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The Influence of Parameterized Shallow Convection on
Trade‐Wind Clouds and Circulations in the HARMONIE‐
AROME Mesoscale Model
A. C. M. Savazzi1 , L. Nuijens1, W. de Rooy2, and A. P. Siebesma1,2

1Delft University of Technology, Delft, The Netherlands, 2Royal Netherlands Meteorological Institute (KNMI), De Bilt,
The Netherlands

Abstract Mesoscale numerical weather prediction models currently operate at kilometer‐scale and even
sub‐kilometer‐scale resolutions. Although shallow cumulus convection is partly resolved at these resolutions, it
is still common to use a shallow cumulus parameterization (SCP). Within the context of the EUREC4A model
intercomparison project, we evaluate how the modeled mesoscale cloud field in the trades responds to
parameterized or explicit shallow convection in the mesoscale model HARMONIE‐AROME. We simulate a
region of 3,200 × 2,025 km2 east of Barbados using a grid spacing of 2.5 km for a 2 months period (1 January to
29 February 2020). We compare three configurations of HARMONIE‐AROME: (a) one with an active SCP
(control), (b) one without parameterized momentum transport by shallow convection, and (c) one with an
inactive SCP. The experiments produce different responses in the cloud field that are not incremental. With the
SCP inactive, the model produces a warmer lower troposphere with many smaller but deeper clouds that
precipitate more. Along with stronger resolved eddy kinetic energy, wider and stronger shallow meridional
overturning circulations develop. In the configuration without parameterized momentum transport by shallow
convection, the eddy‐diffusivity scheme effectively takes over the missing transport in the sub‐cloud layer up to
∼ 800 m. Above that level, horizontal wind variance increases as the total momentum flux decreases, enhancing
eddy kinetic energy at scales of 2.5 km and larger. In contrast to the configuration with an inactive SCP, cloud
top heights hardly deepen, but stratiform cloudiness below the inversion and mean cloud size increase.

Plain Language Summary Shallow cumulus clouds are important for the transport of heat, moisture,
and winds in the lower 3–4 km of the atmosphere. Observations and high‐resolution simulations show that over
subtropical oceans, these clouds are coupled to atmospheric flows on mesoscales spanning a few to several
hundred kilometers. These circulations help explain the horizontal clouds patterns, and thus their radiative
impact on climate. Representing shallow cumulus clouds is challenging for models, as even a grid spacing of a
few kilometers cannot resolve the narrow buoyant updrafts that sustain these clouds. Hence, a parameterization
is often used to represent the transport by cumulus clouds on sub‐grid scales. This study uses a mesoscale
weather model to explore how turning off sub‐grid transport of heat, moisture, and momentum affects clouds
and mesoscale circulations. This is done to advance our conceptual understanding of the behavior of shallow
cumulus clouds in current atmospheric models, and test how they are coupled to mesoscale circulations. The
results show significant dependency of cloud organization and mesoscale circulations on the formulation of sub‐
grid shallow cumulus convection. When all sub‐grid convection transport is removed, the model produces
smaller, more numerous clouds that are stronger, deeper, and coupled to wider, stronger mesoscale circulations.

1. Introduction
Shallow cumulus clouds are widespread over tropical and subtropical oceans and small changes in their radiative
effect, primarily through low cloud amount, have an important impact on modeled equilibrium climate sensitivity
(ECS) (Bony, Schulz, et al., 2020; Schneider et al., 2017). In climate models, the vertical transport of momentum,
heat and moisture by parameterized shallow convection has a strong control on low cloud amount and hence ECS
(Vial et al., 2017). Recent observational evidence suggests that models might overestimate parameterized shallow
convective transport and miss an important control on cloud amount, namely that of mesoscale circulations
(Vogel et al., 2022). While in high‐climate‐sensitivity models lower‐tropospheric mixing by shallow convection
has a strong influence on (reducing) cloud‐base cloudiness (Sherwood et al., 2014), observations show that
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mesoscale motions have an equally important but opposite influence on lower‐tropospheric humidity, whereby
increased mesoscale overturning does not desiccate cloudiness (Vogel et al., 2022).

Current shallow convection parameterizations (SCPs) (Schlemmer et al., 2017) have been designed for models
with a mesh O(10–50 km) and rely, among others, on the assumption that resolved (large scale) circulations and
unresolved (turbulent) eddies are sufficiently distinct at these resolutions (Dorrestijn et al., 2013; Yu &
Lee, 2010). However, in the past decades the mesh of mesoscale models has approached O(1 km), at which scale
current SCPs may no longer be valid and produce excessive fluxes (Honnert et al., 2011). Still, completely turning
off the SCP at 1 km resolution, as often suggested in the literature (Bryan et al., 2003; Craig & Dornbrack, 2008;
Petch et al., 2002), may not be appropriate when shallow convection is not fully resolved at that scale.

Wyngaard (2004) uses the term ”terra incognita”, while others have denoted sub‐kilometer to km‐scale resolu-
tions as the ”gray zone” of shallow convection (Honnert, 2019; Lancz et al., 2018), for which a few SCPs have
been adjusted. Arakawa et al. (2011) suggest to follows a multi‐scale modeling framework, with explicit rep-
resentation of moist convection. Alternatively, they suggest to eliminate the assumption of small fractional area
covered by convective clouds and then apply the parameterization to finer horizontal resolutions. Based on
idealized large eddy simulations, Boutle et al. (2014) propose to suppress the non‐local turbulence in the gray
zone with a coefficient proportional to the ratio of grid mesh to boundary layer depth. Brast et al. (2018) test the
scale adaptivity of mass‐flux models, and Lancz et al. (2018) introduce a new closure for the SCP in which the
initialization of the parameterized mass‐flux depends on the horizontal resolution.

The debate on modeling shallow convection across the gray zone is ongoing, with one of the main challenges
stemming from the wide range of scales involved in shallow convection organized on mesoscales. Atkinson and
Wu Zhang (1996) describe the horizontal length scale of typical mesoscale shallow convection as ranging from a
few kilometers to a few tens of kilometers. The rich mesoscale structure in cloud‐topped boundary layers, such as
cloud bands (LeMone et al., 1984; Malkus & Riehl, 1964) or cellular convection (Agee et al., 1973) has been
recognized for decades. Meanwhile, the ubiquity of patterns in scattered shallow clouds (Bony, Semie,
et al., 2020; Rasp et al., 2020; Stevens et al., 2020) and their relationship to mesoscale circulations in the at-
mosphere (George et al., 2023) has received stronger focus more recently. This is partly because it may be critical
to understanding precipitation (Radtke et al., 2022) and the radiative budget (Bony, Schulz, et al., 2020).

In this study, we aim to investigate how low‐level cloudiness, including its organization and accompanying
mesoscale circulations, depend on parameterized (sub‐grid) transport of heat, moisture, and momentum by
shallow convection. We use a mesoscale or storm‐resolving model with a horizontal grid spacing of 2.5 km on a
domain of 200 × 200 km to answer: How does shallow convective transport influence trade‐wind cloudiness and
mesoscale circulations in simulations where shallow convection is either fully parameterized or (partially)
resolved? Our study uses the High Resolution Local Area Modeling ‐ Aire Limitee Adaptation dynamique
Developpement InterNational (HIRLAM‐ALADIN) Research on Mesoscale Operational NWP In Europe ‐
Applications of Research to Operations at Mesoscale (HARMONIE‐AROME) model. With this model we focus
on the model intercomparison project (MIP) associated with EUREC4A (Stevens et al., 2021), an observational
campaign that focused on trade‐wind convection east of Barbados, following seminal field studies of this cloud
regime (Holland & Rasmusson, 1973; Rauber et al., 2007).

Some of the goals of the EUREC4A‐MIP are to assess the simulation capability of the observed shallow cloud
mesoscale organization over the subtropical ocean, and understand the underlying dynamical processes leading to
mesoscale organisational patterns. Our study specifically focuses on characterizing and explaining the differences
between three model setups: (a) an experiment with fully parameterized transport of heat, moisture and mo-
mentum by shallow convection (control), (b) an experiment without parameterized momentum transport by
shallow convection, and (c) an experiment without any transport by parameterized shallow convection (turning
off the SCP altogether).

Our paper is organized as follows: Section 2 introduces the HARMONIE‐AROME model and explains the
parameterization of shallow convection in it. Section 3 introduces the experimental design with a description of
the different model experiments (Section 3.1), the observational data (Section 3.2), and the tools used for the
analysis (Section 3.3). We then compare modeled and observed time series (Section 4.1) and mean profiles
(Section 4.2) of key atmospheric quantities, before analyzing the impact of the SCP on cloud statistics (Section 5),

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004538

SAVAZZI ET AL. 2 of 24

 19422466, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004538 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [13/03/2025]. 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



on parameterized and resolved fluxes (Section 6), and on circulations (Section 7). In Section 8 we discuss the
relation between changes in cloudiness and circulation. The conclusions are given in Section 9.

2. HARMONIE‐AROME
Bengtsson et al. (2017) provide a general description of the numerical weather prediction model HARMONIE‐
AROME (HARMONIE hereafter) version cy40. Here we use the more recent version cy43. The relevant
modifications in the physics in cy43 compared to cy40 are presented by de Rooy et al. (2022), together with a
comprehensive description of the statistical cloud scheme, the (bulk) mass‐flux convection scheme, and the
turbulent kinetic energy (TKE) turbulence scheme (or eddy diffusivity scheme). HARMONIE uses the eddy‐
diffusivity mass‐flux (EDMF) framework which facilitates a unified description of the turbulent transport in
the dry convective boundary layer (Siebesma et al., 2007) and the cloud‐topped boundary (Rio & Hourdin, 2008;
Soares et al., 2004). This is a widely applied framework, which has often been extended for a unified repre-
sentation of sub‐grid scale turbulence and convection. For example, Tan et al. (2018) propose an extended EDMF
scheme with explicit time‐dependence and memory of sub‐grid‐scale variables, while Suselj et al. (2019a, 2019b)
propose a multiplume EDMF where all plumes are initialized at the surface. Here we shortly review the
formulation of parameterized transport and clouds in HARMONIE.

2.1. Parameterized Transport

The momentum budget for the zonal wind component u can be written as:

∂u
∂t
= − u ⋅∇u −

1
ρ
∂p
∂x
+ f v −

1
ρ

∂(wʹuʹ)
sbg

∂z
, (1)

where the overline represents a grid box mean, u is the wind vector, p is the atmospheric pressure, ρ the air
density, f the Coriolis parameter, v is the meridional wind component, and (wʹuʹ)sbg is the sub‐grid zonal mo-
mentum flux. The sub‐grid flux is divided into that carried by shallow convection (SC) and by turbulent transport
modeled by the eddy diffusivity (ED) scheme:

(wʹuʹ)
sbg
= wʹuʹ SC + wʹuʹ ED. (2)

The first term on the rhs represents the non‐local flux carried by the largest coherent (dry and moist) turbulent
eddies, while the second term on the rhs represents the flux carried by the smaller scale turbulent eddies. A similar
separation is applied for fluxes of liquid potential temperature θl (heat), total specific humidity qt (moisture), and
meridional wind v (meridional momentum).

The SC parameterization in HARMONIE (de Rooy et al., 2022), hereafter referred to as the SCP, applies a dual
updraft mass‐flux (MF) approach (Neggers, 2009) and can be written as:

ρwʹϕʹ SC ≈ Mdry (ϕu,dry − ϕ) +Mmoist (ϕu,moist − ϕ), (3)

where ϕ = [θl,qt,u,v] is a generic variable,Mdry andMmoist are the convective mass fluxes of the dry and moist
updraft respectively. The updraft profiles ϕu,i (i ∈ [dry, moist]) are determined by an entraining plume model.

The fractional entrainment of the dry updraft and the moist updraft in the sub‐cloud are built on the formulation of
Siebesma et al. (2007). These formulations depend on height (z) and the inversion height. The fractional
entrainment formulation of the moist updraft in the cloud layer is connected to the formulation of the moist
updraft in the sub‐cloud layer and decreases proportionally to z− 1. Finally, the detrainment in the cloud layer is
formulated according to de Rooy and Siebesma (2008). Both entrainment and detrainment formulations are
described in detail in de Rooy et al. (2022) and are supported by numerous LES studies (Boing et al., 2012; de
Rooy et al., 2013; Jonker et al., 2006).
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The SC scheme distinguishes between two different convective boundary layer regimes: dry convective boundary
layers, with only a dry updraft, and cloud‐topped boundary layers, with a dry and a moist updraft. In the
formulation of the mass‐flux approach, the treatment of momentum differs from that of scalar variables only in the
initialization of the updraft properties at the lowest model level, whereby temperature and humidity are given a
small excess value compared to the environment that is scaled by the surface fluxes, while u and v do not.

The small‐scale turbulence parameterization can be written as:

wʹϕʹ ED ≈ − K
∂ϕ
∂z
, (4)

where K is the eddy diffusivity. This is the ED component of the EDMF framework.

In this study we always consider both the dry‐ and moist‐mass flux components together. In the experiments
without the SCP, we omit all mass‐flux contributions (dry+moist) and leave only the ED scheme active as a sub‐
grid transport process (see Section 3.1 for a description of the different experiments).

2.2. Parameterized Clouds and Precipitation

Low clouds are parameterized with a statistical cloud scheme (Bougeault, 1981; Sommeria &Deardorff, 1977). In
such an approach, cloud cover and liquid water content are derived from estimates of the sub‐grid variance of qt
and θl. In the literature, several approaches exist to estimate these sub‐grid variance (Bechtold et al., 1995; Golaz
et al., 2002). De Rooy et al. (2022) describe the statistical cloud scheme as applied in HARMONIE. Both the ED
and SC fluxes contribute to the sub‐grid variance but in HARMONIE we apply an additional term with the
characteristics of a relative humidity scheme (de Rooy & Siebesma, 2010). This means that, in the absence of
convection and no noticeable amount of turbulent activity, the variance is still different from zero. The role of this
extra variance term is to account for the effect of surface heterogeneity, horizontal large‐scale advection,
mesoscale circulations, and gravity waves.

Precipitation above the surface is determined by the microphysics within the grid box, while at the surface there
can be a sub‐grid contribution from the SC scheme. The sub‐grid precipitation calculated in the updraft of the SC
scheme is added only to the surface precipitation and not transferred to the grid box at the corresponding model
level. This means that the sub‐grid precipitation from the SC scheme cannot help in the development of mesoscale
circulations (e.g., by evaporation). Turning off the SCP effectively removes a (small) source of surface precip-
itation and a source of sub‐grid variance for qt and θl. The latter leads the cloud scheme to more easily produce
fully cloudy or cloud free grid boxes, with less intermediate states.

3. The Setting
3.1. Experiments

We use HARMONIE to simulate an area of 3,200 × 2,025 km2 over the North Atlantic trade‐wind region with a
horizontal grid spacing of 2.5 km. The analysis domain spans 200 × 200 km2 centered at 13.28 N and 57.76 W, a
key region in EUREC4A studies (Savazzi et al., 2022, 2024). HARMONIE receives lateral boundary fields from
ERA5 (Hersbach et al., 2020) every hour and the SST is updated every 24 hr. The runs are performed in a free
(climate) mode for 2 months, from 1 January to 29 February 2020. In climate mode, HARMONIE is initialized
only once at 1 January, which limits the effects of biases inherited from the forcing model. With this setup there
are no discontinuities in the time series. The model can more freely develop its dynamics in response to varying
large‐scale forcing.

The 2 months of simulation allow us to address the response of clouds and convection across a wide range of
conditions and different mesoscale organisation, during a period for which extensive observations are available.
The model physics respond very quickly to changes in dynamical forcing, and that forcing generally changes
substantially on sub‐daily and intra‐daily time scales, such that differences do not build up over time. As our
results in Section 4.1 will show, the response of cloudiness to parameterized convection can be very different from
day‐to‐day, depending on the large‐scale forcing that may make the environment more conducive to (explicitly)
resolving convection.
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We perform three experiments with different representation of wʹϕʹ SC under convective conditions.

1. A control run with the operational setup as used in (Savazzi et al., 2024):

Control : wʹϕʹ SC≠ 0 with ϕ = [θl,qt,u,v], (5)

where both the SC (dry + moist MF) and the ED scheme are active.

2. A run without SCP (dry + moist MF) for horizontal momentum, whereby the SCP remains active for heat and
moisture:

UV‐OFF : wʹϕʹ SC≠ 0 with ϕ = [θl,qt],

wʹuʹ SC = 0 wʹvʹ SC = 0.
(6)

3. A run where the SCP (dry + moist MF) is turned off completely:

SC‐OFF : wʹϕʹ SC = 0 with ϕ = [θl,qt,u,v] (7)

The ED scheme and the cloud scheme remain active in all simulations; thus the model can respond to the removal
of mass‐flux transport by adjusting both the resolved and sub‐grid ED transport.

3.2. Observations

We use the following observations to evaluate the realism of the model experiments.

1. Images from GOES16 (NOAA, 2020), the first of the Geostationary Operational Environmental Satellite R
(GOES‐R) series. Spaceborne instruments have proven useful in assessing cloud patterns in the trades (Bony,
Schulz, et al., 2020; Schulz, 2022), despite challenges in detecting shallow cumuli because of their small
footprint and low optical depth, and overlying mid‐ and high‐level clouds (Marchand et al., 2010; Zhao & Di
Girolamo, 2006). From GOES16, we use channel 13 of the Advanced Baseline Imager (ABI), which provides
brightness temperature at a spatial resolution of 2 km. We extract 1,140 images of the analysis domain with a
temporal resolution of 1 hr, which are regridded to 2.5 km to match the resolution of HARMONIE.We define a
marine low‐cloud mask using measurements with a brightness temperature between 270 and 292 K. Cloud top
height (CTH) is derived assuming a constant dry adiabatic lapse rate of 10 K km− 1 up to 700 m and a moist
adiabatic lapse rate of 6.5 K km− 1 aloft. These numbers allow us to include somewhat deeper clouds than in
Bony, Schulz, et al. (2020), which used 280 and 290 K as thresholds.

2. Radiosondes from the Barbados Cloud Observatory (BCO) (Stephan et al., 2021). More than 300 radiosondes
were launched at 13.1 N and 59.3 W during EUREC4A, between 16 January and 17 February. The interval
between consecutive launches varies between two and three hours.

3. The JOANNE (Joint dropsonde Observations of the Atmosphere in tropical North atlaNtic mesoscale Envi-
ronments) data set (George et al., 2021). We use Level 3 of this data set, which comprises around 1,000
dropsondes launched from the high‐altitude and long‐range research aircraft HALO during EUREC4A, be-
tween 19 January and 15 February, along a ∼220 km diameter circle centered at 13.3 N, 57.7 W.

3.3. Tools

The cloud fields are analyzed using organization metrics define by Janssens et al. (2021). For GOES16 the cloud
mask is defined in Section 3.2; while for HARMONIE, any grid box in the lower 4 kmwith a cloud fraction larger
than 0.5 is considered cloudy. A number of organization metrics require further explanation.

1. Cloud size is determined by the square root of its area, projected onto the surface. In other words, cloud size is
the length of one side of a square that has the same area as the cloud object.

2. Cloud cover (CC) is the fractional area covered by clouds projected onto the surface plane. In this study we
consider cloudy grid cells only up to 4 km.
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3. Open sky is the fraction covered by the largest possible rectangle placed in the domain without touching any
cloud, and is thus a measure of the cloud‐free area.

4. Orientation is a dimensionless quantity between 0 and 1, with 0 denoting that clouds have no preferential
direction of orientation and 1 denoting that all clouds are oriented in one direction.

We also apply the organization metrics to the flow field. We identify shallow mesoscale overturning circulations
(SMOCs) as in George et al. (2023). These are regions where the sub‐cloud (0–600 m) and the cloud layers (900–
1,500 m) exhibit mesoscale horizontal divergenceDwith the opposite sign. The sign of the divergence in the sub‐

cloud layer (Dsc =
∂u
∂x +

∂v
∂y) reveals mesoscale ascent (Dsc < 0) or mesoscale subsidence (Dsc > 0) .

After smoothing the fields ofD to 20 km (see Savazzi et al. (2024) for the filtering method) we only consider grid
boxes where |D| is greater than ± 10− 6s− 1. This is a fairly small threshold compared to the values of theD dipole
(Dʹ) found in the domain (shown later in Section 7). We define the following metrics.

1. The D dipole (Dʹ) strength (or SMOC strength) is the difference between the cloud layer and the sub‐cloud
layer divergence (Dʹ = Dc − Dsc) .

2. SMOC coverage, similar to CC, is the fractional area covered by SMOCs.
3. Aspect ratio is the non‐dimensional ratio between (horizontal) SMOC size and its vertical extent, where the
size is defined as for the cloud objects, while the vertical extent is the height of maximum divergence when
Dsc < 0 and minimum divergence when Dsc > 0.

In our analysis of the mesoscale circulations we also apply Reynolds decomposition and identify fluctuations ϕŕes
of a generic variable ϕ at the 2.5 km grid resolution with respect to the slab average 〈ϕ〉 taken over the 200 × 200
km2 analysis domain. This allows to distinguish between parameterized sub‐grid fluxes (ϕʹwʹ)sbg and resolved

fluxes (ϕʹwʹ)res. The total turbulent flux in the domain is thus defined as:

(ϕʹwʹ)
total

= (ϕʹwʹ)
sbg
+ (ϕʹwʹ)

res
(8)

We drop the subscript for the variances of the fluctuations ϕŕes at scales larger than 2.5 km, thus ϕʹ2res = σ2ϕ.

Wind variances at scales larger than 2.5 km (σ2u, σ2v , σ2w) can be combined to define the eddy kinetic energy (EKE),
as a proxy of mesoscale variability and intensity of resolved eddies:

EKE =
1
2
(σ2u + σ2v + σ2w). (9)

Following Salesky et al. (2017) we also define the EKE anisotropy as the ratio σ2w/ (σ2u + σ2v) , which helps
indicate the relative importance of buoyancy and shear production of vertical and horizontal wind variance.

4. Characteristics of the Simulated Period
4.1. Time Series

The temporal variability in cloudiness driven by different mesoscale and synoptic conditions is rich in the trades
(Nuijens et al., 2014; Vogel et al., 2022). Compared to dropsonde measurements (the JOANNE data set collected
during EUREC4A), all three HARMONIE experiments reasonably capture the evolution of the wind speed in the
lower 200 m, plotted as a 24‐hr rolling average in Figure 1d. While the left panel of Figure 1 shows the temporal
evolution of selected quantities, the box charts in the right panel show their distribution over the 2 months. The
triangles indicate the mean, the boxes indicate the interquartile range, and the whiskers indicate the extremes.

Satellite observations from GOES16 (orange in panel e) show that the domain mean cloud top height is also in the
right ballpark, although with more pronounced variability in the model. In the first half of January and first half of
February, the modeled clouds deepen more than what observed. When the winds weaken in the second half of
January the modeled cloud field oscillates between deeper clouds with large CC (panel f), and shallower cloud
tops with low CC, while GOES16 shows a more constant mean CTH of about 1.5 km.
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Figure 1. Temporal evolution (left column) and distribution (right column) of (a) convective available potential temperature CAPE, (b) surface precipitation, (c) liquid
water path LWP, (d) mean wind speed of the lower 200 m, (e) mean cloud top height CTH, (f) cloud cover CC below 4 km. The time series are shown as 24‐hr rolling
averages. The dots at the bottom of panel (f) mark times where CCUV‐OFF < CCcontrol (red), and CCSC ‐OFF < CCcontrol (blue). Black is for the control, red for UV‐OFF,
and blue for SC‐OFF. The orange dots indicate dropsonde measurements from JOANNE in panel (d) and satellite measurements from GOES16 in panel (e).
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The mean CC is surprisingly similar among the three experiments, as seen in the box chart of panel (f), although
the distribution narrows for the SC‐OFF experiment. However, on a daily basis, differences in CC between the
experiments as large as 20% are not unusual, and they are both positive and negative, explaining why differences
are small in the mean. In the time series, we use colored dots at the bottom of panel (f) to highlight hours where CC
in SC‐OFF is smaller than the control (blue dots), and where CC in UV‐OFF is smaller than the control (red dots).
About 40% of the time, CCSC ‐OFF < CCcontrol, whereas CCUV ‐OFF < CCcontrol about 49% of the time. We will
make use of this distinction later in Section 5 when we describe how this relates to changes in cloud organisation
and wind speed.

The evolution of mean CTH and CC in HARMONIE is not strictly tied to the convective available potential
energy (CAPE), which is shown in Figure 1a. For example, the peak in CAPE captured by all experiments at the
end of January is not associated with any rapid increase in mean CTH nor in CC. Nevertheless, CAPE in SC‐OFF
is about 250 J kg− 1 higher on average, suggesting that the absence of SC helps build up instability that would
otherwise be quickly removed. Panels (b) and (c) further indicate more mean precipitation and higher liquid water
path (LWP) in SC‐OFF.

4.2. Mean Profiles

The mean thermodynamic and dynamic profiles of the control experiment, along with the interquartile range to
indicate the variability, are shown in Figure 2 as black lines and shaded areas. The profiles of specific humidity qt
(panel a) and liquid potential temperature θl (panel b) show a relatively well‐mixed boundary layer reaching
600 m, with a weak trade‐inversion in θl between 2 and 2.5 km. The warm, moist surface layer and a strong
easterly breeze (∼10 m s− 1 in panel (c) establish the typical environment of trade‐wind shallow cumulus con-
vection (Nuijens et al., 2014). Near cloud base, between 700 and 800 m, the zonal wind u has a local maximum, or
low‐level wind jet (Larson et al., 2019). The meridional wind is weaker than the zonal wind, with values around
− 2 ± 1 m s− 1 below 600 m, and − 1 ± 1 m s− 1 above.

Figure 2. Mean profiles of (a) specific humidity qt , (b) liquid potential temperature θl, (c) zonal u, and (d) meridional uwind.
The bottom x‐axes display the mean (solid black) and interquartile range (shading) of the control experiment. The top x‐axes
display the mean difference of the observations and other experiments to the control: observations (BCO) ‐ control (orange),
UV‐OFF ‐ control (red), SC‐OFF ‐ control (blue).
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Figure 2 also shows the mean differences of UV‐OFF (red), SC‐OFF (blue), and the BCO soundings (orange) with
respect to the control. The dashed orange line in panel (a) and (b) shows that the control is about 1 g kg− 1 too dry
in the lower 500 m and 1 K too cold in the lower 1 km compared to the BCO soundings, a bias that is inherited
from ERA5 (not shown). In SC‐OFF, the profile of qt improves with respect to the observations in the lower few
hundred meters and above 1.5 km, because the difference between SC‐OFF and the control (dashed blue) has the
same sign as the difference between the BCO soundings and the control. Still, SC‐OFF is too dry around cloud
base and too moist at cloud top (2.5 km).

In SC‐OFF, the profiles of qt and θl are better vertically mixed in the cloud layer: drier and warmer than the
control around 1 km, and moister and colder than the control at 2.5 km. This suggests that non‐local transport of
heat and moisture from the lower to the upper cloud layer is more efficient when done by resolved eddies in SC‐
OFF than by the parameterization in the control. In contrast, without SCP the sub‐cloud layer humidity becomes
less well‐mixed, highlighting the importance of the sub‐grid transport by dry MF. The removal of parameterized
momentum transport by SC (UV‐OFF) has a negligible effect on the mean thermodynamic profiles. From
Figure 2a, the main difference between UV‐OFF and the control run is a somewhat moister layer near 2.5 km in
UV‐OFF (dashed red line), which relates to enhanced cloudiness at this level, which we return to below.

In terms of the horizontal wind profiles (Figures 2c and 2d), SC‐OFF and UV‐OFF have more wind shear on
average than the control. Momentum transport by the SCP acts to mix winds across the boundary layer for
example, by transporting zonal momentum from the surface upwards into the cloud layer. The result is less shear
throughout the lower troposphere when the SCP is active, with reduced zonal wind jet at 700 m and stronger
winds between 1.5 and 2.5 km. A comparison between the orange line and the blue and red lines in panel (c)
reveals that the zonal wind jet that develops without parameterized momentum transport by SC is too strong and
the wind shear becomes too large compared to the observations. Sandu et al. (2020) showed a similar effect of
parameterized shallow convective mixing for the ECMWF‐IFS (ECMWF, 2024) at 40 km resolution. They
observed that the zonal wind jet developing without momentum transport by SCP in the ECMWF‐IFS is too
strong compared to observations and reanalysis, although the lack of mixing reduces the surface bias (Savazzi
et al., 2022).

The largest effect on the zonal wind comes from the removal of parameterized momentum transport by the SCP.
Further removing the parameterized transport of heat and moisture in SC‐OFF does not significantly change the
zonal wind. This is not the case for the meridional wind, which weakens in SC‐OFF, producing a veering of the
wind and a weaker meridional component, while the surface winds in UV‐OFF turn southward, acquiring a
stronger meridional component. These differences in the mean winds do not directly translate into different
mesoscale circulations (which we describe in Section 7), but help understand how parameterized shallow con-
vection modulates the large scale flow feeding into the ITCZ. Overall, we find that HARMONIE reproduces
observed zonal and meridional wind profiles better in the control, which highlights that sub‐grid momentum
transport by SC is non‐negligible.

In SC‐OFF the model produces more resolved convection as a way to compensate for the missing parameterized
SC fluxes, while in UV‐OFF the resolved fluxes remain similar to the control. We will return to the flux transport
and its partition between resolved and parameterized, in Section 6.1. Here we first analyze the differences in
convective activity through profiles of vertical velocity. Figure 3a shows the mean and interquartile range for the
variable wUP as a proxy for resolved updraft strength. We define wUP as the positive resolved vertical velocity w
sampled in columns with at least one cloudy grid box at any level. In SC‐OFF,wUP is twice that of the control (and
of UV‐OFF) throughout the cloud layer, with mean values of ∼ 0.12 m s− 1 at 1 km.

Stronger resolved vertical velocity drives deeper clouds as shown by the normalized probability density function
(PDF) of CTH in Figure 3b. For all data sets, this distribution peaks just above cloud base, at ∼ 800 m, and below
the inversion, at ∼ 2 km. Deeper clouds in SC‐OFF are associated with a higher probability of finding clouds
above 2 km. Below the trade‐inversion, here near 2 km, stratiform outflow layers, very similar to anvils found
near the tops of deep cumulus, are common (Nuijens et al., 2014). SC‐OFF produces less of these layers here, in
line with previous studies that have found that the deepening of the cloud layer leads to reduced inversion strength
and less stratiform cloudiness (Vogel et al., 2020).
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Without parameterized momentum transport by SC (UV‐OFF), wUP does not change markedly (panel a), and
neither does the overall distribution of CTH. However, as we will show in the next section, UV‐OFF does on
many days have a tendency to produce enhanced stratiform cloudiness and larger mean cloud sizes.

5. Cloud Statistics
In the simulated period various cloud patterns were simulated in HARMONIE. Quantifying these is important to
validate the model's performance across the gray‐zone. Figures 4a and 4b show two snapshots of CTH from
GOES16. On 13 January at 12:00 LT (a) the cloud field is relatively unorganized with small clouds scattered
throughout the domain, while on 13 February at 12:00 LT (b) the cloud field is highly organized with two large
objects elongated in the south‐west to north‐east direction. Figure 4c quantifies the organisation of the cloud fields
through orientation (y‐axis) and open sky (x‐axis), which have been introduced in Section 3.3. 13 January at 12:00
LT and 13 February at 12:00 LT are marked in the phase space with green crosses, which show that the clouds in
panel (b) have a stronger preferential orientation than clouds in panel (a), and they allow for a larger cloud free
area between object. All other images from GOES16 are represented by the orange dots and suggest that the
relationship between orientation and open sky is not linear. Nevertheless, when clouds are aligned in a preferential
direction (high orientation) there are larger patches of clear sky (high open sky).

In Figure 4c we compare the statistical distribution of orientation and open sky for the HARMONIE experiments,
where the control is in black, UV‐OFF is in red, and SC‐OFF is in blue. For these, we use probability density
functions (univariate in the external panels) and box charts (bivariate in the phase space), instead of scatter‐plots.
For each data set the box charts intersect at the mean. SC‐OFF tends to have cloud fields similar to panel (a), while
the control and UV‐OFF showmore frequent cloud fields similar to panel (b), with distributions of orientation and
open sky comparable to GOES16 (orange).

This purely geometrical evaluation shows that SC‐OFF produces different organisation patterns than the
observation and other experiments. Smaller values of open sky, with relatively similar cloud cover (see

Figure 3. Profiles of (a) resolved updraft wUP, and (b) normalized histogram (or PDF) of cloud top height CTH averaged over
2 months. wUP is the positive resolved vertical velocity w when there is a cloud somewhere in the column. In (a) the solid
lines indicate the mean, while the shadings indicate the interquartile range. Black is for the control, red for UV‐OFF, blue for
SC‐OFF, and orange for the observations (GOES16).
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Section 4.1), indicate a more ”spotty” cloud field, where clouds are smaller and more homogeneously distributed.
Images from GOES16, the control, and UV‐OFF instead reveal a wider distribution of open sky with a mean
around 0.4. For GOES16, the lower tail of the distribution is shifted to larger values, because small clouds are
difficult to see from space. The orientation of projected clouds is less preferential in SC‐OFF, with a mean
orientation < 0.6, compared to ∼0.7 from GOES16. This indicates clouds that are too symmetric (round) in SC‐
OFF, which may be a result of stronger updrafts reaching higher, rather than becoming negatively buoyant near
the inversion and producing spreading stratiform outflow.

The difference in convective activity modulates cloudiness in a non‐trivial way. Cloud cover, can be split into a
contribution from grid columns with clouds below 1 km and a residual contribution from grid columns that are
cloudy above 1 km, without any cloud underneath. Stratiform cloud anvils are an important contributor to the
latter (Nuijens et al., 2014). In Figure 5, this partition shows important differences among the three experiments,
which are not evident from the total CC in Figure 1f.

Compared to the control, SC‐OFF shows increased CC near cloud base, from 0.1 to 0.15. Above 1 km, the mean
contribution remains similar to the control, but the distribution indicates a smaller maximum, suggesting that SC‐
OFF produces less stratiform outflow than the control. Clouds respond in the opposite manner in UV‐OFF, with
marginally smaller CC near cloud base, but more CC aloft, indicating more frequent stratiform outflow.

In Figure 6 we use total CC (below and above 1 km) to divide the time series into subsets of hours in which
responses can be very different than the mean. Each experiment is compared to the control for those subsets
during which CC is larger than the control (solid) or smaller than the control (dashed). Cloud cover (e), (f)
combines information on the number of clouds (a), (b) and their size (c), (d) (defined in Section 3.3).

Clouds are equally numerous in UV‐OFF and in the control (a). The mean size of the projected clouds, which is
strongly influenced by the presence of stratiform outflows, determines the differences in CC between UV‐OFF

Figure 4. Snapshots of cloud top height (CTH) from GOES16 on (a) 13 January at 12:00 LT, and (b) 13 February at 12:00. In
panel (c) is the phase space for the cloud metrics orientation (y‐axis) and open sky (x‐axis), where the instances in (a) and
(b) are marked with green crosses. The orange dots refer to all other GOES16 images. The distributions are shown also as
probability density functions (lines) and box charts for GOES16 (orange), the control (black), UV‐OFF (red), and SC‐OFF
(blue). For each data set the box charts indicate interquartile range and extremes, and they cross at the mean.
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and the control: larger clouds increase CC, while smaller clouds decrease CC. This translates to a clear negative
correlation between CC (e) and open sky (g), meaning that open sky reduces as clouds become larger.

This relationship between CC and open sky changes in SC‐OFF. In SC‐OFF the distribution of all cloud metrics is
narrower compared to UV‐OFF and the control, except for CTH. Clouds are always more numerous in SC‐OFF,
but they are smaller. SC‐OFF produces fewer stratiform outflows, and the larger number of clouds in SC‐OFF is
not always enough to compensate, so that CC decreases. Comparing the solid blue and black box charts draws the
picture that more clouds in SC‐OFF, despite being smaller, help make larger cloud cover, except when the control
experiment makes stratiform anvils, as evident from the increase in mean cloud size (dashed black in panel d).

Figures 6i and 6l reveal changes in the depth of convection by means of CTH. The CTH statistics are very similar
for UV‐OFF and the control (panel i), while SC‐OFF (panel l) has a wider distribution of CTHs, ranging from
below 1 km to above 2.5 km, when CCSC ‐OFF > CCcontrol, and even up to 3 km when CCSC ‐OFF < CCcontrol. This
highlights the connection between resolved updraft strength and total (low) cloud cover, as described in Vogel
et al. (2020). When convection gets stronger, there is less detrainment below the inversion (at about 2 km), and
less stratiform cloud, which has a large contribution to total cloud cover.

Space‐borne observations over the western North Atlantic reveal that trade‐wind clouds favor specific mesoscale
patterns under specific environmental conditions (Bony, Schulz, et al., 2020). Isolated smaller cumulus clouds
(sugar) are favored in more unstable boundary layers and weak winds. This environment promotes frequent
updrafts, but weak winds and smaller surface fluxes generally make for a drier environment and raise the lifting
condensation level. In these conditions, the SC‐OFF experiment tends to produce more CC (near cloud base) than
the control by promoting stronger updrafts, see Figure 6n.

Precipitating cumulus convection with cold pools (gravel) and with stratiform outflows (flowers) are favored in
more stable boundary layers and strong winds. This environment promotes moistening of the boundary layer and
larger cloud clusters, but a more stable lower troposphere prevents clouds from deepening, and detrainment
promotes stratiform outflow. In these conditions, UV‐OFF promotes larger changes in stratiform cloudiness
(Figure 6m).

6. Impact on Fluxes and Variances
Without dry and moist MF contributions to transport, the eddy diffusivity (ED) scheme and the resolved dynamics
will carry all the flux (Section 2.1). In SC‐OFF, all fluxes (moisture, heat, and momentum) change in response to
the missingMF, while in UV‐OFF only the momentum fluxes need to adjust (although other indirect effects might

Figure 5. Contribution to total cloud cover from layers below (left side) and above (right side) 1 km. Black is for the control,
red for UV‐OFF, and blue for SC‐OFF. Box limits indicate the range of the central 50% of the data (interquartile), with a
central line marking the median. The triangle indicates the mean, and the whiskers capture the range of the remaining data.
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Figure 6. Distribution of key cloud metrics (a to l) and surface‐layer wind speed (m, n) grouped by instances where
CCUV‐OFF > CCcontrol (left panels, solid lines), CCUV ‐OFF < CCcontrol (left panels, dashed lines), CCSC ‐OFF > CCcontrol (right
panels, solid lines), and CCSC ‐OFF < CCcontrol (right panels, dashed lines).
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cause secondary adjustments to the heat and moisture fluxes). In Figure 7 we investigate how HARMONIE
partitions the total fluxes between parameterized and resolved fluxes, and how these change in the three
experiments.

In the top row of Figures 7a–7d we show the parameterized fluxes (ϕʹwʹ)sbg, comprising the MF contribution
(dotted lines, where active) and the ED contribution (dashed lines). Panels e, f, g, h on the bottom row display the
resolved fluxes (ϕʹwʹ)res as dashed lines, and the total fluxes (ϕʹwʹ)total as solid lines. The sub‐grid fluxes of
moisture and heat from UV‐OFF were not saved and thus not shown, but given the unchanged thermodynamic
structure in UV‐OFF compared to the control, we anticipate that these fluxes are very similar to the control.

Figure 7. Mean in space and time of the flux profiles for moisture (a), (e), heat (b), (f), zonal momentum (c), (g), and meridional momentum (d), (h). On the top row (a),
(b), (c), (d) the parameterized flux (solid) is divided into the SC scheme (dotted), which includes dry and moist MF, and the ED scheme (dashed). The SC scheme is
turned on in the control (black), and turned off in SC‐OFF (blue). On the bottom row (e), (f), (g), (h) is the resolved flux (dashed) and the total flux (solid), which is the
sum of the parameterized and resolved fluxes.
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The SCP (dotted black in panels a–d) introduces fluxes that are largest in the cloud layer and reduce to zero at the
surface and at 2.5 km, above the cloud layer. The ED scheme (dashed in panels a–d) introduces fluxes that are
largest near the surface. Focusing on the parameterized moisture flux (panel a), we see that the ED component
increases across all heights when the SCP is turned off. At the surface this goes from 0.02 g kg− 1 m s− 1 in the
control to 0.03 g kg− 1 m s− 1 in SC‐OFF, compensating for the absence of the SCP, as the dashed blue line is
closest to the combined ED and MF components in the control (solid black). At other levels below 2.5 km,
however, the increase in ED flux is insufficient, with the combined ED and MF in the control being more than
double the ED flux in SC‐OFF (dashed blue).

The combined ED +MF zonal momentum flux (solid black in panel c) has a profile that can be represented well
by the ED approach alone: large, positive near the surface and reducing to zero above cloud base, around 1 km. In
this case, removing the parameterized momentum transport by SC causes the ED component to increase, pro-
ducing a similar parameterized flux in SC‐OFF and UV‐OFF as in the control (solid black), but only in the sub‐
cloud layer. Compared to the control, the parameterized zonal as well as the meridional momentum flux in SC‐
OFF and UV‐OFF is substantially weaker near cloud base and in the cloud layer up to 2 km, which helps explain
the larger wind shear and stronger zonal wind jet that develops in these experiments (Figures 2c and 2d).

The resolved transport also adjusts, as shown by the dashed lines in Figures 7e–7h. This adjustment, combined
with adjustments in MF and ED fluxes, set the heat, moisture and momentum tendencies and thus the mean
profiles (see Figure 2). The resolved moisture flux (panel e) in SC‐OFF increases from about 0.01 g kg− 1 m s− 1 to
0.03 g kg− 1 m s− 1 at 1 km compared to the control, and the resolved heat flux increases from about − 0.01 km s− 1

to − 0.03 km s− 1 at 1.5 km. The resolved momentum fluxes in UV‐OFF (dashed red in bottom row) increase
primarily in the cloud layer, but while this brings the total zonal momentum flux from UV‐OFF (solid red in panel
g) very close to the control (solid black), the total meridional momentum flux is less in UV‐OFF compared to the
control. This helps explain, as we show in the next section, that resolved momentum variance increases in UV‐
OFF in the presence of weaker sub‐grid momentum fluxes.

In SC‐OFF, the combination of increased ED and resolved fluxes produce a total flux (solid lines in panels e–h)
that exceeds the fluxes of moisture, heat, and zonal momentum in the control. Notably, in this configuration, the
resolved flux alone can surpass the total flux in the control. As we show next, the enhanced resolved heat and
moisture transport can drive stronger mesoscale circulations, in line with Janssens et al. (2022).

6.1. Eddy Kinetic Energy

Spatial variability in the trade‐winds is known to be rich from both observations (George et al., 2023; Vogel
et al., 2022) and simulations (Savazzi et al., 2024). Presumably, a change in the total heat, moisture and mo-
mentum fluxes and in the character of clouds brings about a change in resolved circulations on mesoscales. With a
2.5 km grid spacing, resolved circulations are somewhat artificial, as individual updrafts and the effect of cold
pools cannot be captured (Kurowski et al., 2024; Lamaakel &Matheou, 2022). Despite this constraint, we use the
resolved eddy kinetic energy (EKE), defined in Section 3.3 to measure wind fluctuations (uŕes, vŕes, wŕes) at scales
larger than 2.5 km. This can indicate to what extent the flow field is gaining or losing energy in response to
stronger convection in SC‐OFF and less sub‐grid momentum flux, at least in the cloud layer, in UV‐OFF.

Figure 8a shows the mean profile and interquartile range of EKE for each experiment and reveals that EKE in the
cloud layer increases in UV‐OFF and further increases in the sub‐cloud layer as well when SC becomes resolved
in SC‐OFF. Figure 8b shows EKE as a function of spatial scale, which is computed by progressively coarsening
the wind field and computing the EKE for all mesh sizes between 2.5 and 200 km. The contribution of each scale
is shown as a percentage to the total EKE at 1 km, just above cloud base. This contribution is largest at the smallest
spatial scales, declining quickly beyond 2.5–50 km. The decline is largest for SC‐OFF, in which 50% of the total
resolved EKE is carried at scales less than 50 km, compared to 35% and 40% in the control and UV‐OFF,
respectively. Of the three experiments, UV‐OFF has the largest contribution of scales between ∼25 and 100 km,
and more EKE in the cloud layer compared to the control.

In SC‐OFF both shear and buoyancy production of EKE increase in the sub‐cloud layer, as shown in Figures 9a–
9c. The shear production terms are defined as − ∂u

∂z (wʹuʹ)res (a) and −
∂v
∂z(wʹvʹ)res (b), the buoyancy production term

is defined as g
θv
(wʹθv́)res (c). The buoyancy production term is overall two orders of magnitude smaller than the
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shear production. Zonal shear production of EKE is the largest term for all experiments, with a peak around 2 km
near the inversion, where wind shear and resolved momentum fluxes (Figure 7g) peak.

In SC‐OFF (blue) zonal shear production of EKE is, on average, twice as large due to stronger wŕes, except near
1 km, where a local wind maximum leads to small shear ∂u

∂z ≈ 0 (see Figure 2c). The meridional shear production
of EKE is also larger than the control for both SC‐OFF and UV‐OFF, peaking near 1.5 km in SC‐OFF and just
above 1 km in UV‐OFF. In other words, parameterized momentum transport by SC in the control is effective at
diffusing EKE that is established in the cloud layer on mesoscales.

Eddy kinetic energy production is anisotropic, with buoyancy production occurring only in the vertical
component w. The EKE anisotropy, expressed as σ2w/ (σ2u + σ2v) in Figure 9d (Section 3.3) helps quantify the

Figure 8. Eddy kinetic energy (EKE) as a proxy of mesoscale wind variability. Panel (a) shows the mean profile and
interquartile range (shaded) of EKE, without any coarsening. Panel (b) shows the percentage of EKE at 1 km height
(indicated by the horizontal gray line in panel a) for progressively coarser filter sizes. The vertical gray lines indicate filters of
20, 50, and 100 km. Black is for the control, red for UV‐OFF, and blue for SC‐OFF.

Figure 9. Source (or sink) terms of eddy kinetic energy EKE: (a) zonal shear production − ∂u
∂z (wʹuʹ)res, (b) meridional shear production −

∂v
∂z(wʹvʹ)res, and (c) buoyancy

production g
θv
(wʹθv́)res. In panel (d) is the non‐dimensional term σ2w/(σ2u+σ2v ), which quantifies EKE anisotropy. The fluxes and the variances (σ2u, σ2v , σ2w) refer to scales

larger than 2.5 km.
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relatively importance of buoyancy versus shear (Salesky et al., 2017). The EKE anisotropy is largest in the cloud
layer, and it increases from the control to the SC‐OFF experiment, suggesting a relative larger increase in
buoyancy production compared to shear production. The response is opposite in UV‐OFF (red), where the mean
EKE anisotropy decreases in the cloud layer compared to the control. This is explained by more shear production
(panels a and b) and almost equal buoyancy production (panel c) to the control.

7. Mesoscale Circulations
Following George et al. (2023), we introduced a definition of mesoscale overturning circulations (SMOCs) in
Section 3.3, which are regions where the sub‐cloud and the cloud layers exhibit mesoscale horizontal divergence
D with the opposite sign. The D dipole (Dʹ) is positive when mesoscale ascent leads to divergence in the cloud
layer and convergence in the sub‐cloud layer, and vice‐versa, negative for mesoscale subsidence.

Figure 10 shows SMOCs colored by Dʹ so that positive values (magenta) indicate convergence in the sub‐cloud
layer, and negative values (green) indicate divergence in the sub‐cloud layer. White indicates areas with
|D|< 10− 6s− 1 (see Section 3.3 about the threshold) or areas where divergence in the sub‐cloud and cloud layers

Figure 10. Instantaneous fields of dipole Dʹ strength, defined as the delta between the sub‐cloud and the cloud layer divergence D. Positive (negative) values indicate
sub‐cloud layer convergence (divergence). The black contours and the gray shading indicate cloudy grids. Light (dark) shading is for grids with cloud base above
(below) 1 km. Each row refers to a date (7 January at 22:00 LT, 17 January at 12:00 LT, and 11 February at 05:00 LT), each column refers to an experiment.
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have the same sign (no dipole). The cloud field is also shown on top as gray shading, where the light shading
indicates cloudy columns with a cloud base above 1 km, and darker shading is for cloudy columns with a cloud
base below 1 km. The three examples include: 7 January at 22:00 LT (top row), when both UV‐OFF and SC‐OFF
produce larger CC than the control (CCcontrol = 0.26, CCUV ‐OFF = 0.51, CCSC ‐OFF = 0.55); 17 January at 12:00
LT (middle row), when UV‐OFF and SC‐OFF both produce smaller CC than the control (CCcontrol = 0.42,
CCUV ‐OFF = 0.19, CCSC ‐OFF = 0.29); and 11 February at 05:00 LT (bottom row), when CCcontrol = 0.19,
CCUV ‐OFF = 0.17, CCSC ‐OFF = 0.31.

In all three experiments, SMOCs are prevalent, as in the observations (George et al., 2023), with alternating (in
space) converging and diverging branches of circulations. Convergence and divergence, and thus the dipole Dʹ ,
are generally stronger when convection is resolved for example, SC‐OFF in the right column, which highlights the
coupling between convection and mesoscale wind fields. Just from visual inspection, clouds in some scenes seem
to favor regions of strong convergence/divergence (see the bottom row for control and UV‐OFF), but even in
regions without clouds, or where clouds are not rooted below 1 km, SMOCs are evident. We return to the
relationship between cloudiness and circulations in Section 8 below.

In Figure 11 we quantify the area covered by SMOCs in panel (a), the strength ofDʹ in (b) and the horizontal‐to‐
vertical aspect ratio of SMOCs in (c). Removing parameterized transport from control to UV‐OFF and then to SC‐
OFF incrementally increases the coverage and strength of SMOCs. The SMOC coverage increases from∼ 0.65 in
the control to more than 0.7 in SC‐OFF, with explicit convection strongly narrowing the distribution at the lower
end (scenes without SMOCs become rare). The strength is about 0.5 × 10− 4 in the control, 0.6 × 10− 4 in UV‐OFF,
and 1 × 10− 4 in SC‐OFF. The increase in SMOC strength is in line with our analysis of EKE.

The aspect ratio in Figure 11c indicates how much wider than taller the SMOCs are. The mean boundary layer
height that effectively sets the vertical extent of SMOCs (defined in Section 3.3) is between 1 and 1.5 km
throughout the simulated period and does not differ much between the experiments. The mean horizontal size of
SMOCs varies more, with most values between 10 and 16 km, leading to a mean aspect ratio around 10. In the
control (black) the aspect ratio ranges between 4 and 14, while for SC‐OFF (blue) it is never lower than 8. In UV‐
OFF (red) the largest aspect ratios are found, up to 16, but a long tail toward low aspect ratios keeps the mean ratio
small.

8. Relation Between Changes in Cloudiness and Circulations
Whether clouds drive mesoscale circulations or vice‐versa is an ongoing topic of discussion in the community.
According to George et al. (2023), SMOCs are not likely driven by radiation; instead, they are thought to be
sustained or enhanced by moisture anomalies in the sub‐cloud layer. Jansson et al. (2023) reveal how such
moisture anomalies can grow from the initial (latent) heating perturbations produced by shallow cumulus

Figure 11. Panel (a) shows the distribution of SMOC coverage, defined as the area fraction covered by SMOCs. Panel
(b) shows the SMOC strength, defined as the magnitude of the dipole Dʹ of mesoscale horizontal wind divergence. Panel
(c) shows the non‐dimensional aspect ratio of SMOCs, defined as the ratio between horizontal size and vertical extent. Box
limits indicate the interquartile range, with a central line marking the median. The triangle indicates the mean, and the whiskers
capture the range of the remaining data.
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convection. One of our questions is whether changes in the circulations between the control and other experiments
help explain the overall changes in low cloud cover, in particular the increase in CCz< 1km from the control to the
SC‐OFF experiment, and the small decrease in CCz< 1km from the control to UV‐OFF (Figure 5).

Figure 10 suggests that SMOCs are more ubiquitous than clouds, that is, not all converging SMOCs exhibit
clouds. Figure 11a indeed shows that SMOCs cover a much larger fraction of the domain (∼ 0.7) compared to the
fraction covered by clouds below 1 km (∼ 0.1) (Figure 5).

To address whether clouds are favored over converging SMOCs we divide the distribution of SMOC coverage in
Figure 11a into areas of sub‐cloud convergence, divergence or neither (no smoc), the sum of which equals 1. The
increase in SMOC coverage in SC‐OFF and UV‐OFF as seen in Figure 11 evidently comes from an increase in
both converging and diverging branches, while areas with no SMOCs become rare.

In UV‐OFF, changes in resolved updraft strength wUP (Figure 3), in the heat flux, and thermodynamic profiles are
marginal, so that we expect that changes in cloud statistics are produced through changes in the dynamics. In the
absence of parameterized wind mixing between converging and diverging layers, stronger and more extensive

Figure 12. In (a) the area covered by converging SMOCs, diverging SMOCs, and the area without SMOCs (no smoc) are shown for the control, UV‐OFF, and SC‐OFF.
In (b), cloud cover below 1 km is shown, sampled on the area covered by converging SMOCs (CCDsc < 0), the area covered by diverging SMOCs (CCDsc > 0), and the area
not on SMOCs (CCno smoc). The square markers on the left y‐axis are the mean CC below 1 km sampled on the entire domain as in Figure 5 (CCz< 1km).
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SMOCs regions can be sustained. This condition suggests more stratiform cloudiness in a cloud layer confined by
the trade‐inversion, at times when SMOCs are promoted.

In Figure 12b we show CC below 1 km sampled over only the converging branches of SMOCs whereD ʹ sc < 0, or
only the diverging branch where Dsc > 0, and only over the areas with no meaningful SMOC dipole (no smoc).
For completeness we also show, as square markers on the left y‐axis, the mean cloud cover (CCz< 1km) over the
entire domain, derived from Figure 5. Summing the product of area fraction times the cloud cover over these
different categories would give the total (domain) cloud cover.

Clouds are found preferentially in areas of sub‐cloud convergence. In all three experiments, CCDsc < 0 is higher
than the overall CC, and higher than over areas with sub‐cloud divergence or areas without SMOCs. The dif-
ference is most pronounced with fully explicit resolved convection in SC‐OFF. Mean values for CC are around
0.1 for the control and UV‐OFF, and 0.17 for SC‐OFF over converging SMOCs. The lowest cloud cover is found
over diverging SMOCs, where 50% of the time cloud cover is below 0.05 in the control and in the UV‐OFF
experiment. Regions where no SMOCs are detected have a CC distribution that represents well the domain
average, with mean values around 0.08 for the control and UV‐OFF, and 0.13 for SC‐OFF. The results show that
the enhanced cloudiness in SC‐OFF is dominated by enhanced cloudiness above converging SMOCs, whereas the
reduced cloudiness in UV‐OFF is dominated by reduced cloudiness above diverging SMOCs and no smoc
regions.

9. Conclusions
This study investigates the influence of parameterized and resolved shallow convective transport on the cloud
field and on mesoscale circulations using the mesoscale model HARMONIE‐AROME. The model experiments
focus on the EUREC4A‐MIP, simulating a large domain east of Barbados over the north Atlantic trade‐wind
region from 1 January to 29 February 2020. Three model simulations are carried out: (a) a control simulation
with an active SCP; (b) an experiment without parameterized momentum transport by shallow convection, UV‐
OFF; (c) an experiment with an inactive SCP, thus omitting all parameterized transport by shallow convection,
SC‐OFF. The goal is to shed light on the implications of parameterized shallow convection in kilometer‐scale
simulations and evaluate our conceptual understanding of mesoscale cloud organization and circulations
coupled to shallow convection.

In the UV‐OFF and SC‐OFF experiments, the missing parameterized transport of momentum in the sub‐cloud
layer is almost entirely compensated by an increase in momentum transport by the eddy‐diffusivity scheme, in
response to stronger wind shear developing. In the cloud layer, resolved convection only partially takes over the
momentum transport. In SC‐OFF, the total heat and moisture fluxes increase, carried by much stronger con-
vection now resolved at the grid‐scale.

Inspired by (Honnert et al., 2011), we recently performed 10 days of large‐eddy simulations with 100 m grid
spacing over a 150 × 150 km domain for the same EUREC4A period (Savazzi et al., 2024) to study, among other
things, the dependence of total turbulent flux on grid spacing. At a grid spacing of 2.5 km, the sub‐grid heat and
moisture flux should carry more than 60% of the total flux in the middle of the cloud layer. This is far from being
the case for the SC‐OFF experiment, where the resolved fluxes largely dominate the sub‐grid fluxes from the ED
scheme (Figure 7). In the control experiment, the partition between sub‐grid and resolved fluxes is more similar to
what is suggested by LES.

With a grid spacing of 2.5 km, the non‐local transport of heat and moisture from the lower to the upper cloud layer
is more efficient when done by resolved eddies in SC‐OFF than by the parameterization in the control. In contrast,
the sub‐cloud layer is less efficiently mixed by resolved eddies, highlighting the importance of the parameterized
dry mass‐flux transport. Removing sub‐grid transport by SC effectively builds up instability in the lower layers
and triggers strong resolved updrafts.

Compared to satellite infrared imagery (GOES16), the SC‐OFF experiment, with stronger convection, degrades
the structure and organization of the projected cloud field. Clouds become too deep and are too small and
numerous. They are also distributed too uniformly across the domain, reducing the fraction of open sky, and
become more symmetric. The larger number of clouds increases cloud cover below 1 km. A few of these clouds
rise deeper driven by strong updrafts, resulting in more precipitation. As convection is deeper and mixing is more
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efficient in the cloud layer, the inversion is weaker and widespread stratiform outflow layers below the inversion
are less common, reducing cloud cover above 1 km. Radiosonde measurements further reveal that in the SC‐OFF
(and in UV‐OFF) a too strong zonal wind jet develops near cloud base.

In SC‐OFF, larger total heat fluxes driven by stronger resolved convection (leading to larger resolved eddy kinetic
energy) strengthen and widen the areas with significant mesoscale convergence and divergence. While the
increased wind shear works against convection (Helfer et al., 2020), changes in the thermodynamic environment
outclass the shear effect and shallow meridional overturning circulations (George et al., 2023), or SMOCs,
become more pronounced (Figure 13).

The UV‐OFF experiment develops larger eddy kinetic energy in the cloud layer due to less sub‐grid momentum
mixing in this layer and thus more horizontal wind variance. Shallow mesoscale overturning circulations become
somewhat stronger and wider. This is favorable for cloudiness that forms in the upper cloud layer, as UV‐OFF
produces larger clouds above 1 km, due to more or wider stratiform outflow layers (Figure 13).

The extent to which the ED scheme and the resolved flow can compensate for the missing transport by SCP is
dependent on the model resolution. Interestingly, removing the SCP in a coarser model, like IFS (ECMWF, 2024)
with∼9 km grid spacing, produces an opposite response from that in HARMONIE. In the IFS, SMOCs are hardly
resolved and resolved motions do not effectively take over the parameterized transport by SC. This leads to a lack
of vertical mixing when removing the SCP in IFS, increasing the stability and strengthening the inversion
(Bechtold et al., 2014). Other components of the model, such as the cloud scheme, could also influence this
response, although less pronouncedly as resolution refines. Despite the many pitfalls (Brown et al., 2006;
Schlemmer et al., 2017; Xiao et al., 2023), our results demonstrate that even at a grid spacing of 2.5 km, a
parameterization for shallow convection may be needed.

Data Availability Statement
The data from the three HARMONIE‐AROME experiments used in this study are publicly available at the
following DOI: 10.4121/d61e2238‐b969‐45e1‐8649‐62197f30025a with CC BY‐SA (Savazzi & de Rooy, 2024).
All observational data used in this study are freely available and can be easily accessed via the EUREC4A‐Intake
catalogue at https://github.com/eurec4a/eurec4a‐intake (community, 2023) as described at howto.eurec4a.eu.

Figure 13. Sketch representing, for the three experiments, a typical resolved mesoscale circulation (top row) and a typical
cloud field (bottom row).
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