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Abstract16

We investigate if mesoscale self-organisation of trade cumuli in 150 km-domain large-eddy17

simulations modifies the top-of-atmosphere radiation budget relative to 10 km-domain18

simulations, across 77 characteristic, idealised environments. In large domains, self-generated19

mesoscale circulations produce fewer, larger and deeper clouds, raising the cloud albedo.20

Yet they also precipitate more than small-domain cumuli, drying and warming the cloud21

layer, and reducing the cloud cover. Consequently, the large-domains’ shortwave cloud-22

radiative effect’s cooling weakly reduces, and their clear-sky outgoing longwave radia-23

tion’s cooling weakly increases, for a net cooling (-0.5 W m−2). This cooling is gener-24

ally smaller than the large-domain radiation’s sensitivity to large-scale meteorological25

variability, which is similar in small-domain simulations and observations. Hence, spon-26

taneously developing mesoscale circulations do not alter weak trade-cumulus feedback27

estimates from small domains. We explain this with a symmetry hypothesis: ascending28

and descending branches of mesoscale circulations symmetrically increase and reduce cloudi-29

ness, weakly modifying the mean radiation budget.30

Plain Language Summary31

Fields of shallow cumulus clouds over the tropical oceans cool our climate. How much32

cooling they give with global warming is a long-standing, leading uncertainty in climate33

projection. Detailed process models estimate this cooling to be resilient to warming-related34

modifications of the large-scale tropical environment. Yet these models were usually run35

in small (10 km) domains, while real-world cumuli often grow beyond 100 km in width.36

Therefore, we compare the cooling in 10 km and 150 km-sized detailed process models.37

Over a large range of idealised environments, the 150 km-domain simulations sponta-38

neously develop large cloud structures, which cannot live in 10 km domains. However,39

the circulations associated with these large clouds simultaneously reduce cloudiness else-40

where, giving small changes in the overall cloudiness, and cooling. Hence, although they41

produce cloud patterns more reminiscent of the real world, our large-domain simulations42

predict a similar resilience to changes in the tropical environment, and thus to warm-43

ing, as small domains and observations.44

1 Introduction45

Uncertainties in how trade cumuli respond to warming have long shaped the uncertainty46

margins in climate model-estimates of Earth’s climate sensitivity (e.g. Bony & Dufresne,47

2005; Vial et al., 2013; Zelinka et al., 2020). Significant progress has still been made in48

constraining the trade-cumulus feedback on warming in recent years, by observing how49

trade cumuli vary in today’s climate at the daily (Vial et al., 2023), seasonal (Brueck et50

al., 2015) and inter-annual (Myers & Norris, 2016; Cesana et al., 2019; Scott et al., 2020)51

time scale. By observing which large-scale (> 500 km) “cloud controlling factors” (CCFs,52

Klein et al., 2017) are responsible for variations in cloudiness in today’s world, and com-53

bining such sensitivities with estimates of how the CCFs will change with warming, a54

weak trade-cumulus feedback (< 0.1 W m−2 K−1) emerges as the most likely outcome55

(Sherwood et al., 2020; Cesana & Del Genio, 2021; Ceppi & Nowack, 2021; Myers et al.,56

2021).57

Such assessments are complemented by process-understanding from large-eddy sim-58

ulations (LESs) (Sherwood et al., 2020), traditionally run on small (O(10) km) domains.59

These LESs too project a weak trade-cumulus feedback on idealised tropical warming60

(Blossey et al., 2013; Bretherton et al., 2013; Bretherton, 2015; Tan et al., 2017; Radtke61

et al., 2021). Yet recent observations highlight that within a 10-500 km (“mesoscale”)62

cloud field, there are large co-variations in cloudiness and vertical motion (George et al.,63

2021; Vogel et al., 2022), courtesy of mesoscale circulations (George et al., 2023). Equiv-64

alently, several LES case studies on 50 km-scale domains and beyond suggest that the65
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convection will “self-organise” into a different regime than in identical small-domain se-66

tups (e.g. Seifert & Heus, 2013; Vogel et al., 2016; Bretherton & Blossey, 2017; Alinaghi67

et al., 2024), through feedbacks between mesoscale circulations and convection. How can68

observations, which measure the radiation from nature’s actual mesoscale cloud patterns,69

and small-domain LES, which excludes mesoscale self-organisation by definition, then70

both predict a weak trade cumulus feedback?71

To help answer that, we here compare the top-of-atmosphere (TOA) radiation bal-72

ance between LESs in domains with and without mesoscales. Specifically, we study the73

Cloud Botany ensemble (Jansson et al., 2023), where we control the initial environment74

and boundary forcing of 150- and 10-km doubly periodic domains with i.a. five param-75

eters that embody salient CCFs of observational studies: i) sea surface liquid water po-76

tential temperature θls , varied together with vertically constant θl offsets throughout the77

troposphere, ii) near-surface (10 m) geostrophic wind speed U , iii) free-tropospheric lapse78

rate of θl, Γθl , iv) total water specific humidity qt’s free tropospheric scale height (hqt),79

and v) domain-averaged, cloud-layer subsidence velocity wls. We vary these CCFs in-80

dividually and together, giving 103 simulations spanning the climatological envelope of81

today’s trades.82

2 Self-organised mesoscale cloud patterns are ubiquitous across trade-83

wind environments84

In the following, we focus on the 77/103 simulations which return cloudy solutions,85

and run ≥60 h. To visualise mesoscale cloud patterns in these simulations, we follow Janssens86

et al. (2021): For all cloud fields between 6-60 h after initialisation at a 5 min interval,87

we calculate ten “organisation metrics” of the spatial patterning of the clouds. We stan-88

dardise these metrics over time and simulation, and project the resulting data set onto89

its principal components (PCs). The two first PCs explain 82% of all ten metrics’ vari-90

ance across the ensemble. We therefore treat these PCs as effective organisation met-91

rics.92

The PCs describe similar pattern characteristics as the satellite images studied by93

Janssens et al. (2021), though the simulated cloud fields are both smaller (150 km vs.94

500 km) and forced by a less heterogeneous set of processes. The first PC portrays a typ-95

ical cloud length scale (Spec. length, Mean cloud object length l); the second PC cap-96

tures the complementary length scale of cloud-free regions (cloud cover f , Open sky).97

Accordingly, we name these components Lc and Lo.98

Figure 1 a) shows examples of cloud fields on the plane spanned by Lc and Lo, re-99

vealing a broad variety of cloud patterns in the simulations. They include fields of small,100

uniformly distributed cumuli (left), aggregates of such cumuli in clusters and bands of101

various sizes (centre, centre-top), and large, bright clusters and squalls with similarly scaled102

cloud-free regions, themselves lined by bright clouds (right, similar to e.g. Seifert & Heus,103

2013; Vogel et al., 2016; Lamaakel & Matheou, 2022). These large structures also often104

possess optically thin cloud sheets, resembling the stratiform clouds found atop precip-105

itating shallow convection both in simulations (Vogel et al., 2019; Dauhut et al., 2023)106

and nature (O et al., 2018; Wood et al., 2018).107

Since all simulations are initialised in a spatially homogeneous atmosphere and driven108

by horizontally homogeneous forcing, all mesoscale cloud patterns are self-organised by109

convection-mesoscale dynamics feedbacks. The time series in fig. 1 c-e show that every110

simulation in the ensemble develops such patterns through increasing Lc, and slightly111

reducing Lo. That is, shallow convection spontaneously grows into mesoscale structures112

across the envelope of environments that is characteristic of the trades.113

The growth in Lc is modulated by an oscillation in both Lc and Lo that follows114

the diurnal cycle of shortwave radiation, indicated by line colours in fig. 1 b-e and dark-115
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Figure 1. a) Cloud albedo in the plane-parallel approximation by Coakley and Chylek (1975),

in example scenes, varying with Lc and Lo. b) Excerpts from a), coloured by standardised geo-

metrical organisation metrics, and overlaid by ensemble-mean time evolution, coloured by time of

day, see c). The time-evolution of Lc (d) and Lo (e) in all ensemble members is shown between

6-60 h after initialisation, also overlaid by the time-of-day-coloured ensemble-mean. Darkened

background shading indicates night.

ened backgrounds in fig. 1 d and e. This cycle echoes the diurnal evolution of observed116

trade cumulus patterns (Vial et al., 2021), and is further explored in Alinaghi et al. (2024).117

It almost repeats itself after the second simulated day, reflecting how our simulations ap-118

proach, but do not fully reach, a steady state. We therefore analyse this second day, be-119

tween 30-54 h.120

3 Mesoscale circulations enhance rainfall, but marginally affect the top-121

of-atmosphere radiation budget122

3.1 Rainfall, cloudiness and cloud albedo123

To understand how the growth of Lc and Lo modifies the TOA radiation balance, we first124

investigate how it affects the vertical structure of the state variables that determine the125

clear- and all-sky radiative transfer: θl, qt, f and cloud-albedo αc.126

In our 150-km domain simulations, the self-organisation primarily affects these quan-127

tities by producing an order of magnitude more surface precipitation Ps (0.025 mm h−1)128
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than 10 km-domain simulations (0.002 mm h−1). These differences arise because the large129

domains spontaneously develop mesoscale circulations, which aggregate water vapour130

into preferentially convecting regions (Bretherton & Blossey, 2017; Narenpitak et al., 2021;131

Janssens et al., 2022). As a result, substantial total water path fluctuations I ′ develop:132

Averaged over 10×10 km2 sub-domains, fig. 2 a) shows that with respect to the domain-133

mean at each hour in each 150 km simulation, I ′ ∼ 2-4 mm. As I ′ increases, so does134

the hourly 10 km Ps (orange line fig. 2 a), in a shallow analogy of the well-established135

relationship between I and Ps across the tropics (Bretherton et al., 2004; Nuijens et al.,136

2009; Radtke et al., 2023). In fact, more than 80% of the precipitation in the 150 km137

ensemble falls in sub-domains where I ′ > 0. The 10 km domain simulations cannot pro-138

duce the mesoscale circulations and cold pools needed to create these mesoscale mois-139

ture fluctuations (I ′ = 0 by construction). Their low 10 km Ps are indicated by light-140

grey scatter in fig. 2 a).141

Two effects of the additional precipitation modify the 150 km-domain simulations’142

mean thermodynamic structure. First, the precipitating mesoscale systems heat the up-143

per regions of the large-domain cloud layer relative to small domains (fig. 2 b, d), in line144

with simple models and small-domain LES (Albrecht, 1993; Stevens & Seifert, 2008; Brether-145

ton et al., 2013). A mesoscale, cloud-layer weak-temperature-gradient constraint (Bretherton146

& Blossey, 2017; Janssens et al., 2022, 2024) efficiently communicates this latent heat-147

ing from the mesoscale systems across the 150 km domains, resulting in weaker, lower148

domain-wide inversions than in 10 km domains (y-ticks in fig. 2 b). Second, the larger149

precipitation fluxes in large domains sediment additional moisture from their cloud lay-150

ers, reducing horizontally-averaged qt (fig. 2 c, e). The combined warming and drying151

lowers the cloud-layer relative humidity by 6% in the large-domain ensemble, relative to152

the small-domain ensemble (fig. S1).153

The drier, warmer large-domain cloud layers have a slightly lower f than small do-154

mains (fig. 2 f). The cumulative, height-wise contribution to f (f(z)) attributes this re-155

duction to the upper cloud layer (from around 1000 m), where both the drying and sta-156

bilisation is felt, and to the lower inversion, where less additional clouds develop. Yet,157

the larger convective systems which develop in the moist regions of 150-km domains are158

structurally geometrically thicker, more adiabatic and more liquid-water laden than the159

smaller clouds in the 10-km domains (Plank, 1969; Stephens, 1978; Benner & Curry, 1998;160

Zhao & Di Girolamo, 2007; Feingold et al., 2017, see Text S1). Hence, the organised con-161

vection in large domains has a slightly larger αc than the unorganised convection in smaller162

domains (Alinaghi et al., 2023), both at a given height, and over a deeper layer (fig. 2163

g).164

In all, compared to 10 km domains, mesoscale self-organisation in 150 km domains165

gives both larger cloud structures (larger Lc) with larger αc, and larger cloud-free ar-166

eas (larger Lo) and reductions in f . Put differently, mesoscale dynamics concentrate cloudi-167

ness in fewer, larger structures, which live at the expense of the many, smaller clouds (fig.168

S2).169

3.2 Impact on top-of-atmosphere radiative fluxes170

In each ensemble, we next evaluate the top-of-atmosphere net radiation171

N = −F ↑s,c −F ↑
l,c + Cs + Cl, (1)

decomposed into clear-sky net outgoing shortwave and longwave radiative fluxes (−F ↑
s,c172

and −F ↑
l,c), and shortwave and longwave cloud-radiative effects (Cs and Cl). These hor-173

izontally averaged terms are constructed from column-wise all- and clear-sky radiative174

fluxes, evaluated at runtime by the LES’s radiative transfer model (Iacono et al., 2008).175
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Figure 2. a): Joint histogram (shading) of the total water path fluctuation I ′ around the hor-

izontal domain mean, and rain rate Ps, both averaged over 10 × 10 km2 sub-domains and 1h, in

all 150 km-domain simulations. The salmon line indicates the ensemble-mean Ps given I ′, light-

grey scatter at I ′ = 0 indicates Ps in the 10 km-domain ensemble, and horizontal lines indicate

the ensemble-mean Ps in 150-km domains (black, unbroken) and 10-km domains (grey, broken).

b) and c): Ensemble-averaged θl and qt profiles for 150 km-domain (black, unbroken) and 10

km-domain (grey, broken) simulations. d) and e): Terms contributing to horizontally averaged

heating ∂θl/∂t and moistening ∂qt/∂t, with the most different terms between ensembles - the

tendency (black) and precipitation heating/drying (maroon) - emphasised. f) and g): cumulative

contribution of model levels below z towards the cloud cover f at z (f(z)) and albedo in cloudy

columns αc at z (αc(z)), until the height where f(z) = f and αc(z) = αc (x-axis ticks). In figs.

b-g, the results are averaged over 30-54 h.

Figure 3 a) plots the difference in each component between all 150 km and 10 km-176

domain simulations, i.e. ∆N = N150−N10. It shows a small ensemble-averaged ∆N =177

−0.51 W m−2, arising from a small increase in clear-sky longwave cooling (−∆F ↑
l,c =178

−1.01 W m−2) and a reduction in Cl’s warming (∆Cl = −0.31 W m−2), which together179

offset a smaller cooling from Cs (∆Cs = 0.82 W m−2).180

The changes in all three terms can be understood in terms of the mean state’s dif-181

ferences presented in fig. 2. First, writing Cs = F ↓
s fαc, where F ↓

s is the TOA down-182

wards shortwave radiative flux, we primarily attribute ∆Cs ≈ F ↓
s (αc∆f + f∆αc) to183

the reduction in f in 150 km domains, which outweigh the increases in αc (fig. 3 b, left184
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Figure 3. a): Differences in TOA net radiation between each 150 and 10 km domain simula-

tion (∆N , crosses) and its contributions from shortwave and longwave clear-sky fluxes (−F ↑
s,c and

−F ↑
l,c) and cloud-radiative effects (Cs and Cl). Circles and horizontal bars mark the mean and

inter-quartile range over the ensemble members. b): As in a), with ∆Cs, −∆F ↑
l,c and ∆Cl broken

down by the mean state changes in cloud cover f , cloud-albedo αc, vertically integrated total wa-

ter specific humidity I and cloud-layer temperature Tc (see text). Residuals in ∆Cs, −∆F ↑
l,c and

∆Cl when these contributions are summed are marked “res.”. c) and d): Linear least-squares re-

gression coefficients of Cs (c) and F ↑
l,c (d) on individual cloud-controlling factors, in large (dark)

and small (light) domains. All variables are averaged between 30-54 h.

bracket). Second, modelling Cl ≈ −fλp(Tc − Ts) (e.g. McKim et al., 2024), with Tc185

and Ts the average cloud-layer and surface temperatures, and λp an appropriate long-186

wave clear-sky feedback, ∆Cl ≈ −λp ((Tc − Ts)∆f + f∆Tc) is also mostly due to the187

reductions in f (fig. 3 b, right bracket). Finally, almost the entire increase in the 150 km-188
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domain clear-sky longwave cooling can be explained by their cloud-layer drying, in line189

with Fildier et al. (2023)’s theory. That is, given the domain-averaged I, −∆F ↑
l,c ≈ −∂F ↑

l,c/∂I×190

∆I, as estimated by linear regression (fig. 3 b, central bracket). This result echoes how191

mean drying in the presence of aggregated deep convection allows the clear skies of such192

domains to radiate more efficiently to space than in disaggregated situations (e.g. Brether-193

ton et al., 2005; Bony et al., 2020), though the simulated shallow convective difference194

is weaker.195

4 Mesoscale self-organisation weakly modifies a small trade cumulus196

feedback197

In all, self-organisation in 150 km domains gives a small, systematic cooling com-198

pared to 10 km domains, from reductions in f , increases in αc and reductions in I. Yet,199

the resultant modifications of the radiation budget’s two components that are most sen-200

sitive to domain size, F ↑
l,c and Cs, usually remain weak compared to variability in F ↑

l,c201

and Cs associated with changes in the imposed CCFs x = [θls , U,Γθl , hqt , wls]. To show202

this, we compute the sensitivities ∂xi
F ↑
l,c and ∂xiCs (we denote partial differentiation Y203

to xi as ∂xi
Y ). We calculate ∂xi

Cs and ∂xi
F ↑
l,c by averaging Cs and F ↑

l,c over 30-54 h,204

and linearly regressing them on sweeps in each CCF xi, keeping other CCFs constant205

at their central value. We then multiply the sensitivities by xi’s varied range, giving vari-206

ability in Cs and F ↑
l,c due to climatologically representative variations in xi.207

Fig. 3 c shows the familiar, strong cooling response of F ↑
l,c to warming the entire208

tropical atmosphere by a roughly constant amount (θls , i.e. the Planck response) and209

increasing Γθl (the lapse rate response), and the warming response to increasing qt (the210

water vapour response). The latter is measured both directly (by increasing hqt) and in-211

directly, by i) raising U , which boosts the surface moisture fluxes, moistening the bound-212

ary layer, and ii) making wls more positive, which reduces the vertical advective drying213

of large-scale subsidence (see fig. S3). The largest three sensitivities are an order of mag-214

nitude larger than differences between large and small domains. That is, the response215

of clear-sky radiation to changes in variables that also will change with tropical warm-216

ing (θls , Γθl , hqt), is insensitive to whether shallow convection is self-organised at mesoscales217

or not.218

The sensitivities ∂xi
Cs (fig. 3 d) are also generally larger than differences between219

large and small domains, although Cs in large domains is structurally less sensitive to220

changes in U , and more sensitive to changes in hqt and wls. Yet, focusing on ∂θlsCs and221

∂Γθl
Cs, the largest two contributors to observed variability in trade cumulus Cs (Scott222

et al., 2020) and its response to warming (Myers et al., 2021), both large and small do-223

mains agree that they are near-zero.224

The predicted ∂θlsCs (0.07 Wm−2 K−1 and 0.11 Wm−2 K−1 for large and small225

domains respectively) also align with satellite observations over the North-Atlantic trades226

(0.11-0.13 Wm−2 K−1, Scott et al., 2020; Cesana & Del Genio, 2021), as do the simu-227

lated reductions in f (1% K−1, against 1-2% K−1 in Mieslinger et al., 2019; Cesana et228

al., 2019). Contrarily, the simulated ∂Γθl
Cs (-0.48 and 0.65 Wm−2 for large and small229

domains) are an order of magnitude smaller than Scott et al. (2020)’s sensitivity of satellite-230

derived radiative fluxes to reanalysis-inferred Estimated Inversion Strength (EIS, Wood231

& Bretherton, 2006): -5.44 Wm−2 over the EIS range implied by our Γθl sweep. In the232

simulations, the smaller ∂Γθl
Cs arises from offsetting effects: Stabilising the free tropo-233

sphere lowers and strengthens the trade inversion (e.g. Bellon & Stevens, 2012, fig. S4234

c, h), reducing the shallow convection’s depth and αc, but increasing inversion cloudi-235

ness and f (fig. S5 c, h). Scott et al. (2020) suggest that raising the EIS in trade-cumulus236

regimes increases both f and αc, likely because they do not find that increasing EIS re-237

duces cloud-top height (their fig. S11 b). This places the observations in conflict with238
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bulk theory and our simulations. Since Scott et al. (2020) identify EIS as the second strongest239

control on Cs in trade-cumulus regions, resolving this inconsistency is warranted.240

The fact that mesoscale self-organisation only weakly modifies ∂xi
F ↑
l,c and ∂xi

Cs,241

explains why both small-domain LESs and CCF-observation frameworks project the same242

weak trade cumulus feedback λt = ∂xi
Cs × ∂Ts

xi: Since ∂xi
Cs are similar to what is243

observed in both our large- and small-domain LESs, were we to multiply them with sen-244

sitivities of xi to surface warming (∂Tsxi) from climate models under a scenario of cli-245

mate change, our large- and small-domain ensembles would project similar, small esti-246

mates of the trade-cumulus feedback as studies that take this approach based on the ob-247

served ∂xi
Cs (Myers et al., 2021; Cesana & Del Genio, 2021; Ceppi & Nowack, 2021) (though248

there would be slightly less cooling from the smaller sensitivity to Γθl).249

5 A symmetry hypothesis for mesoscale cloud-circulation coupling250

In essence, our results suggest that self-generated mesoscale circulations, be they251

through moisture-convection feedbacks or cold pool dynamics, do not greatly modify the252

mean Cs in fields of shallow cumuli. This is perhaps somewhat surprising, given strong253

observed correlations between mesoscale vertical motion and cloudiness in the trades (George254

et al., 2021; Vogel et al., 2022). Such correlations are present in our ensemble too: The255

10×10 km2-averaged f (f10) rises almost proportionally with 10×10 km2-averaged w eval-256

uated at 1000 m (w10) (fig. 4 a-b). Yet, because mesoscale variability in active cloudi-257

ness generates w10 (Janssens et al., 2024), ascending sub-domains with large (convec-258

tive) cloudiness must be compensated by descending sub-domains with low cloudiness,259

for the circulations to exist at all. In our simulations, these opposing effects almost can-260

cel: Expressing the w10-bin averaged f10 (red line, fig. 4 b) as261

f10(w10) = fc + f ′
10(w10), (2)

where fc is the (w10-independent) 10-km domain simulation f , then the contribution to262

f from mesoscale cloud-circulation coupling (f ′
10(w10), weighted by the marginal prob-263

ability density function of w10, p(w10)) is near-zero, i.e.264

f = fc +

∫ ∞

−∞
p(w10)f

′
10(w10)dw10 ≈ fc. (3)

So, in these simulations, mesoscale circulations give large, skewed variability in 10265

km-f across a domain at any time (fig. 4 a), but small changes in 150 km-f relative to266

this variability, both in a given simulation (fig. 4 b) and across the ensemble (fig. 4 c).267

That is, the ascending and descending branches of mesoscale circulations are nearly sym-268

metric in their opposing effect on f , and Cs (note that f ′
10(w) does not need to be lin-269

ear for eq. 3 to hold, see e.g. w10 < 0 sub-domains in fig. 4 b where both cloud anvils270

flowing from convecting regions and cloud-free sub-domains with strong compensating271

subsidence pull f ′
10(w10) away from linearity).272

Such symmetry may be exaggerated in our doubly periodic LES, where w must van-273

ish at the domain scale. Yet also in nature, once the coherent vertical motion of the large-274

scale tropical circulation is subtracted, there is no a priori reason to expect entire trade-275

wind regimes to exhibit a mean vertical cloud-layer velocity. Hence, the symmetry in our276

simulations emphasises that circulations of scales smaller than the entire trades can only277

modify Cs if their ascending branches asymmetrically affect f or αc with respect to their278

descending branches. Across our ensemble, these effects are small (∼ 2%) relative to their279

imprint on mesoscale variability (∼ 20%, fig. 4 c), and buffered by both the opposite-280

sign responses of f or αc (fig. 2 f-g) and the increased longwave cooling (fig. 3 b), giv-281

–9–



manuscript generated with the AGU journal template

Time-resolved 𝑤!" − 𝑓!" relation in ref. simulation Day 2 joint 𝑤!", 𝑓!"  distribution in ref. simulation

a) b) c)

Day 2 𝑓 in all simulations

Cloud
anvils

Cloud-free
areas

AscendingDescending

𝒇𝟏𝟎(𝒘𝟏𝟎)

𝑝
𝑤 #

$

𝑓%

𝑓

Figure 4. a) Time-evolution of cloud cover f10 (y-axis) and cloud-layer (1000 m) vertical

motion w10 (colours) averaged over 10 km × 10 km sub-domains in the Cloud Botany reference

simulation, with the 150 km and 10 km domain-average f (lines). b) Joint histogram of w10 and

f10 and marginal density function p(w10) in reference simulation between 30-54 h (day 2, shading

as fig. 2), with white scatter indicating 10 km-domain f at w10 = 0, horizontal lines indicat-

ing 150 km- and 10km-domain f (f , fc), and the red line indicating f10 averaged over a w-bin,

f10(w10). c) Histogram of day 2-f in all simulations of the 150 km ensemble (black) and 10 km

ensemble (grey outline). Vertical lines mark the mean f across both ensembles.

ing changes in TOA net radiation (−0.5 W m−2) which are small relative to variabil-282

ity induced by larger-scale cloud-controlling factors (fig. 3 c-d).283

Of course, this discussion hinges on the realism of idealised LESs, which retain sev-284

eral biases. The ensemble-averaged f (0.12) is substantially lower than the EUREC4A285

average (0.42, Mieslinger et al., 2022). The relative importance of Cl (ensemble-average286

1.1 W m−2) to Cs (-7.2 W m−2) is likely underestimated (Schulz & Stevens, 2023). Our287

environmental control factors are simpler and sparser than in nature. The simulated mesoscale288

dynamics are sensitive to arbitrary model choices (Li et al., 2015; Janssens et al., 2023);289

simulations at half (50 m) the horizontal grid spacing in four ensemble members produce290

slightly more clouds and 15% larger Cs, though their organisation develops at a simi-291

lar time scale at finer resolution. Finally, our doubly periodic 150 km domains are too292

small and idealised to simulate mesoscale cloud structures and circulations which in na-293

ture grow from pre-existing disturbances, up to scales of 700 km (Janssens et al., 2024).294

What these LESs do instead, is pose the hypothesis that mesoscale circulations are sym-295

metric in their effects on the TOA radiation balance, and thus will not substantially al-296

ter contemporary estimates of a weak trade cumulus contribution to the cloud feedback297

on warming. We now require observations akin to fig. 4 b to truly understand whether298

the intrinsic tendency of trade cumuli to self-organise is just beautiful and striking, or299

whether it impacts global climate.300

6 Open Research301

The 150 km and 10 km Cloud Botany simulations are hosted at the German Climate Com-302

puting Center (DKRZ) and are freely available through the EUREC4A intake catalog303

(https://howto.eurec4a.eu/botany dales.html). The metrics underlying fig. 1 have304
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been computed with the Cloudmetrics code package (Denby & Janssens, 2022). These305

metrics, and all code required to produce the figures and data herein are available from306

https://doi.org/10.5281/zenodo.8089287 (Janssens, 2024). Finally, the meteorolog-307

ical cloud-radiative kernels computed by Scott et al. (2020) have been retrieved from https://308

github.com/tamyers87/meteorological cloud radiative kernels. We thank these309

authors for making their data publicly available.310
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Janssens, M., Vilà-Guerau De Arellano, J., Scheffer, M., Antonissen, C., Siebesma,417

A. P., & Glassmeier, F. (2021). Cloud patterns in the trades have four inter-418

pretable dimensions. Geophysical Research Letters, 48 (5), e2020GL091001.419
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Mieslinger, T., Stevens, B., Kölling, T., Brath, M., Wirth, M., & Buehler, S. A.449

(2022). Optically thin clouds in the trades. Atmospheric Chemistry and450

Physics, 22 (10), 6879–6898.451

Myers, T. A., & Norris, J. R. (2016). Reducing the uncertainty in subtropical cloud452

feedback. Geophysical Research Letters, 43 (5), 2144–2148.453

Myers, T. A., Scott, R. C., Zelinka, M. D., Klein, S. A., Norris, J. R., & Caldwell,454

P. M. (2021). Observational constraints on low cloud feedback reduce uncer-455

tainty of climate sensitivity. Nature Climate Change, 11 (6), 501–507.456

Narenpitak, P., Kazil, J., Yamaguchi, T., Quinn, P. K., & Feingold, G. (2021).457

From sugar to flowers: A transition of shallow cumulus organization dur-458

ing ATOMIC. Journal of Advances in Modeling Earth Systems, 13 ,459

e2021MS002619.460

Nuijens, L., Stevens, B., & Siebesma, A. P. (2009). The environment of precipitat-461

ing shallow cumulus convection. Journal of the Atmospheric Sciences, 66 (7),462

1962–1979.463

O, K.-T., Wood, R., Tseng, H., et al. (2018). Deeper, precipitating PBLs asso-464

ciated with optically thin veil clouds in the Sc-Cu transition. Geophysical Re-465

–13–



manuscript generated with the AGU journal template

search Letters, 45 (10), 5177–5184.466

Plank, V. G. (1969). The size distribution of cumulus clouds in representative467

Florida populations. Journal of Applied Meteorology and Climatology , 8 (1),468

46–67.469

Radtke, J., Mauritsen, T., & Hohenegger, C. (2021). Shallow cumulus cloud feed-470

back in large eddy simulations–bridging the gap to storm-resolving models. At-471

mospheric Chemistry and Physics, 21 (5), 3275–3288.472

Radtke, J., Vogel, R., Ament, F., & Naumann, A. K. (2023). Spatial organisation473

affects the pathway to precipitation in simulated trade-wind convection. Au-474

thorea. doi: https://doi.org/10.22541/essoar.167979635.58663858/v1475

Schulz, H., & Stevens, B. (2023). On the representation of shallow convection in the476

trades by large-domain, hecto-meter, large-eddy simulations. EarthArXiv . doi:477

https://doi.org/10.31223/X5H651478

Scott, R. C., Myers, T. A., Norris, J. R., Zelinka, M. D., Klein, S. A., Sun, M., &479

Doelling, D. R. (2020). Observed sensitivity of low-cloud radiative effects480

to meteorological perturbations over the global oceans. Journal of Climate,481

33 (18), 7717–7734.482

Seifert, A., & Heus, T. (2013). Large-eddy simulation of organized precipitating483

trade wind cumulus clouds. Atmosperic Chemistry and Physics, 13 (11), 5631–484

5645.485

Sherwood, S. C., Webb, M. J., Annan, J. D., Armour, K. C., Forster, P. M., Har-486

greaves, J. C., . . . others (2020). An assessment of Earth’s climate sen-487

sitivity using multiple lines of evidence. Reviews of Geophysics, 58 (4),488

e2019RG000678.489

Stephens, G. L. (1978). Radiation profiles in extended water clouds. II: Parameteri-490

zation schemes. Journal of Atmospheric Sciences, 35 (11), 2123–2132.491

Stevens, B., & Seifert, A. (2008). Understanding macrophysical outcomes of micro-492

physical choices in simulations of shallow cumulus convection. Journal of the493

Meteorological Society of Japan. Ser. II , 86 , 143–162.494

Tan, Z., Schneider, T., Teixeira, J., & Pressel, K. G. (2017). Large-eddy simulation495

of subtropical cloud-topped boundary layers: 2. Cloud response to climate496

change. Journal of Advances in Modeling Earth Systems, 9 (1), 19–38.497

Vial, J., Dufresne, J.-L., & Bony, S. (2013). On the interpretation of inter-model498

spread in CMIP5 climate sensitivity estimates. Climate Dynamics, 41 (11-12),499

3339–3362.500

Vial, J., Vogel, R., & Schulz, H. (2021). On the daily cycle of mesoscale cloud organ-501

ization in the winter trades. Quarterly Journal of the Royal Meteorological So-502

ciety , 147 (738), 2850–2873.503

Vial, J., Albright, A. L., Vogel, R., Musat, I., & Bony, S. (2023). Cloud transition504

across the daily cycle illuminates model responses of trade cumuli to warming.505

Proceedings of the National Academy of Sciences, 120 (8), e2209805120.506

Vogel, R., Nuijens, L., & Stevens, B. (2016). The role of precipitation and spatial507

organization in the response of trade-wind clouds to warming. Journal of Ad-508

vances in Modeling Earth Systems, 8 (2), 843–862.509

Vogel, R., Nuijens, L., & Stevens, B. (2019). Influence of deepening and mesoscale510

organization of shallow convection on stratiform cloudiness in the downstream511

trades. Quarterly Journal of the Royal Meteorological Society .512

Vogel, R., Albright, A. L., Vial, J., George, G., Stevens, B., & Bony, S. (2022).513

Strong cloud–circulation coupling explains weak trade cumulus feedback. Na-514

ture, 612 , 696-–700.515

Wood, R., & Bretherton, C. S. (2006). On the relationship between stratiform low516

cloud cover and lower-tropospheric stability. Journal of Climate, 19 (24), 6425–517

6432.518

Wood, R., O, K.-T., Bretherton, C. S., Mohrmann, J., Albrecht, B. A., Zuidema,519

P., . . . others (2018). Ultraclean layers and optically thin clouds in the520

–14–



manuscript generated with the AGU journal template

stratocumulus-to-cumulus transition. Part I: Observations. Journal of the521

Atmospheric Sciences, 75 (5), 1631–1652.522

Zelinka, M. D., Myers, T. A., McCoy, D. T., Po-Chedley, S., Caldwell, P. M., Ceppi,523

P., . . . Taylor, K. E. (2020). Causes of higher climate sensitivity in CMIP6524

models. Geophysical Research Letters, 47 (1), e2019GL085782.525

Zhao, G., & Di Girolamo, L. (2007). Statistics on the macrophysical properties of526

trade wind cumuli over the tropical western Atlantic. Journal of Geophysical527

Research: Atmospheres, 112 (D10).528

–15–



Supporting Information for “Symmetry in mesoscale

circulations explains weak impact of trade cumulus

self-organisation on the radiation budget in

large-eddy simulations”

M. Janssens1,2, F. Jansson2, P. Alinaghi2, F. Glassmeier2, A. P. Siebesma2,3

1Wageningen University & Research, Wageningen, The Netherlands

2Delft University of Technology, Delft, The Netherlands

3Royal Netherlands Meteorological Institute, De Bilt, The Netherlands

Contents of this file

1. Text S1

2. Figures S1 to S5

Text S1.

The profile αc(z) in the main text’s Figure 2 g is constructed in the zenith-angle Θ-

corrected plane-parallel approximation (e.g. Feingold et al., 2017):

αc ≈
τc

τc +
2 cosΘ
1−g

(1)

We take the asymmetry parameter g = 0.85, and compute cloud-optical depth τc in

each cloudy column before averaging, assuming the clouds are adiabatic (Stephens, 1978):

τc = 0.19L
5
6N

1
3 (2)
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X - 2 :

In this relation, L is the liquid-water path, and N = 70cm−3 the fixed droplet number

concentration in our simulations. αc can in this scenario only vary due to changes in the

clouds’ liquid water content at a height z, or changes in their geometrical thickness. To

decompose the two contributions, Figure 2 g) plots αc(z), the cumulative contribution of

all model levels below z towards the cloud-albedo αc.

Since large domains support more horizontally extensive clouds than small domains

(larger Lc in Figure 1, Figure S2), and large cumuli are known to be both geometrically

thicker and more adiabatic (Plank, 1969; Benner & Curry, 1998; Zhao & Di Girolamo,

2007; Feingold et al., 2017), the large-domain clouds have a higher L, as shown in Figure

2 g).

References

Benner, T. C., & Curry, J. A. (1998). Characteristics of small tropical cumulus clouds and

their impact on the environment. Journal of Geophysical Research: Atmospheres ,

103 (D22), 28753–28767.

Feingold, G., Balsells, J., Glassmeier, F., Yamaguchi, T., Kazil, J., & McComiskey, A.

(2017). Analysis of albedo versus cloud fraction relationships in liquid water clouds

using heuristic models and large eddy simulation. Journal of Geophysical Research:

Atmospheres , 122 (13), 7086–7102.
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Figure S1. Variation in relative humidity with xi ∈
[
θls , U,Γθls

,Γqt , wls

]
(columns) in simula-

tions corresponding to those plotted in the main text’s fig. 3, in 150 km domains (top row) and

10 km domains (bottom row), averaged over daytime on day 2 of simulation. Colours indicate

the imposed changes in xi.
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Figure S2. Cloud-object size distribution, averaged over all simulations and 30-54 hr, in 150

km domains (black circles) and 10 km domains (grey crosses). Vertical lines indicate the means

of the distributions, l as also included in the main text’s fig. 1, computed by identifying cloud

objects following Janssens et al. (2021) and binning over 100 m sized bins.
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Figure S3. As fig. S1, for horizontally averaged total water specific humidity, qt.
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Figure S4. As fig. S1, for horizontally averaged virtual potential temperature, θv.

September 11, 2024, 6:05am



X - 6 :

0

1000

2000

3000

4000

15
0 

km
 d

om
ai

ns
 

 H
ei

gh
t [

m
]

a)
ls

b)
U

c)
l

d)
qt

e)
wls

0.00 0.02 0.04
Cloud fraction [-]

0

1000

2000

3000

4000

10
 k

m
 d

om
ai

ns
 

 H
ei

gh
t [

m
]

f)

0.00 0.02 0.04
Cloud fraction [-]

g)

0.00 0.02 0.04
Cloud fraction [-]

h)

0.00 0.02 0.04
Cloud fraction [-]

i)

0.00 0.02 0.04
Cloud fraction [-]

j)

Figure S5. As fig. S1, for height-wise cloud fraction.
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