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Abstract. Observations from airborne field campaigns are used to study the interplay between boundary-layer
thermals and clouds in the trades. The size distributions of thermal and cloud-base chords inferred from turbu-
lence and horizontal lidar-radar measurements are robustly described by the sum of two exponentials. Analytical
calculations and statistical simulations show that the merging of objects is sufficient to explain the two exponen-
tials, representing, respectively, the populations of merged- and unmerged-object chords. They also show how
circulations induced by convective objects facilitate the merging process. The observed day-to-day variability
of these populations at cloud base can thus be tied to the variability of thermal merging across the depth of
the subcloud layer. Clouds rooted in unmerged thermals are small and shallow while those rooted in merged
thermals are wider and deeper. An intricate interplay between thermal- and cloud-merging arises: when thermal
merging is weak, thermal number density is high and cloud bases merge easily, leading to strong mesoscale mass
fluxes and “Gravel” shallow mesoscale organizations. In contrast, when thermal merging is strong, clouds are
fed by sparser but wider thermals, leading to longer cloud lifetimes but weaker cloud merging, weaker mesoscale
mass fluxes, and “Flower” mesoscale organizations. This interplay between thermal- and cloud-merging imposes
an upper bound on cloud coverage and suggests a negative feedback on the growth of mesoscale circulations.
Thermal merging also controls observed size distributions of thermals in deep convective regimes. The merging
process thus appears to be a fundamental player in the mesoscale organization of convection.

1 Introduction

et al., 2023; Vial et al., 2023). By interacting with each other

Moist convection generates a broad spectrum of cumulus
clouds of varying widths, depths, and spacings. In regimes
of shallow convection, this spectrum is dominated by two
cloud types: very shallow clouds, whose tops do not exceed a
few hundred meters above the cloud base, and deeper clouds,
whose tops can reach several kilometres and often precip-
itate (Byers and Hall, 1955; Nuijens et al., 2014; Albright

and with their environment, these clouds organize on the
mesoscale (2-200km, Agee, 1987). Deeper clouds, for in-
stance, tend to be wider and more widely spaced than shal-
low clouds (Joseph and Cahalan, 1990) owing to their com-
pensating subsidence, which inhibits the growth of nearby
clouds (Bretherton, 1987). The development of deeper clouds
is tied to the growth of shallow mesoscale circulations, which
further reinforces their organization (Bretherton and Blossey,
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2017; Narenpitak et al., 2021; Janssens et al., 2023). Taken
together, this suggests a coordination between the emergence
of different cloud types, cloud organizations, and mesoscale
circulations.

Taking a bottom up view, convective cloud formation is
rooted in coherent structures such as thermals that develop
within the subcloud layer (LeMone and Pennell, 1976; Co-
hen and Craig, 2006; Seifert and Heus, 2013). The emer-
gence of cloud types and organizations must therefore be
related to changes in these structures. The natural place
to study this interaction is at the intersection of the sub-
cloud layer and cloud layer, i.e. at cloud base. The proper-
ties at cloud base are known to strongly control the fate of
clouds. For instance, cloud widths at cloud base influence
the turbulent entrainment at the edge of clouds (Blyth, 1993)
and hence the cloud penetration depth (Malkus and Ronne,
1954; Simpson et al., 1965; Asai and Kasahara, 1967), and
they are the primary modulator of the strength of convective
mass fluxes (Boing et al., 2012; Dawe and Austin, 2012).
These cloud widths are likely related to the sizes of thermals
that permeate the subcloud layer, suggesting a coupling be-
tween thermal sizes, cloud types, cloud organizations, and
mesoscale circulations.

Indeed, modeling studies have shown the interplay be-
tween thermal sizes, cloud base widths, and convective mass
fluxes to play a major role in the transition between shallow
and deep convection (Kuang and Bretherton, 2006; Khairout-
dinov and Randall, 2006; Boing et al., 2012; Rochetin et al.,
2014; Rousseau-Rizzi et al., 2017; Morrison et al., 2022), and
it has long been recognized that cloud size distributions at the
cloud base level are a fundamental variable to understand and
represent cumulus convection (Simpson et al., 1965; Asai
and Kasahara, 1967; Ooyama, 1971; Arakawa and Schubert,
1974; Craig and Cohen, 2006; Sakradzija et al., 2015; Neg-
gers and Griewank, 2022). However, thermal and cloud base
size distributions have largely been studied in large-eddy
simulations and in ground-based observations over land (e.g.
Neggers et al., 2003; Chandra et al., 2013; Lamer and Kol-
lias, 2015; Lareau et al., 2018; Oktem and Romps, 2021).
Observations over the ocean are much more limited (L6pez,
1977; LeMone and Zipser, 1980).

The wealth of observations collected during the
EUREC*A (Elucidating the role of cloud-circulation
coupling in climate) airborne field campaign over the west-
ern tropical Atlantic (Bony et al., 2017; Stevens et al., 2021)
present an opportunity to conduct such an investigation in
the context of trade wind cumuli. The campaign provided
observations of both clouds and their environment, including
of the mesoscale circulations in which they were embedded
(George et al., 2023). More specifically, it characterized
shallow convection for a month using a statistical sampling
strategy in a region characterized by a large diversity and
variability of mesoscale cloud patterns, the most prominent
of which are commonly referred to as “Sugar”, “Gravel”,
“Fish”, or “Flowers” (Stevens et al., 2020; Bony et al., 2020;
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Rasp et al., 2020; Janssens et al., 2021; Schulz, 2022). While
the “Sugar” pattern consists exclusively of very shallow
clouds, the other patterns are associated with a combination
of shallow and deeper clouds in varying proportions and
degrees of clustering (Mieslinger et al., 2019; Bony et al.,
2020; Vial et al., 2021, 2023; Alinaghi et al., 2024).

In this study, we primarily use EUREC*A observations
(presented in Sect. 2) to shed light on the interplay between
thermals, clouds, mass fluxes and mesoscale circulations.
First we characterize the size distributions of thermal chords
(Sect. 3) and cloud-base chords (Sect. 4), and show that they
can be described as a mixture of two chord populations and
fitted by a sum of two exponentials. Section 5 uses an an-
alytical framework, mathematical calculations and a simple
statistical model to show that the double exponential size dis-
tributions can be physically interpreted as the result of the
merging process. In Sect. 6, we show how the length scales
of cloud size distributions relate to those of thermals. Fi-
nally, we take advantage of the analytical framework, the sta-
tistical sampling of EUREC*A and the large flight-to-flight
variability of cloudiness, to further characterize the interplay
between thermals and clouds, and explore its implications
for convective mass fluxes and shallow mesoscale circula-
tions, cloud mesoscale patterns and cloud fraction (Sect. 7).
In Sect. 8, we summarize our main findings, investigate their
universality by using the first observations from a field cam-
paign that took place in regimes of both shallow and deep
convection, and discuss the perspectives of this study.

2 Airborne observations

The EUREC*A field campaign (Bony et al., 2017; Stevens
et al., 2021) took place in January—February 2020 in the
North Atlantic trades, east of Barbados. In this study, we use
observations from the SAFIRE ATR-42 (Bony et al., 2022)
and from the HALO (Konow et al., 2021) research aircraft.

Over 4 weeks, the ATR conducted 18 research flights
across 10 flight days, and spent most of its flight time near
cloud base and within the subcloud layer. Each flight was 4.5
or 5h long and followed a common flight pattern including
typically two or three rectangles of about 120km x 20 km
flown around the cloud-base level (totaling 48 rectangles, i.e.
about 36 h of sampling) plus two L-shape patterns of about
120 km each flown within the subcloud layer. Most of the
time, an additional leg of about 40 km long was flown about
60 m above the sea surface.

The aircraft measured turbulence (including horizontal
and vertical velocity, inferred from the measurements of a
five-hole nose radome) and humidity at a fast rate (25 Hz)
using a Licor near-infrared gas analyzer and a KH20 hy-
grometer (Brilouet et al., 2021). At a flight speed of about
100m s~ !, this corresponds to an horizontal resolution of
about 4 m. The humidity data used in the present analysis
come from 30 km (5 min) stabilized flight segments (referred
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to as “short segments”). They correspond to calibrated, de-
trended and high-pass filtered (at 0.018 Hz) perturbations of
water vapor mixing ratio (Brilouet et al., 2021). The payload
also included a 355 nm backscatter lidar pointing horizon-
tally through one of the aircraft windows (ALIAS, Chazette
et al., 2020) and a Doppler cloud radar (BASTA, Delanog
et al., 2016) pointing horizontally through another window
on the same side of the aircraft (Bony et al., 2022). This re-
mote sensing allowed us to sample clouds horizontally over
a much larger domain than in-situ measurements. The li-
dar could detect hydrometeors over a maximum range of
8 km, while the radar could detect non-drizzling clouds over
a range of 3 to 6km and drizzling clouds and rain up to
12km. By combining horizontal radar-lidar measurements,
we characterized the horizontal distribution of hydrometeors
at a resolution of 25m along the line of sight of both in-
struments (BASTALIAS dataset, Delanog et al., 2021; Bony
et al., 2022).

During ATR flights, HALO was flying large circles of
200 km diameter at an altitude of 10 km, releasing dropson-
des every S min (Konow et al., 2021). From these measure-
ments, we inferred the subcloud layer height (Albright et al.,
2022), the area-averaged cloud-base mass flux (Vogel et al.,
2022) and, using the methodology proposed by Bony and
Stevens (2019), the vertical profiles of area-averaged verti-
cal velocity (George et al., 2021) and the strength of shal-
low mesoscale circulations (George et al., 2023). From the
multiple downward-looking instruments mounted on HALO
(cloud radar, lidar and imagers), a multi-sensor cloud mask
product was derived (Konow et al., 2021). We use the maxi-
mum cloud cover estimated on the basis of the “most likely”
and “probably” cloud flags of each instrument.

At the end of this study, we also use the first airborne
observations from the MAESTRO (Mesoscale organisation
of tropical convection, https://maestro.aeris-data.fr/, last ac-
cess: 14 June 2025) field study that took place in August—
September 2024 over the Eastern tropical Atlantic in the
vicinity of Cape Verde. During this campaign, the SAFIRE
ATR-42 aircraft sampled a wide diversity of convective
regimes, ranging from shallow to deep convection. Its fast-
rate humidity measurements (Jaffeux et al., 2025) allow us
to characterize, as in EUREC4A, the thermal chord length
distributions at different vertical levels and to assess the uni-
versality of some of our findings across regions and convec-
tive regimes.

3 Convective thermals

In the trade-wind boundary-layer, water vapor is mixed ver-
tically by turbulent eddies and discrete coherent structures,
including moist, ascending anomalies which are called ther-
mals. When the air parcels transported by the thermals reach
the condensation level, they condense and form a cloud. We
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might thus expect the size characteristics of cloud bases to be
related to the size of thermals permeating the subcloud layer.

To identify moist thermals from airborne measurements,
we use the methodology proposed by Lenschow and
Stephens (1980): segments of horizontal legs with humid-
ity greater than half the standard deviation of humidity fluc-
tuations for that leg, and larger than 25 m (i.e. 6 continuous
data points), are defined as thermals. This detection is applied
to all humidity fluctuations measured along 30 km segments
(Brilouet et al., 2021) flown at different altitudes: near the sea
surface (at a height of about 60 m, 11 flights), within the sub-
cloud layer (in the middle of it — around 300 m — and near the
top of it — around 600 m, 16 flights) and just above the cloud
base level (between 600 and 800 m, 17 flights). Hereafter, for
simplicity, the length of each thermal segment, or chord, will
sometimes be referred to as “thermal size”.

Statistics over the whole EUREC*A campaign show that
the mean thermal density (i.e. the number of intersected seg-
ments of thermals per horizontal distance flown by the air-
craft) is largest near the surface (about 1.4 thermals km~1)
and smaller aloft, with about 1thermalkm™! in the middle
of the subcloud-layer and near cloud base (Table 1). On the
other hand, the mean size of thermals increases with height,
varying from 93 m near the surface to about 200 m at the top
of the subcloud layer. This can reflect the growth of individ-
ual thermals by entrainment or the coalescence of small ther-
mals into larger ones as they rise and merge in the sub-cloud
layer (Sect. 5.2). Around the cloud base level, cloudy ther-
mals (identified as those thermals in which every point in it
has a relative humidity exceeding 98 %) represent about 18 %
of the thermal population at that level, and their size is on av-
erage slightly smaller than the mean size of moist thermals
(~ 160 m vs. 200 m), which is consistent with Lenschow and
Stephens (1980).

Howeyver, at each altitude, the thermal dimensions exhibit
a wide range of lengths. Near the surface, the length ranges
from 25 m (the minimum size considered in our definition of
thermals) to about 400 m, and the likelihood of finding a ther-
mal of a given size decays exponentially with size (Fig. 1). At
higher altitudes, the probability distribution function (PDF)
of chord lengths P(x) is well fitted! by a mixture of two ex-
ponential functions with relative weights pj and p» = 1—py,
and characterized by length scales L and L, (Rochetin et al.,
2014), such as :

PL -~ P2 -
P(x)=—e 1 +=—=¢ 2. 1
(x) L¢ + L,¢ ey
This suggests that the thermal chord ensemble is well de-
scribed by a mixture of two thermal populations, of mean
sizes LlTH (about 100 m) and LEH (about 300 m). The com-

parison of the quantiles associated with the actual and fitted

IThe distributions are fitted using the R-package Mixturelnf de-
veloped by Li et al. (2016), which is based on a penalized maximum
likelihood estimate, or PMLE, approach, with a penalty parameter
A=1.
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Table 1. Thermals observed during EUREC*A in the surface layer, the subcloud layer and near cloud base: For each ATR flight, f TH j5
the thermal coverage, DTH is the thermal density (in km™!), NTH ig the number of chords, and p]rH ( ng =1- piFH), LTH and LEH (in
meters) are the parameters of the double exponential fit (see Eq. 1). In the surface layer, the fit is close to a single exponential. Therefore,
for the sake of space we report only DTH, NTH anqg L?H. The flights (or flight segments) without data are indicated by “~”: no turbulence
data are available for RF20 (failure of the inertial navigational system) and on the near-surface leg of RF14 (humidity measurements of bad
quality), the near-surface was not sampled by the aircraft in RFO5, RF07, RF08, RF09 and RF17, and the subcloud layer was not sampled

during RF16.

Research Date Surface layer thermals ‘ Subcloud layer thermals ‘ Cloud base thermals
flight MMDD DTH NTH L”]H-l ‘ fTH  pTH  NTH p"IFH LlTH LEH ‘ fTH  pTH  NTH p”]FH LITH LEH
RFO03 0126 142 292 79 | 0.14 1.01 195 05 118 159 | 0.16 093 383 048 101 236
RF04 0126 1.39 40 91 | 0.08 0.84 170 0.5 88 114 | 0.15 0.83 551 0.6 9 300
RF05 0128 - - -1 018 099 240 0.69 95 374 02 066 434 035 74 426
RF06 0130 0.95 38 9% | 0.17 1.05 245 076 102 347 | 021 078 455 032 123 345
RF07 0131 - - -1 015 0.8 185 0.71 111 361 | 012 0.72 330 0.72 89 378
RFO08 0131 - - -1 022 076 180 035 106 380 | 022 0.88 455 05 246 246
RF09 0202 - - -] 016 084 230 072 104 423 | 0.14 0.85 370 0.68 9% 309
RF10 0202 0.74 27 74 | 0.09 0.79 183 0.8 77 268 | 0.12 079 408 0.68 73 322
RF11 0205 0.95 32 97 | 0.17 095 168 0.58 81 309 | 019 123 523 044 117 186
RF12 0205 1.31 44 61 | 0.12 1.05 202 0.79 79 227 | 021 1.02 633 047 151 249
RF13 0207 1.77 173 79 | 015 112 220 066 101 202 | 021 0.87 361 047 109 352
RF14 0207 - - - 02 1.13 265 0.64 104 312 | 012 067 440 0.62 82 337
RF15 0209 1.49 60 84 | 025 132 319 046 141 230 | 023 1.16 719 055 162 243
RF16 0209 1.86 76 96 - - - - - - 023 1.5 1018 034 137 237
RF17 0211 - - - 024 131 343 043 113 242 | 022 098 319 0.54 99 360
RF18 0211 1.74 67 127 | 026  1.37 312 048 145 229 | 024 125 813 046 125 253
RF19 0213 1.73 72 139 | 029 143 331 052 136 278 | 0.22 1 445 047 114 311
RF20 0213 - - - - - - - - - - - - - - -
EUREC*A  mean 1.4 54 93 | 0.18 1.05 223 06 106 278 | 0.19 093 509 0.51 117 299
SD 0.38 75 23 | 0.06 022 82 0.14 21 86 | 0.04 0.19 189  0.12 41 63

size distributions (so-called Q-Q plots shown on Fig. 1d and
Fig. 2) confirms that this description is not only valid when
considering all EUREC*A data but also robust at the scale of
individual flights, though the relative weight and mean size
of each population vary across flights (Table 1). Following
these notations, the mean size of thermal chords is given by
L = p1 L1+ paL>. Moreover, if N is the total number of ther-
mal chords intersected by the aircraft along a horizontal dis-
tance of L, the mean thermal density (D) for this distance is
given by N/L.

Thermals that overshoot the lifting condensation level
(LCL) generate saturated thermal chords, or “cloudy ther-
mals”. The majority of these (84% in the EUREC*A
data) are characterized by a mean positive vertical veloc-
ity (“cloudy updrafts”). They may therefore be regarded
as “cloud shoots”, i.e. incipient cloud bases formed im-
mediately after thermals overshoot the LCL, that can sub-
sequently grow into convective clouds rooted in boundary
layer thermals. Figure 3 shows that their size distribution
is also well fitted by a mixture of two populations, and

that their length scales LT and LIH for cloudy ther-

mals, and LITI-lup and L;Hup for cloudy updrafts, are com-

parable to those of the whole thermal population (Fig. 1c).
Flight-to-flight variations in the density of cloudy thermals
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(D™saty and cloudy updrafts (DTHUP) are strongly corre-
lated with each other (R% = 0.96), and also with the total
density of thermals D™ (R% = 0.74 and 0.70, respectively,
Fig. S5 in the Supplement). On average, however, DTHsat
and D™ are five to six times smaller than DTH, with a
mean ratio DTHsat/pTH — .18 and DTH /DTH = 0.15 in
the EUREC*A dataset. Therefore, to increase the statistical
robustness of our investigations, in the following sections of
this study we will analyze the flight-to-flight variations in
thermal populations and size distributions by considering all
moist thermals.

4 Cloud-base widths

EUREC*A pioneered the sampling of clouds through hori-
zontal remote sensing thanks to sidewards-looking radar and
lidar measurements across the ATR windows (Bony et al.,
2022). Using the hydrometeors classification derived from
the synergy of the lidar-radar remote sensing over a range
of several kilometers away from the aircraft (Delanog et al.,
2021; Bony et al., 2022), we detect the length of cloud
segments, or chords, along the line of sight of the lidar-
radar measurements, perpendicular to the aircraft trajectory.
The horizontal resolution of the hydrometeors classification

https://doi.org/10.5194/acp-25-17331-2025
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Figure 1. Thermal size distributions: Probability Distribution Function (PDF) of thermal chord lengths inferred from all EUREC*A ATR
turbulence measurements at different altitudes: (a) 60 m above the surface (b) within the sub-cloud layer (around 300 or 600 m) and (c)

near cloud base (around 750 m). Also reported is the exponential fit (simple or mixture) and its parameters (plTH, pg

H LTH and LgH,

Eq. (1) — note that this fit is very similar to the one obtained using the mean fit parameters (averaged over all flights) reported in Table 1).
(d) Comparison of the quantiles of the actual and fitted size distributions (Q-Q plot). Also reported are the R? coefficients (square of the
Pearson correlation coefficients) of the linear regression for each flight level.

along the line of sight of the radar and lidar is 25 m. A seg-
ment (or chord) corresponds to at least 2 continuous points
associated with cloud or drizzle, i. e. reflectivities lower than
0dBZ (drizzle is considered because the distinction between
clouds and drizzle using radar reflectivity is ambiguous, and
because drizzle falls within cloud base in the case of shal-
low cumuli). Horizontal remote sensing makes it possible to
characterize the size distribution of cloud chords (hereafter
referred to as “cloud-base widths”) through the sampling of
one or multiple chords within each cloud, without having to
determine whether chords sampled at different times belong
to the same cloud or not. This allows us to characterize the
irregular and complex shapes of cloud bases without mak-
ing assumptions about cloud shapes, and to sample the cloud
field around the cloud base level with much better horizontal
sampling than would be possible with in-situ measurements
along the aircraft’s trajectory.

The cloud chord length distribution computed over the
whole EUREC*A campaign shows the presence of many
small chords and fewer larger chords (Fig. 4a). As for ther-
mals, the distribution is well fitted by a mixture of two pop-

https://doi.org/10.5194/acp-25-17331-2025

ulations with p{P = 0.9 and p§'P = 1 — p{P = 0.1. Bach
population is characterized by an exponential length distribu-
tion, with a scaling parameter corresponding to the average
length of the chords in that population: L?LD =156 m, and
LS'P = 835m.

However, the comparison of the different flights reveals
that as for thermals, the cloud chord distribution varies
strongly from flight to flight. Figure 5 shows that for each
individual flight, the distribution is still robustly fitted by a
mixture of exponential distributions, but in variable propor-
tions and with scaling parameters LlCLD and LgLD that can
vary significanly across flights (Table 2).

The variability of the cloud chord distributions around
cloud base correlates with a number of cloud properties.
Firstly, the clouds encountered on flights with only one cloud
population (5 out of 18) are devoid of drizzle, and for each
flight, the PDF of cloud chords devoid of drizzle is well fit-
ted by a single exponential (Figs. 4b, S3). Since drizzle starts
when the cloud depth exceeds about 2km (Byers and Hall,
1955; Rauber et al., 2007), it suggests that the first cloud
mode is associated with very low cloud tops, while the sec-
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Figure 2. Thermals from each EUREC*A flight: Probability distribution functions of the thermal chord lengths (in meters) derived for each
ATR flight from turbulence measurements around the cloud base level (the distribution derived from all ATR flights together is shown on
Fig. 1c). Each panel shows the histogram, its fit by a sum of two exponentials (solid line) and the associated Q-Q plot (inset) to assess how
well the sum of exponentials fits the data. The parameters of the fit ( plTH, Lrer, ng, LEH) are also reported.
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Figure 3. Probability distribution function of (left) cloudy thermal lengths and (right) cloudy updraft lengths measured by the ATR near the
cloud-base level. Cloudy thermals are defined as moist thermals (or segments) whose points are saturated near the cloud base level (relative
humidity exceeding 0.98), and cloudy updrafts are defined as cloudy thermals whose points all have a positive vertical velocity near cloud

base.
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Figure 4. Cloud chord length distributions derived from horizontal radar-lidar measurements around cloud base: (a) PDF obtained by
considering all EUREC*A flights together fitted by a mixture of two exponential distributions (Eq. 1). (b) Same as (a) but for cloud chords
devoid of drizzle. The parameters reported on each panel are those associated with each fit.

ond mode includes cloud chords which are not only larger
but also associated with deeper cloud tops than those of the
first population.

These observations suggest that the two shallow cloud
populations (very shallow and deeper) reported in previous
studies (i.e. Albright et al., 2023; Vial et al., 2023) are charac-
terized by two populations of cloud chords at the cloud base
level. The length scale of the first cloud mode LfLD (about
150 m) is only slightly smaller than the mean chord length
of thermals (170 m in the subcloud layer, 204 m at cloud
base), and comparable to the mean chord length of saturated
thermals (about 160 m) or cloudy updrafts (about 150 m). It
suggests that this cloud population might be rooted in sin-
gle boundary-layer thermals reaching the condensation level.
On the other hand, when there are two distinct cloud popula-
tions (i.e. when LSLD * LICLD) the length scale of the second
one LgLD is 739 m on average, which is close to the mean
subcloud-layer depth of 725m (Bony et al., 2022). LSLP
is thus 4 or 5 times larger (depending on flights) than the

https://doi.org/10.5194/acp-25-17331-2025

mean thermal length of cloudy thermals (LTH') or updrafts
(L™up) which suggests that the second cloud population is
fed by several thermals. In the following, we investigate what
controls the length scales of these different populations, and
how the thermal and cloud chord length distributions relate
to each other.

5 Influence of the merging process

EUREC*A observations show that the thermal density de-
creases with increasing altitude (Table 1), and that the size
distribution of thermals changes across the depth of the
boundary layer: a single population of thermal chords, whose
size is exponentially distributed, is found in the surface layer
while two chord populations are found higher up in the sub-
cloud layer and near cloud base (Fig. 1). How to interpret
these observed features?

Based on the theory of fluctuations in an equilibrium con-
vective ensemble, Craig and Cohen (2006) showed that a

Atmos. Chem. Phys., 25, 17331-17362, 2025
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Figure 5. Clouds from each EUREC*A flight: Probability distribution functions of the cloud chord lengths (in meters) derived for each
ATR flight from horizontal radar-lidar measurements around the cloud base level. Each panel shows the histogram, its fit by a sum of two

exponentials (solid line) and the associated Q-Q plot and R? (inset) to assess the goodness of fit. The parameters of the fit (p}

Pg LD, LgLD ) are also reported.
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Table 2. Cloud chords measured during EUREC*A near cloud base: For each ATR flight, f CLD i the cloud fraction, NP is the number

of chords, and pICLD (ngD =1- pICLD), LICLD

CLD ,, jCLD
L1 ~ L2

and LgLD (in meters) are the parameters of the bi-exponential fit (see Eq. 1). Note that
corresponds to a single exponential. Also reported is the rain fraction during each flight (Ry, in %).

Research Date All clouds ‘ Non drizzling clouds

flight MMDD fCLD NCLD PICLD LlCLD LgLD Rf ‘ fCLD NCLD p?LD L?LD LgLD
RF03 0126 0.08 7203 0.81 210 831 22 0.04 5554 0.51 180 180
RF04 0126 0.03 5405 0.91 163 642 0.2 0.02 5224 0.5 156 156
RFO05 0128 0.05 12348 0.5 139 139 0 0.05 12319 0.52 137 137
RF06 0130 0.04 10177 0.48 138 138 0 0.04 10124 0.48 136 136
RF07 0131 0.05 5031 0.76 178 678 1.3 0.03 3707 0.5 151 151
RF08 0131 0.04 5335 0.9 113 502 0.6 0.02 4767 0.51 102 102
RF09 0202 0.01 692 0.5 143 143 0 0.01 671 0.5 141 141
RF10 0202 0.03 2624 0.88 173 746 0.2 0.02 2316 0.51 149 149
RF11 0205 0.08 7779 0.86 157 913 0.2 0.06 7283 0.5 155 155
RF12 0205 0.06 7834 0.49 134 134 0 0.06 7781 0.46 130 130
RF13 0207 0.03 3687 0.99 185 657 0 0.03 3461 0.5 166 166
RF14 0207 0.02 2661 0.96 180 716 0 0.01 2538 0.5 165 165
RF15 0209 0.06 7997 0.48 142 142 0.1 0.05 7842 0.49 135 135
RF16 0209 0.07 7849 0.91 126 777 0.8 0.05 7072 0.47 115 115
RF17 0211 0.13 7922 0.58 178 795 9.8 0.04 4664 0.94 154 424
RF18 0211 0.1 7657 0.81 152 751 93 0.05 5797 0.5 140 140
RF19 0213 0.08 6972 0.7 178 857 1.3 0.05 5974 0.52 166 166
RF20 0213 0.03 2818 0.89 174 748 0.6 0.02 2056 0.51 141 141
1 cloud mean 0.04 7810 0.49 139 139 0 0.04 5558 0.5 145 145
population  SD 0.02 4385 0.01 4 4 0 0.02 3026 0.02 19 19
2 cloud mean 0.06 5611 0.84 167 740 2 0.04 4664 0.94 154 424
populations  SD 0.03 2106 0.11 25 106 34 - - - - -

population of convective objects in statistical equilibrium
with its large-scale environment is characterized by an expo-
nential size distribution as long as the objects do not strongly
interact with each other. However, it has long been suggested
that convective thermals progressively group and merge to-
gether with height as they rise through the depth of the sub-
cloud layer (Lenschow and Stephens, 1980; Williams and
Hacker, 1993). Simpson et al. (1980) also “postulated merg-
ing to be a major way in which convective clouds become
larger”. Then the question arises as to whether the second
population of thermals or clouds (whose average size is sev-
eral times that of the first population, Tables 1 and 2) might
arise from the interaction of thermals or clouds through a
merging process.

If we consider that two objects merge if and only if they
touch each other, simple physical reasoning suggests that the
efficiency of merging depends on the ratio between the ini-
tial average object length L( and the average object spacing
Ao = 1/Dy, where Dy is the object density before merging
(in the following, the attribute “0” will always refer to quan-
tities before merging).

However, fluid mechanical laboratory experiments and
simulations have long demonstrated that turbulent thermals
and plumes can interact and merge at a distance due to

https://doi.org/10.5194/acp-25-17331-2025

friction and entrainment at their boundaries, ambient hori-
zontal flow or wind shear, buoyancy-induced pressure gra-
dients (Batchelor, 1954; Pera and Gebhart, 1975; Brahimi
and Doan-Kim-Son, 1985; Kaye and Linden, 2004; Rooney,
2016; Mei and Yuan, 2021), and, as we consider further
here, the updraft-induced circulation that they create around
them (Bretherton, 1987; Poujol, 2025). As explained in Ap-
pendix A and in the Supplement, this is equivalent to consid-
ering that the merging takes place between effective objects
of size BLo with 8 > 1, where B is referred to as an effec-
tive factor. For the time being, this parameter can be phys-
ically interpreted as the radius of influence an object exerts
on other objects through the circulation it induces. Further
physical interpretations will be presented in Sect. 6.2.

These physical arguments suggest that the product 8Dy L
describes a merging efficiency. Then, how does the thermal
size distribution depend on BDyLy? We first address this
problem mathematically (Sect. 5.1), and then with a simple
numerical statistical model (Sect. 5.2).

5.1 Analytical calculations

Let us consider a population of objects (that we will name
“thermals” in the following, but they could be clouds or up-

Atmos. Chem. Phys., 25, 17331-17362, 2025
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drafts in general) randomly placed in space following a uni-
form distribution, characterized by an averaged length L, a
density Dy, and an exponential size distribution:

1 _x
So(x) = L—Oe Lo ()

For the reasons explained above and in Appendix A, it is as-
sumed that the merging takes place between objects of effec-
tive size BLo with B8 > 1. It is possible to compute the size
distribution of thermals after merging, by distinguishing the
two types of thermals that emerge: those that have merged
and those that have not merged yet. The analytical treatment
(detailed in the Supplement) shows that after letting the ther-
mals merge once or several times, the size distribution of the
thermals that have not merged is written:

1 _x Ly
S =—e L ith Lj=—— 3
unmergcd(x) L e Wi 1 1+ BDoLo 3
and the size distribution of the thermals that have merged is
asymptotically exponential for large thermal sizes (x > Lo):

Sergea(x) = 7-¢” 72 with Ly = LoePPolo )

Moreover, analytical expressions are also derived for the
density of unmerged thermals, D1, and the density of merged
thermals, D,, as follows:

e—BDoLo
Dy =Dy——— (5)
1+ BDyLg
_ —ﬁDOL()( M)
D _ I—e U+ TapoLer ©
2= BLo(1 + eFDolo)

After merging, the size distribution of thermals can thus
be written as a sum of two exponential functions as written
in Eq. (1), with L1 and L, defined as above and p; + py = 1.
The calculations indicate that:

1
= 7
P 14 (14 BDyLg)e=FDoLo ™
(1+ BDyLg)eFPoko
p2= il (®)

1+ (14 BDoLg)e=FPolo

These calculations, illustrated by Fig. 6, thus show that
the merging of thermals that are characterized initially by an
exponential size distribution of length scale Ly produces a
second population of thermals, and that the size distribution
of the thermal population after merging can be represented
by the sum of two exponential functions, characterized by
two length scales L; and L;. In the absence of merging
(BDoLo=0), L1 =Ly = Lo (Fig. 6a) and p; = pp =0.5
(Fig. 6b): the size distribution can be represented by a sin-
gle exponential. However, as the merging efficiency DL

Atmos. Chem. Phys., 25, 17331-17362, 2025
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increases, L decreases (because the smaller thermals are sta-
tistically less likely to be affected by the merging process)
while L, increases (because the merging produces larger
thermals).

The total density of thermals after merging (D, which is
always < Dy) is the sum of the densities of non-merged and
merged thermals. Using Egs. (5) and (6), we obtain the fol-
lowing analytical expression:

D=D1+D,
—BDyL BDoL
~ 'Doe—ﬂDoLo 1 — e PDoLo (1 + (1+ﬂDOOL00)2> ©
1+ BDyLo BLo(1 + ePPolo)
Solving the equation 3(/3%% = 0 shows that there is an op-

timal (BDoLo) = L ~ 0.618 (where ¢ = 155 is the golden
number) which maximizes the total number of non merged
thermals, and that D reaches a maximum value Dt ~ %‘—23
for BDoLo = (BDoLo)ie = 0.83. There is therefore a criti-
cal merging efficiency of thermals beyond which the merg-
ing becomes so efficient in producing larger but fewer ther-
mals that the densities of thermals before and after merg-
ing become anti-correlated (Fig. 6¢). In other words, the
D — BDyLg curve is concave down, with a local maximum
at BDyLo = 0.83.

Although the physical meaning of L; and L; is clear
(these length scales relate to the mean chord lengths of
unmerged and merged thermals, respectively), the physical
meaning of p; and p» is not so clear. When DgLo — 0 (i.
e., no merging), Eq. (8) and Fig. 6b show that L = L, and
p1 = p2 =0.5. However, when L = L,, any values of p;
and p; satisfying p; + p2 = 1 (including p; = 1 and p; =0)
would describe the same (single) exponential size distribu-
tion. Therefore, p> should not be interpreted as the propor-
tion of thermals in the second population (it is just an asymp-
totic approximation) and the ratio % is a better measure
of the proportion of merged thermals than p;. In addition, the
influence of merging on the size distribution is best described
by Ly — L or (as will be shown later, Fig. 8b) by the non-
dimensional quantity L%ZL L, and the absence of merging is
best described by Ly — L1 or by the density of merged ther-
mals D, — 0.

These calculations thus support our hypothesis that the
second exponential of the size distribution results from the
merging process. Reciprocally, they also show that it is pos-
sible to infer the properties of the thermal population before
merging from the size distribution of thermals after merging
(characterized by L and L»): by combining Eqgs. (3) and (4)
to eliminate L¢, we obtain:

L
BDoLy =W, (eL—2> —1 (10)
1
where Wi, is the Lambert W function satisfying x =
W(x)e" ™) and

Lo= Lye PPolo or Lo~ /LiL, (1)
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c) Theory: Densities

59 1.0 4 0.7 4
— L/ — P —— BDL

0.6 1

44 —— L/l 084 —— P2 —— BDiLo
051 :— BD2Lo

h 06 1 04 — BDoLo=083
03 1:1 line

24 0.4 :
0.2 4

1+ 0.2
0.1 4

0 T T T T 1 0.0 T T T T 1 0.0 T T T T 1

0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 25
BDoLo BDo Lo B Do Lo

Figure 6. Theoretical prediction of the impact of merging on the size distribution and densities of chords: The efficiency of the merging
process is quantified by 8DyLg, where Dy, Lo and SL( are the initial density, length scale and effective length scale of chords before
merging. L; and p; are the chord length distribution parameters (as defined by Eq. 1) of the chords that have merged (L;, p) or not merged
yet (L1, p1). Also reported are the unmerged, merged and total densities D1, D, and D = D +D; of chords after merging. The proportion of
chords in the first and second populations are given by D /(D 4+ D,) and D, /(D + D5), respectively. Note that length scales and densities
are undimensioned through a multiplication by 1/Lq and B L, respectively.

(the second expression for L is obtained after a multipli-
cation of Egs. 3 and 4, followed by a first order Taylor ex-
pansion of the exponential function). Moreover, as shown in
the Supplement, the coverage fraction of thermals can be ex-
pressed as:

f= %(1 — e PPoloy, (12)

Therefore it is possible to infer B in the observations from
Egs. (10) and (12).

5.2 Simple statistical simulations

Although analytical calculations support the hypothesis that
the merging process is sufficient to explain the presence of
a mixture of exponential distributions, they are based on a
number of mathematical simplifications that were needed to
make the calculations tractable. Therefore we test the valid-
ity of the theory and further test the hypothesis that merging
can explain the second population of chords in the size distri-
bution of thermals, by developing a simple one dimensional
statistical model.

We assume that initially the thermals are uniformly and
randomly distributed along a domain of length Lgomain =
1000 km with a mean spacing Ao = 1/Dy, following a Pois-
son process, and that they have an exponential size distribu-
tion (Eq. 2) of characteristic size Ly = 100 m (this value is
chosen to be close to the averaged thermal length measured
in the surface layer, Fig. 1a). For the sake of simplicity, we
assume § = 1.

The thermals are placed onto the domain one at a time. Ev-
erytime one is placed, it is checked whether the new thermal
overlaps with an already existing thermal. If so, then these

https://doi.org/10.5194/acp-25-17331-2025

thermals are merged such that the edges of the new ther-
mal is the leftmost extent of the leftmost old thermal and
the rightmost extent of the rightmost old thermal (Fig. Al in
the Appendix), as assumed also in the mathematical calcu-
lations. After the merging processes takes place, the cover-
age fraction is counted. If this coverage fraction is less than
a pre-specified value frg, then the simulation proceeds by
placing a new thermal, checking for overlap, merging if there
is overlap, then computing the coverage fraction again. This
continues until the coverage fraction in the simulation equals
JfT1H- Once they are equal, the simulation is ended. The sim-
ulation is then repeated 10 times to generate more statistics.
The thermal positions and lengths are recorded both before
and after the merging process takes place.

Figure 7a shows the chord length distributions obtained
through this process for a range of fry values, which (from
Eq. 12) amounts to a range of DL values and thus of
merging efficiencies. In the case of weak merging efficiency,
the final distribution is close to the initial exponential distri-
bution. However, for stronger merging efficiencies we note
the formation of larger chords and an increasing deviation
from the initial distribution, with the formation of a long tail.
Each final distribution turns out to be well fitted by a sum of
two exponentials. As merging is the only process represented
in this model, it shows that if the initial size distribution of
thermals is exponential, merging is a sufficient process to ex-
plain the formation of a second population of larger thermals
and produce a final chord length distribution that is well fitted
by a double exponential.

This is further confirmed by Fig. 7b that shows the de-
composition of the size distribution into merged and un-
merged thermals for a given merging efficiency. Although
the size distribution of the thermals that have not merged yet

Atmos. Chem. Phys., 25, 17331-17362, 2025
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Figure 7. Simple statistical model of chord merging: (a) Chord length distributions obtained for Ly = 100 m, 8 = 1 and different values of
ftH (or, equivalently, for a range of DL values), fitted by a sum of two exponential functions (solid lines). (b) For a particular value of
the merging efficiency (8DgLq = 0.9 or fryg = 0.6), comparison of the chord length distributions of thermals before merging (in grey) and
after merging, considering all thermals (in black) or just those that have merged (in purple) or that remain unmerged (in pink). The initial and
unmerged thermals are well fitted by a single exponential distribution while the distribution of merged thermals tends asymptotically (for
chord lengths > L) towards an exponential distribution. (¢) Comparison of the distribution length scales L (in pink) and L, (in purple)
predicted by theory or actually obtained from the fit of chord length distributions for a range of DL values. (d) Comparison between
the simple statistical model and the theory of the chord density D after merging, and its decomposition into D; (unmerged, in pink) and D,
(merged, in purple). The chord density before merging (Do, in grey) is also reported.

is exponential and associated with a shorter lengthscale than 6 Interplay between thermals and clouds

the initial distribution (L; < L), the size distribution of the

thermals that have merged tends, for large chord lengths, to 6.1 Thermal merging inferred from observations
an exponential distribution. This is in line with the theory
that predicts that the distribution of merged thermals is only
asymptotically exponential (that is, for lengths much larger
than Lo).

We then use the simple model to assess the ability of the
analytical calculations to predict L1, L, and the thermal den-
sities. Although not perfect, we note a fairly good agreement
between simulations and theoretical predictions, both for the
length scales (Fig. 7c) and for the evolution of the densities of
merged and unmerged thermals with the merging efficiency
(Fig. 7d). These results give us confidence in the validity of
the analytical treatment, and encourage us to use this theory
to interpret the observations.

Given that trade wind clouds are rooted in subcloud layer
thermals (LeMone and Pennell, 1976), we now investigate
how the merging of boundary layer thermals imprints the size
distribution of clouds near their base. For this purpose, we
first assess the extent to which the physical framework pre-
sented in Sect. 5 can help interpret EUREC*A observations
(summarized in Tables 1 and 2). From Egs. (10) and (11) and
the length scales L1 and L, inferred from the observed chord
length distributions, we infer Ly and Dy. From Eq. (12) and
the fractional coverage of thermals or clouds measured for
each flight, we infer 8. Then, from the values of (Do, Lo, B)
associated with each flight, we compute the density of ther-
mals expected from the theory (Eq. 9) and compare it with
the density that was actually measured during the campaign.
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Figure 8. Consistency between theory and observations: (a) Comparison of the density of thermals after merging derived from turbulence
measurements or predicted from theory using Eq. (9). Each point represents one ATR research flight (Table 1). Horizontal and vertical bars
represent errors on the mean calculated from the measurements associated with the different rectangles flown near cloud base. Turquoise
and black markers correspond to thermals sampled in the subcloud layer and near the cloud base, respectively. (b) Relationship (shown for
thermals and clouds) showing the equivalence between the theoretically defined merging efficiency DL and the quantity (L, —L1)/(2L¢)
derived from chord length distributions. (¢) Relationship between the thermal merging efficiency, defined as (L, — L1)/(2Lg), and the
measured thermal density (after merging). The relationship is shown for thermals sampled either in the subcloud layer or near cloud base.
(d) Relationship between the effective length parameter of thermals BT and the thermal merging efficiency. A value larger than one means
that thermals influence each other even without touching owing to the return circulation they induce around them. In (a) and (b) the dashed
line is a 1:1 line, and in (d) it is the linear regression line for the cloud base thermals. Error bars correspond to standard errors around the
mean estimated from the two or three rectangles flown at cloud base during each flight.

For most of the flights there is a good agreement, both in
the subcloud layer and near cloud base (Fig. 8a). Since the
measured thermal density was not used to diagnose (Dy, Lo,
B), this can be considered as an independent consistency test
of the theory with the observations. Moreover, since the the-
oretical prediction of the density is based only on the effect
of the merging process, it suggests that the variability of the
thermal density over the course of the campaign primarily
reflects the effect of the variability of the merging process
on the thermals field. Nevertheless, there are a few discrep-
ancies at the lowest density values, where observations re-
port a higher thermal density than predicted by the theory. In

https://doi.org/10.5194/acp-25-17331-2025

these cases, the thermal density seems to depend not only on
the merging process, but also on other factors. These factors
probably include the influence of the low-level convergence
associated with the circulations created by cloud updrafts
or shallow mesoscale circulations such as those revealed by
George et al. (2023), which can increase the thermal density
below the clouds (Rousseau-Rizzi et al., 2017) but are not
included in the merging theory, nor in the simple statistical
simulations.

In the analytical calculations, the strength of the merging
process is quantified by Do L. As the merging of objects of
initial length scale L results in a size distribution of objects

Atmos. Chem. Phys., 25, 17331-17362, 2025
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characterized by length scales L} < Lo and Ly > L, we ex-
pect Lo, — L1 to vary together with 8DyLg. This is indeed
what we find (Fig. 8b), with (L, — L) varying linearly with
BDoLo and (Lo — L1)/(2Lo) =~ BDyLo for both thermals
and clouds. It suggests that the metric (L, — L1)/(2Lg) ~
(L—L1)/(2+/L1L>), which is derived directly from the fit of
the observed chord length distributions, can be used as a sim-
ple proxy for the merging efficiency of thermals or clouds.

The variation of the thermal density with the merging ef-
ficiency of thermals is shown on Fig. 8c. As predicted by
the theory and the simple model (Sect. 5), the correlation be-
tween these two variables is positive for weak merging effi-
ciencies and negative for stronger merging efficiencies. This
anti-correlation is explained by the fact that the merging pro-
cess produces larger but fewer thermals, which reduces the
thermal density. However, we note that in observations the
anti-correlation starts at a lower value of the merging effi-
ciency than in Figs. 6¢ or 7d. This is because in Nature the
effective area of influence of a thermal is larger than the ther-
mal size itself (8 > 1) owing to the circulation induced by
the thermal around it (Bretherton, 1987; Poujol, 2025), and
there is a positive correlation between the merging efficiency
and B (Fig. 8d). This makes the merging even more efficient
in reducing the thermal density than in the absence of such a
circulation.

6.2 Physical interpretation of 8

Figure 8d suggests that the flight-to-flight variability in merg-
ing efficiency is primarily governed by variations in S.
Therefore it is important to clarify the physical interpretation
of this parameter.

As explained in Sect. 5, B was introduced in the merging
framework to capture the ability of convective objects to in-
teract and attract each other without direct contact, thereby
facilitating merging. For thermals or clouds, which transport
air upward in an updraft, such interactions can arise from the
circulations induced around them as a consequence of mass
conservation (Bretherton, 1987; Poujol, 2025, Appendix A).
In this context, 8 can be interpreted as the radius of influence
(or basin of attraction) that an object exerts on its surround-
ings through the circulation it generates. In other words, B
corresponds to the region where a given thermal can capture
its neighbours through the circulation it creates. Since objects
probably move to achieve the merging process, the amount
of movement depends on 8. However, 8 may also encapsu-
late other mechanisms, such as the effects of imposed mass
convergence in the subcloud layer (for instance, induced by
an overlying cloud or associated with an external circula-
tion), which increases thermal density (Rousseau-Rizzi et al.,
2017) and thereby enhances merging.

Several other interpretations can be inferred from the def-
inition of B (Appendix A): B =1+ %Tflﬁ where Tjife is

5
1t

the lifetime of the updraft and Tiansj: the time necessary for
an air parcel to travel from the bottom to the top of the up-
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draft. The ratio Tiife / Ttransit can be viewed as the number of
successive warm bubbles (Npypbles) that rise over the course
of the life of an updraft. Therefore, a persistent, long-lived
convective system will be associated with a large 8.

Finally, for clouds S can also be expressed in terms of the
ratio between the area of the anvil of the cloud and its core
size. Indeed, if the cloud core size iS Lceore = LA, and up is
the horizontal velocity of the outflow layer, the cloud anvil
size is given by Lanyi = 2u A Tiite. Therefore we get:

H Tife

Lanvit _ 2uaTiife
h" Tiransit

Lcore LA

where /' is the depth of the outflow layer at the cloud top and
H is the depth of the updraft. 8 is thus directly related to the
(aspect) ratio between the size of the anvil and the size of the
cloud core.

To summarize, 8 quantifies the effect (in space and time)
of convective-scale circulations on the merging of thermals
or clouds. It increases with the radius of influence that a con-
vective object exerts on its surroundings through the circu-
lation it generates, with the lifetime of the convective object
and, in the case of clouds, with the aspect ratio of the cloud
field:

H Tjfe
B=14+— (13)

h Ttransit
H

=1+ szubbles (14)
h' Lanvi

=1+ = anvil (15)
h Lcore

Because the life time of an updraft is usually at least as
long as the transit time, 8 is always larger than 1, and is
typically of a few units (it actually ranges between 1 and 5
in the case of thermals, Fig. 8d). However, as shown later
(Fig. 12d), it can reach much larger values (5 to 30) for long-
lived updrafts that typically produce extensive anvil clouds,
as observed in Flowers.

6.3 From thermal merging to cloud populations

Having checked the consistency of the observations with the
theory, we can now further interpret the observations in the
light of the merging theory. Using Eqs. (10) and (11) we can
estimate the length scale of objects that, after merging, would
lead to size distribution length scales (L and Lj) similar to
those observed, and thus obtain clues as to the origin of the
merged objects. This is done using the thermal chord length
distributions measured near the ocean surface, in the sub-
cloud layer and near cloud base and using the cloud base
width distributions.

Figure 9a shows that in the surface layer, LgH estimates
(97m £ 24 m) are very close to the mean size L™ of ther-
mals (97 m 422 m) and to L?H in that layer (Table 1). It sug-
gests that at that level, thermals experience very little merg-
ing and remain largely independent of each other. Within
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S. Bony et al.: From thermal merging to cloud mesoscale patterns 17345

500 1 a 500 1 b) @2 cloud populations = range of L;H (cloud base)

)
. LEH (cloud base)

9 @ 1 cloud population
* Ly (subcloud)

= range of L‘TH (cloud base)

400 400 -

o LM (surface) )
® %
300 300 1 (% Q% é @ @ % é 2
E £
: 5 @
200 @
200 .
# ? f T * i % i LI I (]
* * + * o o © (ON0)] @ 0} 0]
100 100
o & o 2 o o o
0- o
—_—— T T 7T ——rTTT—T— T
RFO3 RFO5 RFO7 RF09 RF11  RF13 RF15  RF17  RF19 RF03 RFO5 RFO7 RF09 RF11 RF13 RF15 RF17 RF19
ATR flights ATR flights
0.6 o C) RF17
M RF18
L 2
05 -
RF16
*
— 0.4 RF11
A1 RF19 L3
Rros  ®
E o
=03
9 RFO7 RA08
Oo L4
o 0.2
Rr13  RRIO RF04
L ] L 2
04 o RE14
.
R*=0.4
0.0 -
T T T T 1
0.0 0.1 o2 03 04
D [km ]

sat

Figure 9. Origin of merged thermals and relationship between thermals and clouds: (a) Length scale of thermals before merging (LgH)
calculated for each ATR flight near the ocean surface, within the subcloud layer and near cloud base (vertical bars represent the standard
error on the mean calculated for each flight on the basis of the repeated flight patterns flown around the cloud base level); LgH values are

compared to the range (mean = standard deviation) of mean thermal lengths (LTH = pr LTH + pg HL%“H) measured in the surface layer
(light grey) and within the subcloud layer (darker grey). (b) Length scale of clouds before merging (LOCLD) compared to the range of LITH
(pink) and LEH (purple) at cloud base. For each flight, the number reported on the marker indicates whether this flight was associated with

one or two cloud populations. LgLD ~ LTH

populations. (c¢) Relationship between the density of saturated thermals

in the presence of a single cloud population, while

LOCLD ~ LF{H in the presence of two cloud

DTHsat gnd the cloud density before merging ’DgLD (the grey line

shows the 1: 1 line). Saturated thermals may be considered as incipient cloud bases or “cloud shoots”.

the subcloud layer and near cloud base, on the other hand,
LgH estimates (159 =27 and 172 426 m, respectively) are
close but smaller than the mean thermal sizes found at the
same level (L™ =170+£45m in the subcloud layer and
204 &= 42 m near cloud base). The thermal size distributions
measured within the subcloud layer and near cloud base are
thus consistent with those expected from the merging of ther-
mals through the depth of the subcloud layer.

Figure 9b shows the LOCLD values inferred for each flight
from LYP and LS (Fig. 5). In this case, LSLD is bi-
modal: in the presence of a single cloud population, LSLD ~
LTH (measured near cloud base or in the subcloud layer)
~ LTHS2U while in the presence of two cloud populations,
LOCL ~ LTH (measured near cloud base or in the subcloud
layer) ~ LZHSat (the close relationship between the thermal
length scales and LOCLD is further illustrated in Fig. S2).
Moreover, the density of clouds prior to merging DgLD

https://doi.org/10.5194/acp-25-17331-2025

correlates well with the density of cloudy thermals DTHsat

(Fig. 9¢) or updrafts DTHU and is of a similar order of mag-
nitude. In fact, DgLD is slightly higher than DTH suggest-
ing that the merging may involve not only cloudy thermals
but also, to a lesser extent, clouds that are not — or no longer
—rooted in active thermals.

It thus appears that unmerged thermals that overshoot
the LCL form the first population of (very shallow) clouds,
and merged thermals that overshoot the LCL generate cloud
shoots which, after merging with each other and/or with un-
merged saturated thermals, form the second population of
clouds, that are on average wider and deeper. The merging
of thermals and cloud shoots thus exerts a strong control on
the type of clouds present.

A schematic of the impact of the merging process on ther-
mals and clouds is represented in the lower half of Fig. 10:
turbulence near the surface produces a large density of ther-

Atmos. Chem. Phys., 25, 17331-17362, 2025
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Figure 10. The thermal and cloud merging process (profile view). Each thermal (pink or purple) or cloud (blue) is represented by an updraft.
Two objects (thermal or cloud) can merge if they touch each other. However, each convective object exerts an attraction on other objects in its
vicinity (shaded area) due to the circulation it creates around itself (Appendix A). Therefore, two objects can merge even without touching
if their areas of influence overlap. This makes the merging process more efficient (in the analytic framework, this effect is encapsulated by
the effective factor 8 > 1). Turbulence in the surface layer generates a high density of small thermals that are initially unmerged (pink).
These thermals have an exponential size distribution and a mean size LgH. As they rise across the depth of the subcloud layer, some of
them merge (purple) and become wider. This results in two populations of thermals coexisting in the subcloud layer and near cloud base.
The size distribution of these populations can be represented by the sum of two exponentials, each with a characteristic size LlTH < LEH

and LF{H > LgH. When the depth of the thermals exceeds the lifting condensation level (whose height varies spatially and tends to be lower
in moister areas), incipient cloud bases form (white clouds). The base of these “cloud shoots” has initially the same size as the saturated
thermals that produced them (L(():LD ~ L?H ~ erHsat or LgH ~ LEH ~ LgHsat). When cloud shoots form close to each other (which occurs
more easily when thermal merging is weak and therefore the thermal density is high around cloud base), they can merge. It forms larger
bases (dark blue) and leads to the formation of deeper clouds. The merging process thus leads to a spectrum of clouds whose chord lengths
distribution around cloud base can be represented by a sum of two exponentials with characteristic sizes LlCLD and LgLD. In EUREC?A,
L?LD is close to the average size of thermals that overshoot the LCL (150-160 m), while LgLD is close to the depth of the subcloud layer
on average, but varies strongly with merging conditions.

mals. As they rise across the depth of the subcloud layer,
some of them merge and become wider. This results in two
thermal populations coexisting in the subcloud layer and near
cloud base: those that have merged (of length scale LgH), and
those that have not merged yet (of length scale L?H). As are-
sult of merging, the thermal density decreases with height.
The thermals that overshoot the lifting condensation level
(about one out of five on average during EUREC*A) saturate
at their top and form “cloud shoots” whose base has initially
the same size as the saturated thermals that produced them
(L§WP ~ LTH ~ LR or [P ~ LTH ~ LTHS Fig 9b).
As will be shown later (Fig. 12c), a higher density of ther-
mals (DTH) is associated with a higher density of saturated
thermals DI (Fig. S5, consistent with the fact that when the
density of thermals is high, the boundary layer is moister and
the LCL is lower) and thus a higher density of “cloud shoots”
(DOCLD, Fig. 9¢). When cloud shoots form close to each other

Atmos. Chem. Phys., 25, 17331-17362, 2025

(which occurs more easily when thermal merging is weak
and thus the thermal density around cloud base is high), they
can merge. It forms larger bases and leads to the formation
of wider and deeper clouds.

7 Implications of the merging process on clouds
and circulations at larger scales

Observations thus reveal a strong relationship between ther-
mal merging and clouds. In this section, we explore its
implications for the mesoscale organisation of convection
and trade wind cloudiness. During the four weeks of the
EUREC*A campaign, shallow convection and clouds exhib-
ited a variety of mesoscale organisations and patterns. Based
on modeling studies (Bretherton and Blossey, 2017; Naren-
pitak et al., 2021; Janssens et al., 2023), we expect the tran-
sitions between different patterns to be related to the devel-
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opment of shallow mesoscale circulations, which themselves
depend on the convective mass flux. We also expect the dif-
ferent patterns of cloudiness to embed different cloud pop-
ulations (Stevens et al., 2020), and the convective mass flux
to influence the cloud fraction near cloud-base (Vogel et al.,
2022). Thanks to the repeated flight plan of the ATR during
the campaign, we can compare the different flights to each
other and shed light on the role of thermal merging in these
co-variations.

7.1  Convective mass flux and shallow mesoscale
circulations

Each ATR flight was typically associated with two to three
hours of in-situ and remote sensing measurements around
the cloud base level. During this time, HALO was drop-
ping 3 x 12 dropsondes along three consecutive, 200 km di-
ameter circles (Stevens et al., 2021). From these dropson-
des, a horizontal wind divergence and then an area-averaged
mesoscale vertical velocity could be estimated (Bony and
Stevens, 2019; George et al., 2021, 2023). From the verti-
cal velocity measured around cloud base (W}) and an analy-
sis of the subcloud layer mass budget (Albright et al., 2022),
an area-averaged mass flux My could also be estimated (Vo-
gel et al., 2020, 2022). In addition, by using high frequency
(25 Hz) in-situ measurements of vertical velocity and humid-
ity from the ATR (Brilouet et al., 2021), we could estimate
a linear cloud-base mass flux along the ATR trajectory as
MAR = %, pjajw;, with a; = H(rh; —0.98)/N, where H is
the Heaviside function, rh; and w; are the relative humidity
and vertical velocity (assuming zero mean vertical velocity
over each 30 km segment) measured in each point i of the
trajectory, N is the total number of measurements made at
the cloud base level for each flight, and p; is the air density
assumed to be 1 kg m™> for simplicity (see Lamer et al., 2015
for a justification of these approximations).

Despite differences during flights where the spatial scale
of the cloud organization was larger than the region sam-
pled by the ATR (e.g. RF14), the two independent My es-
timates exhibit the same large flight-to-flight variability, and
both correlate positively with the density of thermals near
the cloud base level (Fig. 11a). From Vogel et al. (2022) we
know that M, co-varies with the mesoscale vertical motion
around cloud base (Wy), and indeed ascending branches of
mesoscale circulations (Wy > 0) tend to be associated with
stronger My, than subsiding branches (Fig. 11b). We also
note that shallow mesoscale circulations tend to be associated
with a heterogeneous distribution of thermals, as thermals are
more concentrated in regions of mesoscale ascent and low-
level convergence and more sparse in regions of low-level
divergence. However, the relationship between thermal den-
sity and Wy, exhibits some outliers. They may be due to the
presence of cold pools (e.g. during RF17 and RF18 that were
associated with a strong precipitation), which affect the low-
level divergence and therefore the measurement of mesoscale
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vertical motions (Touzé-Peiffer et al., 2022), and likely mod-
ulate the distribution of thermals. The relationship between
the thermal density inferred from ATR turbulence measure-
ments and the My, or Wp estimates inferred from HALO
dropsondes might also be affected by the different area and
time samplings of the two aircraft (e.g. during RF17).

What controls the magnitude of My? Since the cloud-
base mass flux is known to be more strongly modulated by
the cloud size than by the in-cloud vertical velocity (Dawe
and Austin, 2012; Vogel et al., 2022), we expect higher val-
ues of My to be related to the presence of wider clouds.
Indeed, when two cloud populations are present, My in-
creases with the length scale of the second cloud population
(Fig. 11c), which increases with the merging efficiency of
clouds (Fig. 11d, Sect. 5). The flight-to-flight variations in
My, can also be interpreted as a result of variations in the ther-
mal population. Noting that M, can be well approximated by
the product of the mean density, length and vertical velocity
of cloudy thermals My, ~ wIH. DI LTH (Fig. S6), it appears
that My, variations are primarily governed by D;ra}tl variations
(and to a lesser extent by wlH variations), which are roughly
proportional to variations of total density of thermals D™
(Fig. S5). In other words, a weaker thermal merging is as-
sociated with a higher density of thermals (D™H) and satu-
rated thermals (DII); this leads to a higher density of cloud
shoots (DOCLD, Fig. 9¢) and thus promotes cloud merging and
the formation of wider cloud bases (LgLD increases), which
eventually leads to a stronger mass flux.

However, we note that sometimes a strong mass flux can
occur in the absence of cloud merging (Fig. 11¢): in RF15 we
observe only one cloud population, and the strong mass flux
comes from the many small clouds that form on top of a very
high density of thermals. In fact, the comparison of RF15
with the following flight (RF16, which occurred a few hours
later on the same day) shows that the many small clouds of
RF15 later began to merge and form a second population of
clouds with wider cloud bases.

What role does the thermal-cloud coupling play in
mesoscale circulations? The theoretical study of Janssens
et al. (2023, 2024) showed that cumulus mass fluxes favor the
development of mesoscale ascents, and the modeling study of
Rousseau-Rizzi et al. (2017) showed that the low-level mass
convergence associated with mesoscale ascents increases the
density of thermals in the subcloud layer. EUREC*A obser-
vations support these results, but also suggest that a high den-
sity of thermals will eventually favor thermal merging, result-
ing in fewer and wider but more widely spaced thermals. This
will reduce cloud merging, and thus My, potentially to the
point where W}, will become less ascending or even descend-
ing. In this way, thermal merging is likely to temper, or act
as a negative feedback, on the growth of shallow mesoscale
circulations.
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turbulence measurements) and (b) the mesoscale vertical velocity Wy, inferred from dropsondes near the cloud-base level (grey markers
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CLD _ yCLD
Ly~ =L}

and the cloud merging efficiency (defined as

when only one cloud population is present) and (d) between

CLD
L%zg 1 ) or as (,BDOLO)CLD). In (¢) and (d), all quantities are

derived from ATR measurements. In each panel, each point represents one ATR flight. Horizontal and vertical bars represent standard errors
on the mean, inferred from the variability of measurements during each flight.

7.2 Mesoscale patterns of cloudiness

A large variability of cloud mesoscale patterns was observed
during the EUREC*A campaign (Schulz, 2022), with the
occurrence of each of the four known prominent patterns
of tradewind cloudiness (Stevens et al., 2020; Bony et al.,
2020). However, most flights were associated with a mixture
of cloud mesoscale organizations, and sometimes the ATR
was sampling an area smaller than the scale of the cloud pat-
tern itself (e.g. during RF09 the ATR spent most of its flight
time in between the cloud systems that constitute the Flower
pattern, Bony et al., 2022). In Fig. 12, we highlight the five
flights associated with only one cloud population (in green),
and six flights (out of 14) associated with two cloud popula-
tions and either high or low thermal densities (in orange and

Atmos. Chem. Phys., 25, 17331-17362, 2025

red, respectively). An additional flight is highlighted (RF08),
which is associated with only one population of (large) ther-
mals (Table 1). The cloud patterns present on these different
days are illustrated with satellite images (bottom of Fig. 12).
How do they differ in terms of thermal and cloud merging?
Figure 12a—b show that the measured thermal density is
anti-correlated with the strength of thermal merging, and that
cloud merging is anti-correlated with thermal merging. These
features can be explained as following: when there is little
thermal merging, the thermals are small but numerous (DT
is large), and therefore the cloud shoots rooted in these ther-
mals form close to each other. Since B > TH  the clouds
merge more easily than thermals, forming wider cloud bases
(Fig. 11d). In contrast, a strong merging of thermals leads to

https://doi.org/10.5194/acp-25-17331-2025
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wider but sparser thermals (D™ is small); the cloud shoots
forming on top of these thermals are thus initially wider (be-
cause LOCLD = LEH and LgH increases with thermal merg-
ing) but are more widely spaced and therefore they merge
less easily.

Figure 12b suggests that the Gravel pattern corresponds to
a minimized thermal merging but maximized cloud merging,
and Flowers to a maximized thermal merging and minimal
cloud merging. Therefore, when two cloud populations are

https://doi.org/10.5194/acp-25-17331-2025

present: the Gravel pattern maximizes cloud base widths (and
in-cloud vertical velocities at cloud base) and thus the con-
vective mass flux, while the Flower patterns minimizes the
cloud base widths (and in-cloud vertical velocities) and the
convective mass flux (Fig. 11c—d). It is consistent with the
observation that the clouds embedded in the Gravel pattern
are often deeper and associated with a higher rain rate than
those embedded in Flowers (Schulz et al., 2021).
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Figure 12a-b show that the situations with only one cloud
population (and thus no cloud merging by definition) occur
for a wide range of thermal densities and merging efficien-
cies. The clouds that form in these cases are very small and
shallow because they are rooted in small, unmerged thermals
(Sect. 6, Fig. 9b). In the absence of other cloud types (such
as in RF06), this corresponds to a Sugar pattern (Stevens
et al., 2020). However, even in the presence of other cloud
types, such clouds are also found because merged and un-
merged thermals often co-exist. Therefore, Sugar-like clouds
are present in all cloud mesoscale patterns, albeit in a varying
proportion that depends on the thermal merging efficiency.
When the thermal merging efficiency increases, the effec-
tive factor of thermals increases more quickly than their own
lengthscale (i.e. BT > 1, Fig. 8d). It makes the merging
more and more efficient and thus the very shallow clouds
more and more sparse. This explains why, in satellite images,
the areas between the deepest clouds are less filled with very
shallow clouds (and thus appear darker) in the case of Flow-
ers (that are associated with strong thermal merging) than
in the case of Gravel (Fig. 12c). It also explains why on a
given day associated with a Flower pattern (e.g. on 2 Febru-
ary 2020), the ATR sampled one cloud population on one
flight (RF09) when flying in-between the deep clouds, and
two cloud populations on the other one (RF10) when flying
across the deep clouds.

Interestingly, we note that the cloud merging efficiency
of the different flights (0.85 4 0.10) is always close to 0.83
(only the Gravel patterns are associated with higher effi-
ciencies). It means that the coupling between thermals and
clouds is such that it maximizes the cloud density (Sect. 5
and Fig. 6¢). Since the Gravel patterns are associated with a
high thermal density but low cloud densities, they are more
likely to evolve until the cloud density maximizes, while the
Flower patterns (which are fed by wide and longer-lived ther-
mals) are likely to be more stable and persistent. It is consis-
tent with ,BCLD, which increases with the lifetime of clouds
and is larger for Flowers than for Gravel (Fig 12d).

Vertical and plan views of the interplay between thermals
and clouds are represented schematically in Figs. 10 and
13. The left-hand side of the cartoons correspond to a case
of weak thermal merging (and thus high thermal density),
and the right-hand side to a case of strong thermal merging
and low thermal density. The two sides thus correspond to
Gravel- and Flowers-types of mesoscale organization, taking
into account that the very shallow clouds topping unmerged
thermals (represented in the middle of Fig. 10 or around deep
clouds in Fig. 13) are also part of these patterns. In the Flower
case, deep clouds are represented with an extended cloud
coverage at their top (a shallow anvil): it results from the wa-
ter detrained from the convective core during the lifetime of
the convective clouds, which can be particularly long in sit-
uations of strong thermal merging and large P (Fig. 12d,
Sect. 6.2).

Atmos. Chem. Phys., 25, 17331-17362, 2025
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7.3 Implications for the cloud fraction

The response of trade cumulus clouds to global warming has
long been an important contributor to the uncertainty in low-
cloud feedback and climate sensitivity (Bony and Dufresne,
2005; Vial et al., 2017). In climate models, this uncertainty is
primarily related to changes in cloud fraction near the cloud
base level (Brient et al., 2016). EUREC*A observations al-
lowed us to show that the climate models that predict the
largest trade-cumulus feedbacks overestimate the cloud-base
cloud fraction in the current climate, simulate a dependence
of this cloud fraction on convection that is at odds with obser-
vations, and exhibit difficulties in simulating daily transitions
between shallow and deeper trade cumuli (Vogel et al., 2022;
Vial et al., 2023). This calls for investigating the influence of
the merging process on the cloud fraction near cloud base.

As discussed in Sect. 5, the final coverage of merging ob-
jects depends on their merging efficiency and 8. Accord-
ing to Eq. (12), the coverage increases as the initial den-
sity Dy or size Lg increases, but it is bounded by the max-
imum value fiax = 1/B. Therefore, for a given merging ef-
ficiency, the final coverage decreases as f increases. During
EUREC*A, CP > 5 (Fig. 12d) and therefore 0.2 appears
to be an upper bound for the cloud fraction around cloud
base. Furthermore, since ﬂDoLOCLD is never far from 0.83
(Fig. 12b), the cloud base cloud fraction is well approximated
by (1 —e0-83)/8CLD (Fig. 14a). It highlights the important
role of AP in modulating, and limiting, the cloud fraction
around cloud base.

As discussed in Sect. 6.2 and Appendix A, simple phys-
ical arguments suggest that B8 encapsulates the influence
that the circulation produced by convective objects exerts
on neighbouring objects. Then, how to physically interpret
the fact that BCIP constrains the cloud fraction? The finax
limit corresponds to the maximum cloud fraction for which
the clouds’ basins of attraction remain non-overlapping. In
a cloud field with an area fraction 1/8°P, then any new
clouds born in the domain would necessarily be within an
existing cloud’s “basin of attraction” and would therefore
merge with that cloud (in the simplest case where SCLP = 1,
a new cloud born in a region with a cloud fraction of unity
would necessarily imply overlap and merging with existing
clouds and no further increase in cloud fraction). Another in-
terpretation is that the circulation induced by clouds likely
promotes a mass convergence around their base level that fa-
vors the merging of thermals and thus decreases the cloud
base fraction (Fig. 10).

Moreover, the circulation induced by clouds facilitates the
merging process all the more that the clouds live longer. How
may thermal merging influence the cloud lifetime? When
thermal merging increases, the thermals become wider, and
therefore they are more likely associated with positive buoy-
ancy and stronger vertical velocities (Boing et al., 2012; Ro-
chetin et al., 2014; Morrison et al., 2022), and thus with
stronger circulations. Clouds are likely to live longer when

https://doi.org/10.5194/acp-25-17331-2025
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Figure 13. The influence of merging on cloud mesoscale patterns (plan view). When thermal merging is weak (left panel), there are few
large thermals around cloud base (purple circles) and a high density of small unmerged thermals (pink circles); the clouds (in blue) that form
at the top of the thermals thus merge efficiently, forming large cloud bases (dark blue) and leading to a strong mesoscale mass flux; this
situation corresponds to the Gravel mesoscale pattern of cloudiness. When thermal merging is strong (right panel), the thermals widen but
their density decreases, so that the thermals are more spaced: the clouds that form at the top of thermals are thus more isolated, which hinders
cloud merging. Cloud bases are thus smaller than in the case of Gravel, and the mesoscale mass flux is weaker; on the other hand, clouds
are fed by large (merged) thermals, which increases their lifetime and favors the formation of an extended cloudiness around cloud top; this

situation corresponds to the Flower type of cloud mesoscale pattern.

they are fed by such active thermals, and therefore associ-
ated with a larger BCIP.

Consistently, the situations with weak thermal merging,
that predominantly correspond to the Gravel type of orga-
nization (Sect. 7.2), are associated with short-lived clouds,
BCP values ranging from 6 to 10 and a measured cloud frac-
tion that ranges from 0.07 to 0.1 at cloud base. In contrast,
the situations with strong thermal merging, that correspond
to Flowers, embbed clouds that have much longer lifetimes
(as shown by Narenpitak et al. (2021), on 2 February 2020
the cloud flowers followed along their Lagrangian trajectory
seemed almost motionless for more than 12h), AP ranges
from 10 to 30 and the cloud base cloud fraction does not
exceed 0.05. By enhancing the lifetime of clouds, thermal
merging thus exerts a strong control on the cloud-base cloud
fraction.

As explained in Sect. 6.2, ,BCLD can also be related to the

aspect ratio of clouds, i.e. the ratio between cloud length
f[CLD

scales at cloud top and at cloud base: 8 =1+ y f%, where
base

y = h'/h is the ratio between the outflow and inflow layer
depths of the air transported by the cloud circulation. Since

b(z;g) is bounded by 1/8CLP, the cloud cover measured from

top is also bounded by %(1 — 1/BCLD). Figure 14b shows

the relationship between SCIP (inferred from ATR measure-

CLD
top CLD

ments as explained in Sect. 5) and the ratio ;CLD ,using figo
base

measurements from the downward-looking instruments on
board HALO (Konow et al., 2021).
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Indeed, the two quantities are actually strongly correlated
(Pearson correlation equals 0.84), and the relationship is rea-
sonably reproduced using y = 3/2, supporting our hypoth-
esis that the effective factor SCP arises from the presence
of cloud-induced circulations. We thus expect fthI;D to be

bounded by 1/y =2/3. The histogram of £,53P values in-
ferred from HALO measurements (considering the maxi-
mum cloud fraction estimates across the different instru-
ments) during the whole EUREC*A field campaign shows
that this value actually represents an upper bound for the
measurements (Fig. 14c). Over the 86 circles flown by
HALO during January—February 2020, the cloud fraction ex-
ceeded this value only twice, on 15 February 2020, when
HALO was flying above a persistent layer of altostratus that
has no reason to depend on boundary layer processes and
thermal merging.

8 Conclusion and discussion

In line with early studies of atmospheric convection (Simp-
son et al., 1965; Ooyama, 1971; Arakawa and Schubert,
1974; LeMone and Pennell, 1976; Lenschow and Stephens,
1980; Williams and Hacker, 1993), this study emphasizes the
importance of the thermal-cloud interplay in convection dy-
namics, and confirms its imprint on the statistical distribution
of cloud-base widths. It goes further by showing the central
role of the merging process in facilitating this interplay and

Atmos. Chem. Phys., 25, 17331-17362, 2025
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the constraints it imposes on the mesoscale organization of lower troposphere characterized boundary-layer thermal and
convection and the cloud fraction. cloud base chords using high-frequency humidity measure-
ments and horizontal lidar-radar remote sensing while the
HALO aircraft observed clouds from above and measured
8.1 Summary of main findings mesoscale circulations using dropsondes.

Airborne observations taken at several heights throughout
the subcloud layer show that the density of thermal chords
decreases with height while their average size increases. The
observations also reveal that the distribution of thermal chord
lengths is exponential in the surface layer, and that it is well
fitted by a sum of two exponential functions higher up in the
subcloud layer and near cloud base. Measurements of cloud

These findings are the result of analyzing and interpreting
the interplay between thermals, clouds, mesoscale circula-
tions and cloud patterns that was observed over the tropical
Atlantic Ocean during the EUREC*A field campaign. Dur-
ing the campaign, the atmosphere was statistically sampled
over a four-week period with two research aircraft that fol-
lowed a repeated flight pattern. The ATR aircraft flying in the
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chord lengths around the cloud base level also exhibit two
populations of chords. Similar to thermals, the size distribu-
tion of cloud chords is well fitted by a sum of two exponen-
tials, when considering either the whole campaign or indi-
vidual flights. The length scale of the first cloud exponential
is similar to the average size of individual thermals, while
the length scale of the second cloud exponential is several
times larger. Then, the detailed analysis and interpretation of
these observations addresses three main questions: (1) What
physical process explains the double exponential distribu-
tions? (2) How do the thermal and cloud size distributions
relate to each other? (3) How do these distributions inform
our physical understanding of the mesoscale organization of
convection?

Physical insight and mathematical calculations, supported
by simple statistical simulations, show that the merging of
objects with initially exponentially distributed chord lengths
leads to a sum of two exponential distributions. One expo-
nential corresponds to objects that have merged, and the other
corresponds to objects that have not yet merged. Further-
more, physical arguments suggest that the circulation created
by convective objects influences the surrounding objects in a
way that facilitates the merging process. This influence is for-
mally similar to assuming that the objects have an effective
length greater (by a factor g, the effective factor) than their
actual length. The merging efficiency and effective factor of
objects can be inferred from their chord length distribution
and total coverage after merging.

Based on this conceptual framework, we diagnose the
merging efficiency and effective factor of thermals and
clouds using EUREC*A observations, and we predict the
thermal density that results from the merging process. The
good agreement between this prediction and the measured
thermal density (which was not used to infer the merging di-
agnostics) provides an independent test of the consistency
between the theory and the observations. We then analyze
the ensemble of EUREC*A observations in the light of this
interpretation framework.

This analysis suggests that the thermals formed in the sur-
face layer progressively merge as they rise through the sub-
cloud layer. This decreases the thermal density and creates
two populations: one of small, unmerged thermals averaging
100-120 m, and another of larger thermals averaging about
300 m. The cloud chord length distributions are closely re-
lated to these thermal populations (Fig. 10). Merged and un-
merged thermals constitute the roots of cloud-base widths:
upon reaching the LCL, they saturate and give rise to cloud
shoots (incipient cloud bases) which in turn merge and pro-
duce two cloud populations. The clouds that results from
unmerged cloud shoots are horizontally small (they have
roughly the same size as individual thermals), very shallow
and non drizzling. On the other hand, the clouds that result
from merged cloud shoots have a wider base, develop deeper
and produce drizzle. The circulation they create around them
(encapsulated by the effective factor) is also stronger, which

https://doi.org/10.5194/acp-25-17331-2025

17353

likely reinforces the concentration and merging of under-
lying thermals, and reduces the presence of very shallow
clouds in their vicinity. The interplay between thermals and
clouds, combined with the merging process, has several sig-
nificant implications.

First, the merging efficiencies of thermals and clouds are
negatively correlated: when thermal merging is weak, the
thermal density is high, which results in a high density of
cloud shoots. This facilitates cloud merging, forms large
cloud bases, increases the mesoscale mass flux and strength-
ens mesoscale circulations. However, the convergence of
thermals below large clouds eventually strengthens thermal
merging, which produces wider but more isolated thermals
and a lower density of cloud shoots. This hinders cloud merg-
ing and reduces the mesoscale mass flux. The interplay be-
tween thermal and cloud merging thus represents a negative
feedback on the growth of mesoscale circulations, thus regu-
lating the intrinsically unstable growth of shallow mesoscale
circulations (Janssens et al., 2023).

Second, we observe a correspondence between the degree
of thermal merging and the type of prominent mesoscale
cloud pattern: situations of weak thermal merging tend to be
associated with Gravel-type organization, while situations of
strong thermal merging tend to be associated with Flower
patterns. On the other hand, the very shallow clouds that cap
single thermals can be found in all situations, either alone
(thus forming a Sugar-type organization) or in association
with other cloud types. Moreover, since cloud merging pro-
motes the formation of larger cloud bases, deeper clouds and
stronger mass fluxes, it contributes to the development of the
shallow mesoscale circulations that have been shown to ac-
company the transitions from Sugar-Gravel to Flower types
of organization in Large-Eddy Simulations (Narenpitak et al.,
2021). The analysis of these simulations, that will be pre-
sented in a separate paper, confirms this inferrence.

Finally, physical arguments suggest that the maximum
cloud fraction that can be achieved at cloud base is inversely
proportional to the cloud effective factor, which depends on
the cloud lifetime. Since clouds presumably live longer when
they are fed by wide, isolated thermals than when they are
fed by small thermals, thermal merging reduces the cloud
fraction near cloud base. This is consistent with the minimal
cloud fraction measured at cloud base in Flower-type orga-
nizations, and with the positive relationship between cloud
fraction and mesoscale mass flux pointed out by Vogel et al.
(2022). Physical arguments also suggest that the cloud top
coverage is limited by the lifetime of clouds, and EUREC*A
measurements are consistent with this suggestion.

8.2 Open questions and perspectives

A number of observed features remain to be interpreted. For
instance, a surprising observation is that the cloud merging
efficiency is never far from 0.83 (Fig. 12b), which is the the-
oretical value that maximizes the cloud density after merg-
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ing (Fig. 6). Whether or not this is a general feature con-
strained by some physical process remains to be understood.
Another interesting feature is the underestimate, compared
to observations, of the thermal density predicted by theory
in situations of maximal thermal merging or minimal ther-
mal density after merging (Fig. 8a). This discrepancy sug-
gests the influence of additional processes in the control of
the thermal density. These processes might include the influ-
ence of mesoscale circulations, which concentrate thermals
in ascending branches (as shown by Fig. 11b at the scale of
a 200km circle), or the presence of cold pools, which may
concentrate thermals and thus favor thermal merging at their
edge. The discrepancy may also result from the mass conver-
gence induced by clouds in the subcloud layer, which may
influence the distribution of thermals beneath clouds and thus
thermal merging but is not adequately accounted for by the
effective factor of thermals (because it arises from clouds).
These influences will need to be studied. Finally, the sensi-
tivity of thermal merging to factors such as the strength of
surface turbulent fluxes, the Bowen ratio or environmental
conditions, and the sensitivity of cloud merging to humidity
and wind shear will have to be investigated.

More importantly, this study emphasizes the role
of thermal- and cloud-induced circulations in shaping
mesoscale organization and cloud patterns. Within the analy-
sis framework presented here, these circulations are concep-
tualized by the effective factor 8, which quantifies the basin
of attraction exerted by a convective object on its surround-
ings and influences the merging process as if convective ob-
jects had an effective size § times their actual size. The fac-
tors that influence S remain to be clarified. For instance, how
should we interpret the fact that inter-flight variability of gTH
is larger than its intra-flight variability (Fig. 8d)? A deeper
investigation into the dependence of B on convective object
properties and environmental conditions would help answer
this question. In addition, this study shows the role of merg-
ing in shaping the size distribution of thermals and clouds,
but does not show how exactly the merging — or the contact
between two adjacent objects — actually occurs. The influ-
ence on the size, orientation and movement of rising ther-
mals and clouds, and consequently on merging efficiency, of
processes such as entrainment at thermal and cloud edges,
ambient horizontal flow or wind shear, or buoyancy-induced
pressure gradients, should be further investigated with addi-
tional observations and/or simulations.

The findings of this study offer new opportunities to under-
stand and predict the mesoscale organization of convection,
as well as its role in climate.

Given the importance of the transition between shallow
and deeper trade cumuli in cloud feedback (Vial et al., 2023),
and the uncertainty surrounding the role of cloud mesoscale
organization in climate sensitivity (Bony et al., 2015; Nui-
jens and Siebesma, 2019; Becker and Wing, 2020; Alinaghi
et al., 2024), it will be important to verify that the mod-
els used to study convective organization and cloud feed-
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backs realistically represent this essential piece of atmo-
spheric physics. By relating the statistical distribution of ther-
mal and cloud chords to the processes that control the cloud’s
geometry, convective mass fluxes and mesoscale circulations,
this study paves the way towards a better interpretation of
the ability of numerical models to predict the different forms
of mesoscale convective organization: Why do Large Eddy
Simulation (LES) models or Cloud Resolving Models ex-
hibit more success or difficulty predicting Flower-type of
organization than Gravel? Why do they predict clouds that
may be too scattered or on the contrary excessively wide,
deep and clustered? How does the representation of thermal
merging and the thermal-cloud interplay depend on the spa-
tial resolution of models? These questions may be addressed
through model inter-comparisons such as EUREC*A-MIP
(https://eurec4a.eu/mip, last access: 14 June 2025) or large
ensembles of simulations such as the Cloud Botany dataset
(Jansson et al., 2023). Analyzing these simulations would
also allow us to investigate how environmental conditions in-
fluence thermal merging, which will advance understanding
of how the mesoscale convective organization might respond
to climate change.

In turn, the conceptualization of thermal and cloud popula-
tions as a mixture of two populations that interact and evolve
through merging could help develop conceptual models that
aim at representing the spectrum of cumulus clouds, their
dynamics and their mesoscale organization. Such conceptual
models could also be used to parameterize the mesoscale or-
ganization of convection in coarse general circulation mod-
els. With the exception of Rochetin et al. (2014), pioneer-
ing studies in this direction have often described the sta-
tistical distribution of cloud base widths using power laws
or other heavy-tail distribution functions (Sakradzija et al.,
2015; Neggers, 2015; Neggers and Griewank, 2022). Studies
also noticed the frequent presence of a scale break dependent
on the spatial organization of convection (e.g., Neggers and
Griewank, 2022), and Savre and Craig (2023) suggested that
the merging of cloud cores could influence the scale behavior
of the cloud size distributions. The mathematical arguments
presented in Sect. 5 suggest that a double exponential would
be a more natural description of these distributions. It will
need to be confirmed.

Finally, since EUREC*A took place in a regime of shallow
convection, the question arises as to whether the findings of
this study are specific to shallow convection, or could apply
to a broader range of convective regimes. Exponential distri-
butions of updraft chord lengths and mass fluxes have been
pointed out in various contexts, ranging from observations
of cloud-free continental convection (Miao et al., 2006) to
idealized simulations of deep convection (Cohen and Craig,
2006). It remains to be clarified whether the absence of a sec-
ond exponential may be due to the absence of merging (as
may occur in simulations without mesoscale organization),
and/or to a spatial resolution of simulations or observations
that is too coarse to detect the smallest thermals or clouds.
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Figure 15. Universality of the thermal chord distributions? Same as Fig. 1 but for measurements from the Mesoscale Organisation of
Tropical Convection (MAESTRO) field campaign that took place on August—September 2024 around Cape Verde in regimes of shallow to

deep convection.

In any event, several elements suggest a certain universality
of our results. First, the mathematical calculations and sim-
ple statistical simulations presented in Sect. 5 are not specific
to shallow convection and would apply equally to deep con-
vection. Second, the interplay between thermals and clouds
that has been characterized here for different organizations
of shallow clouds resembles that at work during the tran-
sition from shallow to deep convection over land or ocean
(Grabowski et al., 2006; Kuang and Bretherton, 2006; Boing
et al., 2012; Rochetin et al., 2014; Morrison et al., 2022), in-
cluding in the presence of mesoscale circulations (Rousseau-
Rizzi et al., 2017). However, this important question deserves
further investigation.

Another question to be addressed is how much the merg-
ing process contributes to the self-organization of convec-
tion. Thermal merging has been suggested to play a role in
the inverse energy cascade from the smaller to larger scales
(Zilitinkevich et al., 2021). In addition, modelling studies
suggest that cold pools or radiatively-driven circulations are
not necessary to organize shallow convection (Bretherton and
Blossey, 2017; Janssens et al., 2023), and this is consis-
tent with our results. Whether the merging process can also
lead to the spontaneous organization of deep convection, and
should be added to the list of physical processes that have
already been identified (Muller et al., 2022), will have to be
explored.

The recent MAESTRO (Mesoscale organisation of tropi-
cal convection, https://maestro.aeris-data.fr, last access: 14
June 2025) field campaign, which took place in August—
September 2024 near Cape Verde as part of ORCESTRA
(Organized Convection and EarthCARE Studies over the
Tropical Atlantic, https://orcestra-campaign.org, last access:
14 June 2025), is an opportunity to explore the universal-
ity of the merging process across convective regimes. During
MAESTRO, the ATR measured again humidity at a fast rate
at different levels of the subcloud layer and at cloud base, in
a wide range of meteorological situations ranging from shal-
low to deep convection (Jaffeux and Lothon, 2025; Jaffeux
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et al., 2025). Using the same methodology as described in
Sect. 3, we analyzed the thermals sampled during this cam-
paign. Figure 15 shows that the thermal chord length dis-
tributions derived from MAESTRO observations resemble
those from EUREC*A, further supporting the idea of a cer-
tain universality in the processes revealed by EUREC*A ob-
servations. However, further studies will be needed to con-
firm this conclusion, and to investigate how the interplay be-
tween thermal, clouds and circulations varies across a large
diversity of convective organizations.

Finally, this study emphasizes the importance of consid-
ering the circulations induced by convective objects to un-
derstand the mesoscale organization of convection. This in-
sight harkens back to a school of thought considering convec-
tive objects not just as thermodynamic entities (e.g. Arakawa
and Schubert, 1974) but also as geometric and dynamic enti-
ties (e.g. Bretherton, 1987; Neggers, 2015; Poujol, 2025). As
fine-scale atmospheric models are now being used on large
domains and multi-scale observations of convection, such as
those from EUREC*A or ORCESTRA, are becoming avail-
able, a more complete understanding of the dynamical na-
ture of thermal and clouds, and its implications for mesoscale
oganization, is not only becoming warranted, but also possi-
ble.

Appendix A: Effective length of convective objects

In this section, we aim at providing an explanation for the
merging process of convective objects, and deriving a simple
merging criterion based on basic properties of the convective
objects.

Let us consider two updrafts, such as clouds or thermals.
These updrafts can merge if they touch each other, as repre-
sented in Fig. Ala. However, we can also consider that if the
updrafts are close enough, they can merge by attracting each
other through the circulations they create (Fig. Alb). This
process is illustrated on Fig. A2, that sketches the resulting
circulation implied by two convective objects, at the moment
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the objects are created. Assuming that the position of the up-
drafts is controlled by their base (where the warm bubbles
are formed), the two updrafts attract each other as indicated
by the red arrows. To account for this process, let us note by
Tiife the lifetime of an updraft. Two updrafts will merge if
they have the time to attract each other until merging before
they die.

We aim at computing the time needed for two updrafts to
merge. We first consider an updraft (updraft A; in blue on the
schematic) that has a depth H, a width L 4, and a vertical ve-
locity wa. The horizontal wind u s created by updraft A can
be computed by mass conservation. Assuming that the up-
draft is fed by an inflow layer of depth 4 then mass conserva-
tion implies that wa L = 2uah, which directly provides an
estimate for ua. Let us now consider a second updraft (up-
draft B) that is located at a distance ¢ from updraft A. We
first assume that updraft B is passive for simplicity. The time
necessary for two updrafts to merge is given by:

£ ht
Tmerge(e) = E =2 waLa

(AD)

To improve the physical interpretation of the expression,
we define the transit time of the updraft:

H
Tiransit = — (A2)
WA
which is the time necessary for an air parcel to travel from
the bottom to the top of the updraft.
The merging will occur if, and only if, Tinerge < Tiife. This
translates into a maximum distance between the edges of the
two updrafts for merging to occur:

La H Tiife

— (A3)
2 h Tiransit

Emax,A =
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Up to this point, we have considered that updraft B was
passive. However, it also exerts an attracting force on updraft
A and the real maximal distance for the merging between the
two updrafts is given by:

La+Lg H Tife

— (A4)
2 h Tiransit

Zmax,A—&-B = Kmax,A + emax,B =

and therefore merging will occur if the centers of the two
updrafts are separated by less than:

LA+ Lg
2

H Tiife

h transit

La+Lgy
+€max,A+B =~ <1

> > . (A5)

Then, everything happens as if the updrafts need to overlap to
merge, but having a length multiplied by an effective factor
B:

H  Tiite

h Tiransit

B=1+

(AO6)

In other words, taking into account the influence of the
thermal-induced circulations on merging amounts to replace
the actual updrafts by effective objects whose size is the ac-
tual size of the updrafts multipled by 8.

The effective updrafts have their size multiplied by 8, and
they merge if and only if they actually touch. As a result,
we can consider a population of effective updrafts, that have
a characteristic size BL¢ and a density Dy, and we want to
study the efficiency of the merging process between those
effective updrafts. The merging between those effective up-
drafts acts as shown on Fig. Al. After merging, it is straight-
forward to come back to the size distribution of real updrafts,
by dividing again the size of the effective updrafts by the fac-
tor B.
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Figure A1. Illustration of the merging process assuming two objects merge (a) if and only if they overlap or (b) if their basins of attraction
overlap — the basin of attraction (or effective length) of object A has a length SL o, where L 4 is the actual length of object A and B is the
effective factor (shown in shading, defined in Appendix A and further interpreted in Sect. 6.2). The rules for object merging are as follows.
When g = 1, the length of the merged (L) object will be the union of the two incipient objects’ lengths (Lo U Lg). When 8 > 1, the
length of the merged object’s basin of attraction (8L og) will be the union of the two incipient objects’ basins of attraction (8L U BLB).
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Figure A2. The circulation created by two updrafts, as well as the
resulting circulation. The red arrows highlight the advection expe-
rienced by the base of each updraft, and indicate the attraction be-
tween the two updrafts. H, h and &’ are the depths of the updraft
and of the inflow and outflow layers, respectively. up and up are
the horizontal winds induced by updrafts A and B, respectively.
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