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Key Points:

« Simulated shallow cumulus convection spontaneously grows into mesoscale struc-
tures across a climatological range of idealised environments

« Letting the convection self-organise gives a systematic 0.5 Wm™2 top-of-atmosphere
radiative cooling, due to small offsetting effects

» Mesoscale circulations weakly alter the shortwave cloud-radiative effect because
their ascent and descent symmetrically modify cloudiness
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Abstract

We investigate if mesoscale self-organisation of trade cumuli in 150 km-domain large-eddy
simulations modifies the top-of-atmosphere radiation budget relative to 10 km-domain
simulations, across 77 characteristic, idealised environments. In large domains, self-generated
mesoscale circulations produce fewer, larger and deeper clouds, raising the cloud albedo.

Yet they also precipitate more than small-domain cumuli, drying and warming the cloud
layer, and reducing the cloud cover. Consequently, the large-domains’ shortwave cloud-
radiative effect’s cooling weakly reduces, and their clear-sky outgoing longwave radia-

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

ally smaller than the large-domain radiation’s sensitivity to large-scale meteorological
variability, which is similar in small-domain simulations and observations. Hence, spon-
taneously developing mesoscale circulations do not alter weak trade-cumulus feedback
estimates from small domains. We explain this with a symmetry hypothesis: ascending

and descending branches of mesoscale circulations symmetrically increase and reduce cloudi-
ness, weakly modifying the mean radiation budget.

Plain Language Summary

Fields of shallow cumulus clouds over the tropical oceans cool our climate. How much
cooling they give with global warming is a long-standing, leading uncertainty in climate
projection. Detailed process models estimate this cooling to be resilient to warming-related
modifications of the large-scale tropical environment. Yet these models were usually run
in small (10 km) domains, while real-world cumuli often grow beyond 100 km in width.
Therefore, we compare the cooling in 10 km and 150 km-sized detailed process models.
Over a large range of idealised environments, the 150 km-domain simulations sponta-
neously develop large cloud structures, which cannot live in 10 km domains. However,
the circulations associated with these large clouds simultaneously reduce cloudiness else-
where, giving small changes in the overall cloudiness, and cooling. Hence, although they
produce cloud patterns more reminiscent of the real world, our large-domain simulations
predict a similar resilience to changes in the tropical environment, and thus to warm-
ing, as small domains and observations.

1 Introduction

Uncertainties in how trade cumuli respond to warming have long shaped the uncertainty
margins in climate model-estimates of Earth’s climate sensitivity (e.g. Bony & Dufresne,
2005; Vial et al., 2013; Zelinka et al., 2020). Significant progress has still been made in
constraining the trade-cumulus feedback on warming in recent years, by observing how
trade cumuli vary in today’s climate at the daily (Vial et al., 2023), seasonal (Brueck et
al., 2015) and inter-annual (Myers & Norris, 2016; Cesana et al., 2019; Scott et al., 2020)
time scale. By observing which large-scale (> 500 km) “cloud controlling factors” (CCFs,
Klein et al., 2017) are responsible for variations in cloudiness in today’s world, and com-
bining such sensitivities with estimates of how the CCFs will change with warming, a
weak trade-cumulus feedback (< 0.1 W m~2 K1) emerges as the most likely outcome
(Sherwood et al., 2020; Cesana & Del Genio, 2021; Ceppi & Nowack, 2021; Myers et al.,
2021).

Such assessments are complemented by process-understanding from large-eddy sim-
ulations (LESs) (Sherwood et al., 2020), traditionally run on small (O(10) km) domains.
These LESs too project a weak trade-cumulus feedback on idealised tropical warming
(Blossey et al., 2013; Bretherton et al., 2013; Bretherton, 2015; Tan et al., 2017; Radtke
et al., 2021). Yet recent observations highlight that within a 10-500 km (“mesoscale”)
cloud field, there are large co-variations in cloudiness and vertical motion (George et al.,
2021; Vogel et al., 2022), courtesy of mesoscale circulations (George et al., 2023). Equiv-
alently, several LES case studies on 50 km-scale domains and beyond suggest that the



66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

7

95

96

97

98

929

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

convection will “self-organise” into a different regime than in identical small-domain se-
tups (e.g. Seifert & Heus, 2013; Vogel et al., 2016; Bretherton & Blossey, 2017; Alinaghi
et al., 2024), through feedbacks between mesoscale circulations and convection. How can
observations, which measure the radiation from nature’s actual mesoscale cloud patterns,
and small-domain LES, which excludes mesoscale self-organisation by definition, then
both predict a weak trade cumulus feedback?

To help answer that, we here compare the top-of-atmosphere (TOA) radiation bal-
ance between LESs in domains with and without mesoscales. Specifically, we study the
Cloud Botany ensemble (Jansson et al., 2023), where we control the initial environment
and boundary forcing of 150- and 10-km doubly periodic domains with i.a. five param-
eters that embody salient CCFs of observational studies: i) sea surface liquid water po-
tential temperature 0;_, varied together with vertically constant 6; offsets throughout the
troposphere, ii) near-surface (10 m) geostrophic wind speed U, iii) free-tropospheric lapse
rate of 0;, I'g,, iv) total water specific humidity ¢;’s free tropospheric scale height (hy, ),
and v) domain-averaged, cloud-layer subsidence velocity w;s. We vary these CCF's in-
dividually and together, giving 103 simulations spanning the climatological envelope of
today’s trades.

2 Self-organised mesoscale cloud patterns are ubiquitous across trade-
wind environments

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

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

et al. (2021): For all cloud fields between 6-60 h after initialisation at a 5 min interval,
we calculate ten “organisation metrics” of the spatial patterning of the clouds. We stan-
dardise these metrics over time and simulation, and project the resulting data set onto
its principal components (PCs). The two first PCs explain 82% of all ten metrics’ vari-
ance across the ensemble. We therefore treat these PCs as effective organisation met-
rics.

The PCs describe similar pattern characteristics as the satellite images studied by
Janssens et al. (2021), though the simulated cloud fields are both smaller (150 km vs.
500 km) and forced by a less heterogeneous set of processes. The first PC portrays a typ-
ical cloud length scale (Spec. length, Mean cloud object length 1); the second PC cap-
tures the complementary length scale of cloud-free regions (cloud cover f, Open sky).
Accordingly, we name these components L. and L,.

Figure 1 a) shows examples of cloud fields on the plane spanned by L. and L,, re-
vealing a broad variety of cloud patterns in the simulations. They include fields of small,
uniformly distributed cumuli (left), aggregates of such cumuli in clusters and bands of
various sizes (centre, centre-top), and large, bright clusters and squalls with similarly scaled
cloud-free regions, themselves lined by bright clouds (right, similar to e.g. Seifert & Heus,
2013; Vogel et al., 2016; Lamaakel & Matheou, 2022). These large structures also often
possess optically thin cloud sheets, resembling the stratiform clouds found atop precip-
itating shallow convection both in simulations (Vogel et al., 2019; Dauhut et al., 2023)
and nature (O et al., 2018; Wood et al., 2018).

Since all simulations are initialised in a spatially homogeneous atmosphere and driven
by horizontally homogeneous forcing, all mesoscale cloud patterns are self-organised by
convection-mesoscale dynamics feedbacks. The time series in fig. 1 c-e show that every
simulation in the ensemble develops such patterns through increasing L., and slightly
reducing L,. That is, shallow convection spontaneously grows into mesoscale structures
across the envelope of environments that is characteristic of the trades.

The growth in L. is modulated by an oscillation in both L. and L, that follows
the diurnal cycle of shortwave radiation, indicated by line colours in fig. 1 b-e and dark-
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Figure 1. a) Cloud albedo in the plane-parallel approximation by Coakley and Chylek (1975),
in example scenes, varying with L. and L,. 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 L. (d) and L, (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 observed
trade cumulus patterns (Vial et al., 2021), and is further explored in Alinaghi et al. (2024).
It almost repeats itself after the second simulated day, reflecting how our simulations ap-
proach, but do not fully reach, a steady state. We therefore analyse this second day, be-
tween 30-54 h.

3 Mesoscale circulations enhance rainfall, but marginally affect the top-
of-atmosphere radiation budget

3.1 Rainfall, cloudiness and cloud albedo

To understand how the growth of L. and L, modifies the TOA radiation balance, we first
investigate how it affects the vertical structure of the state variables that determine the
clear- and all-sky radiative transfer: 6;, ¢;, f and cloud-albedo a.

In our 150-km domain simulations, the self-organisation primarily affects these quan-
tities by producing an order of magnitude more surface precipitation P, (0.025 mm h~!)
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than 10 km-domain simulations (0.002 mm h~?!). These differences arise because the large
domains spontaneously develop mesoscale circulations, which aggregate water vapour

into preferentially convecting regions (Bretherton & Blossey, 2017; Narenpitak et al., 2021;
Janssens et al., 2022). As a result, substantial total water path fluctuations I’ develop:
Averaged over 10x10 km? sub-domains, fig. 2 a) shows that with respect to the domain-
mean at each hour in each 150 km simulation, I’ ~ 2-4 mm. As I’ increases, so does

the hourly 10 km P; (orange line fig. 2 a), in a shallow analogy of the well-established
relationship between I and Ps across the tropics (Bretherton et al., 2004; Nuijens et al.,
2009; Radtke et al., 2023). In fact, more than 80% of the precipitation in the 150 km
ensemble falls in sub-domains where I’ > 0. The 10 km domain simulations cannot pro-
duce the mesoscale circulations and cold pools needed to create these mesoscale mois-
ture fluctuations (I’ = 0 by construction). Their low 10 km P; are indicated by light-
grey scatter in fig. 2 a).

Two effects of the additional precipitation modify the 150 km-domain simulations’
mean thermodynamic structure. First, the precipitating mesoscale systems heat the up-
per regions of the large-domain cloud layer relative to small domains (fig. 2 b, d), in line
with simple models and small-domain LES (Albrecht, 1993; Stevens & Seifert, 2008; Brether-
ton et al., 2013). A mesoscale, cloud-layer weak-temperature-gradient constraint (Bretherton
& Blossey, 2017; Janssens et al., 2022, 2024) efficiently communicates this latent heat-
ing from the mesoscale systems across the 150 km domains, resulting in weaker, lower
domain-wide inversions than in 10 km domains (y-ticks in fig. 2 b). Second, the larger
precipitation fluxes in large domains sediment additional moisture from their cloud lay-
ers, reducing horizontally-averaged ¢; (fig. 2 ¢, €). The combined warming and drying
lowers the cloud-layer relative humidity by 6% in the large-domain ensemble, relative to
the small-domain ensemble (fig. S1).

The drier, warmer large-domain cloud layers have a slightly lower f than small do-
mains (fig. 2 f). The cumulative, height-wise contribution to f (f(z)) attributes this re-
duction to the upper cloud layer (from around 1000 m), where both the drying and sta-
bilisation is felt, and to the lower inversion, where less additional clouds develop. Yet,
the larger convective systems which develop in the moist regions of 150-km domains are
structurally geometrically thicker, more adiabatic and more liquid-water laden than the
smaller clouds in the 10-km domains (Plank, 1969; Stephens, 1978; Benner & Curry, 1998;
Zhao & Di Girolamo, 2007; Feingold et al., 2017, see Text S1). Hence, the organised con-
vection in large domains has a slightly larger o, than the unorganised convection in smaller
domains (Alinaghi et al., 2023), both at a given height, and over a deeper layer (fig. 2

g).

In all, compared to 10 km domains, mesoscale self-organisation in 150 km domains
gives both larger cloud structures (larger L.) with larger a., and larger cloud-free ar-
eas (larger L,) and reductions in f. Put differently, mesoscale dynamics concentrate cloudi-
ness in fewer, larger structures, which live at the expense of the many, smaller clouds (fig.

S2).

3.2 Impact on top-of-atmosphere radiative fluxes

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

N=-F Ts,c 7F‘l1:c + Os + Cl7 (1)

decomposed into clear-sky net outgoing shortwave and longwave radiative fluxes (—F' ST c
and —FITC)7 and shortwave and longwave cloud-radiative effects (Cs and C}). These hor-
izontally averaged terms are constructed from column-wise all- and clear-sky radiative

fluxes, evaluated at runtime by the LES’s radiative transfer model (Iacono et al., 2008).
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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 P,, both averaged over 10 x 10 km? 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 6; and g; profiles for 150 km-domain (black, unbroken) and 10
km-domain (grey, broken) simulations. d) and e): Terms contributing to horizontally averaged
heating 96;/9t and moistening dq;/dt, 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 a. at z (ac(z)), until the height where f(z) = f and ac(z) = a. (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-
domain simulations, i.e. AN = Ny50—Nig. It shows a small ensemble-averaged AN =
—0.51 W m~2, arising from a small increase in clear-sky longwave cooling (*AFITC =
—1.01 W m~2) and a reduction in C}’s warming (AC; = —0.31 W m~2), which together
offset a smaller cooling from Cs (ACs = 0.82 W m~2).

The changes in all three terms can be understood in terms of the mean state’s dif-
ferences presented in fig. 2. First, writing C; = F}fa., where F} is the TOA down-
wards shortwave radiative flux, we primarily attribute ACy ~ F}(a.Af + fAa.) to
the reduction in f in 150 km domains, which outweigh the increases in a. (fig. 3 b, left
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Figure 3. a): Differences in TOA net radiation between each 150 and 10 km domain simula-
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—FITC) and cloud-radiative effects (Cs and Cj). Circles and horizontal bars mark the mean and
inter-quartile range over the ensemble members. b): As in a), with ACS, —AFZTC and ACj broken
down by the mean state changes in cloud cover f, cloud-albedo «., vertically integrated total wa-
ter specific humidity I and cloud-layer temperature 7. (see text). Residuals in ACs, —AF, ZTC and
AC; when these contributions are summed are marked “res.”. ¢) and d): Linear least-squares re-
gression coefficients of Cs (¢) and FZTC (d) on individual cloud-controlling factors, in large (dark)

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

bracket). Second, modelling C; ~ —fA,(T. — T5) (e.g. McKim et al., 2024), with T,
and T the average cloud-layer and surface temperatures, and A, an appropriate long-
wave clear-sky feedback, AC; ~ —\, (T, — Ts)Af + fAT.) is also mostly due to the
reductions in f (fig. 3 b, right bracket). Finally, almost the entire increase in the 150 kmn-
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domain clear-sky longwave cooling can be explained by their cloud-layer drying, in hne

with Fildier et al. (2023)’s theory. That is, given the domain-averaged I, AF —0F) T ./ OIx
Al as estimated by linear regression (fig. 3 b, central bracket). This result echoes how

mean drying in the presence of aggregated deep convection allows the clear skies of such
domains to radiate more efficiently to space than in disaggregated situations (e.g. Brether-

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

is weaker.

4 Mesoscale self-organisation weakly modifies a small trade cumulus
feedback

In all, self-organisation in 150 km domains gives a small, systematic cooling com-
pared to 10 km domains, from reductions in f, increases in a. and reductions in I. Yet,
the resultant modlﬁcatlons of the radiation budget’s two components that are most sen-
sitive to domain size, F and Cj, usually remain weak compared to variability in FlT
and O associated with changes in the 1mp0sed CCFs z = [6,,U,Tg,, hq,,wis]). To show
this, we compute the sensitivities 6%, L and 0,,C, (we denote partial differentiation Y
to x; as 0,,Y). We calculate 0,,Cs and 8931.FZTC by averaging C, and FZTC over 30-54 h,
and linearly regressing them on sweeps in each CCF z;, keeping other CCFs constant
at their central value. We then multiply the sensitivities by z;’s varied range, giving vari-
ability in Cs and FZTC due to climatologically representative variations in z;.

Fig. 3 c shows the familiar, strong cooling response of F T to warming the entire
tropical atmosphere by a roughly constant amount (6;_, i.e. the Planck response) and
increasing I'g, (the lapse rate response), and the warming response to increasing ¢; (the
water vapour response). The latter is measured both directly (by increasing hg,) and in-
directly, by i) raising U, which boosts the surface moisture fluxes, moistening the bound-
ary layer, and ii) making w;s more positive, which reduces the vertical advective drying
of large-scale subsidence (see fig. S3). The largest three sensitivities are an order of mag-
nitude larger than differences between large and small domains. That is, the response
of clear-sky radiation to changes in variables that also will change with tropical warm-
ing (01,, T's,, hq,), is insensitive to whether shallow convection is self-organised at mesoscales
or not.

The sensitivities 0,,Cs (fig. 3 d) are also generally larger than differences between
large and small domains, although Cy in large domains is structurally less sensitive to
changes in U, and more sensitive to changes in hg, and wy,. Yet, focusing on dy, Cs and
81"9l Cs, the largest two contributors to observed variability in trade cumulus Cy (Scott
et al., 2020) and its response to warming (Myers et al., 2021), both large and small do-
mains agree that they are near-zero.

The predicted dp, Cs (0.07 Wm™2 K~ and 0.11 Wm ™2 K~ for large and small
domains respectively) also align with satellite observations over the North-Atlantic trades
(0.11-0.13 Wm~2 K~1, Scott et al., 2020; Cesana & Del Genio, 2021), as do the simu-
lated reductions in f (1% K~!, against 1-2% K~! in Mieslinger et al., 2019; Cesana et
al., 2019). Contrarily, the simulated 8p9l Cs (-0.48 and 0.65 Wm~2 for large and small
domains) are an order of magnitude smaller than Scott et al. (2020)’s sensitivity of satellite-
derived radiative fluxes to reanalysis-inferred Estimated Inversion Strength (EIS, Wood
& Bretherton, 2006): -5.44 Wm~—2 over the EIS range implied by our I'y, sweep. In the
simulations, the smaller 8p91 C arises from offsetting effects: Stabilising the free tropo-
sphere lowers and strengthens the trade inversion (e.g. Bellon & Stevens, 2012, fig. S4
¢, h), reducing the shallow convection’s depth and a., but increasing inversion cloudi-
ness and f (fig. S5 ¢, h). Scott et al. (2020) suggest that raising the EIS in trade-cumulus
regimes increases both f and a., likely because they do not find that increasing EIS re-
duces cloud-top height (their fig. S11 b). This places the observations in conflict with
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bulk theory and our simulations. Since Scott et al. (2020) identify EIS as the second strongest

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

The fact that mesoscale self-organisation only weakly modifies aa;iFlTC and 0y, Cs,
explains why both small-domain LESs and CCF-observation frameworks f)roject the same
weak trade cumulus feedback A\, = 0,,Cs X Op,x;: Since 0;,C; are similar to what is
observed in both our large- and small-domain LESs, were we to multiply them with sen-
sitivities of x; to surface warming (dr,x;) from climate models under a scenario of cli-
mate change, our large- and small-domain ensembles would project similar, small esti-
mates of the trade-cumulus feedback as studies that take this approach based on the ob-

served 9,,Cs (Myers et al., 2021; Cesana & Del Genio, 2021; Ceppi & Nowack, 2021) (though

there would be slightly less cooling from the smaller sensitivity to T'g,).

5 A symmetry hypothesis for mesoscale cloud-circulation coupling

In essence, our results suggest that self-generated mesoscale circulations, be they
through moisture-convection feedbacks or cold pool dynamics, do not greatly modify the
mean Cj in fields of shallow cumuli. This is perhaps somewhat surprising, given strong

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

et al., 2021; Vogel et al., 2022). Such correlations are present in our ensemble too: The
10x10 km?-averaged f (fio) rises almost proportionally with 10x10 km?-averaged w eval-
uated at 1000 m (wyg) (fig. 4 a-b). Yet, because mesoscale variability in active cloudi-
ness generates wy (Janssens et al., 2024), ascending sub-domains with large (convec-
tive) cloudiness must be compensated by descending sub-domains with low cloudiness,

for the circulations to exist at all. In our simulations, these opposing effects almost can-
cel: Expressing the wyp-bin averaged fio (red line, fig. 4 b) as

fro(wio) = fe + fio(wio), (2)

where f. is the (wyp-independent) 10-km domain simulation f, then the contribution to
f from mesoscale cloud-circulation coupling (f,(wio), weighted by the marginal prob-
ability density function of wig, p(w1g)) is near-zero, i.e.

f=1r +/_ p(wio) f1o(wi0)dwip ~ fe. (3)

So, in these simulations, mesoscale circulations give large, skewed variability in 10
km-f across a domain at any time (fig. 4 a), but small changes in 150 km-f relative to
this variability, both in a given simulation (fig. 4 b) and across the ensemble (fig. 4 ¢).
That is, the ascending and descending branches of mesoscale circulations are nearly sym-
metric in their opposing effect on f, and Cs (note that fi,(w) does not need to be lin-
ear for eq. 3 to hold, see e.g. wig < 0 sub-domains in fig. 4 b where both cloud anvils
flowing from convecting regions and cloud-free sub-domains with strong compensating
subsidence pull fi,(wio) away from linearity).

Such symmetry may be exaggerated in our doubly periodic LES, where w must van-
ish at the domain scale. Yet also in nature, once the coherent vertical motion of the large-
scale tropical circulation is subtracted, there is no a priori reason to expect entire trade-
wind regimes to exhibit a mean vertical cloud-layer velocity. Hence, the symmetry in our
simulations emphasises that circulations of scales smaller than the entire trades can only
modify Cj if their ascending branches asymmetrically affect f or a. with respect to their
descending branches. Across our ensemble, these effects are small (~ 2%) relative to their
imprint on mesoscale variability (~ 20%, fig. 4 ¢), and buffered by both the opposite-
sign responses of f or «, (fig. 2 f-g) and the increased longwave cooling (fig. 3 b), giv-
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Figure 4. a) Time-evolution of cloud cover fio (y-axis) and cloud-layer (1000 m) vertical
motion wip (colours) averaged over 10 km x 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 wio and
f10 and marginal density function p(wio) in reference simulation between 30-54 h (day 2, shading
as fig. 2), with white scatter indicating 10 km-domain f at w19 = 0, horizontal lines indicat-
ing 150 km- and 10km-domain f (f, fc), and the red line indicating fio averaged over a w-bin,
fio(wio). 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-
ity induced by larger-scale cloud-controlling factors (fig. 3 c-d).

Of course, this discussion hinges on the realism of idealised LESs, which retain sev-
eral biases. The ensemble-averaged f (0.12) is substantially lower than the EUREC*A
average (0.42, Mieslinger et al., 2022). The relative importance of C; (ensemble-average
1.1 Wm™2) to Cs (-7.2 W m~?) is likely underestimated (Schulz & Stevens, 2023). Our
environmental control factors are simpler and sparser than in nature. The simulated mesoscale
dynamics are sensitive to arbitrary model choices (Li et al., 2015; Janssens et al., 2023);
simulations at half (50 m) the horizontal grid spacing in four ensemble members produce
slightly more clouds and 15% larger C;, though their organisation develops at a simi-
lar time scale at finer resolution. Finally, our doubly periodic 150 km domains are too
small and idealised to simulate mesoscale cloud structures and circulations which in na-
ture grow from pre-existing disturbances, up to scales of 700 km (Janssens et al., 2024).
What these LESs do instead, is pose the hypothesis that mesoscale circulations are sym-
metric in their effects on the TOA radiation balance, and thus will not substantially al-
ter contemporary estimates of a weak trade cumulus contribution to the cloud feedback
on warming. We now require observations akin to fig. 4 b to truly understand whether
the intrinsic tendency of trade cumuli to self-organise is just beautiful and striking, or
whether it impacts global climate.

6 Open Research

The 150 km and 10 km Cloud Botany simulations are hosted at the German Climate Com-
puting Center (DKRZ) and are freely available through the EUREC?A intake catalog
(https://howto.eurecda.eu/botany dales.html). The metrics underlying fig. 1 have
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305 been computed with the Cloudmetrics code package (Denby & Janssens, 2022). These

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

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

308 ical cloud-radiative kernels computed by Scott et al. (2020) have been retrieved from https://
300 github.com/tamyers87/meteorological_cloud _radiative_kernels. We thank these

310 authors for making their data publicly available.
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The profile a.(z) in the main text’s Figure 2 g is constructed in the zenith-angle ©-

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

R ) (1)

We take the asymmetry parameter ¢ = 0.85, and compute cloud-optical depth 7. in

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

olon
W=

7.=0.19L5N (2)
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X-2

In this relation, £ is the liquid-water path, and N = 70cm~2 the fixed droplet number
concentration in our simulations. «, 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 a.(z), the cumulative contribution of
all model levels below z towards the cloud-albedo «..

Since large domains support more horizontally extensive clouds than small domains
(larger L. 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 £, as shown in Figure

2 g).
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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, { 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,
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Figure S4. As fig. S1, for horizontally averaged virtual potential temperature, 6,.
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As fig. S1, for height-wise cloud fraction.
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