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Abstract
Flower clouds are trade-wind shallow cumuli, with tops reaching 3 km altitude,
organised into 100-km wide clusters. They are widespread over the subtrop-
ics and associated with the strongest cloud radiative effect among trade-wind
cumuli mesoscale organisations. In the context of large uncertainty in climate
projections due to the representation of shallow clouds, major knowledge gaps
remain about the global impact of mesoscale organisations and the local pro-
cesses driving them. Here, the processes governing the flower organisation are
investigated based on the case study of February 2, 2020 from the Elucidate the
Couplings Between Clouds, Convection, and Circulation (EUREC4A) campaign,
east of Barbados. One flower cloud is simulated with a large-eddy simulation
(LES), using the Meso-NH model at 100-m horizontal grid spacing, and vali-
dated extensively with high-resolution observations from the High Altitude and
Long-range Research Aircraft (HALO), dropsondes, and satellite measurements.
The cloud-top altitudes exhibit a trimodal distribution. The processes shaping
flower clouds are wide cold pools and cloudy updrafts organised in one large arc
at the western edge. These updrafts are responsible for the highest cloud tops
and drive most of the vertical turbulent fluxes of sensible heat, humidity, and
momentum. A mesoscale circulation takes place at the scale of the flower clouds
and makes them very similar to deep mesoscale convective systems.

K E Y W O R D S

EUREC4A, flower clouds, LES, mesoscale organisation, shallow convection, trade-wind cumuli

1 INTRODUCTION

Shallow clouds (with tops lower than 5 km) cover 48%
of the global oceans (Eastman et al., 2011), 13% due

to cumulus clouds only, and they are associated with
large uncertainties in the global radiative budget in both
present-day and future climates (Bony and Dufresne,
2005). Their representation in climate models is a source
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of intermodel spread in climate projections. In the
trade-wind regions, four mesoscale organisations of shal-
low clouds were identified in recent years (Stevens et al.,
2020) using a combination of subjective identification
from a large set of satellite images and machine learning
(Rasp et al., 2020). These organisations are named sugar
when very small clouds cover the ocean uniformly, gravel
when clouds present arc shapes, fish when clouds build
fishbone-like networks, and flower when clouds are made
of 100-km wide clusters (Stevens et al., 2020). Unsuper-
vised automatic organisation identification (Denby, 2020)
and metric-based classification (Bony et al., 2020) support
the fact that distinct mesoscale shallow cloud organisa-
tions are associated with contrasted cloud radiative effects.
Among the four named organisations, the flower organi-
sation is very frequent and the most frequent organisation
in the east Pacific (up to 50% of the time) a couple of
degrees off the coasts of the Americas (Rasp et al., 2020).
It is characterized by the strongest cloud radiative effect
(about −15 W⋅m−2), mostly because it has on average the
largest low-level cloud fraction among the four organisa-
tions (30–50%: Bony et al., 2020). The present study focuses
on the flower organisation. The associated wide cloud
clusters are called flower clouds for the sake of simplicity.

From ground-based radar, flower clouds are charac-
terised by large rain rates and horizontally extended,
anvil-like cloud tops at about 3 km altitude (Schulz
et al., 2021). Flower clouds are also partly responsi-
ble, together with the fish organisation, for most of
the cloud fraction above 1.3 km altitude found in the
trade-wind region (Schulz et al., 2021). Flower clouds are
more frequent than the other mesoscale organisations in
large-scale environments characterized by strong surface
winds and a strong low-level inversion (about 8–11 m⋅s−1

and 0–4 K estimated inversion strength, the latter being
dependent on potential temperatures at 700 hPa and at the
surface: Wood and Bretherton, 2006; Bony et al., 2020). In a
warming climate, climate models tend to simulate stronger
low-level inversions over the tropical western Atlantic (Qu
et al., 2015) and uncertain changes in surface wind speed,
so the flower organisation might become more frequent
(Bony et al., 2020). However, we miss a consistent picture
of the processes at mesoscale and finer scales that drive
and maintain the flower organisation.

In the frame of the Elucidate the Couplings Between
Clouds, Convection and Circulation (EUREC4A)
field campaign that took place east of Barbados in
January–February 2020 (Bony et al., 2017; Stevens et al.,
2021), a wealth of fine-scale observations of shallow clouds
were obtained from very diverse platforms, allowing a
detailed characterisation of the cloud mesoscale organi-
sation and an investigation of the processes driving them.
During the transition from sugar to flower organisations,

mesoscale circulations develop and strengthen the hetero-
geneities in the water-vapour field, making the wet regions
(with large vertically integrated water vapour) wetter
(Narenpitak et al., 2021), consistent with the gross moist
instability that drives shallow cloud clustering over the
Pacific ocean (Bretherton and Blossey, 2017). Increased
large-scale upward vertical velocities (of the order of
2 cm⋅s−1 instead of 1 cm⋅s−1, up to about 4 km altitude in
this region, where subsiding motions dominate above)
tend to foster such a mechanism and the development
of flower clouds in wet regions. The role played by sub-
mesoscale processes (especially at scales finer than about
2 km) in mesoscale cloud organisation remains unclear,
however. In particular, the circulations in the subcloud
layer were found to be crucial for the organisation of shal-
low clouds, ever since pioneering observational studies,
including LeMone and Pennell (1976), first associated
subcloud circulations with clouds over the ocean directly.
Among them, Zuidema et al. (2012) reported observations
of cold pools, i.e., dense air masses that sink and spread at
the surface. These cold pools have been observed to damp
cumulus formation over large areas, organising the cumu-
lus field. For the specific case of February 2, 2020 observed
during EUREC4A, several cold pools were observed in
the vicinity of flower clouds (Touzé-Peiffer et al., 2022),
but their role in the organisation of clouds needs to be
elucidated.

To investigate the convective processes at play, the
numerical modelling approach is convenient, as it pro-
vides comprehensive and consistent 4D fields of dynamical
and thermodynamical variables. Cloud-resolving simula-
tions using kilometric horizontal grid spacing can repre-
sent the mesoscale organisation and its day-to-day vari-
ability successfully (Beucher et al., 2022). However, they
employ a parametrisation of shallow convection and there-
fore do not resolve the cumulus explicitly, impeding inves-
tigation of the fine-scale circulations at play. In this study
we use a large-eddy simulation (LES, with a grid spacing
of 100 m) forced by a cloud-resolving simulation to rep-
resent these circulations explicitly over a 200× 100 km2

domain. The combination of such a simulation with
high-resolution observations from spaceborne and air-
borne instruments allows us to characterise flower-cloud
organisation and investigate the driving processes at play
in the subcloud and cloud layers.

The article is structured as follows. Section 2 describes
the meteorological conditions of the case study on Febru-
ary 2, 2020, characterised by clear flower organisation of
the clouds, and High Altitude and Long-range Research
Aircraft (HALO) aircraft observations in the frame of the
EUREC4A field campaign, complementary satellite obser-
vations, and the model configuration used to perform the
LES. Section 3 presents a characterisation of flower clouds
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and their environment, based on both the observations and
the LES. Section 4 investigates the convective processes
at play in flower clouds, leveraging the LES 4D fields.
In particular, updrafts and cold pools are identified and
their contribution to the vertical turbulent fluxes is com-
puted. Section 5 is a discussion that puts the results from
Sections 3 and 4 in perspective, highlighting specific ques-
tions that remain to be investigated. Section 6 summarises
the conclusions of the analysis.

2 CASE STUDY,
HIGH-RESOLUTION
OBSERVATIONS AND MODEL

2.1 Synoptic environment of the case
study on February 2, 2020

East of Barbados, in the region of intensive measurements
by the EUREC4A field campaign, February 2, 2020 is char-
acterized by mild zonal wind (5 m⋅s−1 at 10 m altitude),
relatively low vertically integrated water vapour, hereafter
called precipitable water (PW, lower than 30 kg⋅m−2), and
significantly large low-level stability (estimated inversion
strength larger than 7 K, whereas values are lower than
4 K during the rest of the campaign). This date is selected
for our case study, as the trade-wind cumuli adopted a
clear flower organisation. The flower clouds were about
100 km wide and ubiquitous over the region of investi-
gation (Figure 1). In contrast to flower organisations on
later days, the trade winds were not as strong: the zonal
wind became steadily larger than 7 m⋅s−1 from February
5 onwards, leading to fast advection of the flower clouds.
The latter situation is more difficult to simulate with a LES
on a fixed domain, as the flower clouds would rapidly be
advected out of the domain. February 2 was selected as
a convenient date, with a cloud residence time of about
7 hr in the 200-km large domain of the LES. Even if a mild
zonal wind at 10 m altitude is unusual for flower clouds
(Bony et al., 2020), the February 2 zonal wind was much
stronger at higher altitude (9–10 m⋅s−1 at 3 km: Beucher
et al., 2022).

2.2 HALO aircraft measurements

During EUREC4A, HALO was deployed east of Barba-
dos (Konow et al., 2021; Stevens et al., 2021). Each flight
was planned with a circle track designed to capture the
mesoscale variability of the atmosphere and to measure
the mesoscale vertical velocity (Bony and Stevens, 2019).
Throughout February 2, the HALO aircraft was flying the
same circle pattern six times and during the afternoon

there was a “clover pattern” (made of three leaves) through
the circle region (Figure 1b). From HALO, a set of active
and passive remote-sensing instruments was operated and
dropsondes were launched each 2–8 minutes during each
circle, which took one hour to complete. The in situ mea-
surements from the dropsondes are gathered and regrid-
ded in the Joint dropsonde Observations of the Atmo-
sphere in tropical North atlaNtic mesoscale Environments
(JOANNE) dataset (George et al., 2021). From the active
remote sensors, the water-vapour differential absorption
measurements from the WAter vapor Lidar Experiment
in Space (WALES: Wirth et al., 2009) are used to charac-
terise the water-vapour structure in the cloud-free atmo-
sphere, while the cloud masks from WALES and the HALO
Microwave Package (HAMP) radar (Mech et al., 2014) are
used to retrieve the cloud-top altitudes (Table 1). From
the passive remote sensors, the HAMP radiometers mea-
sured the vertically integrated water-vapour and liquid
water path (Jacob et al., 2019). Two-dimensional cloud
masks from the Video airbornE Longwave Observations
with siX channels (VELOX: Schäfer et al., 2021) and the
shortwave infrared spectrometer of the Munich Aerosol
Cloud Scanner (specMACS: Ewald et al., 2016) provide
estimates of the cloud fraction with an uncertainty range.
In addition, cloud-top heights are retrieved from mea-
surements of the (polarization-resolving) RGB camera of
specMACS using a stereographic reconstruction method
(Kölling et al., 2019). VELOX is a thermal infrared camera
system which measures the brightness temperature of the
upward radiance field. Four different brightness tempera-
ture thresholds are used to create a cloud mask. The spec-
MACS cloud mask is based on the radiance measurements
of the short-wave infrared camera of the system and iden-
tifies cloudy pixels by their brightness and the measured
water-vapour absorption. The characteristics of the obser-
vational products, and their sampling resolution in partic-
ular, are detailed in Table 1. An additional description of
the HALO flight and technical characteristics of the instru-
ments can be found in Konow et al. (2021). Combining
as many HALO measurements as possible, together with
the satellite measurements described hereafter, leverages
each instrument’s strengths and weaknesses and provides
a spread in the estimates of the investigated parameters.

2.3 Satellite measurements

Cloud cover and cloud-top altitude in the LES are assessed
using visible reflectance and infrared brightness temper-
ature measurements from the Advanced Baseline Imager
on board the geostationary satellite GOES-16. Channels 2
and 13 at 0.64 and 10.35 μm, respectively, were used. The
horizontal resolutions of the reflectance and brightness
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328 DAUHUT et al.

(a)

(b)

F I G U R E 1 Domain of investigation in the tropical Atlantic, east of Barbados island: (a) liquid water path from AROME-OM model
forecast, used to initialise the Meso-NH model, and (b) reflectance factor (unitless) in the 0.6-𝜇m channel of GOES-16 geostationary satellite
observations, both at 1200 UTC on February 2, 2020. In (a), the Meso-NH domain used for the LES is delimited in blue. In (b), the HALO
aircraft flight track is in green, the control domain used to compare GOES imagery with Meso-NH LES is in yellow, the square domain is in
cyan, and the paving domains are in grey [Colour figure can be viewed at wileyonlinelibrary.com]

temperature are 500 m and 2 km, respectively. For the
evolution of the cloud cover, the infrared brightness tem-
perature measurements are available every 10 min. The
measurements are sampled over three different types of
subdomain, described hereafter. The control domain (yel-
low in Figure 1b) has the same dimensions as the LES
domain, but is located slightly more southwest. Its loca-
tion is chosen in order to guarantee that the evolution of
the flower cloud at 12–12.5◦N is captured well in satellite
observations. The nine paving domains (grey in Figure 1b)
have the same dimensions as the control domain and
pave the area as shown in Figure 1b. The square domain

from 12.2–14.4◦N and from −58.8 to −56.6 ◦E (cyan in
Figure 1b) encompasses the HALO circle fully.

To validate the low-level circulation in the LES qualita-
tively, the horizontal variability of the surface wind-speed
anomalies is compared with Sentinel low-Earth-orbiting
satellite Synthetic-Aperture Radar (SAR) measurements of
sea-surface roughness, on days exhibiting flower organisa-
tion of the trade-wind clouds. SAR backscatter captures the
footprints of atmopheric processes close to the sea surface,
such as small-scale turbulence (Young et al., 2000) and
cold-pool-induced winds (Atlas et al., 1995). It shows good
agreement with LES winds (Ayet et al., 2021) and in situ
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DAUHUT et al. 329

T A B L E 1 Characteristics of observational products from the HALO flight on February 2, 2020. The swath is given as the observed
section of sea surface across-track for a flight altitude of 10 km. dx, dz, and dt stand for horizontal, vertical, and temporal resolution,
respectively. CM stands for cloud mask. BT, T, p, qv, rv, PW, and LWP stand for brightness temperature, temperature, air pressure, specific
humidity, water-vapour mixing ratio, precipitable water, i.e., vertically integrated water-vapour mass, and liquid water path, i.e., vertically
integrated cloud liquid water mass, respectively

Variable Product Swath dx dz dt

Cloud fraction specMACS SWIR CM 6.4 km 20 m N/A 0.1 s

Cloud fraction VELOX CM 6.4 km 9 m N/A 1 s

Cloud-top altitude specMACS POL-RGB CTH 30 km 10–30 m N/A 0.05–0.15 s

Cloud-top altitude WALES CM 1 point 40 m 7.5 m 0.2 s

Cloud-top altitude HAMP radar CM 1 point 200 m 30 m 1 s

Cloud-top BT VELOX BT 7.7–12𝜇m 6.4 km 9 m N/A 1 s

PW HAMP radiometer PW 1 point 200 m N/A 1 s

LWP HAMP radiometer LWP 1 point 200 m N/A 1 s

T, p, and qv JOANNE dropsonde in situ 1 point N/A 10 m N/A

rv WALES water vapour 1 point 2.4 km 15 m 12 s

measurements (Brilouet et al., 2022). Since no large-swath
SAR measurements were available in the study region on
February 2, 2020, two other dates with flower organisation
of the trade-wind cumuli, namely February 8 and 13, 2020,
were selected.

2.4 Meso-NH model and LES setup

The flower-cloud development and propagation on Febru-
ary 2, 2020 is simulated with the anelastic nonhydrostatic
mesoscale model Meso-NH (Lac et al., 2018). The domain
of 204.8 km × 102.4 km spans the region [12.5, 13.5]◦N,
[−57.9, −56.1]◦E (Figure 1a) in the tropical Atlantic, just
east of Barbados, where intensive measurements were per-
formed during the EUREC4A field campaign. The domain
is large enough to simulate one flower cloud. The hori-
zontal grid spacing is 100 m in order to resolve the larger
thermals of the subcloud layer and the larger cloud eddies.
The vertical grid spacing is uniformly equal to 40 m to sam-
ple layers of strong vertical gradient finely at the surface,
subcloud-layer top, and trade-wind inversion. The model
top is at 5,200 m altitude, with a sponge layer from 4,000 m
altitude upward to prevent reflection of gravity waves. The
model was initialised at 1200 UTC on February 2, 2020 and
ran for 7 hr. The time step is 1 s. The initial and lateral
boundary conditions come from the AROME-OM fore-
cast on February 2, 2020 that ran with a horizontal grid
spacing of 1.3 km (Beucher et al., 2022). The Meso-NH
atmosphere is initialised with the AROME-OM fields after
12 hr of integration of AROME-OM, interpolated on the
LES grid. The values of the meteorological fields (wind,

temperature, pressure, water mixing ratios) along the lat-
eral boundaries are updated every hour from AROME-OM
fields, with temporal interpolation between the updates. A
one-hour frequency for the updates is chosen in order to
sample the diurnal variations of the large-scale environ-
ment. No large-scale tendency is imposed in the Meso-NH
domain.

Shallow convection is represented explicitly without
the use of any convective parametrisation. Clouds, precip-
itation, and microphysical processes are represented with
a one-moment microphysical scheme (Pinty and Jabouille,
1998) that uses five prognostic mass mixing ratios for
the hydrometeors: rain, cloud liquid water, snow, grau-
pel, and cloud ice. Only rain and cloud liquid water are
nonzero in the LES, since the atmosphere is simulated
above freezing temperature everywhere in the domain.
Most of the turbulent structures are resolved by the model;
however, a 3D turbulence scheme based on a 1.5-order clo-
sure (Cuxart et al., 2000) is used to represent small-scale
turbulence. The radiative heating and cooling rates are cal-
culated every minute with the radiative scheme used at the
European Centre for Medium-Range Weather Forecasts
(Gregory et al., 2000).

3 CHARACTERISATION OF
FLOWER CLOUDS AND THEIR
ENVIRONMENT

This section has two objectives: first to validate the LES
in detail with respect to the available observations, and
second to characterise flower clouds and the surrounding

 1477870x, 2023, 750, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4409 by Portail B
ibC

N
R

S IN
S2I, W

iley O
nline L

ibrary on [25/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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clear sky, combining high-resolution observations and the
LES. To discuss the macroscopic properties of the cloud
and the structure of the surface winds, two times are
selected to represent two contrasting shapes of the flower
cloud: 1300 UTC in its early stage and 1600 UTC when
it is well developed. These two times capture the small
variability in shape seen at other times.

3.1 Bulk cloud properties

Two bulk cloud properties are compared with observa-
tions in order to evaluate the cloud formation in the LES:
the cloud fraction (Figure 2) and the frequency distribu-
tion of cloud-top altitudes (Figures 3 and 4). Evolution
of the cloud fraction during the seven hours of simula-
tions is compared with the measured one using specMACS
and VELOX on board HALO, averaged every hour, and
the value deduced from GOES-IR imagery using a 293-K
threshold (Figure 2). The value of 293 K is selected as the
closest isotherm level to the lifting condensation level .
This level has been estimated from all HALO dropsondes
during the campaign (not shown). From the LES, the cloud
fraction is computed at a 1-hr frequency. From the HALO
cameras, averaging over 1 hr leads us to consider an area
that is 220 km wide (the HALO circle diameter), similar to
the LES domain. Cloud fractions deduced from GOES-IR
are computed every 10 min, which is the highest frequency
available.

In the LES, the cloud fraction has a slow evolu-
tion (Figure 2) from about 22% at 1300 UTC to 34% at
1700 UTC, and then starts to decrease as the simulated
flower cloud is advected out of the domain by the trade
winds. To estimate the uncertainty in the simulated cloud
fraction, two thresholds are used to detect the clouds in the

simulation: 10−5 and 10−6 kg⋅kg−1. SpecMACS and VELOX
measured cloud fractions very similar in both amplitude
and variation. The drop in observed cloud fraction is ear-
lier, however, due to the fact that the HALO aircraft sam-
pled fewer clouds from 1700 UTC onward. The uncertainty
range is much larger for VELOX than for specMACS,
because more pixels are associated with the “probably
cloudy” class in the VELOX cloud mask than in the spec-
MACS one. The cloud fraction estimated from GOES-IR
imagery over both the control domain and the fixed square
domain also matches the simulated evolution and the one
observed by HALO cameras well. However, as highlighted
by the cloud fraction from the nine paving domains, the
cloud fraction is very sensitive to whether a flower cloud
is passing in the domain or not. Over the nine paving
domains, the cloud fraction can range from 2 to 40%, for
example, at 1900 UTC. This underlines the strong modula-
tion that flower clouds produce on the cloud fraction at the
mesoscale, over areas as large as one grid cell of a climate
model.

The cloud shape is investigated based on two snap-
shots of the cloud distribution, at 1300 and 1600 UTC, from
GOES visible, GOES-IR, and LES in Figure 3. All exhibit a
typical round shape. At 1600 UTC, a small flower cloud is
visible in the eastern parts of the control and LES domains.
In Figure 3b, the lowest values of brightness temperature,
associated with the highest cloud tops, are organised in an
arc in the western part of the flower cloud. This is also vis-
ible in the simulated flower cloud at 1600 UTC (Figure 3f).
This arc shape is confirmed by the GOES visible imagery
(Figure 3a); note, however, that the reflectance factor mea-
sured by the visible channel is not linked to the cloud-top
altitude but rather to the liquid water path.

The observed and simulated cloud-top altitude distri-
butions are compared in Figure 4, and overlaid with the

F I G U R E 2 Evolution of the cloud fraction in the LES (blue), HALO measurements (specMACS (purple), VELOX (red)), and GOES
imagery from the infrared 10.35-μm channel: over the control domain (solid line), nine domains paving the region of Figure 1 (grey shading),
and square domain covering the whole HALO circle (dotted line). The vertical lines illustrate the uncertainty ranges computed using two
different thresholds to detect the clouds in the LES and using the maximal and minimal cloud fraction estimates in specMACS and VELOX
cloud-mask products [Colour figure can be viewed at wileyonlinelibrary.com]
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(a)

(d) (e)

(b) (c)

(f)

F I G U R E 3 Maps at (a–c) 1300 UTC and (d–f) 1600 UTC of (a,d) reflectance factor from GOES 0.6-μm visible channel, (b,e) BT
(brightness temperature) from GOES 10.35-μm infrared channel, and (c,f) cloud-top altitude from Meso-NH LES [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 4 Cloud-top distribution in terms of altitudes using
uniform 40-m bins: LES (blue), specMACS RGB camera (purple),
WALES lidar (thick black), and HAMP cloud radar (grey); and in
terms of BT using uniform 0.25-K bins: GOES 10.35-μm infrared
channel (brown) and VELOX 7.7-12-μm infrared channel (red). For
LES, hourly outputs are used from 1300–1900 UTC. For specMACS,
WALES, HAMP cloud radar, and VELOX, the whole measurements
on February 2, 2020 are used. For GOES, the measurements every
hour from 1200–1900 UTC are used [Colour figure can be viewed at
wileyonlinelibrary.com]

observed cloud-top brightness temperature (BT) distribu-
tions (with 0.25-K bins). To overlay these distributions, we
assumed that the 292- and 282-K BTs correspond to cloud
tops at 800- and 3,000 m altitudes, respectively, based on
clear-sky and high-cloud in situ profiles of temperature
(see later: Figure 6e,h). The cloud-top altitudes exhibit a
clear trimodal distribution both in lidar and visible cam-
era observations and in LES. The highest mode, slightly
below 3 km altitude, is, however, much less pronounced
in the LES and specMACS than in the lidar observations
(an explanation for specMACS is given in the Supporting
Information). The amplitude of the second mode, at about

2 km altitude, is more important in the LES than in the
lidar observations, both absolutely and relative to the two
other modes. The distribution from the radar observations
is similar to the one from lidar observations, except that
it misses the first mode slightly below 1 km altitude. This
is expected, assuming that this mode is made of smaller
and thinner clouds, with smaller droplets, more difficult
to sample by the radar signal than the other two modes.
The brightness temperature distributions from VELOX
and GOES-IR are very consistent with each other. Mostly
two modes can be seen in the VELOX distribution, at 293
and 282 K; an intermediate one at 284 K is barely notice-
able. In GOES-IR, large fluctuations of frequency with BT
(due to limited spatial resolution) prevent the identifica-
tion of any intermediate mode: only two are visible at 293
and 283 K.

This first assessment of the cloud properties highlights
that the LES produces a flower cloud in line with the
observed ones, in terms of both shape and area. This flower
cloud is simulated throughout the simulation, consistent
with the observed flower clouds, which last at least 7 hr.
Details of the cloud-top distribution are also consistent
between the LES and the observations: the highest clouds
are organised in an arc, and three modes are found in the
cloud-top altitude distribution, at about 1, 2, and 3 km alti-
tudes. The relative importance of the different modes is,
however, different in the LES compared with the observa-
tions: the simulated first and third modes are less frequent
in the LES than in the observations. Investigations of the
cloud-top altitudes where HALO overpassed the targeted
flower cloud, detailed below, indicate that the weaker third
mode in the LES is due to narrower cloud tops reaching
3 km altitude compared with the observations.
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3.2 Full-sky thermodynamical
properties

The thermodynamical properties of the simulated atmo-
sphere are compared with HAMP radiometer measure-
ments from HALO (Figure 5) and in situ measurements
collected from dropsondes and compiled in the JOANNE
dataset (Figure 6). The HAMP radiometer measures pre-
cipitable water (PW) and liquid water paths (LWP), while
the JOANNE dataset describes the vertical structure of the
atmosphere.

The PW distribution over the full period of simula-
tion and the HALO flight is monomodal and positively
skewed in both the simulation and the HAMP radiome-
ter measurements (Figure 5a). The most frequent val-
ues are 27 and 30 kg⋅m−2 in the LES and observations,
respectively. The LES tends to overestimate the frequen-
cies of the lowest and largest values compared with the
HAMP radiometer. In line with this, the LES presents
lower average PW but larger standard deviation than the
observations (30.8± 4.4 kg⋅m−2 versus 31.0± 3.6 kg⋅m−2),
consistent with the forcing model AROME-OM (figure 11a
in Beucher et al., 2022). The distribution of LWP shows
a clear maximum at low values and a steady decrease
towards larger values. The LES represents the slope of
the decrease well, but its average LWP is larger than that

F I G U R E 5 Distribution of vertically integrated (a) water
vapour PW, and (b) cloud liquid water LWP, from HAMP
radiometer over the whole HALO flight in green and LES output
every hour in blue. Average (standard deviation) of PW is 31.0
(3.6) kg⋅m−2 in the HAMP radiometer measurements versus 30.8
(4.4) kg⋅m−2 in the LES, and for LWP 0.33 (0.27) kg⋅m−2 in the
HAMP radiometer measurements versus 0.40 (0.35) kg⋅m−2 in the
LES [Colour figure can be viewed at wileyonlinelibrary.com]

of observations (0.40 versus 0.33 kg⋅m−2) and it tends to
overestimate the frequency of nonzero LWP values sys-
tematically. The latter might be due to the fact that the
HAMP radiometer sampled few flower clouds in the late
afternoon, when the HALO aircraft flew in between these
clouds. This is consistent with the cloud fraction observed
by HALO instruments that drops earlier than the LES
cloud fraction (Figure 2).

The vertical thermodynamical structure of the sim-
ulated atmosphere is assessed using the JOANNE drop-
sonde in situ measurements of water vapour and air tem-
perature, presented as specific humidity and potential
temperature (Figure 6). WALES vertical profiles of spe-
cific humidity above cloud top are shown in addition in
Figure 6a–d. To capture the variability of the profiles,
the atmospheric columns are subdivided into four cate-
gories, matching the observed and simulated three modes
in cloud-top altitude distribution (cf. Figure 4): clear sky,
shallowest clouds, middle clouds, and highest clouds,
depending on whether the cloud tops are absent, between
0.6 and 1.3 km, between 1.3 and 2.5 km, or above 2.5 km,
respectively. Cloud tops are detected at the highest level
where the cloud liquid water mixing ratio drops below
10−6 kg⋅kg−1 in the LES, where the relative humidity drops
below 95% in the dropsondes profile, and using the nearest
cloud-top detection from the WALES cloud mask for the
WALES profiles. For both specific humidity and potential
temperature, the range of values is larger in the LES than in
the dropsondes (and in WALES measurements), because
the dropsondes (and WALES profiles to a lesser extent) are
much fewer than the columns in the LES for all categories
(see Figure 6).

The vertical structure of the specific humidity field
shows that the LES is in excellent agreement with the
dropsondes up to 600, 1,200, and 1,800 m for clear sky,
the shallowest clouds, and the middle clouds, respectively.
Above, the LES tends to be too moist, underestimating the
dryness of the overlying dry layers. The clear-sky profiles
suggest that the LES subcloud layer is slightly too deep
(about 100 m) compared with the observations. This is
consistent with the clear-sky potential temperature profile
(Figure 6e). This bias is probably inherited from the forc-
ing model (Beucher et al., 2022). For the highest clouds,
the LES tends to be too moist throughout the average pro-
file, up to 2,300 m. This might be due to the fact that
comparison of dropsonde profiles with LES column pro-
files assumes implicitly that the dropsondes fall vertically.
A small horizontal displacement in the dropsonde trajec-
tory might lead to differences in the comparison, especially
in highest-cloud columns where updrafts are frequent (cf.
later: Figure 11d). The WALES average specific humid-
ity profiles align with JOANNE ones in clear sky, but
tend to be much drier than JOANNE profiles above the
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(a) (b) (c) (d)

(e) (f) (g) (h)

F I G U R E 6 Vertical profiles of (a–d) specific humidity and (e–h) potential temperature, from LES (using output every hour between
1300 and 1800 UTC) in blue, JOANNE dropsonde in situ measurements in black, and WALES water-vapour profiles above cloud top in red
(using all measurements on February 2, 2020 for the latter two). The average profile is shown by a solid line and the minimum and maximum
as dashed lines. Profiles are sorted depending on the altitude of the cloud tops: (a,e) clear-sky (58 dropsondes, 8.8 × 106 columns in the LES,
1,653 profiles in WALES), (b,f) shallowest clouds with tops below 1.3 km (three dropsondes, 0.4 × 106 columns in the LES, 110 profiles in
WALES), (c,g) intermediate clouds with tops between 1.3 and 2.5 km (eight dropsondes, 2.6 × 106 columns in the LES, 360 profiles in WALES),
and (d,h) deepest clouds with tops above 2.5 km (seven dropsondes, 0.8 × 106 columns in the LES, 174 profiles in WALES). For WALES in (a–d),
the values are shown at all altitudes where at least 10 profiles have nonmissing values [Colour figure can be viewed at wileyonlinelibrary.com]

middle clouds (Figure 6c). This difference might be due
to the reduced number of dropsondes in that category.
In terms of potential temperature, the LES average pro-
file is in very good agreement for middle clouds, up to
2,200 m, but it is up to 2.5 K too cold above this. For clear
sky, the shallowest clouds, and the highest clouds, the
LES tends to be too cold, up to 1 K colder than in situ

observations. From both specific humidity and potential
temperature, it appears that the transition from cloud top
to the cloud-free troposphere above is less sharp in the
LES than in the dropsonde observations. This might be due
to more intense mixing at the cloud tops (consistent with
the large range of values in the LES), but also the larger
number of profiles from the LES than from the dropsonde
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dataset. The latter interpretation seems to be confirmed,
given the smooth transition in WALES profiles, which are
also significantly more numerous than dropsonde profiles.
The LES variability is also much larger near the trade-wind
inversion (2.5–3 km altitude) than in the dropsonde pro-
files. This may be due to overshooting clouds, which are
easily missed in these observations.

3.3 Zooming in on HALO flower-cloud
overflights

The microscale structure of flower clouds and their close
environment is further assessed considering the hetero-
geneity of cloud-top temperatures (Figure 7) and the strat-
ification of humidity around clouds (Figure 8). For both,
seven overpasses of the HALO aircraft above the south-
ern flower cloud (in the control domain of Figure 1b) are
selected and analysed.

The LES cloud-top temperature distribution is com-
pared with VELOX broad-band brightness temperature
measurements between 7.7 and 12 μm in two dimensions:
the across-track dimension of the sensor and the time
dimension; in other words, a two-dimensional pushbroom
image was compiled from all measurements of the centre
swath line along the flight track. The WALES measure-
ments, which show the best skill to capture the trimodal
distribution of cloud tops (Figure 4), are not used here
because of the narrow swath (Table 1). During the day,

from the first to the seventh HALO overpass, the VELOX
measurements (Figure 7: left column and red line in the
right column) indicate cloud-top cooling, reproduced in
the LES (Figure 7: central column and blue line in the right
column). The cloud-top temperature distribution looks
smoother in the VELOX measurements than in the LES,
however. This is confirmed by the cloud-top (brightness)
temperature frequency distributions: three modes appear
most of the time in the LES, whereas these modes seem
smoothed down to a monomodal distribution in the obser-
vations, especially in the late afternoon. This might be
because the LES struggles to represent an anvil or veil
spread, or because the sensitivity of the IR brightness
temperature sensors is too low to sample the trimodal dis-
tribution (see the comparison of cloud-top distributions in
Figure 4). In line with this later point, the coldest cloud
tops are more frequent in the LES than in the VELOX
measurements. Concerning the second mode, the VELOX
cloud-top distribution in Figure 4 suggested that this mode
was associated with colder cloud tops (about 11 ◦C) than
the LES second mode. Figure 7 cloud-top temperature
distributions reveal a large variability of the distribution
with time.

The stratification of water vapour around the flower
cloud, as well as cloud-top height variability, is assessed by
comparing the LES with the WALES profiles of humidity
and the colocated WALES cloud mask (Figure 8), for the
same seven time windows as in Figure 7. The extinction of
the lidar signal due to the presence of cloud hydrometeors

F I G U R E 7 Evolution of cloud-top temperature: (left) using brightness temperature from VELOX broadband channel (between 7.7 and
12𝜇m) when passing over the flower-cloud south of the HALO circle (Figure 1), (middle) from LES using temperature of the highest grid
cells where cloud liquid water mixing ratio exceeds 10−6 kg⋅kg−1, and (right) cloud-top temperature distributions. From top to bottom, using
VELOX measurements between 12:15 and 12:33, 13:12 and 13:30, 14:12 and 14:30, 15:54 and 16:12, 16:39 and 16:57, 17:36 and 17:54, 18:33
and 18:51 UTC, respectively. For LES, the output at the time in the middle of each time range is used [Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 8 Evolution of the water-vapour field around the flower clouds and of the cloud-top altitude: (left) using WALES
water-vapour profiles and WALES cloud mask, when HALO passed over the flower-cloud south of the circle (same as Figure 6), (right) using
LES water-vapour field and altitudes of the highest grid cells where cloud liquid water mixing ratio exceeds 10−6 kg⋅kg−1, along a
zonal-vertical cross-section at y=67 km in the LES output, at the time in the middle of each time range used for WALES (like in Figure 6).
Cloud top line is coloured depending on cloud-top altitude: blue below 1,300 m, green between 1,300 and 2,500 m and red above 2,500 m, to
match the three modes of the cloud-top altitude distribution shown in Figure 4 [Colour figure can be viewed at wileyonlinelibrary.com]

is visible in white, and mimicked in the LES where the liq-
uid water content is larger than 10−6 kg⋅kg−1. In clear sky,
the subcloud layer is deeper and drier in the LES than in
the WALES observations; this is particularly visible after
1630 UTC and consistent with the comparison of compos-
ite vertical profiles in Figure 6. This is consistent with the
deep, cold, and dry bias observed in the climatological eval-
uation of the forcing model AROME-OM (Beucher et al.,
2022), but further investigations are needed to determine
whether the LES’s deeper and drier subcloud layer is sim-
ply a heritage from AROME-OM or whether Meso-NH
model contributes to this difference as well. Both the
WALES measurements and the LES show a moist outflow
from the flower cloud, about 1 km deep. This moist outflow
is between 2 and 3 km altitude in the LES, and about 1 km
lower in the WALES profiles. Concerning the cloud-top
height variability, three modes of the WALES cloud-top
distribution are visible, the second one with more altitude
variations than the third, as in the LES. However, the LES
highest cloud tops are not as flat as in the WALES cloud
mask. This is consistent with the cloud-top altitude fre-
quency distribution (Figure 4), for which the third mode
in the WALES measurements is much more pronounced
than in the LES, and with the cloud-top altitude distri-
bution retrieved by specMACS (Figure S1 in Supporting

Information), where large parts of the cloud tops cannot be
retrieved, probably because of a lack of contrast in altitude.

In conclusion, the LES is able to produce a
flower-cloud that is in line with the high-resolution obser-
vations on February 2, 2020 in terms of cloud fraction
and cloud-top distribution, despite slightly too few of the
highest clouds. Although the cloud-top height and tem-
perature are more heterogeneous in the LES than in the
WALES and VELOX observations, the simulated flower
cloud has realistic characteristics.

4 INVESTIGATION OF THE
CONVECTIVE PROCESSES AND
THEIR ORGANISATION

The convective processes at play in a flower cloud are
investigated based on the LES fields. First, at the sur-
face, cold pools and gust fronts are characterised. Then
the vertical structure of the hydrometeor content, wind,
and potential temperature gives further insight into the
organisation of the cloud system. Finally, the LES fields
are partitioned into two main classes: cloudy and clear-sky
columns, and for each class further distinction is made
between updraft, cold-pool, and other columns. Each of the
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six categories is characterised and its contribution to the
turbulent fluxes is computed.

4.1 Cold pools and gust fronts at the
surface

Cold pools correspond to pockets of cold, negatively buoy-
ant air that sinks in the lower troposphere and spreads at
the surface as a consequence of rain evaporation. Since
the pioneering study of Zuidema et al. (2012), cold pools
are suspected to play an important role in the organisa-
tion of trade-wind cumuli. Their systematic identification
from the EUREC4A atmospheric soundings (Touzé-Peiffer
et al., 2022) reveals that cold pools were present 7% of the
time and characterised by colder (1 K), moister (1 g⋅kg−1),
and windier (2 m⋅s−1) air than the environment. In the

LES, cold pools leave a clear signature in the virtual poten-
tial temperature field at the surface (actually the values
at 20 m altitude, the first model level, are represented in
Figure 9). They are aggregated into a wide cluster, as large
as the flower cloud. Fresh (recently formed and colder)
cold pools are located at the cluster’s western inner edge.
At the western outer edge, some cold pools with larger vir-
tual potential temperatures are vanishing. The imprints of
cold pools are also visible in the zonal wind anomaly close
to the surface. The westward wind is enhanced (reduced)
in the western (eastern) half of the cold pools, consis-
tent with the horizontal divergence of negatively buoyant
air at the surface. The downward momentum transport
from the free troposphere, where the trade winds are most
intense, contributes to the intensification of the winds
at the western edge of the cold pools. The wind inten-
sification at the surface is expected to produce steeper

F I G U R E 9 Evolution of cold pools, as seen with (a,b) the virtual potential temperature and (c,d) the westward wind anomaly
−(u − ū), both at the first model level, that is, 20 m above sea level, at (a,c) 1300 UTC and (b,d) 1600 UTC. (e,f) Example of wide-swath SAR
images showing surface roughness with a very similar pattern to that in (c,d), measurement on February 8 and 13, 2020 when the trade-wind
clouds adopt a flower organisation like that on February 2, 2020
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small-scale waves on the sea surface and then increase the
sea-surface roughness locally. This results in a stronger
backscatter signal when measurements are taken from an
active remote-sensing device such as SAR. The wide-swath
SAR images (Figure 9e,f, from February 8 and 13, 2020,
respectively, since no such image is available on Febru-
ary 2) reveal patterns in the sea-surface roughness (i.e.
backscatter signal) that are consistent with the zonal wind
anomalies associated with cold pools in the LES. This qual-
itatively confirms that the LES is producing cold pools
with horizontal extent in agreement with observations.
The presence of large cold pools is a first common charac-
teristic shared between flower clouds and deep convective
systems (e.g., Khairoutdinov et al., 2009; Schlemmer and
Hohenegger, 2014).

Cold pools are detected in the LES using two different
methods: that described in Rochetin et al. (2021), hereafter
R21, and that described in Touzé-Peiffer et al. (2022), here-
after T21. In short, R21 first detects so-called gust fronts as
regions where the temperature drops by at least 10−3 K⋅s−1.
Gust fronts are assumed to exhibit the virtual potential
temperature range (this range of values is noted [𝜃v]) of
the cold pools and their environment. Cold pools are then
detected as regions where 𝜃v is lower than the first quartile
of the [𝜃v] range. The advantage of R21 is that gust fronts
are detected, in addition to cold pools. Method T21 is sim-
pler: it detects cold pools based on the mixed-layer depth
only and leads to much larger cold pools than R21. It sam-
ples both the fresh cold pools detected by R21 (the lowest
virtual potential temperature values) and their surround-
ings, made of cold-pool air that has already warmed up
(Figure 10a). The gust fronts detected by R21 indeed sam-
ple the full range of virtual potential temperatures over the
domain (Figure 10a), as well as regions with very intense
wind anomalies (Figure 10b). R21 cold pools oversam-
ple nonzero instantaneous precipitation (Figure 10c) and
have, surprisingly, the same distribution of wind anoma-
lies as R21 gust fronts. In the rest of the study, the cold
pools are detected using T21 only, as the detected cold
pools encompass the whole area that one would associate
with cold pools based on the surface fields (Figure 9),
that is, up to the regions where secondary formation of
clouds is observed, in line with the archetypal image of
cold pools.

4.2 Mesoscale circulation and structure
of the cloud, rain, and updrafts

The organisation of the flower cloud is investigated further
with vertical cross-sections. The location of the vertical
cross-section shown in Figure 11 is selected in order to
cross both clear-sky and cloudy regions, approximately at

(a)

(b)

(c)

F I G U R E 10 The distributions of (a) mixed-layer virtual
potential temperature, (b) mixed-layer wind anomaly amplitude,
and (c) surface instantaneous precipitation, over the full LES
domain (black), over the gust fronts (green), and over the cold pools
(blue and orange) detected by algorithms R21 and T21, respectively.
The distributions are computed based on six simulation outputs,
one every hour between 1300 and 1800 UTC [Colour figure can be
viewed at wileyonlinelibrary.com]

the centre of the flower cloud. The cloud aggregate is about
1 km deep, with a western edge (from 45–55 km abscissa
in Figure 11) characterised by a larger rain rate, deeper
cloud, and lower cloud base (at 800 m altitude) than the
rest of the cloud (Figure 11a). This part is named the con-
vective part, with reference to deep mesoscale convective
systems (MCSs: Houze et al., 1980). Similarly, the region
with higher cloud base and lighter rain is named the strat-
iform part. The mesoscale structure of the flower cloud
is assessed with a 10-km running average of zonal wind
anomalies, with respect to the domain average zonal wind
profile (Figure 11b). It exhibits a mesoscale circulation typ-
ical of deep mesoscale convective systems (Zipser, 1977;
Houze, 2004): outflow near the cloud top and inflow in
the low troposphere, on the western side of the system,
except that this circulation tops at 3 km altitude. The out-
flow in the low troposphere on the upwind (eastern) side
of the system is due to cold pools. The thermal struc-
ture (Figure 11c) indicates low potential temperature at
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(a) (b)

(c) (d)

F I G U R E 11 West–east vertical cross-sections in the LES flower cloud at 1600 UTC, with shading for: (a) rain water mixing ratio
(g⋅kg−1), (b) mesoscale zonal wind anomaly (m⋅s−1), (c) potential temperature anomaly (K), and (d) vertical velocity (m⋅s−1). In all panels the
black contour is for a cloud liquid water mixing ratio of 10−6 kg⋅kg−1. The stripes below the panels indicate the categories of the columns in
the cross-sections with the same colour code as in Figure 12. In panels (b) and (c), the arrows represent the mesoscale zonal and vertical wind
anomaly in the vertical cross-section. Note that, by convention, zonal wind u is positive toward the east [Colour figure can be viewed at
wileyonlinelibrary.com]

the surface below the cloud, associated with cold pools,
and at the cloud top, in the region of the trade-wind
inversion. The latter is a signature of air coming from
the cloud at lower altitude. The vertical wind distribu-
tion (Figure 11d) reveals convective-scale structures, i.e.
with a size of 1 km or narrower. Updrafts in the subcloud
layer are seen out of the flower cloud (west of x = 47 km),
while they are shut down in the cold pools (much fewer
east of x = 47 km). In the western edge of the system (for
x between 43 and 47 km), more intense subcloud-layer
updrafts develop with small clouds at their top. In the
flower cloud, the updrafts are most intense near the cloud
base and the cloud top in the convective part (x between 47
and 56 km) and near the cloud top only in the stratiform
part (x > 56 km). Vertical velocities near the cloud top are
also fostered by the trade-wind inversion that promotes the
wave activity. Strong downdrafts (with more than 1 m⋅s−1

downward velocity), either in clear sky or in cloudy air,
surround the updrafts near the cloud tops; they are inter-
preted as subsiding shells. Such circulations are usually
found near the lateral boundary of the shallow clouds
(e.g., Rodts et al., 2003), but they are also found at the
top of congestus (Strauss et al., 2021) and deep convective

systems (Glenn and Krueger, 2014; Dauhut et al., 2016).
The presence of a mesoscale circulation, and of a convec-
tive part and a stratiform part with contrasted microphys-
ical properties, is another characteristic that flower clouds
share with deep MCSs (e.g., Houze, 2004; Barnes and
Houze, 2014).

4.3 Updraft and cold-pool composites
and their contribution to the turbulent
fluxes

The convective processes at play in a flower cloud are
investigated further by partitioning the simulated fields.
This partition is 2D: it differentiates the columns of the
LES (the columns considered here are one grid point
wide). First, clear-sky and cloudy columns are distin-
guished based on a threshold on LWP of 2 × 10−5 kg⋅m−2.
The updraft columns are columns where the maximal
vertical velocity is larger than +1 m⋅s−1. The remaining
columns are separated between cold-pool columns, where
the mixed-layer depth is lower than 400 m following T21,
and other columns.
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F I G U R E 12 Maps of the partition, every hour from top to bottom and from left to right. Red (yellow), green (dark blue), and white
(cyan) stand for the updraft column, cold-pool column, and other column, all in cloudy (clear-sky) areas, respectively. A threshold of
2 × 10−5 kg⋅m−2 in LWP is used to distinguish cloudy from clear-sky areas. A rain water mixing ratio of 0.1 g⋅kg−1 at 780 m above sea level is
contoured in black. Table 2 gives the percentage of the domain covered by each category [Colour figure can be viewed at
wileyonlinelibrary.com]

T A B L E 2 Evolution of the area fraction for each column category. Time is in UTC and fractions are in %

Cloudy Clear-sky

Time Updraft Cold pool Other Updraft Cold pool Other

1300 10 7.8 8.3 7.6 4.1 62

1400 7.5 6.7 11 3 0.74 71

1500 10 11 13 2.8 0.73 62

1600 9.8 17 10 2.8 3.4 56

1700 7.4 23 6.9 2.5 11 49

1800 5.2 25 5 2.3 14 48

avg 8.3 15.1 9.0 3.5 5.7 58

The LES partition evolves with time (Figure 12 and
Table 2). On average over the hourly output between
1300 and 1800 UTC, the two most common categories
are cloudy cold pools (15%) and clear-sky other columns
(58%). The fraction of updraft columns remains roughly

constant during the simulation (near 10% in clouds and
3% in clear sky), while the fraction of cold-pool columns
grows at the expense of the other columns. The reason
why the updraft column fraction remains roughly constant
needs further investigation. It translates the fact that new

 1477870x, 2023, 750, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4409 by Portail B
ibC

N
R

S IN
S2I, W

iley O
nline L

ibrary on [25/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


340 DAUHUT et al.

updrafts are generated as fast as previous updrafts dissi-
pate, and that cold-pool expansion organizes the updraft
columns but does not affect their number at this stage of
the flower-cloud life cycle. A tentative explanation could
be that the convective activity reaches some kind of equi-
librium at these space and time scales (hundreds of km,
hours), defined by the large-scale conditions of the atmo-
sphere and the mesoscale organisation of the updrafts.
Cloudy updrafts developed preferentially on the western
inner edge of the flower cloud. They organise into an arc
with time. In the western outer edge, clouds are shallower.
They are growing and achieve vertical velocities larger
than+1 m⋅s−1 later. This aspect again makes flower clouds
similar to MCSs, especially the ones observed during the
Global Atmospheric Research Program Atlantic Tropical
Experiment (GATE) campaign (LeMone et al., 1984). East
of the cloudy updrafts, a very large cold-pool region devel-
ops, growing steadily from 8 to 25% of the domain from
1300–1800 UTC (i.e. an increase from 1,600 to 5,200 km2

in 5 hr). Until 1600 UTC, cloudy updrafts also develop east
of the flower cloud, potentially supplying the flower cloud
on its eastern edge. From 1600 UTC onward, the cold-pool
region is actually larger than the flower cloud. Whereas
clear-sky updrafts populate the regions out of the cold
pools, no updraft is found inside the clear-sky cold-pool
region. This does not mean that the cold pools are in fully
stable conditions, since turbulence is still active in the
lowest 100–200 m (as indicated by large values of subgrid
turbulent kinetic energy close to the surface, not shown),
but that the vertical motions that develop in the cold
pools are weaker than 1 m⋅s−1. The subcloud layer then
needs time to recover and host updrafts reaching 1 m⋅s−1,
in line with Zuidema et al. (2012). Cloudy updrafts are
also found in isolated spots in the middle of the cold-pool
region, potentially due to cold-pool collisions below the
flower clouds, fostering humidity horizontal convergence
and updraft development. The rain mixing ratio below the
cloud is largest in cloudy updraft columns and lighter in
cloudy cold-pool regions.

Composite profiles of the six column categories (aver-
age profiles over all the columns of each category,
Figure 13) indicate that the clear-sky updraft columns
sample the clear-sky subcloud-layer strong thermals well,
with near-zero vertical velocity above the subcloud layer.
Cloudy updraft columns host less intense upward veloci-
ties than clear-sky updrafts; this is because the composite
profile averages cloudy updrafts that are at different alti-
tudes. Other columns exhibit negative vertical velocities
on average. Cold-pool columns do not show stronger
downward motions in the subcloud layer than clear-sky
other columns, as one would have expected. This might
be due to the fact that the cold pools detected are on
average mature cold pools, which subside less and spread

more horizontally than newly generated ones. The average
0.05 m⋅s−1 downward motion in clear-sky other columns
is consistent with the mesoscale downdraft outside flower
clouds highlighted by Narenpitak et al. (2021) and, from
a larger perspective, the mesoscale downdraft developed
outside at the mature stage of a MCS (e.g. those found
in composites of the large MCSs called mesoscale con-
vective complexes: Cotton et al., 1989). However, cloudy
cold-pool columns show strong negative vertical veloci-
ties near the cloud top. This is due to the subsiding shells
that develop in the neighbourhood of updrafts near the
cloud top (Figure 11d). These subsiding shells are acci-
dentally sampled by the cloudy cold-pool category of the
partition, because both subsiding shells and cold pools
develop in the vicinity of cloudy updrafts. Despite being
sampled by the same column category, subsiding shells do
not necessarily supply cold pools with negatively buoyant
air. Indeed, there is a huge altitude gap between these two
types of circulation: subsiding shells develop above 2 km
altitude (Figure 11d) whereas cold pools are below 400 m
altitude, without evidence of continuity between the two.
Most of the cold-pool supply seems instead to come from
the evaporation of rain in the cloudy updraft area, west of
the flower cloud (Figure 11). The cloudy updraft columns
contain the most cloud liquid water and rain water. The
cloudy cold-pool columns contain one third less cloud liq-
uid water and five times less rain water in comparison,
but still much more than the cloudy other columns that
correspond to the edge of the flower cloud. These con-
trasts are consistent with the ones between convective and
stratiform parts in a deep MCS (e.g., Houze, 1977; Zipser,
1977).

The contributions of the six categories of columns to
the turbulent fluxes of sensible heat, humidity, and zonal
momentum are computed and averaged over the hourly
output of the LES between 1300 and 1800 UTC (Figure 14).
Total fluxes are shown; they are the sum of the explicit
and subgrid fluxes. Note that subgrid fluxes contribute sig-
nificantly near the surface (below 200 m) only, and to a
lesser extent to the sensible heat flux in the cloud layer
(up to −3 × 10−3 K⋅m⋅s−1). The upward turbulent sensi-
ble heat flux (Figure 14a) is driven by the cloudy updraft
columns above the subcloud layer up to about 2,300 m alti-
tude. Above and up to the cloud top, the subsiding shells
sampled by the cloudy cold-pool category contribute the
most to the upward turbulent sensible heat flux, while the
cloudy updrafts have a strong negative contribution that
partly compensates for the upward sensible heat transport,
in line with, for example, Davini et al. (2017). Since the
subsiding shells have negative average vertical velocities
and the updrafts have positive ones, their contribution to
the turbulent sensible heat flux at the cloud top is due to
air masses with low potential temperatures. They are then
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(a) (b) (c) (d)

F I G U R E 13 Composite profiles for each category of the partition: (a) average vertical velocity (m⋅s−1), (b) average cloud liquid water
mixing ratio (g⋅kg−1), (c) average rain water mixing ratio (g⋅kg−1), and (d) average zonal velocity (m⋅s−1, positive eastward by convention).
The domain average is in black [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

F I G U R E 14 Contribution of each category of the partition to the vertical turbulent transport of (a) sensible heat, (b) water vapour, and
(c) zonal momentum (positive for upward transport of eastward momentum and downward transport of westward momentum). The domain
average is in black [Colour figure can be viewed at wileyonlinelibrary.com]
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made of air that originates from low altitudes, ascends in
the cloud beyond its level of neutral buoyancy (overhoots),
and subsides back to this level. Below, in the lower half
of the subcloud layer, the turbulent sensible heat trans-
port is upward, with positive contributions from all updraft
columns and cloudy cold pools and a negative contribution
from clear-sky other columns that is consistent in terms
of amplitude and vertical variations with the fair-weather
sensible heat flux measured in situ during the GATE cam-
paign (Nicholls and Lemone, 1980). In the current study,
this negative contribution is due to warm subsidence that
dominates this category (Figure 13a). Weak subcloud ther-
mals (with maximal velocity about 0.25 m⋅s−1) also popu-
late the clear-sky other columns but they are fewer (40% of
this category versus 60% for subsidence). They are associ-
ated with theta anomalys that are virtually the same as the
subsidence (barely less warm), so the resulting negative
sensible heat transport is a consequence of the difference
in frequency. In the upper half of the subcloud layer, the
cloudy updraft columns and clear-sky other columns con-
tribute the most to the downward sensible heat turbulent
flux. The upward turbulent humidity flux and upward tur-
bulent zonal momentum flux (Figure 14b,c) are driven
mostly by cloudy updrafts. Near the cloud top only, the
subsiding shells partly compensate for the upward turbu-
lent humidity and zonal momentum fluxes, and in the sub-
cloud layer the clear-sky other columns contribute more
than the cloudy updraft columns to the upward turbulent
humidity and zonal momentum fluxes. Significant contri-
butions of the cloudy updrafts of a flower cloud to the tur-
bulent fluxes, including the momentum turbulent fluxes,
is another common point with deep MCSs (e.g., LeMone,
1983; Barthe et al., 2010). Comparison with the zonal
wind profile (Figure 13d) indicates that the zonal momen-
tum flux is downgradient up to 0.9 km and between 1.7
and 3.2 km altitudes, and against the zonal wind gradient
between 0.9 and 1.7 km altitudes. Such a transport against
the zonal wind gradient makes the flower cloud simi-
lar to the quasi-two-dimensional deep convective bands
observed during the GATE campaign (LeMone, 1983). The
reasons for this similarity remain to be explored.

5 DISCUSSION

The investigation of the processes at play in flower clouds
based on the LES indicate that these clouds share sev-
eral similarities with deep mesoscale convective systems
(Figure 15). The cloud cluster is made of three distinct
regions (Figure 11): the convective part that hosts most of
the cloudy updrafts, with large rain rate, the highest cloud
tops, and the lowest cloud base (at 800 m altitude, the top
of the subcloud layer), the stratiform part that is sampled

by detecting cold pools, with higher cloud base and lighter
rain, and the remainder of the cloud cluster. Similarly to
deep mesoscale convective systems, a mesoscale circula-
tion (e.g., Houze, 2004) takes place at the scale of the flower
cloud, supplying the system with moist air from the lowest
1.6 km—twice the depth of the subcloud layer. The rising
branch of this mesoscale circulation is made of the convec-
tive part of the flower cloud. The mesoscale outflow takes
place both west and east of the flower cloud, between 1.6
and 2.7 km altitude.

The fourth branch of the mesoscale circulation, out-
ward in the lowest 1,600 to 400 m, is driven by the spread-
ing cold pool below the flower cloud (Figures 9 and 15). It
is worth noting here that this cold pool is wide enough to
contribute significantly to the mesoscale circulation. The
identification of cold pools using R21 (not shown) indi-
cates that it is supplied with cold air near the convective
part, where the rain rates are the most intense. This gigan-
tic cold pool, more than 80 km wide (30% wider than the
largest cold pool reported in Zuidema et al., 2012), is sus-
pected to give a circular shape to the flower cloud, as
the cloudy updrafts that supply the cloud develop pref-
erentially at its edge (see Rotunno et al., 1988 for more
details on this later process). Furthermore, this wide cold
pool can be seen as the aggregate of several smaller cold
pools that are generated continuously during the life cycle
of the flower cloud. Both the size of this cold pool and
the aggregate structure are confirmed with SAR observa-
tions when available (the ones shown in Figure 9 are from
two other days with similar cloud organisation). In line
with the clear-sky LES of Ayet et al. (2021), this latter
point stresses how valuable the SAR observations are to
investigate the circulation in the marine subcloud layer,
in particular below the cloud clusters. As in the case of
the flower cloud investigated here, these circulations are
key for the organisation of clouds. Further investigations
are necessary to understand how SAR observations could
help to determine the cold-pool dynamics (collisions, indi-
vidual life cycle, etc.). Two questions remain concerning
cold pools: what is their role in the initiation of flower
clouds? And what is their role in the mesoscale circulation
conceptualised by Narenpitak et al. (2021)? Scrutinizing
GOES-16 visible movies suggests that cold pools play a sub-
stantial role in the initialisation of flower clouds, which
seem to develop where two or even three cold pools col-
lide, confirming theoretical studies like those of Haerter
et al. (2019) and Meyer and Haerter (2020) and suggesting
another similarity with deep convective systems, which
develop preferentially where convergence lines (due to two
cold pools for instance) collide (e.g., Wilson and Schreiber,
1986). The question remains open as to whether only cold
pools generated by rain-evaporation are at play or whether
radiatively driven shallow circulations (Naumann et al.,
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F I G U R E 15 Schematic of a
vertical cross-section through a flower
cloud, along the trade-wind direction.
The colours of the updrafts and
downdrafts are consistent with the
column category in which they are
identified (Figure 12): clear-sky updraft
(yellow), cloudy updraft (red), cloudy
cold pool (green). The hatched area
denotes the region where the agreement
between LES and observation is the
lowest. Small arrows are used to denote
subsiding shells and distinguish them
from cold pools. Sea-surface roughness
is nonuniform to illustrate the impact
of cold pools [Colour figure can be
viewed at wileyonlinelibrary.com]

2017) also contribute to the dynamics of flower clouds. The
same LES was performed without the temperature tenden-
cies due to radiation (not shown). It produced as many
cold pools, and a flower cloud as large as the one pre-
sented in this study. This suggests that it is mainly cold
pools driven by rain evaporation that contribute to the
convective dynamics once flower clouds are developed.

The partition of the LES fields highlights the very large
contribution of cloudy updraft columns to the turbulent
vertical fluxes of sensible heat, moisture, and momen-
tum, although they cover only 8% of the domain on
average (Figure 13, red arrows in Figure 15). Qualita-
tive comparisons between the vertical cross-sections of the
water-vapour field from LES and WALES (Figure 8) indi-
cate, however, that the detrainment of moisture around
flower clouds might be too high in the LES (above 2 km
altitude versus below this altitude in the observations).
Several hypotheses might explain such a difference. The
first two are linked directly to dynamical considerations:
too many updrafts transport moisture beyond 2 km, or
too little compensation of the updraft transport happens
above 2 km. The former hypothesis seems invalid, since
the comparison of cloud-top altitudes (Figure 4) indicates
that the LES produces too few highest cloud tops. The
latter hypothesis is not satisfying either, since the com-
pensating circulations, subsiding shells, are indeed at play
in the LES, but probably stronger than in reality, given
the too-disturbed simulated cloud tops in Figures 7 and 8.
Other hypotheses might then be formulated: is the mixing
by turbulent eddies strong enough in the LES to detrain
moisture below 2 km altitude? Are the microphysical

processes well represented near the trade-wind inversion,
in the highest cloud tops that seem to dissipate less in the
observation than in the LES? Radiation seems to play a
secondary role, since in the test simulation without the
radiative tendencies (not shown) the flower cloud develops
similarly to the control LES, with nonsignificant changes
in shape or size. The test simulation without radiative
tendencies produces a slightly more pronounced high-
est cloud-top mode, but at lower altitude than the LES
presented here.

Moist anomalies in the free troposphere are present in
both the LES and the WALES observations, even far away
from the cloud cluster. It is unclear to what extent these
anomalies are remnants of previously developed flower
clouds, or smaller clouds. However, the flower cloud in the
LES developed preferentially in one wide moist anomaly
that was present in the initial field. This makes the moist
anomaly potentially key in driving flower-cloud develop-
ment. Narenpitak et al. (2021) highlighted how important
the heterogeneities in the moisture field are and sug-
gested that they were the results of mesoscale circulations
that take place at the scale of each flower cloud. Such a
mesoscale circulation makes the wet regions wetter and
the dry ones drier, and this effect is even more pronounced
when large-scale upward velocity is present in the free tro-
posphere. Independently of flower clouds, Bretherton and
Blossey (2017) suggest that a mesoscale circulation can
develop spontaneously in a homogeneous environment on
a time-scale of about 15 hr solely because of gross moist
instability (convection makes wet regions wetter). Such
a mechanism is then a candidate to explain mesoscale
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humidity heterogeneities over the oceans. Testing how
much flower clouds are dependent on the mesoscale het-
erogeneities already present in the moisture field at their
initialisation and on their amplitudes is something left for
future work.

6 CONCLUSION

One flower-cloud system that developed east of the Barba-
dos Island is simulated for 7 hours, from 1200–1900 UTC
on February 2, 2020. The LES, produced with the nonhy-
drostatic model Meso-NH and with 100-m (40-m) uniform
horizontal (vertical) grid spacing, is evaluated using HALO
aircraft measurements from the EUREC4A field campaign,
GOES geostationary satellite measurements, and Sentinel
low-Earth-orbiting satellite SAR measurements. The sim-
ulated flower cloud exhibits characteristics similar to the
observed ones on February 2, 2020: increasing size from
about 50 km width at 1200 UTC to 100 km at 1600 UTC,
three modes in the cloud-top altitude distribution, cloud
tops that become colder during the day, and a moist
detrainment layer in the clear sky nearby. The simulated
wind anomalies at the surface show a pattern similar to
the surface roughness observed by spaceborne SAR. Some
differences exist, however: the LES produces less frequent
highest cloud tops than the observed clouds, the height of
the LES highest cloud tops is less homogeneous than in the
lidar observations, the most frequent PW value is lower in
the LES than in the radiometer measurements, the moist
detrainment layer is higher in the LES than in the lidar
vertical cross-section, and the free troposphere above the
cloud tops happens to be moister and colder than observed
by the dropsondes.

A mesoscale circulation is developed at the scale of
the flower cloud, upward at the western inner edge of
the flower cloud, the convective part, where most cloudy
updrafts are located, along with the highest cloud tops
and the largest rain rates. A 1,600-m deep inflow layer
above the surface supplies the flower cloud from the west,
and an 800-m deep outflow layer hosts strong divergence
at the cloud top. Eastward near-surface outflow on the
eastern side of the flower cloud is associated with large
cold pools. Similarly to a deep MCS, a stratiform part
can be defined east of the convective part, above cold
pools at the surface and characterised by lighter rain rates.
Within this mesoscale circulation, convective-scale circu-
lations are taking place. Many updrafts are found in the
subcloud layer west of the flower cloud. Deeper updrafts
that extend from the surface into the free troposphere
develop in the convective part. In the stratiform part, most
updrafts are near the cloud top. In both parts of the flower
cloud, the updrafts near the cloud top are surrounded

by strong downdrafts that are interpreted as subsiding
shells.

The investigation of the convective processes at play is
led with a partition of the LES 3D fields, in order to distin-
guish clear-sky from cloudy columns and, within each of
these two classes, the updraft columns, cold-pool columns,
and other columns. The cloudy updraft columns are organ-
ised in an arc on the western inner edge of the flower cloud,
with a pattern similar to the highest cloud tops. These
columns are associated with the highest rain rates and
the largest cloud liquid water content. East of them, the
cold-pool columns cover a zone as large as the flower cloud
that grows during the period of simulation. In the sec-
ond half of the simulation, the cold-pool zone is actually
larger than the flower cloud. Clear-sky cold pools spread
to the south and east of the flower cloud. The composite
profiles for all categories reveal that the clear-sky updraft
columns sample the subcloud layer thermals well, and the
cloudy cold-pool category accidentally samples subsiding
shells in the upper part of the cloud, because both cold
pools and subsiding shells develop in the vicinity of cloudy
updrafts. The cloudy updrafts drive the vertical turbulent
fluxes of humidity, zonal momentum, and to a lesser extent
the vertical turbulent flux of sensible heat. The subsid-
ing shells drive the highest part of the upward turbulent
flux of sensible heat, and partly compensate the upward
ones of humidity and zonal momentum. In the subcloud
layer, clear-sky updrafts and other columns contribute to
all fluxes.

The present study illustrates the wealth gained through
the combination of LES with high-resolution observations
from the EUREC4A campaign to investigate processes gov-
erning the organisation of trade-wind clouds. The role of
cold pools deserves to be investigated in contrasted study
cases showing, for instance, a gravel organisation. Future
investigations are planned to address the sensitivity of pro-
cesses leading to flower organisations to the stability of the
low atmosphere and the amplitude and size of pre-existing
environmental heterogeneities.
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