ofWing and Emanuel [2014], we decompose the surface enthalpy flux spatial anomaly into 3 contributions. Assuming a350

standard aerodynamic formula for the surface enthalpy flux, it can bewritten as the product of two factors:351

SF = ρCkUs × ∆k , (18)

where SF is the total surface enthalpy flux (in Wm−2), ρ is the near-surface air density (in kgm−3), Ck is the surface352

enthalpy exchange coefficient,Us is the surface wind speed (in m s−1) and ∆k is the air-sea enthalpy disequilibrium.353

We introduce the spatial-averaging operator 〈 〉x (see equation 33 in appendix A.2) and denote spatial anomalies with354

primes (′). By decomposing the two factors in equation 18 into their spatial means and anomalies, we decompose355

SF′ into 3 terms:356

SF′ def= SF − 〈SF〉x
= (ρCkUs )′ 〈∆k 〉x︸               ︷︷               ︸
Surface wind speed

+ 〈ρCkUs 〉x ∆k ′︸             ︷︷             ︸
Enthalpy disequilibrium

+ (ρCkUs )′ ∆k ′ − 〈ρCkUs 〉x 〈∆k 〉x︸                                         ︷︷                                         ︸
Eddy term

. (19)

We apply this same decomposition to the aggregation and expansion surface flux rates, which is shown in Figure 8.357

Figure 8a shows that the wind and disequilibrium aggregation rates are each consistent in sign for the whole simulation,358

while the eddy aggregation rate is negligible at all times. Convectively active zones exhibit more convective gustiness,359

making thewind aggregation tendency always positive. Meanwhile, convectively active zones aremoister and have a360

smaller enthalpy disequilibrium, keeping the disequilibrium aggregation tendency negative. During the growth phase,361

the wind aggregation rate dominates over the two other aggregation rates, and the total aggregation rate is positive.362

During themature phase, the two aggregation rates oppose each other and the total aggregation rate switches from363

positive to negative, as the disequilibrium rate becomesmore andmore negative. This finding is consistent with results364

from square-domain non-rotating simulations presented in this manuscript and panel 5d ofWing et al. [2016]; panel 5c365

ofWing et al. [2016] suggests that the positive surface wind speed feedback dominates for all times in simulations of366

rotating convection (in which tropical cyclones form). We plot the length scale factor of equation 15 in Figure 8b. Since367

the wind and disequilibrium aggregation rates are single-signed, the interpretation of their diabatic length scales Li is368

easier. The evolution of ÛLwind (depicted in Figure 8c) follows from the first line of table 2: For t < 12 day, the surface369

wind speed component of the surface flux aggregates convection at larger scales and stretches L (analogous to ÛLlw),370

while for t > 12 day, it aggregates convection at smaller scales and shrinks L (analogous to ÛLsw). The surface wind speed371

component of the surface flux includes contributions from both the large-scale circulations that develop throughout the372

simulation, and convective gustiness. We find that Lwind quickly becomes smaller than L as convection aggregates and373

L grows (Orange arrows in Figure 8b), suggesting that convective gustiness dominates the surface wind speed spectral374

tendency Ûϕwind . While both aggregation tendencies 〈 Ûϕwind 〉 and 〈 Ûϕdis 〉 have the same order of magnitude, the enthalpy375

disequilibrium flux acts at the scale ofMSE anomalies. Its diabatic length scale Ldis is then close to L, and the amplitude376

of its expansion tendency is significantly smaller than the surface wind expansion tendency (�� ÛLdis�� � �� ÛLwind��). Therefore,377

the evolution of the wind expansion tendency ÛLwind explains the evolution of the surface flux expansion tendency ÛLsf to378

first order; the disequilibrium tendency slightly stretches L during the growth phase and slightly damps it during the379

mature phase.380
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4 | CONCLUSION381

Wehave developed a budget that relates the evolution of the convective aggregation length scale (defined in section382

2.1) to the vertically-integratedMSE fluxes (section 2.2). We have used a set of cloud-permitting three-dimensional383

simulations (section 2.3) to evaluate (section 2.4) and interpret (section 2.5) the different terms of this budget across384

different experiments. In section 3.1, we have divided the evolution of convective aggregation into two phases: a growth385

phase during which convection self-aggregates, and a mature phase during which the size of moist and dry regions386

depends on the characteristics of the simulation. In section 3.2, we have characterized the aggregation and expansion387

tendencies across experiments, and have investigated the values of the radiative and surface flux rates in sections 3.3388

and 3.4. The surface temperature dependence of the expansion rates is summarized in Figure 9:389

1. The first-month-averaged longwave expansion rates ( ÛLlw/L) decrease with surface temperature following the390

decrease in longwave aggregation rates 〈 Ûϕlw 〉 /〈ϕ 〉. The aggregation rate decrease comes from a decrease in391

column ice, as well as an increase in the degree of aggregation with surface temperature. Aggregation rates are392

higher for the CAM than RRTM radiation scheme, which can be traced back to larger net cloudy radiative heating393

aggregation rates when the CAM radiation scheme is used. In the long-channel setting, the net cloudy longwave394

heating is the crucial ingredient for convection to aggregate, as confirmed by the low degree of aggregation in395

theMDRAD andMDRADSFC experiments. Themature-phase-averaged longwave expansion rates ( ÛLlw/L) also396

decrease with surface temperature, andmay even become slightly negative for the CAM radiation scheme, as the397

longwave diabatic length scale Llw becomes smaller than the scale L ofMSE anomalies.398

2. The shortwave expansion rates ( ÛLsw/L) become less negative as surface temperature increases, consistentwith the399

decrease in shortwave aggregation rates with surface temperature. The net shortwave heating is always dominated400

by its clear-sky component; as temperature increases, this component becomesmore andmore prevalent. Since401

the clear-sky shortwave flux acts at theMSE anomaly scale to good approximation, it does not have any shrinking402

effect and ÛLsw becomes closer and closer to zero.403

3. The initial surface enthalpy flux expansion rate ( ÛLsf/L) increases with surface temperature, mostly due to an404

increase in the wind-induced component of the latent heat flux expansion rate with surface temperature. That405

increase comes from a change in the spectral shape of the surface flux spectral tendency Ûϕsf, since the first-406

month-averaged surface enthalpy flux aggregation rates 〈 Ûϕsf 〉 /〈ϕ 〉 decrease with surface temperature: In Figure407

6, the green empty circles shift to the bottom-right of ( ÛLsf/L, 〈 Ûϕsf 〉 /〈ϕ 〉) space as surface temperature increases.408

The mature-phase-averaged surface enthalpy flux expansion rate ( ÛLsf/L) switches from positive at low surface409

temperatures, forwhich theenthalpydisequilibriumcomponentprevails, to negative at higher surface temperatures410

because of the wind component’s spectral peak below the MSE anomaly scale L (see Appendix 4). The strong411

shrinking effect of surface enthalpy fluxes is what prevents MSE power from being transferred to the longest412

wavelength in the long-channel setting, as confirmed by theMD SFC experiment exhibiting the largest L that keeps413

increasing after threemonths of simulation.414

4. Finally, the advective flux always has a shrinking effect during the first month, except in square domain geometry415

simulations where it has a stretching effect because it disaggregates convection at small scales (see Figure 6). It416

shifts from shrinking to stretching with surface temperature during themature phase as it homogenizesMSE at417

smaller and smaller scales.418

For each flux, we represent the expansion rate’s temporal variability with error bars, which heights equal three standard419

deviations divided by the sample size’s square root. If the temporal variability had a Gaussian distribution, these error420
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bars would be equal to three times the root-mean-squared error on the time-averaged expansion rates. The largest421

variability arises from the advective and longwave expansion rates during the first month of the simulations, with422

the advective rate potentially becoming positive as its spectral peak shifts to smaller wavelengths. Note that the423

dependence of the expansion tendencies with surface temperature is more visible if we use metrics that give more424

weight to smaller wavelengths, such as the integral scale studied in Appendix A.425

F IGURE 9 Expansion rate (in 1/day) versus sea surface temperature for the long-channel experiments using the (a)
CAM and (b) RRTM radiation schemes. The rates are time-averaged during the first month (Growth phase, empty
circles) and later months (Mature phase, filled circles) of each simulation; we use error bars to indicate three standard
deviations normalized by the sample size’s square root. Each color corresponds to aMSE flux: Longwave (blue),
Shortwave (orange), Surface enthalpy flux (green) and Advective flux (pink).

By relating local physical processes to large-scale convective organization, this budget emphasizes the need to426

better understand individual spectral tendencies Ûϕi (k). We still lack a fundamental physical explanation for the value427

of cloud radiative spectral tendencies, which are key players in setting the size and intensity of moist and dry regions.428

Furthermore, the influence of radiative tendencies on the organization of convection in the real world remains a topic429

of active research, as inhomogeneous boundary feedbacks and external shearmake the physical processes harder to430

distinguish in practice. The framework presented here focuses on the expansion tendencies rather than a static aggre-431

gated state, which is a step towards diagnosing clustering feedbacks in the real world where the constantly-evolving432

size of moist and dry regions challenges the idea of a single MSE anomaly scale. Although the present manuscript433

focuses onMSE, our framework can be generalized to understand the dominant scale of any conserved variable, e.g. the434

scale of initial wind anomalies using the turbulent kinetic energy and available potential energy budgets [Yang, 2018].435

In cloud-permitting simulations, a framework to decompose spectral advective tendencies into their deep, shallow436

and diabatically-driven components could also help bridge this gap by isolating the indirect role of diabatic processes437

through the circulation they induce (e.g. Holloway and Woolnough [2016]). Finally, we have explored the surface438

temperature dependence of convective organization; making the surface temperature interactive will be a necessary439
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step to connect cloud-permitting simulations with the real world, especially given how the interaction between the440

atmosphere and a shallow slab-ocean affects the organization of convection (e.g. Hohenegger and Stevens [2018]441

for a Convection-Permitting study and Coppin and Bony [2017] for a recent General CirculationModel study). Over-442

all, our work underscores the need to observe and simulate surface fluxes, radiative and advective fluxes across the443

1km-1000km range of scales to better understand the characteristics of turbulent moist convection.444
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A. ALTERNAT IVE DEFIN I T IONS OF L457

| A.1. Comparison of spectrally-defined scales to the auto-correlation length scale458

In this article, we adopt the intuitive definition 2 of the convective aggregation length scale. This definition can be459

generalized to L def
= 2π

√
n 〈‖k ‖pϕ 〉1/q 〈‖k ‖p+qϕ 〉−1/q , with the choice of (p, q ) determining which parts of the MSE460

spectrum are given themost weight. In this appendix, we compare three cases of this general definition:461

1. The power spectrum-weighted-averagedwavelength, which is the definition used in themain text:462

(p, q ) = (−1, 1) ⇒ L
def
=
2π
√
n

〈ϕ 〉

〈
ϕ

‖k ‖

〉
, (20)

2. The integral scale, which is a standard definition in the turbulence literature (e.g. equation 8.45 of Vallis [2006]):463

(p, q ) = (1,−1) ⇒ K−1
def
=
2π
√
n 〈ϕ 〉

〈‖k ‖ϕ 〉 , (21)

3. The geometric mean of the two previous definitions:464

(p, q ) =
(
−1
2
,
1

2

)
⇒

√
LK−1

def
= 2π

√
n

√
〈ϕ/‖k ‖〉
〈‖k ‖ϕ 〉 . (22)

A fourth plausible choice of length scale in our comparison is the spatial auto-correlation scale of theMSE field Lϕ (t ),465

defined as the e-folding length of the autocorrelation function (e.g. section 8.10 of Dunn [2005]). In one-dimension,466

https://github.com/tbeucler/2018_L_budget_convective_aggregation
https://github.com/tbeucler/2018_L_budget_convective_aggregation
https://github.com/tbeucler/2018_L_budget_convective_aggregation
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Lϕ (t ) can be defined from the normalized inverse Fourier transformφ of theMSE power spectrumϕ as:467

Lϕ (t )
def
= min

x
{x : φ (x , t ) < exp (−1)} , (23)

468

φ (x , t ) def=
´ kN
k0
exp (i k x )ϕ (k , t ) dk
´ kN
k0

ϕ (k , t ) dk
. (24)

Note that the definition of Lϕ can yield unrealistic large values when the power spectrumϕ is concentrated at lowwave469

numbers, which is the case during the mature phase of our simulations. In that case, we set unrealistic large values,470

typically greater than the domain size, to their nearest realistic neighbor. Furthermore, if the oscillations ofφ in x cross471

the hard threshold exp (−1) rapidly, there is ambiguity in the physical meaning of Lϕ , even if we choose the smallest472

solution and define a unique value for Lϕ . For these reasons, we believe Lϕ is too ill-defined to be used as a systematic473

metric when studying the physics of convective aggregation in our simulations. Nevertheless, Lϕ is a standardmetric474

for the scale of spatial anomalies, and we compare it to to L, K−1 and√LK−1 for our reference LC300CAM simulation in475

Figure A1.476
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F IGURE 10 (Black line) L (t ), (Red line) Lϕ (t ), (Blue line)√LK−1 (t ) and (Sky blue line) K−1 (t ) (in 1000 km) versus
time (in days) for the reference LC300CAM simulation.

Because L gives the most weight to the longest wavelengths, it is the largest metric for the scale of MSE spatial477

anomalies. Furthermore, it is the closestmetric to the auto-correlation scale Lϕ . The two othermetrics both capture the478

low-frequency time-evolution of the auto-correlation scale (growing-decaying-growing-decaying), suggesting that their479

budgets may contribute to our understanding of theMSE spectrum evolution. Therefore, we derive a budget for the480

integralMSE scaleK−1 (t ) in the next sub-sectionA.2. One notable shortcoming of the integral scaleK−1 arises in square-481

domain geometries and non-aggregated simulations. Because the spectral slope in square domain geometries oscillates482
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aroundϕ ∼ ‖√k 2 + l 2 ‖−3 in the SQ and BSQ simulations, where (k , l ) are the components of the two-dimensional wave483

vectork, the average:484

〈‖k ‖ϕ 〉 def=
´ kN
k0

dk
´ lN
l0
d l ×

√
k 2 + l 2 ×ϕ (k , l )

´ kN
k0

dk
´ lN
l0
d l ×ϕ (k , l )

(25)

may depend on the domain’s resolution through (kN , lN ). The same issue arises in non-aggregated simulations, where485

the spectral slope s ofϕ ∼ k −s may be smaller than 2. This dependence limits the physical understanding that we can486

obtain from the K−1−budget for the LC CAM, LC RRTM, andMD SFC experiments.487

| A.2. Budget for the integral moist static energy scale488

This section derives a budget for the integral MSE scale K−1, similar to the convective aggregation length scale derived489

in section 2.2.3. We start by deriving a budget for K def
= 〈‖k ‖ϕ 〉 /〈ϕ 〉, by following the exact steps of section 2.2.3 and490

substituting λ 7→ ‖k ‖. By analogy to equations 13, 15 and 16, we can write the evolution of K as a sum of diabatic491

tendencies ÛKi , defined as the product of the aggregation tendencywith a growth length scale factor towards the diabatic492

integral wave number Ki :493

∂K

∂t
= ÛK lw + ÛKsw + ÛKsef + ÛKadv, (26)

494

[i , ÛKi =
〈 Ûϕi 〉
〈ϕ 〉 (Ki − K ) | Ki

def
=
2π
√
n 〈‖k ‖ Ûϕi 〉
〈 Ûϕi 〉

. (27)

The budget for the integral scale K−1 can be derived by using a logarithmic derivative:495

1

K−1
∂K−1

∂t
= − 1

K

∂K

∂t
⇒ ∂K−1

∂t
=

∑
i=lw,sw,sef,adv

Û(
K−1

)
i , (28)

496

[i , Û(
K−1

)
i =

〈 Ûϕi 〉
〈ϕ 〉︸︷︷︸

Aggregation rate

Length scale factor︷               ︸︸               ︷
K−1

(
1 − K

−1

K−1
i

)
. (29)

The length scale factor in equation 29 is analogous to its counterpart in equation 16 because each flux (i ) forces the497

MSE integral scale K−1 towards its intrinsic integral scale K−1
i
, but it differs in its functional form: the growth is now498

logistic rather than exponential. This modifies the interpretation of the diabatic integral scale K−1
i
as summarized in499

Table 3, analogous to Table 2.500
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Small scale: 0 < K−1
i
< K−1 Large-scale: K−1

i
> K−1 Negative scale: K−1

i
< 0

Aggregation: 〈 Ûϕi 〉 > 0 Shrinking: Û(
K−1

)
i < 0 Stretching: Û(

K−1
)
i > 0 “Super stretching”: Û(

K−1
)
i > 0

Disaggregation: 〈 Ûϕi 〉 < 0 Stretching: Û(
K−1

)
i > 0 Shrinking: Û(

K−1
)
i < 0 “Super shrinking”: Û(

K−1
)
i < 0

TABLE 3 Guide for interpreting equation 29, which relates the integral scale tendencies Û(
K−1

)
i to the aggregationtendencies 〈 Ûϕi 〉 /〈ϕ 〉 and the diabatic integral scales K−1i .

When a flux ÛHi acts at a scale K−1i that is equal to theMSE integral scale K−1, then it does not affect the scale of501

convective activity and Û(
K−1

)
i = 0; the singular case K−1i = 0would correspond to an infinite integral scale tendency502

Û(
K−1

)
i . When the scale K−1i is negative (possible because the spectral tendencies Ûϕi can be double-signed), there are503

two possible cases:504

1. If the aggregation tendency 〈 Ûϕi 〉 is positive, then the stretching Û(
K−1

)
i > 0 is larger than the stretching for any505

positive K−1
i
greater than the scale of aggregation (referred to as “Super stretching”):506

Û(
K−1

)
i

(
K−1i < 0

)
> Û(
K−1

)
i

(
K−1i > K

−1
)
> 0 . (30)

2. If the aggregation tendency 〈 Ûϕi 〉 is negative, then the amplitude of the shrinking is larger than the amplitude of the507

shrinking for any positive K−1
i
smaller than the scale of aggregation (referred to as “Super shrinking”):508

Û(
K−1

)
i

(
K−1i < 0

)
< Û(
K−1

)
i

(
K−1i ∈]0,K

−1[
)
< 0 . (31)

These cases can only occur in a sustained context when a process acts to dampMSE variability over one range of spatial509

scales and amplify it across another range, and when the MSE spatial variance over the range of damped scales is510

maintained by other processes (so that its weighting in equation 11 does not vanish as time passes).511

The qualitative conclusions regarding the role of each diabatic flux in setting the scale of MSE anomalies are512

insensitive to the choice of L or K−1 as ametric, except for theMDRAD,MDRAD+SFC, SQ and BSQ simulations for513

which K depends on the simulation’s resolution. The reader interested in a more quantitative comparison is referred to514

the article’sMATLAB scripts: using the “User’s choice” options, each figure of themain text can be remade using the515

budget for K rather than for L.516

B. EQU IVALENCE OF THE MOIST STAT IC ENERGY VAR IANCE AND POWER SPECTRUM517

BUDGETS518

First, consider two real-valued functions of position, f (x) and g (x) that are periodic with zero average on a rectangular519

domain extending from the origin (x = 0) to (x = Ldom). Wewill prove that:520

〈f g 〉x = N
〈
Re

(
f̂ ĝ ∗

)〉
k
, (32)
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where f̂ (k) and g (k) are the spatial Fourier transforms of f and g , defined in equation 5, andN a constant that depends521

on the size and resolution of the integration domain. We have introduced the averaging operators in physical space:522

〈X 〉x
def
=

´Ldom
0

X (x) dx´Ldom
0

dx
, (33)

and spectral space:523

〈X 〉k
def
=

´ kN
k0

X (k) dk
´ kN
k0

dk
, (34)

where the spectral domain extends from thewavenumber with smallest modulus k = k0 to the Nyquist wavenumber524

k = kN . The proof can be done in four steps:525

1. Assuming (f , g ) are square-integrable functions, we can prove Parseval’s lemma regarding the scalar product of526

square integrable functions:527

ˆ Ldom
0

f (x) g (x) dx =

ˆ Ldom
0

f (x) g (x)∗ dx

=
1

(2π)n
ˆ
Òn
dx

ˆ
Òn
dke−ιk·xf̂ (k)

ˆ
Òn
dk′e+ιk′·xĝ (k′)∗

=
1

(2π)n
ˆ
Òn

ˆ
Òn

ˆ
Òn
dxdkdk′ · e ι(k′−k)·xf̂ (k) ĝ (k′)∗

=

ˆ
Òn

ˆ
Òn
dkdk′ · δ (k − k′) f̂ (k) ĝ (k′)∗

=

ˆ
Òn
dkf̂ (k) ĝ (k)∗

=

ˆ
Òn+

dkf̂ (k) ĝ (k)∗ +
ˆ
Òn−
dkf̂ (k) ĝ (k)∗

(35)

where we have introduced the Dirac delta function δ and the n-dimensional real number setÒn .528

2. Since the functions(f , g ) are real-valued, their Fourier transforms verify:529

f̂ (−k) = f̂ (k)∗ , ĝ (−k) = ĝ (k)∗ (36)

3. In the last line of step 1, we have broken the integral overÒn in two parts: an integral over the positive numbers530

(Òn+) and an integral over the negative numbers (Òn−). Using step 2, we can change variables and transform the531

integral overÒn− into an integral overÒn+:532

ˆ
Òn
dkf̂ (k) ĝ (k)∗ =

ˆ
Òn+

dkf̂ (k) ĝ (k)∗ +
ˆ
Òn−
dkf̂ (−k)∗ ĝ (−k)

=

ˆ
Òn+

dkf̂ (k) ĝ (k)∗ +
ˆ
Òn+

dkf̂ (k)∗ ĝ (k)

= 2

ˆ
Òn+

dk · Re
[
f̂ (k) ĝ (k)∗

] (37)
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4. The product (f g ) is periodic inx and its average is the same overÒn and [0,Ldom]:533

ˆ
Òn
(f g ) (x) dx =

ˆ Ldom
0

(f g ) (x) dx = 〈f g 〉x
ˆ Ldom
0

dx (38)

Furthermore, if we work in the context of a model with finite resolution, we set the signal to zero above the Nyquist534

wavenumber:
(
f̂ ĝ ∗

)
( ‖k ‖ > ‖kN ‖) = 0. Additionally, since (f ) and (g ) have zero x−average,

(
f̂
)
(k = 0) = 0 ,535

(ĝ ∗) (k = 0) = 0 , so
(
f̂ ĝ ∗

)
(k = 0) = 0 , and we canwrite:536

ˆ
Òn+

Re
(
f̂ ĝ ∗

)
(k) dk =

ˆ kN

k0

Re
(
f̂ ĝ ∗

)
(k) dk =

〈
Re

(
f̂ ĝ ∗

)〉
k

ˆ kN

k0

dk. (39)

We conclude by using the result from step 3:537

ˆ
Òn
f (x) g (x) dx = 2

ˆ
Òn+

dk · Re
[
f̂ (k) ĝ (k)∗

]
〈f g 〉x

ˆ Ldom
0

dx = 2
〈
Re

(
f̂ ĝ ∗

)〉
k

ˆ kN

k0

dk

(40)

538

〈f g 〉x = N
〈
Re

(
f̂ ĝ ∗

)〉
k
| N def

= 2

ˆ kN

k0

dk/
ˆ Ldom
0

dx (41)

which proves identity 32.539

We are now ready to apply the identity 32 to the moist static energy spatial variance budget terms (e.g. Wing and540

Emanuel [2014], Andersen and Kuang [2012]). The budget considers zonal deviations of physical variablesX , defined541

as:542

X ′
def
= X − 〈X 〉x . (42)

BothX ′ andY ′ are doubly-periodic on [0,Ldom] and have zerox−average, which allows us to use the identity 32. First,543

by applying the identity 32 to f = g = H ′, we see that the spectral-mean of the spectrumϕ is proportional to the spatial544

variance ofH , varH def
= 〈H ′H ′〉x:545

〈ϕ 〉k = N · varH . (43)

By taking a logarithmic time-derivative of identity 32, we see that if normalized, the spectral-mean evolution of the546

spectrumϕ equals the evolution of varH :547

1

〈ϕ 〉k

〈
∂ϕ

∂t

〉
k

=
1

varH
∂ (varH )
∂t

, (44)
548

∑
i=lw,sw,sf,adv

〈 Ûϕi 〉k
〈ϕ 〉k

=
∑

i=lw,sw,sf,adv

Û(varH )i
varH , (45)
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∑
i=lw,sw,sf,adv

〈
Re

{
Ĥ ∗ Û̂Hi

}〉
k

〈ϕ 〉k
=

∑
i=lw,sw,sf,adv

〈
H ′ ÛH ′

i

〉
x

varH . (46)

The identity 32 allows us to go one step further by proving an equivalence between physical and spectral space for each549

individual tendency. For a given flux i = lw, sw, sf, adv, we choose f = ÛHi and g = H ′; combining identity 32 to identity550

43 shows that the normalized spectral coherence betweenMSE and flux (i) equals the normalized spatial correlation551

betweenMSE and flux (i):552

[i ,

〈
Re

{
Ĥ ∗ Û̂Hi

}〉
k

〈ϕ 〉k
=

〈
H ′ ÛH ′

i

〉
x

varH (47)

This means that the physical understanding of how each process contributes to varH (e.g. sections 3.1-3.4 ofWing et al.553

[2017]) carries over to how each process contributes to the average ofϕ in spectral space.554
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C. SUMMARY TABLE FOR ALL EXPER IMENTS555

Var↓Exp→ CAM280 CAM285 CAM290 CAM295 CAM300 CAM305 CAM310
(L)G/M [1000km] 3.7/5.5 2.8/4.6 4.6/2.7 2.2/2.5 2.4/2.7 2.0/1.8 1.9/1.3
(〈 Ûϕi 〉 /〈ϕ 〉)G

[d−1] 0.3 0.6 0.4 -1.0 0.3 0.4 0.4 -0.8 0.2 0.2 0.4 -0.6 0.3 0.1 0.4 -0.6 0.2 0.1 0.2 -0.4 0.2 0.0 0.2 -0.3 0.2 0.0 0.2 -0.2
(〈 Ûϕi 〉 /〈ϕ 〉)M

[d−1] 0.3 0.4 -0.0 -0.7 0.3 0.2 -0.0 -0.5 0.1 0.1 -0.0 -0.3 0.1 0.1 -0.1 -0.1 0.1 0.1 -0.0 -0.1 0.0 0.0 -0.0 -0.0 0.0 0.0 -0.0 0.0(
10 ÛLi /L

)
G

[d−1] 1.9 -0.7 0.2 -0.1 2.9 -0.2 0.4 -2.2 2.4 -0.0 1.0 -2.4 1.6 -0.0 1.0 -1.9 1.1 -0.1 0.5 -0.8 1.4 -0.1 0.8 -1.4 0.6 -0.0 0.6 -0.5(
10 ÛLi /L

)
M

[d−1] -0.1 -0.4 0.0 0.4 0.8 -0.2 0.1 -0.6 0.8 -0.0 0.0 -0.9 0.2 -0.0 -0.0 -0.2 -0.0 -0.0 -0.3 0.3 0.1 -0.0 -0.1 0.0 0.0 -0.0 -0.0 0.0
(Li )G [1000km] 4.2 3.4 4.1 3.6 4.4 2.6 2.8 3.1 7.5 4.3 4.9 5.7 3.1 2.1 2.4 2.6 3.1 2.1 2.4 2.5 2.7 1.5 2.3 2.5 2.2 1.6 2.1 2.1
(Li )M [1000km] 5.3 5.0 5.6 5.2 5.8 4.2 4.4 4.9 4.4 2.6 1.6 3.7 3.3 2.4 2.6 3.0 2.6 2.5 5.9 1.8 2.2 1.6 2.8 1.8 1.5 1.3 1.4 1.6

Var↓Exp→ RRTM280 RRTM285 RRTM290 RRTM295 RRTM300 RRTM305 RRTM310
(L)G/M [1000km] 2.6/4.4 1.7/1.5 1.5/1.5 2.2/1.8 2.1/1.7 1.5/1.4 1.5/2.0
(〈 Ûϕi 〉 /〈ϕ 〉)G

[d−1] 0.3 0.4 0.5 -1.0 0.3 0.3 0.5 -0.8 0.3 0.1 0.5 -0.8 0.2 0.1 0.3 -0.4 0.2 0.0 0.2 -0.3 0.2 0.0 0.1 -0.1 0.1 0.0 0.2 -0.1
(〈 Ûϕi 〉 /〈ϕ 〉)M

[d−1] 0.2 0.3 -0.1 -0.4 -0.0 0.2 -0.1 -0.1 0.0 0.1 -0.1 -0.1 0.0 0.1 -0.1 -0.0 0.0 0.0 -0.0 -0.1 0.0 0.0 -0.0 -0.0 0.0 0.0 -0.0 -0.0(
10 ÛLi /L

)
G

[d−1] 2.3 -0.6 0.2 -0.8 2.1 -0.4 -0.6 -0.3 1.9 -0.2 0.3 -1.4 2.0 -0.1 1.1 -2.4 0.7 -0.1 0.3 -0.4 0.8 -0.1 0.6 -0.7 0.8 -0.1 0.6 -0.8(
10 ÛLi /L

)
M

[d−1] 0.2 -0.3 0.3 -0.3 0.5 -0.1 0.0 -0.4 0.5 -0.1 0.1 -0.7 0.2 -0.0 -0.1 -0.0 0.1 -0.0 -0.1 0.0 0.1 -0.0 -0.2 0.0 0.0 -0.0 -0.1 0.2
(Li )G [1000km] 3.4 2.4 2.9 2.7 2.4 1.5 1.3 1.6 2.2 1.3 1.4 1.6 3.5 1.8 2.5 3.0 2.6 1.7 2.0 2.1 2.2 0.9 1.9 2.1 2.3 -0.0 2.0 2.5
(Li )M [1000km] 4.8 3.9 2.3 4.6 -20.2 1.4 1.5 2.4 3.7 1.4 1.2 2.9 2.7 1.7 2.1 2.4 2.3 1.6 2.3 1.7 1.9 1.3 3.1 1.3 2.4 1.7 2.6 -22.8

Var↓Exp→ MDRAD SFC MDRAD MDSFC SQCAM SQRRTM BSQRRTM
(L)G/M [1000km] 2.2/2.3 2.2/2.3 2.1/4.8 0.4/0.8 0.4/0.7 0.5/1.1
(〈 Ûϕi 〉 /〈ϕ 〉)G

[d−1] 0.0 0.0 0.0 -0.3 0.0 0.0 0.4 -0.7 0.2 0.1 0.0 -0.1 0.1 0.0 0.1 -0.1 0.1 0.0 0.1 -0.1 0.1 0.0 0.1 -0.1
(〈 Ûϕi 〉 /〈ϕ 〉)M

[d−1] 0.0 0.0 0.0 -0.4 0.0 0.0 0.4 -0.8 0.1 0.0 0.0 -0.1 0.0 0.0 -0.0 -0.1 0.0 0.0 -0.0 -0.1 0.0 0.0 -0.1 -0.0(
10 ÛLi /L

)
G

[d−1] 0.0 0.0 0.0 -0.8 0.0 0.0 1.7 -2.6 0.4 -0.1 0.0 0.5 0.5 -0.1 0.3 0.1 0.3 -0.1 0.2 0.3 0.2 -0.1 0.3 0.3(
10 ÛLi /L

)
M

[d−1] 0.0 0.0 0.0 -1.2 0.0 0.0 1.2 -2.5 0.1 -0.1 0.0 0.2 0.0 -0.0 0.0 -0.0 0.1 -0.0 0.1 -0.0 -0.0 -0.0 -0.1 0.3
(Li )G [1000km] N/AN/AN/A 3.3 N/AN/A 3.0 3.1 2.3 1.8 N/A 1.1 0.5 0.4 0.4 0.3 0.4 0.3 0.4 0.2 0.6 0.4 0.5 0.3
(Li )M [1000km] N/AN/AN/A 3.2 N/AN/A 3.0 3.0 5.3 3.7 N/A 3.9 0.8 0.7 0.6 0.8 0.8 0.7 0.6 0.7 1.0 1.0 1.2 0.0

TABLE 4 For each experiment (Exp), variables (Var) from top to bottom are: Time-averaged convective aggregation
scale L (in 1000 km) during the growth phase (subscript G) and themature phase (subscriptM), time-averaged
aggregation rate during the growth phase (〈 Ûϕi 〉 /〈ϕ 〉)G (in day−1), time-averaged aggregation rate during themature
phase (〈 Ûϕi 〉 /〈ϕ 〉)M (in day−1), 10 times the time-averaged expansion rate during the growth phase ( ÛLi /L)G (in day−1),10 times the time-averaged expansion rate during themature phase ( ÛLi /L)M (in day−1), time-averaged diabatic lengthscale during the growth phase (Li )G (in 1000 km), and time-averaged diabatic length scale during themature phase
(Li )M (in 1000 km). i represents a generic flux in the legend; in practice, fluxes are listed in the following order:
Longwave Shortwave Surface enthalpy flux Advective flux.
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D. SPECTRAL MOIST STAT IC ENERGY TENDENC I E S AND CLOUD WATER COHERENCE556

F IGURE 11 (a) Normalized power spectral tendencies (in day/m) of the longwave (blue), shortwave (orange),
surface enthalpy (green) and advective (pink) fluxes ofMSE during the growth (first month of simulation) andmature
(last months of simulation) phases of the reference LC300CAM simulation. (b) Normalized spectral coherence (unitless)
betweenMSE and cloudwater concentration: Total cloudwater (gray), liquid (orange) and ice (blue) water. (c)
Normalized power spectral tendencies (in day/m) of the total surface enthalpy flux (green), enthalpy disequilibrium
component (blue), surface wind speed component (orange) and eddy term (pink). The total normalization factor used in
all three panels is equal to

(
λ 〈ϕ 〉

´ kN
k0

dk
)−1.

All spectra are octave-averaged (dots) and plotted versus wavelength (in m) on a logarithmic scale. The diabatic length
scale Li (in m) corresponding to each flux is indicated with a dotted vertical line (growth phase) and a full line (mature
phase). For reference, the convective aggregation length scale L (in m) is depicted with a dotted black line (growth
phase) and a full black line (mature phase).

In this appendix, we compare the distribution of theMSE power spectral tendencies Ûϕi across wavelengths λ (Figure557

11a) to the spectral coherence of cloud water (Figure 11b) and the spectral tendencies Ûϕi of the surface enthalpy558

flux components listed in equation 19 (Figure 11c). Following definition 6, the tendencies are normalized using the559

wavenumber-averagedMSE power spectrum 〈ϕ 〉, the inverse wavelength λ−1 and a wavenumber pre-factor, so that the560

spectra can be visually integrated over the logarithmic scale to yield the aggregation rate (in s−1):561

(ˆ kN

k0

dk

)−1
︸           ︷︷           ︸
Pre−factor

×
ˆ kN

k0

Ûϕi
λ 〈ϕ 〉︸ ︷︷ ︸

Pow. sp. tendency

Diff. log. scale︷     ︸︸     ︷
2π
√
ndk

‖k ‖
def
=

〈 Ûϕi 〉
〈ϕ 〉︸︷︷︸

Aggregation rate

. (48)
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The cloud water spectral coherence with MSE, depicted in Figure 11b, is defined analogously to the MSE spectral562

tendency Ûϕi : In equation 11, we substitute the spatial Fourier transform of the cloud water path (in kg/m2) for the563

spatial Fourier transform Û̂Hi of theMSE flux {i } (inW/m2). We thenmultiply the cloud coherence by the latent heat of564

vaporization of water vapor Lv (in units J kg−1, evaluated using standard atmospheric temperature conditions) to make565

it unitless.566

The diabatic length scale Li of each flux {i } is the centroid of the dots, and is indicatedwith a vertical line in the567

upper part of each panel. During the first month of the simulation:568

• The longwave flux operates at the largest scale, larger than theMSE anomaly scale.569

• TheMSE anomaly scale is very close to theMSE advection scale as convection aggregates.570

• The shortwave flux operates at the smallest scale, below the MSE anomaly scale, resulting in the shortwave571

shrinking effect.572

• The cloud water coherence spectrum shows that ice prevails over liquid water at scales larger than ∼ 300 km,573

consistent with the longwave flux addingMSE power at larger scales than the shortwave flux.574

• The surface enthalpy flux operates at a larger then smaller scale than theMSE anomaly scale. From the decomposi-575

tion of the surface enthalpy flux during the first month, the shape of the surface enthalpy flux is mostly determined576

by its surface wind component, with a broad peak between ∼ 1000 km and ∼ 3000 km.577

In contrast, during the last months of the simulation:578

• The longwave and shortwave fluxes operate at scales closer to theMSE anomaly scale, and the tendencies aremore579

peaked, between ∼ 1000 km and ∼ 5000 km.580

• The ice and liquid water spectra are alsomore similar to each other, as well as more peaked.581

• The advective flux removesMSE power at all scales and peaks below theMSE anomaly scale. Therefore, it preferen-582

tially removes power at smaller scales, homogenizing small scaleMSE anomalies faster than large-scale ones. This583

explains the stretching effect of advection in the reference LC300CAM case.584

• The surface enthalpy fluxes addMSE power through the surface wind effect up to ∼ 2000 km and remove energy585

through the enthalpy disequilibrium effect above that scale. As a result, the diabatic length scale is artificially large586

because the surface enthalpy flux aggregation tendency 〈 Ûϕsf 〉 is double-signed. It is then easier to think of the587

single-signed components of the surface enthalpy flux: the surface wind component adds power with a peaked588

spectrum centered around ∼ 2000 km, while the surface enthalpy disequilibrium component removes power with a589

broader spectrum centered around ∼ 3000 km.590

ENDNOTES591
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