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Abstract The cloud‐base mass flux closure is a critical component of convective parameterizations and
usually consists of scalings for the cloud(‐core) area fraction and vertical velocity. Here we evaluate if
observations from the EUREC4A campaign support ideas behind two common closures. All closure parameters
are diagnosed at the mesoscale from dropsonde data and turbulence measurements. The closure models are
compared to the observed mass flux estimated as a residual of the sub‐cloud layer mass budget from the same
dropsonde arrays. Both closures capture the magnitude of the reference mass flux. However, the closure based
on the surface‐based convective velocity scale strongly underestimates mass flux variability, whereas the
closure using a convective inhibition based area fraction and turbulence kinetic energy (TKE) based vertical
velocity scale strongly overestimates it. TKE alone explains nearly 80% of mass flux variability, suggesting that
TKE aggregates information of area fraction and vertical velocity of cloud‐base updrafts.

Plain Language Summary Due to their small size compared to the size of typical weather and
climate model gridboxes, shallow cumulus clouds and the vertical transport of moisture, heat, and momentum
they accomplish have to be represented with sets of simplified equations. One such “closure” equation is used to
compute the mass flux at cloud base, which determines the overall intensity of convection in a gridbox. In the
recent EUREC4A field campaign, we collected for the first time the necessary observations to estimate this
cloud‐base mass flux on the scale of a typical climate model gridbox. Here we use these observations to test the
physical ideas behind two common closure equations. We find these closures to represent the mean observed
mass flux very well. The variability of the mass flux, however, is strongly underestimated in one closure and
overestimated in the other. The data demonstrates that more than 80% of the mass flux variability can be
explained by the kinetic energy of sub‐cloud layer eddies, which build the roots of the shallow cumuli. Our study
highlights a path to better represent convective mass fluxes in weather and climate models, which is essential for
accurate simulations of shallow cumuli and their climate feedback.

1. Introduction
Observations from the EUREC4A field campaign (Bony et al., 2017; Stevens et al., 2021) demonstrate the
critical role of the cloud‐base mass flux in controlling trade cumulus cloudiness. The EUREC4A data shows
that a stronger convective mass flux (and thus stronger convective mixing) is associated with a larger cloud
fraction near the base of the cumulus layer (Vogel et al., 2022). This observational finding refutes the mixing‐
desiccation hypothesis, a key hypothesis for a large positive trade cumulus feedback operating in models with a
high climate sensitivity (Sherwood et al., 2014; Vial et al., 2016). The mixing‐desiccation mechanism contends
that an increasing mass flux leads to a deepening of clouds, which is compensated by enhanced downward
transport of dry air from higher levels, leading to a drying of the lower cloud layer and a reduction of
cloudiness at the base of the cumulus layer. Whether cloud deepening leads to sub‐cloud layer drying has been
studied with large‐scale budgets and aircraft data since the large field campaigns in the 1970s (e.g., Augstein
et al., 1973; Esbensen, 1975; Nicholls & LeMone, 1980), showing the desiccation to be a function of scale.
EUREC4A targeted the 200 km mesoscale, which is a typical grid spacing of coarse climate models and allows
to compare the observed relationships with the models. The current generation of climate models only poorly
represents the magnitude and variability of the observed cloud‐base mass flux and cloudiness, and strongly
underestimates their tight positive correlation (Vial et al., 2023; Vogel et al., 2022). Here we focus on one
specific factor that could contribute to these model‐observation discrepancies—the cloud‐base mass flux—and
test if the physical assumptions underlying common mass flux closures are consistent with the EUREC4A
observations.
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The closure for the cloud‐base mass flux,M, is a key component of convective parameterizations and determines
the overall intensity of convection in a grid box (Siebesma et al., 2020). M is usually defined as the product of a
mean cloud(–core) area fraction, ac, and a mean cloud(–core) vertical velocity, wc,

M = acwc. (1)

Note that we neglect multiplication by the air density here, as the density is usually assumed constant (Lamer
et al., 2015; Vogel et al., 2022). Our mass fluxes are thus (mass) specific mass fluxes with units of velocity
(L T− 1).

The task of a closure is to come up with scalings representing the two terms in Equation 1. Closure methods are
typically developed and tested based on large‐eddy simulations of a small number of idealized cases with limited
variability in equilibrium cloud‐base mass fluxes (Fletcher & Bretherton, 2010; Grant, 2001; Neggers
et al., 2009). The simulated mass fluxes used to fit the closure model of Grant (2001) for example, span a range
from only 19–24 mm s− 1, which is just a fifth of the observed variability in typical winter trade conditions during
EUREC4A (Vogel et al., 2022). It is thus unclear how well the closures represent the mass flux in more variable
conditions.

Why should one still care about cloud‐base mass flux closures when global models are run at increasingly high
resolution that allows them to switch‐off convective parameterizations (Stevens et al., 2019)? First, confronting
the closure assumptions with observations can improve our fundamental understanding of the convective and
turbulent processes involved. And second, even deep convection is not fully resolved at kilometer‐scale grid
spacings and an improved mass flux closure accounting for moisture advection was shown to improve the rep-
resentation of organized systems and their rain properties in kilometer‐scale simulations (Becker et al., 2021).
Especially for operational models, convective parameterizations will therefore continue to be essential. Shallow
convection only starts to be resolved at hectometer‐scale grid spacings, so evaluating shallow‐convective mass
flux closures remains particularly pertinent.

In the following, we first explain the ideas behind the evaluated mass flux closures (Section 2). Section 3 de-
scribes how the EUREC4A observations are used to estimate the reference mass flux and diagnose the closure
parameters. The results are discussed in Section 4, and the conclusions presented in Section 5.

2. Evaluated Mass Flux Closures
Due to the large impact and uncertainty associated with the unresolved turbulent and convective processes on the
simulated weather and climate, the improvement of paramaterizations has long been an active area of research. A
critical challenge has been the unification of previously separate parameterizations of boundary layer turbulence,
dry, and shallow convection. A popular and successful approach to do so is the eddy‐diffusivity mass‐flux
(EDMF) framework that combines a mass‐flux formulation representing the non‐local transport by organized
thermal updrafts with an eddy‐diffusivity model representing the local turbulent mixing in the non‐convective
environment (Siebesma et al., 2007; Soares et al., 2004). The flexibility of the EDMF framework motivated
continued developments including the use of stochastic models, multiplume models, consistent coupling to
microphysics, or the use of higher‐order closures using assumed probability density functions (e.g., Neg-
gers, 2015; Suselj et al., 2019; Witte et al., 2022). While all these aspects are relevant for a realistic simulation of
turbulent and convective processes, at the heart of the problem lie the two main properties ac and wc. In this study
we therefore focus on simple scalings for these two.

We evaluate two common closures, the closure of Grant (2001) using the surface‐based convective velocity scale
(w∗) and the closure of Park and Bretherton (2009) using a convective inhibition (CIN) based area fraction and a
turbulence kinetic energy (TKE) based vertical velocity scale (hereafter the closures are referred to as G01 and
PB09, respectively). This choice is motivated by the fact that (a) the two closures differ in fundamental as-
sumptions about the physical phenomena behind the scalings of wc and ac that are testable with measurements, (b)
the parameters of the closures can be diagnosed directly from the available EUREC4A observations without any
major assumptions, and (c) the closures were specifically designed for shallow convection, in contrast to e.g. the
deep convection closures based on convective available potential energy adjustment (e.g., Arakawa &
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Schubert, 1974). In the following, the conceptual ideas behind the closures are briefly introduced. Amore detailed
description can be found in the original publications.

The simple closure of G01 relatesM to the sub‐cloud layer TKE, noting that active cumuli are rooted deeply in the
sub‐cloud layer (LeMone & Pennell, 1976) and thus can be linked to the kinetic energy of sub‐cloud updrafts.
Based on a simplified TKE budget equation and under the assumption that the main source of TKE is convection
driven by the surface buoyancy flux, G01 scaled M with the surface‐based convective velocity scale w∗ (Dear-

dorff, 1970). w∗ is defined as w∗ = (h g
θv,s
wʹθv́

⃒
⃒
s)

1/3
, where g is the gravitational acceleration, θv,s is the virtual

potential temperature near the surface, h the sub‐cloud layer depth, and wʹθv́
⃒
⃒
⃒
s
is the surface buoyancy flux. A

linear regression between the conditionally sampled cloud‐core mass flux and w∗ of five idealized large‐eddy
simulations then led to the following closure equation:

MG01= 0.03w∗. (2)

The G01 closure is used in both climate models (e.g., Walters et al., 2017; von Salzen et al., 2013) and operational
weather models (e.g., de Rooy et al., 2022).

The second closure evaluated is the closure based on boundary layer CIN implemented in the University of
Washington shallow convection scheme (Bretherton et al., 2004), as modified by PB09. To model the cloud
vertical velocity scale, the closure uses the resolved TKE averaged over the layer below cloud base (Fletcher &
Bretherton, 2010) and thus also includes contributions from shear‐driven turbulence (instead of only the
convective contribution represented by w∗). The PB09 closure explicitly represents an area fraction scale
depending on the ratio of CIN and TKE, which relates the updraft kinetic energy to the potential energy barrier the
updrafts have to overcome at the sub‐cloud layer top. The resulting closure equation is:

MPB09= 0.4
̅̅̅̅̅̅̅̅̅̅
TKE

√
exp(− CIN/TKE). (3)

The original formulation also includes multiplication by the air density, which we ignore here. For the PB09
closure to be used in a convection scheme, the TKE must be provided by the boundary layer or turbulence
schemes. The closure is for example, used in the MIROC6 climate model (Tatebe et al., 2019).

3. Observations
3.1. EUREC4A Field Campaign Data

EUREC4A stands for Elucidating the role of cloud‐circulation coupling in climate and was a large international
field campaign that took place in January‐February 2020 (Bony et al., 2017; Stevens et al., 2021). EUREC4A
sampled typical trade‐wind conditions agreeing with average Jan‐Feb conditions in the region (Stevens
et al., 2021; Vogel et al., 2022), with shallow trade cumulus clouds that regularly featured stratiform inversion
cloud. Cloud cover and cloud top heights as sampled by the WALES lidar onboard the HALO aircraft (Konow
et al., 2021) were 34.0± 12.9% and 1,600± 390 m (mean± sd), respectively. Cold pools indicating deeper
precipitating trade cumuli were present about 7% of the time (Touzé‐Peiffer et al., 2022), consistent with a 10‐year
cold‐pool climatology in the trades (Vogel et al., 2021).

We use the measurements of the HALO (Konow et al., 2021) and ATR (Bony et al., 2022) aircraft, which flew
repeated 3 hr patterns in the 220 km‐diameter “EUREC4A circle” centered at 13.3°N, 57.7°Wupstream Barbados
(Figure 1). Per flight, the HALO aircraft flew two sets of three circles at 10.2 km altitude and released 12
dropsondes per circle, which measured the vertical profiles of thermodynamic and dynamic properties (George
et al., 2021). Note that we omit all soundings that fell into cold pools following the criteria of a shallow mixed‐
layer from Touzé‐Peiffer et al. (2022), as in Vogel et al. (2022). Simultaneously, the ATR aircraft flew two
separate flights during the HALO circling period, each consisting of 2–3 rectangle‐patterns in the EUREC4A
circle at the cloud‐base level (i.e., the level of estimated maximum cloud‐base cloud fraction), followed by two L‐
shaped L‐legs near the top and the middle of the sub‐cloud‐layer (in along‐wind and across‐wind directions,
between 200 and 600 m depending on conditions). The ATR aircraft collected extensive turbulence measure-
ments with high‐frequency (25 Hz) wind, temperature, and humidity sensors (Brilouet et al., 2021). To compute
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the surface fluxes, we also use sea‐surface temperatures (SSTs) measured by
the R/VMeteor along its transect on the eastern side of the EUREC4A circle.

Overall, the data set contains 24 sets of three circles, collected during 12
HALO flights. For 13 of the 3‐circle sets, coincident ATR turbulence data are
available.

3.2. Reference Mass Flux Observations

To evaluate the mass flux determined by the two closures for the EUREC4A
data, we compare their magnitude and variability with the observed mass flux
MOBS estimated as a residual of the sub‐cloud layer mass budget, as derived in
Vogel et al. (2022). We focus on the equilibrium MOBS, MOBS = E + W,
where E represents the entrainment rate at the sub‐cloud layer top h, andW is
the mesoscale vertical velocity. E is estimated using the classical flux‐jump
model (Lilly, 1968), adjusted to account for the finite‐thickness transition

layer at the sub‐cloud layer top (Albright et al., 2022, 2023), as E =
Ae wʹθv́

⃒
⃒
s

Δθv
. Ae is the effective entrainment

efficiency, wʹθv́
⃒
⃒
⃒
s
is the surface buoyancy flux, and Δθv is the θv‐jump at the sub‐cloud layer top (see Albright

et al., 2022 and Vogel et al., 2022 for details). W is computed by vertically integrating the divergence of the
horizontal wind field measured by the dropsondes (Bony & Stevens, 2019).

The robustness of W, E, the surface buoyancy flux, and the resulting MOBS estimates was demonstrated with
extensive sensitivity tests and independent data in Vogel et al. (2022), along with a detailed quantification of their
corresponding uncertainties (see their Methods section for details). Note that using the equilibriumMOBS and thus
neglecting the temporal fluctuation and horizontal advection of h makes the estimates less noisy but does not
influence the interpretation of the results in both the EUREC4A data and large‐eddy simulations (Vogel
et al., 2020, 2022).

3.3. Diagnosing the Closure Parameters From EUREC4A Observations

We use the EUREC4A observations to diagnose all the parameters of the two closures. For the G01 closure, all
parameters to compute w∗ are determined from the HALO dropsonde data set (George et al., 2021), except for the
SSTs used to compute the surface buoyancy flux. The sub‐cloud layer top h is computed as the height where θv
first exceeds its density‐weighted mean from 100 m up to h by a fixed threshold of 0.2 K (see also Albright
et al., 2022; Touzé‐Peiffer et al., 2022). The threshold of 0.2 K represents about half of the average Δθv of 0.36 K
used for estimating E (Albright et al., 2022). The surface buoyancy flux is calculated with the Coupled Ocean‐
Atmosphere Response Experiment bulk flux algorithm version 3.6 (Edson et al., 2013; Fairall et al., 2003), using
20 m humidity, temperature, and wind data from the dropsondes, and SSTs extrapolated from R/VMeteor to the
dropsonde position using a fixed zonal and meridional SST gradient of − 0.14 K per degree derived from satellite
SST data (see Vogel et al. (2022) for details).

For the PB09 closure, the TKE is computed from the velocity variances available in the ATR turbulence data
(Brilouet et al., 2021). The TKE is averaged across the sub‐cloud layer using all the 60 km long L‐legs (i.e., the
cloud‐base rectangles and surface legs are excluded from the TKE here). We use both the vertical and horizontal

contributions to the total TKE, that is TKE = TKEhor + TKEvert =
1
2((uʹ)2 + (vʹ)2 + (wʹ)2), where the hori-

zontal components refer to the zonal and meridional components of the wind. Note that turbulence data for the
early flights (flights 4–8 from 26 to 31 January) were initially considered of poor quality (see Figure 14 of Brilouet
et al., 2021), but later re‐evaluated and deemed to have no obvious quality reductions.

CIN is computed from the HALO dropsonde data. Following Fletcher and Bretherton (2010), who developed a
modified version of the PB09 closure, CIN is calculated as the vertically integrated negative buoyancy of a parcel
with thermodynamic properties averaged between 200 and 400 m, lifted adiabatically from 300 m up to cloud
base. Their cloud base is defined as the lifting condensation level of a parcel with a potential temperature θ
corresponding to the mean θ between 200 and 400 m, and a specific humidity qv corresponding to the mean plus
standard deviation of qv between 200 and 400 m (i.e., qv + σqv), with σqv computed here as the standard deviation

Figure 1. Overview of the area sampled by the HALO and ATR aircraft. Also
shown are the transect of R/VMeteor and the location of the Barbados Cloud
Observatory. The dots along the EUREC4A circle flown by HALO represent
the locations of dropsonde launches. See Stevens et al. (2021) for details.
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of qv over the same height range among the up to 36 individual dropsondes pertaining to a 3‐circle set (The
negative buoyancy between cloud base and the level of free convection is not accounted for in the definition of
Fletcher and Bretherton (2010)).

4. Results and Discussion
4.1. Skill of Closures in Reproducing the Observed Cloud‐Base Mass Flux

Figure 2 shows the timeseries of the referenceMOBS and the mass flux derived from the closuresMG01 andMPB09

across the 1‐month EUREC4A campaign. Without any tuning, the G01 closure using w∗ captures the meanMOBS
very well. The slight overestimation of the mean by 20% compared to MOBS (Table A1) is likely due to MG01
targeting the cloud‐core updraft mass flux, whereas MOBS represents the total mass flux and thus implicitly in-
cludes contributions from downdrafts (i.e., contributions from cloud segments with negative vertical velocities).
Additional analyses in Appendix A using the ATR turbulence data at cloud base show that the updraft mass flux is
on average 25% larger than the total mass flux, explaining the differences in the mean M to a large degree.

The standard deviation of MOBS, however, is strongly underestimated in MG01 (Figure 2 and Table A1). The
correlation coefficient (R) between MG01 and MOBS for the full sample of HALO data is R = 0.47. When
considering only the reduced sample with coincident ATR turbulence data, the correlation increases to R = 0.71
(see Table A1). This sample‐dependent difference in correlation strength is a coincidence and may be explained
by the entrainment rate E tending to dominate variability in MOBS for the sample with coincident ATR data,
whereas W tends to dominate MOBS variability for the three‐circle sets with only HALO data available (not
shown). E andw∗ share the surface buoyancy flux as underlying data (see Sections 2 and 3.3), with the latter being
strongly correlated to both w∗ (R = 0.97) and E (R = 0.93). These results show the dependence of the skill of a
closure on the predominant environmental conditions, illustrating that correctly predicting the environmental
conditions in a climate model may be as important as the details of the closure itself.

The closure of PB09 overestimates the meanMOBS by about 35% and its standard deviation by 270% (Table A1).
A large part of the overestimation of the magnitude ofMOBS can again be explained by PB09 targeting the cloud‐
core updraft mass flux and not the total mass flux as is the case for MOBS (see Appendix A). The PB09 closure
explains 19% of the variance inMOBS (R = 0.43). Overall, the additional complexity of the PB09 closure with its
CIN‐based area fraction scale does not help to explain the mass flux variability during EUREC4A and leads to a
poorer skill compared to the much simpler G01 closure. Note that we also tested the slightly modified version of
the PB09 closure by Fletcher and Bretherton (2010). We find their MFB10 = 0.06 wTKE exp(− CIN/TKE), with
wTKE = 0.28

̅̅̅̅̅̅̅̅̅̅
TKE

√
+ 0.64 m s− 1, to strongly underestimate the magnitude and variability of MOBS (mean± σ of

5.29± 4.69 mm s− 1, and a correlation with MOBS of R = 0.25).

When we look at the individual contributions of the area fraction (i.e., exp(− CIN/TKE)) and vertical velocity
scale (i.e.,

̅̅̅̅̅̅̅̅̅̅
TKE

√
), we find the correlation of the area fraction scale withMOBS to be much weaker (R= 0.21) than

the correlation of the vertical velocity scale (R= 0.90). Hence, a TKE‐based vertical velocity scale alone explains

Figure 2. Timeseries of the observed mass flux MOBS, the closures MG01 and MPB09, and the best‐fit linear regression MTKE

during the EUREC4A campaign. The campaign mean ± one standard deviation of the estimates is shown on the left. Note
that MPB09 and MTKE estimates are only available for a subset of the dates, when ATR turbulence data is available.
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more than 80% of variance in MOBS and outperforms the use of w∗ in G01. We therefore also show the best‐fit
linear regression,

MTKE = − 0.017 + 0.069
̅̅̅̅̅̅̅̅̅̅
TKE

√
, (4)

in Figure 2. The ability of the TKE to explain the cloud‐base updraft velocity is consistent with mid‐latitude
continental Doppler lidar data (Zheng et al., 2021). That a TKE‐based vertical velocity scale alone explains
80% of MOBS variance is nevertheless surprising, as previous analyses of Doppler radar data at the Barbados
Cloud Observatory (BCO) show the cloud fraction to dominate mass flux variability in non‐raining trade cumuli
(Klingebiel et al., 2021; Lamer et al., 2015). The next subsections address these points in more detail.

4.2. What Controls Variability in TKE?

Figure 3a shows a timeseries of the total TKE and the contributions of its horizontal and vertical components. We
find the TKE to increase in the second half of the campaign, consistent with the increase in MOBS. While Zheng
et al. (2021) only consider the vertical component of TKE in their analyses, we find the horizontal components of

the TKE to dominate the magnitude of the total TKE. The horizontal TKE has two components, (uʹ)2 and (vʹ)2,
whose contributions are almost equal for our data (not shown).

In isotropic conditions, the horizontal TKE components together would be twice as large as the vertical
component. To investigate the isotropy of the TKE during EUREC4A, Figure 3b shows the relationship between
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5TKEhor

√
and

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TKEvert

√
, which should fall on the 1:1 line if the TKE is isotropic. The TKEhor and TKEvert are

overall very well correlated (R = 0.89), which is consistent with the steady winds in the measurement area. The
horizontal wind at 300 m‐height is on average 9 m s− 1 and explains 58% of the variability in the horizontal TKE
component (Figure 3c). Interestingly, the vertical TKE component tends to dominate at low TKE, while the

Figure 3. (a) Timeseries of the total turbulence kinetic energy and its horizontal and vertical contributions, TKEhor and
TKEvert, during the EUREC4A campaign. (b–d) Relationships between (b)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5TKEhor

√
and

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TKEvert

√
, (c)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TKEhor

√
and the

mean wind speed at 300 m, and (d) w∗ and
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TKEvert

√
. The panel titles in (b–d) show the correlation coefficients of the two

quantities. Panel (b) also shows the 1:1 line, and the different colors help distinguish the specific three‐circle sets.
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horizontal components dominate at large TKE, leading to a certain S‐shape of the relationship in Figure 3b. This
observation is consistent with low TKE conditions being representative of more convective conditions, with
weaker wind (see also Figure 3c) and TKE being generated in the vertical direction by buoyancy production.
Contrastingly, large TKE conditions are more representative of shear‐driven turbulence, with larger values of
wind and TKE being generated in the horizontal direction by the shear production.

w∗ represents the convective contribution to TKE through the surface buoyancy flux. Figure 3d shows that, apart
from two outliers, w∗ is very well correlated to the vertical component of TKE. The correlation of w∗ and the total
TKE is even larger (R = 0.81 instead of R = 0.69). Also wind shear can be important for TKE production,
especially for the horizontal component and close to the surface (related to the friction velocity u∗) and the mixed‐
layer top (related to the shear between the sub‐cloud and cloud layers). Whether convection or shear‐driven

turbulence dominates can be quantified with the stability parameter h/LOB, where LOB =
− θv u 3

∗

k g (wʹθv́)
⃒
⃒
s

is the

Obukhov length, with u∗ computed from the vertical kinematic momentum fluxes at 60 m flight altitude, and k the
von Kármán constant (set to 0.4). The resulting stability parameters are systematically smaller than − 3.5, with a
median of − 10.7 (not shown). This indicates convection to dominate over shear (Wyngaard, 2010), suggesting
that w∗ should constrain the bulk statistics well. Nevertheless, the observation that the total TKE explains 30%
more variability ofMOBS than w∗ (R = 0.90 compared to R = 0.71) suggests that to get the cloud‐base mass flux
right needs information beyond bulk statistics.

Due to the strong correlation between the horizontal and vertical TKE components, however, it is not straight-
forward to attribute one‐to‐one the vertical TKE with the convective part and the horizontal TKE with the shear‐
driven part of the TKE. If there is more wind, there is more TKE in the horizontal through shear production. At the
same time, more wind leads to larger surface fluxes, which lead to the correlation between TKE and w∗ for large
TKE (but not necessarily a causation, as the TKE is coming from the horizontal shear and not the convective
forcing). A second complication is due to transfer terms related to the pressure‐strain correlation, which are
responsible for transfer of TKE between the vertical and horizontal components. These transfer terms can be
derived from direct numerical simulations, showing that the transfer at the top of the sub‐cloud layer can change
sign depending on the relative importance between shear and convection (Fodor et al., 2022). Unfortunately, the
transfer terms cannot be derived from our turbulence measurements.

4.3. Relative Importance of Vertical Velocity and Area Fraction Scales in Explaining Mass Flux
Variability

As the TKE‐based vertical velocity scale alone explains 80% of the variance in MOBS during EUREC4A, an
additional area fraction scale does not seem to be necessary to accurately model the cloud‐base mass flux. How
can this finding be reconciled with vertically‐pointing Doppler radar data from the BCO (Klingebiel et al., 2021;
Lamer et al., 2015), which show cloud fraction to dominate mass flux variability in non‐precipitating trade
cumuli?

One reason could be that the TKE might implicitly contain information about the area fraction of sub‐cloud layer
thermals, which compose the roots of the clouds at the lifting condensation level. The TKE variability might thus
not only represent the variability associated with the vertical velocity scale but also with the area fraction scale. A
potential mechanism explaining how larger TKE leads to larger cloud fractions is that larger TKE leads to a
deeper sub‐cloud layer, which is associated with larger cloud bases. Such a mechanism is supported by the ge-
ometry of convective cells, as thermals at the root of the clouds usually scale with the sub‐cloud layer depth h
(Schmidt & Schumann, 1989; Schumann & Moeng, 1991). The data used here confirms a moderate correlation
between TKE and h (R = 0.71). Larger cells therefore tend to be associated with larger velocities (represented
through h in w∗, see Section 2), and they tend to be wider (Grabowski, 2023; Mulholland et al., 2021). However,
these relationships might depend on the relative importance of shear versus convection and surface fluxes of
moisture versus heat (Nuijens & Stevens, 2012), and on the role of gravity waves in shaping updraft size (Clark
et al., 1986). More in‐depth studies of the relation between sub‐cloud layer thermals, TKE, and cloud fraction are
needed to support these speculations.

Another reason why previous BCO analyses showed that cloud fraction dominates mass flux variability in the
trade cumulus regime could be the neglect of mass flux contributions from precipitating trade cumuli, which
presumably neglects the strongest up and downdraft mass fluxes. Rain drops have significant fall velocities and
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negatively bias the mean Doppler velocity, such that raining clouds were neglected in the previous studies
(Klingebiel et al., 2021; Lamer et al., 2015). New techniques using the full Doppler velocity spectrum at high
temporal frequency allow to retrieve the vertical air motion inside drizzling clouds (Zhu et al., 2021), which could
help extend radar‐based mass flux analyses to precipitating clouds. Lastly, the 13 mesoscale data points of
coincident HALO and ATR data (representing a scale of 200 km and 3 hr) collected during nine days spread over
half a month did not sample as much variability as the BCO data. The robustness of the results should thus be
assessed in longer data sets, like the multi‐year Doppler lidar and radar data at the BCO (Stevens et al., 2016).

5. Conclusion

Here we use observations from the recent EUREC4A field campaign (Stevens et al., 2021) to evaluate the physical
ideas behind two common closures for the shallow‐convective mass flux at cloud base,M. We find that—without
any tuning—both closures reproduce the magnitude of the observed mass fluxMOBS well and explain about 20%
of its variability. What makes the two closures skillful is that they are based on solid physical ideas, with very
general formulations that do not simply represent a best fit to a specific data set (see Equations 2 and 3).
Nevertheless, the simple closure from Grant (2001) using only the surface‐based convective velocity scale w∗
underestimates the standard deviation of MOBS about 2.8 times, and the more complicated closure of Park and
Bretherton (2009) using a CIN‐based area fraction scale and TKE‐based vertical velocity scale overestimates it by
2.7 times. Interestingly, the additional complexity of the Park and Bretherton (2009) closure does not seem
necessary to explain the mass flux during EUREC4A, as the very simple Grant (2001) closure tends to perform
better. This is in line with Neggers et al. (2004) whose evaluation of different mass flux closures with LES also
showed the Grant (2001) closure to perform best.

We further find that a TKE‐based vertical velocity scale alone explains 80% ofMOBS variability. This is surprising
given previous Doppler radar analyses showing the cloud fraction to dominate mass flux variability at the BCO
(Klingebiel et al., 2021; Lamer et al., 2015), but suggests that the TKEmight implicitly contain information about
the area fraction of thermals. Only representing the convective contribution to TKE through w∗, however, is not
enough to represent the mass flux variability during EUREC4A. The total TKE including both its horizontal and
vertical components needs to be considered, as the strong trade winds make both the convective and shear‐driven
TKE contributions important.

This study would have benefited from a larger data set. The correlation of the Grant (2001) closure with the
reference mass flux shows an explainable dependency on the sample size, with a higher correlation for the smaller
sample with coincident ATR turbulence data compared to the larger sample with only HALO dropsonde data. It
will thus be important to revisit these results with more data, for example from the extensive turbulence mea-
surements at the BCO (Stevens et al., 2016) or with more realistic large‐eddy simulations with open boundary
conditions (e.g., Schulz & Stevens, 2023).

Overall, our study highlights that the accuracy and scale of recent observations like the EUREC4A data are
suitable for answering questions about microscale‐mesoscale interactions—in this case, questions about the
physical assumptions in mass flux closures for shallow convection. The strong connection between the TKE and
mass flux provides a pathway to better represent shallow convection in km‐scale models by accounting for its
tight coupling to the sub‐cloud layer turbulence.

Appendix A: Cloud‐Core Updraft Mass Flux Versus Total Mass Flux
The ATR turbulence data can also be used to calculate the mass flux directly as the product of the cloud fraction
and the in‐cloud vertical velocity along the rectangular cloud‐base flight track (see also Vogel et al., 2022). The
cloud fraction is computed from the high‐frequency (25 Hz) humidity sensor, where relative humidity ≥98% is
defined as cloudy. The in‐cloud vertical velocity is the vertical velocity averaged over the cloudy areas. The data
also allows to distinguish between the total mass flux of all cloudy areas (denoted as MATR, including the
downdraft portions of clouds) and a cloud‐core updraft mass flux that only includes those portions of the clouds
having positive vertical velocity (Mup,ATR).

Table A1 shows that the cloud‐core updraft mass fluxMup, ATR is about 25% larger than the total mass fluxMATR.
The difference between core and total mass flux can therefore explain to a large degree the overestimation of the
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mean mass flux of the two closures discussed in Section 4.1, as the closures target the core and not the total mass
flux. MATR and Mup,ATR happen to be perfectly correlated (R = 1), lending confidence in the comparison of
variability betweenMOBS and the closuresMG01 andMPB09 in this paper. Both the cloud fraction (R= 0.94) and in‐
cloud vertical velocity (R = 0.88) are strongly correlated to MATR.

Note that the data sample for which the cloud‐base MATR and Mup,ATR can be compared to the other estimates
(referred to as “ATR cb” in Table A1) is smaller than the sample for which ATR sub‐cloud layer turbulence
measurements are available (sample “ATR”), because two three‐circle sets are excluded due to inconsistent
sampling of mesoscale variability between the HALO and ATR aircraft (for details see Vogel et al., 2022).
Table A1 shows that the two ATR data samples yield very similar statistics for the best‐fit MTKE and the two
closures (except for the correlation ofMPB09 andMOBS improving to R= 0.54), so the conclusions of our study are
not affected by these differences in data samples.

It is somewhat surprising that the direct mass flux measurements from ATR at cloud base,MATR andMup,ATR, are
less well correlated to the reference MOBS than the TKE‐based best fit estimate MTKE. The cloud sampling along
the cloud‐base rectangles seems therefore less statistically representative than the sampling of turbulent eddies
along the sub‐cloud layer legs, which were also flown more in the center of the EUREC4A circle compared to the
cloud base rectangles in the western portion of the circle (see Figure 1).

Data Availability Statement

All data used in this study are openly available and published in the EUREC4A database of AERIS (https://
eurec4a.aeris‐data.fr/, last accessed: 28 November 2023). Specifically, we use v2.0.0 of the JOANNE dropsonde
data (https://doi.org/10.25326/246, see George et al. (2021) for details) and v2.0 of the ATR turbulence mea-
surements (https://doi.org/10.25326/128, see Brilouet et al. (2021) for details). See also Vogel et al. (2022) for
further details on the data used for computing the surface buoyancy flux and for estimating and evaluating the
reference observed mass flux. General information on the aircraft operations can be found in the respective
overview papers of the HALO (Konow et al., 2021) and ATR aircraft (Bony et al., 2022).
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