Response to the reviews (manuscript egusphere-2025-2839)

by S. Bony, B. Poujol, B. McKim, N. Rochetin, M. Lothon, J. Windmiller, N. Maury,
C. Dufaux, L. Jaffeux, P. Chazette and J. Delanoé

We are extremely grateful and sincerely thank the two Reviewers for their excep-
tionally thoughtful, careful and constructive comments on our manuscript. We feel
priviledged to have benefited from such high-quality reviews. We also thank the Editor
for ensuring such an efficient and effective review process. Below, we explain how we
have addressed the Reviewers’ comments and questions in the revised manuscript.

Point-by-point response to Reviewer 1’s comments

We thank Reviewer 1 for their very careful reading of the whole manuscript, their
throughtful comments and their help in ensuring a better readibility of the paper.

Summary

In this manuscript, airborne observations from the EUREC4A field campaign are used
to study size distributions of thermals at several heights in the subcloud layer, and of
shallow (and deep) cumulus clouds rooted in these thermals. The authors find that
across a range of sampled environmental conditions, the thermal chord size distribu-
tions are well characterized by a single exponential relation close to the surface, and a
sum of exponentials higher in the subcloud layer and near cloud base. Similar doubly
exponential functions successfully fit the cloud-chord distribution near the cloud base.

Based on these observations, it is proposed that the double-exponential chord distribu-
tions are the result of thermal merging and cloud merging (the study’s main conclusion).
Several tests are carried out to support this hypothesis: First, it is shown analytically
and by numerical experiment that by letting elements from a single exponential size
distribution overlap, a second exponential of merged objects can emerge.

Second, based on the observed size distributions and the theory, the properties of the
“unmerged” distributions (its length, density and merging efficiency) can be inferred.
From these, it is found that the lengths of the predicted unmerged thermals matches
well the lengths of surface-layer thermals and that the subsequently predicted thermal
density matches well the observed (merged) thermal density. And third, the thermal
density reduces with height in the subcloud layer, as expected by the merging process.

The authors go on to make several inferences from this theory (additional conclusions):

1. It is suggested that an observed double-exponential size distribution in cloud-
base chords is due to a second merging process, where the clouds rooted in the second
exponential distribution of thermals merge after reaching their condensation level. The
two exponentials are then associated with two observed cloud-top populations: A shallow
(single-thermal, single-cloud, non-drizzling) mode and a deep (merged thermals, merged
clouds, drizzling) mode.

2. Weak inferred thermal merging relates to high thermal densities, and high thermal
densities correlate strongly to mass flux and mesoscale vertical motion. It is suggested
that strong mass fluxes thus develop when thermal merging is weak, and that when
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mass fluxes rise, the subsequent mass convergence will promote thermal merging and
thus stabilize the mass flux.

3. Thermal merging and semantically distinguished cloud patterns relate: “Gravel”
falls in the high thermal-density, high mass-flux regime and “Flower” in the low thermal-
density, weak mass flux regime.

4. The factor beta, which is argued to measure the area of influence of a thermal
through its induced circulation, predicts variability in observed cloud fraction well, be-
cause DO*LO0 is rather constant at the value that maximizes cloud density. It also relates
to cloud-top cloudiness, through an assumed interpretation of beta as the efficiency with
which thermals attract their neighbors.

This is an excellent summary of our findings.

As this long summary indicates, the manuscript introduces many new ideas on the
interaction of thermals, cumulus clouds and circulations, based on both novel data and
new, creative analysis. These appear to open totally new ways to understand canonical
quantities of shallow cumulus fields, such as cloud fraction, and its spatial organization.
The manuscript will thus definitely deserve publication in ACP. At the same time, we
believe the above conclusions could stand substantially stronger if the authors could
further clarify the manuscript’s key arguments, and streamline their presentation.

Thank you very much for these comments, and for pointing out so efficiently the ar-
guments that needed to be clarified.

Our main comment is that while we find the main conclusion consistent with the
presented evidence (and agree that it’s a very likely outcome), there is no direct evidence
that the observed size distributions develop from thermal merging. We do not ask
the authors to present such evidence. But we do think a manuscript about thermal
merging should suggest how, from a population of thermals in the surface layer, the
thermal merging actually happens. Do the thermals grow in size and intersect? Attract
each other (as hypothesised through beta)? Are they forced together by imposed mass
convergence? Are more thermals triggered as one rises through the subcloud layer? And
most importantly: How are such mechanisms captured by the idealized analytical and
numerical merging experiments, and are they thus appropriate tests for whether thermal
merging occurs in nature? Depending on the answer to these questions, we also wonder
if the authors would phrase their main conclusion as strongly as saying that “analytical
calculations and statistical simulations demonstrate that the two exponentials result
from objects merging”, as they presently do in the abstract.

Indeed, we don’t have data showing exactly how merging works. However, the an-
alytical model relies on the general condition that merging occurs when the basins of
attraction of convective objects (the "basin of attraction” being defined as the region
where a given thermal can capture its neighbours through the circulation it creates)
overlap, and then explores the consequences of this condition. The statistical simula-
tion is a little more prescriptive by relying on the condition that objects merge when
they physically overlap (without any asumption on the physics underlying this merg-
ing), but still the focus is on the consequences of this condition on population statistics.
The consistency of the predicted and simulated thermal densities in Figure 7d and the
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consistency of the predicted and observed thermal densities in Figure 8a suggest that
merging is occurring in nature. Based on this, we keep our line in the abstract, ”analyti-
cal calculations and statistical simulations demonstrate that the two exponentials result
from objects merging”. However, in the final discussion of the paper, we write: ”In
addition, this study demonstrates the role of merging in the size distribution of thermals
and clouds, but does not show how exactly the merging (or the contact between two
adjacent objects) takes place. It should be clarified with additional observations and/or
simulations.”

Similarly, the sub-conclusions rely on “cloud merging” (as explained around line 320),
but despite our best efforts reading Figure 10, we were unable to deduce where or how
exactly “cloud merging” occurs. The authors suggest a population of merged clouds
exists already at the cloud-base height, but that its “pre-merging” length scales are
those of the second thermal population. So where did the clouds actually merge?

We address this issue by discussing further the properties of saturated thermals (about

20 % of all thermals at cloud base): these thermals have, on average, a size (LF{H’S‘”,

LQTH’Sat) and density that are roughly similar to the size and density of clouds before

merging: L[?LD is bi-modal (when there is only one cloud population LgLD R~ LlTH’S“t

~ LTH  and when there are two cloud populations, L§*P LQTH’s“t ~ LIH) and DI
~ DIH. Saturated thermals can thus be considered as 'cloud shoots’. Their density
varies together with the total thermal density (Fig. S5). When it is high, the density of
cloud shoots is also high, which favors their merging and the formation of larger cloud
bases. Since most saturated thermals are buoyant (84% of them have a mean positive
vertical velocity at cloud base) they grow easily; while the growth of thermals is limited
by the height of the subcloud layer, the growth of clouds is less limited and clouds can
deepen more, which induces a circulation that becomes more intense than the circula-
tion induced by thermals. We think it is the reason why the cloud shoots merge quicker
(or more easily) than the thermals, and form large cloud bases. This is amplified by
the fact that the cloud-induced circulation leads to a mass convergence near or below
the cloud base, which can increase the thermal density even more. This understanding
is supported by additional figures (Fig. 9c, Figs. S4 and S5), and encapsulated in a
(revised) cartoon (Figure 10). The cloud shoots now appear more clearly (white clouds
on the figure), as well as the cloud-induced circulations. We also changed the way we
represent the merging of thermals across the depth of the subcloud layer to make it more
compelling.

We have many other comments, some of which may reflect us wrongly parsing the
manuscript. We do, however, have the general impression that this might partially
arise because some of the presentation could be sharpened. We have tried to divide
our comments into detailed comments that we would welcome answers to, and detailed
comments which we suggest the authors implement in the manuscript, but which do not
require answers unless the authors wish to reply.

Detailed comments
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Lines 104 — 110: Is there a physical motivation underlying the adopted thermal defini-
tion? Are the presented results sensitive to this definition?

We used the thermal definition proposed by Lenschow and Stephens (1980), which
is based on humidity fluctuations. During the course of our study, we also considered
definitions based on combined fluctuations of humidity and vertical velocity and/or rel-
ative humidity (to detect saturation). Whatever the thermal definition used, we always
find that the chord length distribution is well fitted by a sum of two exponentials at
cloud base (compare for instance Figures 1 and 3). However, when we consider several
variables to detect thermals, the number of detected thermals decreases drastically (e.g.
by a factor of about 5 if we add a vertical velocity or saturation criteria), which makes
the fitting of the statistical distributions challenging for individual flights. Therefore, to
ensure that the statistical distributions of thermal chord lengths are well fitted for each
individual flights (and not only when aggregating the data of the whole campaign), and
that the thermal sampling is large enough to look at statistical relationships between
thermals and clouds for different cloud patterns, we used the thermal definition that pro-
vides the largest samples, i.e. the definition proposed by Lenschow and Stephens (1980).

Line 123: Are pl and p2 proportions in amount of thermals, or in area of thermals?

In section 5.1 we now write: ”fitted by a mixture of two exponential functions in
(number) proportions p; and po = 1 — p; [...].” We also discuss (lines 250-257) the
interpretation of p; and po.

Lines 130-135: How are “cloudy thermals” different from the “clouds” studied later in
the manuscript? Could these cloudy thermals help explain how the merged thermal
population translates into a cloud population, which then merges again? And if not,
could the authors just totally ignore the cloudy thermals and updrafts, given that they
play no further role in the manuscript?

Yes, the ’cloudy thermals’ help understand how the thermals translate into cloud pop-
ulations. They correspond to those thermals (about 18% of the total) that are saturated,;
we consider them as ’cloud shoots’, i.e. the incipient cloud bases that form immediately
after the thermals saturate and can eventually merge if they form close enough to an-
other shoot or an existing cloud. The density of cloud shoots is strongly correlated to
the total density of thermals (SI Fig S5). The idea that these saturated thermals corre-
spond to cloud shoots is further supported by the fact that the density of cloud shoots
DI and DSEP are of a similar order of magnitude (Fig. 9c). This discussion is now

sat
presented in section 6.3.

Table 2 & Figure 5: There are multiple flights in which the table and the figure do not
appear to agree. For instance, for RF05 plCLD = 0.5 in Table 2, while it is 1 in Figure
5. Because of line 359, we believe P1 should be 17 We might have overlooked more such
inconsistencies, and wonder if the authors could double check their terminology.

In the case of a single population, L; = Ls whatever py or py provided that p; + po
= 1. In this case (and only in this case), the fitting procedure can return any p; value
(including 0.5 or 1). To prevent this discontinuous behaviour, and be more consistent
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with the analytical calculations of section 5.1 which are continuous around this partic-
ular case (p; = p2 = 0.5 and L; = Lg in the case of a single population), we imposed a
‘penalty’ in the fitting procedure so that the p; estimate varies more smoothly and tends
to 0.5 (instead of 1) in this particular case. All the analysis has been done with the fit
parameters calculated with a penalty, but for some reason the fits reported in Fig. 2 and
Fig. 5 of the submitted manuscript were calculated without the penalty (thank you for
catching this!). The two figures (and the new figure S3 of the Supplement Information)
have been corrected and are now fully consistent with the Tables and the other figures.

Line 143: What is the reason to adopt a resolution of 25 m for the thermal identification?

Our turbulence measurement are available at the same frequency (25 Hz, 4 m res-
olution) as those of Lenschow and Stephens (1980), and a 25 m segment includes 6
measurement points. By choosing that thermal chords are at least 25 m long, we ensure
that our thermal definition is consistent with that of Lenschow and Stephens (1980), so
that we can compare our statistics with their results.

Line 145-150: Could the authors explain how the cloud-base widths were calculated from
the horizontal remote sensing?

The text now says: Using the hydrometeors classification derived from the synergy of
the lidar-radar remote sensing over a range of several kilometers away from the aircraft
(Delanoé 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 along the line
of sight of the radar and lidar is 25 m. A segment (or chord) corresponds to at least
2 continuous points associated with cloud or drizzle, i. e. reflectivities lower than 0 dBZ.

Line 153-154: Given the many different populations (initial, merged and unmerged ther-
mals and clouds, as well as their distributions’ proportions, lengths, densities and effec-
tive factor), it would be helpful to the reader if a full introduction to all parameters, and
their relation (at least for thermals) were presented together near eq 1. For instance,
this explanation of L. might be better fitting closer to its first mentioning in line 127.

We added near eq. 1: Following these notations, the mean size of thermal chords
is given by L = p1L; + p2Ls. Moreover, if N is the total number of thermal chords
intersected by the aircraft along a horizontal distance of £, the mean thermal density
for this distance is given by N/L.

170-171: Does the approximation of L2CLD of the boundary layer height have an inter-
pretation?

We have hypotheses in mind but clearly the interpretation of this feature requires
further investigation.

Line 190: Could the authors define the merging efficiency explicitly in this paragraph?
Since it is a somewhat abstract concept, we also suggest to elaborate somewhat on the
introduction of the effective radius. For instance, by already giving a feeling for typical
sizes of beta (as later e.g. reported in figure 8).



To clarify the physical meaning of the effective factor 3, we added a few lines at the
beginning of section 5 (lines 202-211), and a new subsection (6.2: Physical interpretation
of 5 — in which we mention the range of 5 values).

We have two questions and two remarks regarding Figure 6:

Figure 6b is not discussed in the text at all, but is intriguing: Should not p2 increase as
merging probability rises? Can the authors elaborate and include the figure in the text
(or ignore if they see fit?)

We added (lines 250-257): ” Although the physical meaning of L; and Ls is clear (these
length scales correspond to the mean chord lengths of unmerged and merged thermals,
respectively), the physical meaning of p; and ps is not so clear. When DyLg — 0 (i. e.,
no merging), equations 8 and Fig. 6b show that Ly = Ly and p; = pa = 0.5. However,
when L; = Ly, any values of p; and ps satisfying p; + p2 = 1 (including p; = 1 and py =
0) would describe the same (single) exponential size distribution. Therefore, ps should
not be interpreted as the proportion of thermals in the second population (it is just an
asymptotic approximation) and the ratio Dl?sz is a better measure of the proportion of
merged thermals than po. In addition, the influence of merging on the size distribution
is best described by Lo - L; or (as will be shown later, Fig. 8b) by the non-dimensional
quantity L%Z()Ll7 and the absence of merging is best described by Lo — L; or by the
density of merged thermals Dy — 0. ”

Could the authors elaborate more on what explains the peak value in the overall density?
We can imagine that if one adds thermals, then the density first increases, but then so
much merging would occur that adding more thermals reduces the density. Yet it is
harder to imagine how this would work if one instead increases the merging efficiency
by increasing the L0 or beta — why would then the density of thermals ever increase?

You give the correct interpretation of why DT is initially positively correlated with
Dy, and why, after a critical point is reached, DTH becomes negatively correlated with
Do. If Dy is fixed but S or Lg increases, then DgLg increases and DTH decreases (the
dashed line on Figure 6¢ shows that SDLg increases sub-linearly with SDgLg). There-
fore, D is a monotonically decreasing function of 5 and Lg that exhibits a maximum as a
function of Dy. Note that the inferred values of 3DyL¢ in observations tend to lie above
the critical point and therefore we are most interested in how varying g would diminish
DTH rather than how 3 might enhance DT,

Annotations a, b, ¢ are missing.

Added.

6¢c: Can the authors be more specific in the caption about what the legend items mean?
The legend says it’s D1 and D2, but the legend has only products of L0*beta.
Done.
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Lines 285-287: Can the authors motivate how mesoscale circulations could enhance the
thermal density in ways that the merging theory does not capture? Why would mass
convergence in the subcloud layer yield different merging behaviour than what the theory
can capture? Could that not be expressed through a larger beta?

Yes. We mention this possibility in section 6 (lines 319-322: ”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 simu-
lations.” ) and in section 6.2 (lines 347-348) and in section 8.2 (lines 628-636): ” Another
interesting feature is the underestimate, compared to observations, of the thermal den-
sity predicted by theory in situations of maximal thermal merging or minimal thermal
density after merging (Fig. 8a). This discrepancy suggests the influence of additional
processes in the control of the thermal density. These processes might include the in-
fluence of mesoscale circulations, which concentrate thermals in ascending branches (as
shown by Fig. 11b at the scale of a 200 km circle), or the presence of cold pools, which
may concentrate thermals and thus favor thermal merging at their edge. The discrep-
ancy may also result from the mass convergence induced by clouds in the subcloud layer,
which may influence the distribution of thermals beneath clouds and thus thermal merg-
ing but is not adequately accounted for by the effective factor of thermals (because it
arises from clouds). These influences will need to be studied”.

Figure 8 d) This figure suggests that the variability in beta explains virtually all the
variability in thermal merging efficiency itself. Indeed, it is later mentioned that LO*D0
appears constant. Beta is hypothesized (through arguments presented in the appendix
which appear entirely plausible) to denote a radius of attraction of a thermal or cloud,
but insofar as we understand from the main text, it is essentially treated in the analysis
as an additional free parameter which makes the analysis work, but which could in
principle have many different interpretations (for instance, could beta not just be the
enforced merging of thermals by an imposed mass convergence?). Hence, is there a
risk that the authors’ interpretation of the factors that control thermal merging (and
thus subconclusion 4) leans rather heavily on the somewhat enigmatic beta, and not
on the directly interpretable thermal density or their sizes themselves? And would the
arguments strengthen if the authors spent some more space and time explaining and
underpinning what beta is? The analysis in the appendix seems like a nice starting
point.

We added a subsection (6.2: Physical interpretation of ), in which we included part
of the material that was previously in Appendix A, on the different physical interpre-
tations of 3. At the beginning of section 5 (lines 202-210), we also elaborate on the
different physical processes that can contribute to .

Figure 8 d) The inter-flights variability is higher than the intra-flight variability. So,
the “thermal property”, beta does not vary much within a single flight. What does this
mean? Is beta caused by a scale larger than the scale measured within one flight (30 km,
line 107). Is this also affected by model choices? Is the coverage fraction of thermals
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in Eq. 11 (from which beta is inferred) a single value per flight, or is it calculated per
thermal? In the first case: does this reduce the beta intra-variability?

BTH is based on the coverage fraction of thermals and the thermal merging efficiency.

These two quantities are estimated based of a thermal population. They are estimated
for a flight pattern that is long enough to sample a large number of thermals. This
flight pattern is either a rectangle at cloud base (each flight includes 2 to 4 such rect-
angular patterns) or a L-pattern flown in the subcloud layer (there are 2 such patterns
per flight). For this reason, our 37 estimates are statistical properties and cannot be
estimated for each thermal (a single segment of 30 km samples a population of thermals,
but might not be long enough to allow for a robust characterization of the thermal size
distribution). However in the future it would be interesting to connect this quantity to
characterizations of the circulation induced by each thermal.
In the text, we added in the section on open questions and perspectives (lines 639-645):
”[...], this study emphasizes the role of thermal- and cloud-induced circulations in shap-
ing mesoscale organization and cloud patterns. Within the analysis framework presented
here, these circulations are conceptualized by the effective factor 5, which quantifies the
basin of attraction exerted by a convective object on its surroundings and influences the
merging process as if convective objects had an effective size 8 times their actual size.
The processes that govern § remain to be clarified. For instance, how should we inter-
pret the fact that inter-flight variability of AT is larger than its intra-flight variability
(Figure 8d)? A deeper investigation into the dependence of 5 on convective object prop-
erties and environmental conditions would help answer this question. ”

If these are open questions, this can also be noted in section 8.2 instead of close to Figure
8d.

Lines 315-320 and Figure 9b: We struggled with the interpretation of this figure. Could
it be made clearer if each estimate of LOcld were accompanied by its own estimate for
Lthl and Lth2 (where appropriate) from the same flight?

We revised Figure 9b to make it simpler. We removed the size range of subcloud-layer
thermals (we just present the range of cloud-base thermals with the shaded areas), and
we now indicate more clearly the presence of 1 or 2 cloud populations (in the marker
itself). We also added a figure to the Supplementary Information reporting, for each
flight, the LT and LI estimates that are associated with each L§'LP: LY coincides
with LlTH when the flight is associated with only one population of clouds, and L(?LD
coincides with LI when the flight is associated with two populations of clouds. It
shows that when there is only one cloud population, the clouds are primarily rooted in
unmerged thermals, but when there are two cloud populations, the clouds are primar-
ily rooted in merged thermals (which does not exclude that clouds topping unmerged
thermals also merge with clouds topping merged thermals). We did not include this
additional figure in the main text (and did not replace Figure 9b) because it conveys
basically the same message as Figure 9b, and because we liked presenting the time series
of L§EP in Fig. 9b as we presented the time series of LI in Fig. 9a.
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Figure 10 forms a very helpful visual overview of the merging process, but is first used
only in section 8.1. Could it be used before, for example, around lines 355-3607 And
more generally, to explain how merging is suggested to happen? Later, a similar comment
holds for Figure 13, which is not used in the text at all.

We now present Figure 10 at the end of section 6 (lines 391-402): ” A schematic of the
impact of the merging process on thermals is represented in the lower half of Figure 10:
turbulence near the surface produces a large density of thermals. 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 LI#), and those that have not merged yet (of length scale
LlTH ). As a result 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{PP ~ LTH ~ LTHst op
L{EP ~ LIH ~ LTHs Fig. 9b). As will be shown later (Fig. 12c), a higher density of
thermals (DT#) is associated with a higher density of saturated thermals DL (Fig. S3,
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 (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.”

Moreover, at the end of section 7.2 (lines 501-508), we write: ”Vertical and plan
views of the interplay between thermals and clouds are represented schematically in Fig-
ures 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 water detrained from the convective core during the lifetime of the convective

clouds, which can be particularly long in situations of strong thermal merging and large
BELP (Fig. 12d).”

Lines 365-370: To reach conclusions 2 and 3, the authors find that the density of thermals
is decisive for cloud-base mass fluxes, and that merging thermals reduces the mass flux.
This seems counterintuitive: Why would merging two individual thermals, each with a
size and a vertical velocity, not conserve their mass flux upon merging? And why would
this be different for thermals than for clouds? Perhaps some of the suggested answer
might lie in figure A1, where the authors show that merged thermals are assumed to
have overlap, and thus a smaller area — if this is so, could the explanation be clarified
and moved to the main text? Finally, given the authors’ own statement that mass flux is
expected to scale with the area fraction of clouds, why then do they suggest Dth, rather
than Dth*Lth (and later Dcl*Lcl), to be the factor that controls mass flux?
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We clarified this important issue by adding a figure to the Supplementary Information
(Fig. S6): The mesoscale mass flux M inferred from ATR measurements at cloud base
(section 7.1, Figure 11a) increases with the thermal density D7#. This co-variation
can be interpreted by noting that My ~ wlH DTH [TH  where DTH LTH and wli
are the mean density, length and vertical velocity of cloudy thermals (or cloud shoots)
inferred from turbulence measurements during each flight. This approximation provides
mass flux estimates that explain well the flight-to-flight variations of M (R? = 0.97).
Consistently, it correlates with DT almost as strongly as M does (R? = 0.68 vs 0.74).
The correlation with DT of each term of the approximated mass flux estimate (DL
LTI and wl i) shows that the increase in mass flux with DT# is primarily due to the
increase in cloud shoots density DT and, to a lesser extent, to the increase in vertical
velocity wl . ”

In the main text (lines 441-447), we also added: ”The flight-to-flight variations in M,
can also be interpreted as a result of variations in the thermal population. Noting that
M, can be well approximated by the product of the mean density, length and vertical
velocity of cloudy thermals M, ~ wLH DIH LTH (Fig. S6 of the Supplementary Infor-
mation), it appears that M, variations are primarily governed by DZH variations (and
to a lesser extent by wl! variations), which are roughly proportional to variations of
total density of thermals DT (Fig. S5). In other words, a weaker thermal merging is
associated with a higher density of thermals (D7#) and saturated thermals (DL): this
leads to a higher density of cloud shoots (Dg LD Fig. 9c) and thus promotes cloud merg-
ing and the formation of wider cloud bases (L§™" increases), which eventually leads to

a stronger mass flux.”

Lines 390-391: Does this mean that the left graph in Figure 10 is expected (or measured)
to contain more rain than the right graph?

We didn’t mesure the rain rate, unfortunately, but the fractional rain area (measured
for each flight, Table 2) is larger in the Gravel case than in the Flower case. Radtke
et al. (2021) suggests that in the trades, the mean precipitation amount (as opposed
to the rain intensity) scales with the precipitation fraction or number of precipitating
cells. Therefore one may expect the precipitation amount to be larger in the Gravel case
than in the Flower case, but our precipitation statistics might not be robust enough to
conclude about this.

Line 392: “Fig 12a shows [...] the situations with only one cloud population (and thus
no cloud merging by definition)”. These also stand out in Figure 12b — maybe it is worth
mentioning this explicitly?

Done.

Section 7.3 (building towards conclusion 4) presents an intriguing framework diagnosing
cloud fractions at both cloud base and cloud top from [.4, the ratio of inflow and
outflow layers of a cloud. These ideas are presented quickly and base themselves on
purely theoretical arguments made in the appendix, but are then used to suggest fairly
fundamental and seemingly important constraints on cloud fraction. Like with By, we
wonder if the conclusions would strengthen if the authors took some space in the main
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manuscript to explain in more detail why they believe this is so. The observation data
underlying this section is also introduced in passing, and could be integrated more fully
in section 2.

We added (lines 524-531): ”Then, how to physically interpret the fact that S¢LP
constrains the cloud fraction? The fy,q, limit corresponds to the maximum cloud frac-
tion for which the clouds’ basins of attraction remain non-overlapping. In a cloud field
with an area fraction 1/ BELP | then any new clouds born in the domain would neces-
sarily be within an existing cloud’s ”basin of attraction” and would therefore merge
with that cloud (in the simplest case where f¢“P = 1, a new cloud born in a region
with a cloud fraction of unity would necessarily imply overlap and merging with ex-
isting clouds and no further increase in cloud fraction). Another interpretation is that
the circulation induced by clouds likely promotes a mass convergence around their base
that favors the merging of thermals and thius decreases the cloud base fraction (Fig. 10).

Line 538 (and other places in the concluding section): It is suggested that the behaviour
of the observed size distributions across environments might be studied in LES. Since
the authors find that the size of the small thermal population is on the order of (100-120
m) in the subcloud layer, which is decidedly smaller than the effective grid spacing of
most LESs of shallow convection — is LES actually a suitable tool for such analysis?
Might the authors’work not rather raise the question whether thermals are properly
parametrized? Moreover, it might cause modelers to reconsider the designs of their
experiments. Therefore, the authors could consider mentioning these potential impacts.
A spatial resolution finer than 100 m will certainly help describing the thermal field as
has been done here with observations. However, even with a grid spacing of 100-120 m,
we expect to find two populations of objects (with characteristic length scales larger than
in observations) and an interplay between thermals and clouds that may be qualitatively
similar to the one inferred from observations. We are actually exploring this issue by
analyzing LES simulations, and the results will be reported in a future paper.

While interesting, the appendix is dense and was hard to parse. We have several specific
questions, but also recommend the authors to more fully embed their explanation of
beta in the main text, given its novelty and importance to their interpretations:

Equation A1 and figure A2: Is the horizontal velocity ul induced by thermal 1 dependent
on the distance to thermal 17 It does not seem so. Could the authors justify why this
is reasonable? Is the distance between thermals interacting so small that it should not
matter? Are there mechanisms that make the reach of indraft very wide?

In all the statistical analysis, we have considered a unidimensional case (thermals are
only characterized by their width). Noting x the direction of the flight track and z the
vertical, our thermals are then invariant by translation along the y direction. This is
reasonable as long as thermals have more a linear structure, with an open cell network
of ascending regions, rather than a 'bubble structure’ with an axisymmetric geometry.
Moreover, it is necessary to ensure consistency between the model for 3, and the rest
of the statistical analytical computations where we have computed size distributions
along the x direction only and assumed unidimensional thermals. Mass conservation
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then imposes that u4 is independent on the distance to the thermal. If thermals had an
axisymmetric geometry, ug would decrease as 1/r, so indeed our choice of geometry for
the thermal is important.

Line 625: Does this assume that the Tiransit/ T fe time of an updraft is equal in both
thermals, and should we expect this? Is there an assumption that ul equals u2 and is
this a necessary assumption?

This indeed assumes that the fraction Tiransic / Tt fe is the same for the two thermals.
We could expect this to be similar, since : 1)the vertical velocity within thermals (that
controls Tirqnsit) is known to have much less variability than the size of the thermals.
2) the lifetime of the thermal can be hypothesized to be controlled by mesoscale or large
scale factors such as relative humidity. There is no assumption on ug and ug, if L4 and
Lp are different they are actually also different because of mass conservation.

Lines 643-644: “The merging between those effective updrafts acts as shown on figure
A1.” However in 604: “However, this view is partly erroneous.” This seems contradictory,
therefore it could be explicitly mentioned/showed in Al that the size of Thermal A is
the effective size.

Figure Al has been redrawn and now shows the merging for § = 1 and  >1.

Should there be a downdraft near the thermals? And if the downdraft is further away
than the other thermal, could the authors comment on why? In line 604, the assumption
that the downdrafts are small/far away seems to be implicit.

Yes, there is an assumption that the downdraft is far away, which has limitations.
In Poujol (2025), another model is introduced for the circulation around convective up-
drafts which accounts for the presence of the downdrafts. It will be the object of a
separate study ; the circulation in this model is similar to the one shown on the new
figure 10. Applying this model to the merging process has been done in Poujol (2025)
and yields formally similar results with h/H = h//H = 1/x (7 = 3.14). So accounting
for the downdraft does not change the physical interpretation of the results. We believe
the simple model presented here with no downdraft is more pedagogical and helps to
keep the focus on the statistical merging process.

In Figure Al it is shown that the area of thermal AB equals the area of thermal A + the
area of thermal B — overlap area. However, the analytical merging model is based upon
thermals moving towards each other. Looking at Figure A2, it seems like the authors
assumed that the horizontal distance moved by the thermals is negligibly small. Is this
indeed assumed?

While the thermals move towards each other, the ”center of velocity” of the ensemble
of the two thermals (defined as their center of mass, but using w as the variable instead
of density) remains fixed (just as in the two body problem in mechanics). Therefore,
assuming that w is more or less uniform (most of the variability is in the thermal size
rather than velocity), the geometric center is located at the same place as the ”center
of velocity” and it also does not move during merging. So, if two thermals merge, they
both move but their geometric center does not move, so that the merged thermal center
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stays at the same position.
Detailed comments (no need for response)

Figure 1d. Could the authors elaborate in the text what this figure shows? It is not
referred to at present.

Done.

Line 108: Could the authors clarify here whether the flights are around 300 or around
600 meters, or are they between 300 and 600 m (as higher flights are between 600 and
800 m).

We now write: "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).”

Table 1 RF05 surface layer has ‘-’ instead of numbers. Could the authors explain this?
Did RF05 not fly in the surface layer, not detect thermals or something else?

We write: ”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 RF05, RF07, RF08, RF09 and RF17, and the
subcloud layer was not sampled during RF16.”

Figure 3: Can the authors explain in the text from where the vertical velocity data are
retrieved? From the turbulence measurements aboard the ATR?

In section 2, we now say more clearly: "The aircraft measured turbulence (includ-
ing horizontal and vertical velocity, inferred from the measurements of a five-hole nose
radome) and humidity at a fast rate (25 Hz) using...”.

Figure 4: there are no figures ¢ and d. The caption and line 161 refer to 4c-d.

Corrected. We now refer to Fig. 1b and Fig. S3 of the SI.

Figure 4a: it seems like p2 should be bigger than 0.1

The values are correct.

Figure 4b: Are the annotated proportions correct? There does not appear to be a the
second population.

Yes they are. When there is only one cloud population, L; = Lo and p1, p2 = 0.5
(Fig. 6).

Line 157: Where in table 2 can one find the mentioned 4 /- 15% variability in L1 and
L2 between flights? In the table, it appears the 1st cloud population’s std is 4, while it
is 25106 for the second cloud population.

+ 15% was only for LICLD and we had forgotten to report the variability in LgLD . In
the revised version, we removed these numbers because looking at Table 2 or Figure 2
is a better way to appreciate the variability in L?LD and LgLD .

Line 251: “pre-specified value”. And line 253: “pre specified value frg”. It would be
nice if the pre-specified value would be defined when first mentioning it.

Done.

Figure 8 a) y-axis is D from observations. C) y-axis is measured D. Are these the same
quantity?
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Yes. We now use the same word in both panels.
Figure 9a (and also figure 4, and subfigures in figure 2 and figure 5) - some y axis labels
appear to be cut off?

Corrected.
Lines 375-376: the authors refer to highlighted flights. At first it was unclear to us that
the five flights are associated with sugar patterns and are highlighted with green and
that the six flights are associated with Gravel/Flowers patterns and are highlighted in
yellow & red. The authors could help the reader by mentioning this more explicitly.

Done.
Figure A2: Some lines are thicker than others — is this needed?

The lines are thicker when the composition of the two wind fields generates a stronger
wind than the wind before the interaction.

Spelling mistakes:

an updraft instead of a updraft
Corrected.

48. George et al. (2023) should be placed in brackets.
Corrected.

101. Ascending anomalies which are called thermals
Done.

119. No brackets around Lenschow and Stephens (1980)
Done.

127. superscript ‘th’ in Figure 1 and ‘TH’ in Figure 2, Table 1, line 127, ... . Moreover,

the authors could consider explicitly defining it as a reference to thermal.
Done.

284: Nevertheless instead of Neverthess.
Corrected.

448: Feb instead of Fev.
Corrected.

601 and 644: Figure instead of figure.
Corrected.

Supplement: homothety instead of homothethy.
Corrected.

Supplement: an updraft
Corrected.



