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Abstract
The distribution of mass flux at the cloud base has long been thought to be inde-

pendent of large-scale forcing. However, recent idealized modelling studies have

revealed its dependence on some large-scale conditions. Such dependence makes it

possible to isolate the observed large-scale conditions, which are similar to those in

large-eddy simulations (LES), in order to compare the observed and modelled mass

flux distributions. In this study, we derive for the first time the distribution of the

cloud-base mass flux among individual shallow cumuli from ground-based obser-

vations at the Barbados Cloud Observatory (BCO) and compare it with the Rain

In Cumulus over the Ocean (RICO) LES case study. The procedure of cloud sam-

pling in LES mimics the pointwise measurement procedure at the BCO to provide

a mass flux metric that is directly comparable with observations. We find a differ-

ence between the mass flux distribution observed during the year 2017 at the BCO

and the distribution modelled by LES that is comparable to the seasonal changes

in the observed distribution. This difference between the observed and modelled

distributions is diminished and an extremely good match is found by subsampling

the measurements under a similar horizontal wind distribution and area-averaged

surface Bowen ratio to those modelled in LES. This provides confidence in our obser-

vational method and shows that LES produces realistic clouds that are comparable

to those observed in nature under the same large-scale conditions. We also confirm

that the stronger horizontal winds and higher Bowen ratios in our case study shift the

distributions to higher mass flux values, which is coincident with clouds of larger

horizontal areas and not with stronger updrafts.
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1 INTRODUCTION

In currently operational weather forecasting and climate

models, the effect exerted by convective clouds on large-scale

atmospheric flow is most commonly represented using a

mass flux approach (Arakawa, 2004). By this approach, the

convective transport of conserved atmospheric quantities is

modelled by independent buoyant plumes, with the intensity

of the vertical transport set by the value of the mass flux at

the cloud base. The effects of a cloud ensemble can be repre-

sented using a single bulk buoyant plume (Yanai et al., 1973)

or a spectrum of buoyant plumes that group clouds of similar

properties together (Arakawa and Schubert, 1974). In a spec-

tral approach, the probability distribution of the cloud-base

mass flux is estimated and multiple buoyant plumes are

modelled to calculate the vertical structure of the convec-

tive layer. To understand which processes control the mass

flux probability distribution and what sets its parameters,

theoretical convection models based on mass flux distribu-

tions have to be supported by evidence from observations.

The early studies of Ogura and Cho (1973) and Nitta (1975)

diagnosed the statistics of cumulus cloud populations from

observed large-scale meteorological conditions using the

theoretical models of Yanai et al. (1973) and Arakawa and

Schubert (1974). However, it remained unclear from these

studies whether the mass flux distribution was determined

by the large-scale conditions and processes and if so, what

the main control parameters were. To answer this question,

direct observational evidence of the probability distributions

of the mass flux in cumulus clouds is needed.

With the use of the cloud resolving models and large-eddy

simulations (LES), greater insight has been gained on the

probability distributions of cloud populations and the mass

flux distribution (Cohen and Craig, 2006; Sakradzija et al.,
2015; Sakradzija and Hohenegger, 2017). These studies arose

from the need to understand what controls the probability

distribution of the mass flux for use in the stochastic param-

eterization of convective fluctuations at high model resolu-

tions (Plant and Craig, 2008; Sakradzija et al., 2015, 2016;

Sakradzija and Klocke, 2018). The distribution of the convec-

tive mass flux was suspected to be invariant to the changes in

large-scale forcing (Craig and Cohen, 2006; Plant and Craig,

2008). It was thought that these changes affected the total

convective mass flux in a particular region by changing the

number of cloud elements, rather than by increasing the mass

flux of individual clouds. Thus, in models the average mass

flux per cloud is treated as a constant (Plant and Craig, 2008;

Sakradzija et al., 2015; 2016).

However, more recent studies based on LES and

convection-permitting simulations have revealed that the

mass flux distributions do change with certain environmental

conditions. In an LES study that involved a dozen simula-

tions based on one case over the tropical Atlantic Ocean and

one over central North America, Sakradzija and Hohenegger

(2017) isolated the partitioning of the surface heating into

sensible and latent heat fluxes, expressed by the Bowen ratio

B, as the main controlling factor of the mass flux distribution

of the shallow convection. In their study, it was also sus-

pected that wind speed might play a role in setting the slope

of the mass flux distribution; however, this was not further

investigated. Wind speed is an important factor that controls

shallow convection in the trade winds region, where stronger

winds lead to deeper boundary layers (Nuijens and Stevens,

2012). Deeper boundary layers are associated with wider

eddies in the subcloud layer, which might also form wider

clouds. Another hypothesis – that the mass flux distribution

might vary with geographical location – was posed by Rasp

et al. (2018) in their study of the applicability of the theory

of Craig and Cohen (2006) to realistic situations using a

convection-permitting ensemble.

Although there is a lack of observational studies on the

large-scale control of the mass flux distribution, the cloud size

distribution has been studied extensively. In a recent study

by Mieslinger et al. (2019), ASTER satellite imagery and the

ERA-Interim reanalysis are used to test the controls of the

large-scale meteorological conditions on the shallow cloud

properties over the tropical oceans. Wind speed is recog-

nized as a major factor controlling the cloud size distribution,

among other cloud-based statistics. They further show that

the Bowen ratio has an influence on the estimated slopes of

the cloud size distribution, cloud cover and cloud top height,

despite the small range of the Bowen ratio tested in their study.

Based on these findings and hypotheses about the cloud size

distribution, in our study we isolate the wind speed next to the

surface Bowen ratio as a major factor that might control and

determine the mass flux distribution of shallow cumuli. We

note here that the dependence of the mass flux distribution on

wind speed has not yet been established.

The goal of this study is to derive for the first time

the distribution of the mass flux at the cloud base from

ground-based observations and to compare the observed dis-

tributions of the mass flux with an idealized LES study. Our

observation method represents a first attempt to measure the

mass flux of individual clouds; as such it is not an established

routine and it involves several assumptions (see section 2). It

is thus necessary to compare the results of our measurements

with a well-established method such as LES. Although LES

models are not without their limitations, they are widely used

to study shallow convective clouds and their evaluation and

intercomparison studies have been well documented (see,

e.g., Siebesma et al., 2003; van Zanten et al., 2011). On the

other hand, a good match between our observations and LES

would increase our confidence in the LES estimate of the

cloud-base mass flux. Thus, we see a comparison between

observations and LES not as a one-way validation procedure
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but as a two-way street that will provide greater confidence

in both methods.

The LES of atmospheric shallow convection are com-

monly based on observations over a given time period at a

single observation site and are forced by the average steady

conditions representative of that site and a given synoptic

situation (see, e.g., Siebesma et al., 2003). As a result of such

an idealized simulation set-up, one possible realization of the

cloud field is produced assuming uniformity of the meteoro-

logical conditions and the large-scale forcing. Furthermore,

the forcing imposed on the convection that develops in LES

is carefully selected to isolate certain processes of interest

and to eliminate other processes that might affect the sim-

ulated convection. On the other hand, when a realistic case

is simulated in LES using the instantaneous observed struc-

ture of the planetary boundary layer (PBL) and time-varying

large-scale forcing, it is challenging to measure individual

cloud properties and to collect enough samples of clouds

under the exact conditions isolated by the LES, because the

time span of the LES is usually only a single day. Therefore,

in order to compare the mass flux distribution observed at

the BCO during the year 2017 with the modelled mass flux

distribution, it is necessary to subsample the observations

in order to isolate similar large-scale conditions to those

imposed by the LES. Such a comparison will also assess the

selected large-scale conditions as the controlling factors of

the mass flux distribution in cases of high similarity between

the observed and modelled distributions.

The observations were conducted using a cloud radar

and a Doppler lidar at the observation site in Barbados. We

chose the LES case based on observations near Antigua and

Barbuda in winter 2004/2005 – the Rain in Cumulus over

the Ocean (RICO) case. Thus observations recorded at a

single site are compared with one realization of an ideal-

ized convective case in a nearby region, which is based on

an independent dataset. Since it is challenging to isolate

different processes in observations that might control the

cloud statistics, we use findings based on LES as a guide

for the choices we make in analysing the observational data.

In order to make the comparison possible, the observational

data is subsampled to include only those samples that were

observed under similar wind conditions as modelled in LES.

In the next step, the large-scale conditions estimated from

the ERA-Interim reanalysis during the observation period of

2017 are used to determine which parameters in addition to

wind speed could be responsible for the similarities between

the observed and modelled distributions.

2 METHODS

2.1 Barbados Cloud Observatory (BCO)
The island of Barbados is located to the east of the Caribbean

Sea and sits in the trade winds region of the Atlantic Ocean.

The Barbados Cloud Observatory (BCO) is located on the

east coast of the island at Deebles Point, 13.16◦N, 59.43◦W

(Stevens et al., 2016). It contains several active and passive

remote sensing instruments to profile the aerosol and cloud

properties inside the atmosphere. In addition to standard

meteorological instruments (measuring temperature, humid-

ity, pressure, wind, rain rate, solar radiation, etc.), the main

instruments used for this study are a polarized Doppler cloud

radar and a Doppler lidar. The radar has been operating since

June 2015 and has a frequency of 35.5 GHz (Ka-band) with

a sensitivity of 57 dBZ at an altitude of 5 km. This makes

it ideal for detecting cloud particles as well as hygroscopi-

cally grown sea salt particles in the subcloud layer (Klingebiel

et al., 2019). To differentiate between different particle types,

such as liquid or ice particles, a Linear Depolarization Ratio is

also available. With a Doppler velocity precision of less than

0.02 m⋅s−1, a vertical resolution of 31.18 m and a temporal

resolution of 10 s, the radar detects clouds in an altitude range

between 150 m and 18 km and delivers information about the

clouds' vertical structure and turbulence.

The Doppler lidar is a HALO Photonics Stream Line Pro

instrument. It uses a 1,500 nm laser to measure vertical veloc-

ities up to ±20 m⋅s−1 in an altitude range between 50 m and

around 1 km (depending on atmospheric conditions) with a

vertical resolution of 30 m. The instrument is located as close

as possible to the radar dish (about 2 m), and with a temporal

resolution of 1.3 s it is able to provide information about the

turbulence in the boundary layer.

2.2 Large-eddy simulation (LES) and case
study
The LES simulation and the postprocessing analysis used in

this study are adopted in full from the earlier study of Sakradz-

ija and Hohenegger (2017). Thus, in the following, we only

briefly describe the LES model, the simulation set-up and the

case specification.

LES are run using the UCLA-LES (University of

California, Los Angeles Large-Eddy Simulation) model

(Stevens et al., 1999; Stevens, 2010). The model solves the

Ogura–Phillips anelastic equations for the prognostic vari-

ables of wind, liquid water potential temperature, total water

mixing ratio, rain mass mixing ratio and rain number mixing

ratio. The equations are discretized on a doubly periodic uni-

form Arakawa C grid. A third-order Runge–Kutta scheme is

used for the time integration, a directionally split monotone

upwind scheme is used for the advection of scalars, and a

directionally split fourth-order centred scheme is used for

the momentum advection. The double-moment warm rain

scheme of Seifert and Beheng (2001) is used to compute

the cloud microphysics. The subgrid turbulent fluxes are

computed using the Smagorinsky scheme (as described in

Stevens et al., 1999). The effects of radiation are prescribed
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as net forcing tendencies. A more detailed description of the

UCLA-LES model equations, numerical methods and sub-

grid physics is provided in Stevens (2010) and the references

therein.

The RICO field measurement campaign that took place

during winter 2004/2005 upwind of the islands of Antigua

and Barbuda (Rauber, 2007) is used as a basis for the

set-up of the RICO LES case. The initial profiles of the

potential temperature, specific humidity and horizontal wind

components are constructed by fitting the averaged profiles

from the radiosonde measurements taken over Barbuda

(van Zanten et al., 2011, fig. 2 and table 2). The subsi-

dence profiles are prescribed as horizontally homogeneous

and time-invariant and act on the temperature and moisture

fields only. The large-scale horizontal advection tendencies

of moisture and temperature are prescribed as horizontally

homogeneous and time-invariant (van Zanten et al., 2011,

table 2). The radiative and advective cooling rates are pre-

scribed jointly as a constant cooling rate of 2.5 K⋅day−1 at all

vertical levels. The geostrophic wind profiles are prescribed

as time-invariant and are equal to the initial wind profiles

(van Zanten et al., 2011), while the background wind is set to

u =−5 m⋅s−1 and v =−4 m⋅s−1. The sea surface temperature

is set to 299.8 K, and the surface turbulent fluxes are com-

puted interactively using a surface-layer bulk aerodynamic

parameterization (see van Zanten et al., 2011). The LES sim-

ulation is performed over a domain of 51.2 × 51.2 km with

a horizontal grid spacing of 25 m and a vertical resolution of

25 m up to the top of the domain at 5 km. Five vertical grid

levels are used as damping layers at the top of the domain.

The duration of the simulation is 60 hr.

2.3 Definition of cloud properties
in observations and LES
The vertical flux of mass through the cloud base of the ith
cloud is defined as

𝑚𝑖 = 𝜌𝑎𝑖𝑤𝑖. (1)

To estimate the shallow convective mass flux for a single

cloud with remote sensing measurements, it is necessary to

quantify the parameters as follows: density 𝜌 (kg⋅m−3); cloud

area ai (m2); in-cloud vertical velocity wi (m⋅s−1). Similarly

to Ghate et al. (2011), we assume the air density to be constant

and equal to 1.2 kg⋅m−3.

The cloud area ai is not directly measurable with our cur-

rent remote sensing instruments, because the upward-looking

Doppler cloud radar and the Doppler lidar deliver only

two-dimensional measurements (see Figure 1). For this

reason, we calculate ai for every single cloud based on its

cloud chord length. We assume that every cloud base has

a circular shape and that the cloud chord length represents

the diameter of the cloud base. The cloud chord length (see

Figure 1) is estimated by the product of the radar overpass

time for each cloud and the horizontal wind speed at the

associated height of the cloud base. Fragmented clouds are

considered as one cloud when the time gap of the recorded

data between the fragments is less than 30 s and the horizontal

wind speed at the cloud base vcb, i is estimated by following

Hellman (1916), who extrapolates the horizontal windspeed

v0 from h0 = 2 m above ground to the cloud-base height hcb:

𝑣𝑐𝑏 = 𝑣0

(
ℎ𝑐𝑏

ℎ0

)𝛼

. (2)

The shear exponent, 𝛼 = 0.1, represents an ocean terrain

type and the cloud-base height is defined by the first radar

range gate with a cloud signal (≥50 dBZ). Using this method,

we found good agreement between the extrapolated horizon-

tal wind speed and the wind speed measured with radiosondes

at the cloud base.

Because we want to focus on the upward shallow con-

vective mass flux in this study, we only consider upward

motion and neglect downward motion, which shortens the

cloud chord length (presented in Figure 1) to lup, i. Based on

these assumptions, the cloud area ai is calculated as

𝑎𝑖 =
(
𝑙𝑢𝑝,𝑖

2

)2

𝜋. (3)

Most of the time, however, the detected shallow cumu-

lus clouds do not pass with their centre over the BCO. This

leads to an underestimation of lup, i. On the other hand, the

model simulation described below uses a similar method that

makes the measured and simulated convective mass fluxes

comparable. For the comparison shown in this study, we are

using remote sensing measurements at the BCO from the year

2017.

The cloud-base mass flux just above the cloud-base level is

estimated using the LES output following a method that pro-

vides a similar metric of the mass flux as in the observations.

For this purpose, we developed a routine for cloud identifica-

tion along a horizontal line in the LES output to mimic the

pointwise measurements at the observation site. The horizon-

tal cross-sections at the level that lies 100 m above the lifting

condensation level are selected every 15 min from the 24th

to the 60th hour of the RICO case simulation. The horizon-

tal lines along one spatial dimension with a distance of 3 km

are extracted from the horizontal snapshots. The difference

between the statistics based on samples collected along the

x or y dimensions is minimal and can be disregarded, so we

choose the y direction. The distance of 3 km was chosen as

an estimate of the maximum cloud size in the RICO simula-

tion. We define the cloud chord length as the number of grid

points along these lines that contain liquid water and have a

vertical velocity greater than zero times the grid resolution
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F I G U R E 1 Radar reflectivity of some shallow cumulus clouds from April 13, 2017 in combination with Doppler lidar measurements of the

vertical air motion in the boundary layer. The horizontal black lines represent the cloud chord length. The detection limit of the Doppler lidar is at an

altitude of around 750 m, which is indicated by the noise

Δx = 25 m. This length is assumed to be the diameter of the

circular cloud area defined as

𝑎𝑖 =
(
𝑁𝑖Δ𝑥

2

)2

𝜋, (4)

where i is the index of a single cloud and N is the total number

of points along the line that crosses a single cloud. Similarly

to the procedure for the observations, only those points with

positive vertical velocity are taken into account. The vertical

velocity of a single cloud is taken as the average along the

cloud chord length

𝑤𝑖 =
𝑁𝑖∑
𝑛=1

𝑤𝑛

𝑁𝑖

, (5)

where n is the index of a single point along the cloud chord

length. The statistics derived in this way are directly compa-

rable with the observed cloud statistics.

3 CUMULUS CLOUD
STATISTICS, RESULTS AND
DISCUSSION

3.1 Comparison between the observed
and modelled mass flux distributions
Cloud samples are collected from the observations and from

the LES output and the probability density distributions of the

cloud-base mass flux are calculated based on these samples.

The sample sizes of the distributions are 6,125 clouds in the

RICO LES case during the 24–60 hr period and 16,989 clouds

from the BCO observations during 2017. The probability den-

sity distribution is computed using the generic R function hist
(R Core Team, 2015). The width of the bins used to compute

the probability density of the cloud-base mass fluxes is expo-

nentially increasing for higher values of the mass flux. Due to

the finite resolution of the LES model, mass flux values lower

than 600 kg⋅s−1 are removed from the model and, for consis-

tency, from the observed cloud samples. The two distributions

are compared in Figure 2.

The observed cloud mass flux distribution at the BCO

from the year 2017 has a shallower slope than the distribu-

tion in the RICO LES case (Figure 2a). Clouds observed at

the BCO have a higher frequency of large mass flux val-

ues. This is also shown on the cumulative distribution plot

(Figure 2b), where the distance between the two distribu-

tions demonstrates a higher probability of high mass flux

values in observations. As a quantitative measure of the dis-

tance between the modelled and the observed distributions,

the Kolmogorov–Smirnov (KS) statistic D is calculated. D is

defined as D = maxm |PBCO(m)−PLES(m) |, where PBCO(m)

and PLES(m) represent the cumulative distributions of the

mass flux in the BCO and LES cloud samples, respectively.

D can be interpreted as a maximum absolute distance

between the empirical distribution of the BCO cloud sam-

ple and that of the LES sample. In the present case, the

KS statistic is equal to D = 0.135 (calculated using the

library “stats”; R Core Team, 2015). At the 95% level,

the critical value for the KS statistic can be approximated

as 𝐷crit,0.05 = 1.36

√(
1

𝑛𝐵𝐶𝑂

+ 1

𝑛𝐿𝐸𝑆

)
) = 0.0203 (see Conover,

1999, table A20), where nBCO and nLES are the sample sizes of

the two cloud samples. Since D > Dcrit, 0.05, the null hypothe-

sis that the two distributions are similar is not supported and

must be rejected based on the KS test. The quantile–quantile

(Q–Q) plot also shows the discrepancy between the two dis-

tributions, as the sample pairs fall far below the x = y line

(Figure 2c).

Discrepancies between the observed and modelled mass

flux distributions are to be expected because the RICO LES

case is based on a different set of observations in a different

region and at different time intervals from our BCO dataset.

Furthermore, the large-scale forcing and the initial conditions
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F I G U R E 2 Comparison of the mass flux distribution at the

cloud base observed at the BCO in 2017 with the RICO LES case mass

flux distribution: (a) probability density, (b) cumulative distribution,

and (c) quantile–quantile (Q–Q) plot. Vertical bars represent the

sampling uncertainty based on the 95% confidence intervals

of the RICO LES case are constructed based on averaged

conditions over several weeks and are further simplified and

smoothed, which makes the LES case idealized. The obser-

vations at the BCO span variable conditions and include

seasonal changes over a single year, so it is to be expected

that the mass flux distribution as observed at the BCO shows

a distinct slope from the one that originates from LES.

The sampling variability of the mass flux distributions is

very low in both the LES and BCO cases, except towards the

ends of the right tails of the distributions (Figure 2a). This

means that the differences between the distributions cannot be

attributed to sampling issues. The higher variability by high

mass flux values is indicative of a limited sample size of the

largest possible cloud mass flux. The LES case has higher

sampling variability due to its smaller sample size in compar-

ison with the BCO case. The sampling variability is based on

95% confidence intervals computed for each distribution bin

(vertical bars in Figure 2a). The confidence intervals are cal-

culated by a bootstrapping method with replacements using

1,000 random samples.

3.2 Seasonal changes of the cloud statistics
as observed at the BCO
The distribution of the cloud-base mass flux of individual

clouds at the BCO changes throughout the year. To show

these changes, the distributions that correspond to the four

trimesters in 2017 (FMA, MJJ, ASO and NDJ) are plot-

ted and compared with the LES distribution (Figure 3). The

greatest similarity between the modelled and observed distri-

butions is found in the third trimester (ASO; see Figure 3a–c).

The plot of the cumulative distribution shows greater simi-

larity between the observed and the modelled distributions

with a lower KS distance of D = 0.071, compared to 0.135

obtained previously. The sample size in the ASO trimester

is 3,881, which gives the critical value of Dcrit, 0.05 = 0.0205.

The KS distance is closer to the critical value; however, the

null hypothesis of the similarity between the two distributions

still has to be rejected based on the 95% confidence interval.

The Q–Q plot also shows in greater detail that the discrep-

ancy between the observed and the modelled samples is still

present (Figure 3d).

By examining the distribution plots of the cloud-base

area (Figure 4a) and the distribution of the horizontal wind

speed at the level of the cloud base (Figure 4c), it is evi-

dent that stronger winds are coincident with larger clouds,

as the cumulative distribution function of the cloud area in

the BCO samples shows a similar behaviour to the wind dis-

tributions. Namely, in the ASO trimester, the distribution of

the cloud-base area is shifted towards smaller clouds and the

distribution of the wind speed is shifted towards lower wind

speed values. During the other three trimesters, the distribu-

tions of the cloud-base area are very similar to each other,

although a trend coincident with that of the distribution of the

wind speed can be recognized. The vertical velocity distri-

butions do not show any significant differences between the

trimesters in the summer or winter seasons and do not seem

to resemble the changes in the distribution of the horizontal

wind speed (Figure 4b). Since the mass flux is a product of

the cloud area and vertical velocity, we can confirm based on

these results that the stronger winds are related to larger cloud

areas at cloud bases that result in higher mass fluxes, and are

not necessarily related to stronger updrafts.
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(a) (b)

(c) (d)

F I G U R E 3 As Figure 2, but with the BCO data split into four trimesters. For greater transparency, plots (c) and (d) show only the most

similar observed and modelled distributions and their Q–Q plot

3.3 Isolating the possible controlling
factors
In the subsequent analysis, we examine the effect of the hor-

izontal wind speed on the mass flux distribution and attempt

to uncover additional factors that might control it.

To examine the effect of the horizontal wind speed on the

mass flux distributions, samples of the horizontal wind speed

are collected at 2 m above ground and extrapolated to the

cloud-base height (see section 2.3) for each cloud that passes

over the Doppler lidar at the BCO. To obtain a sample of wind

statistics that is comparable to observations, we collect data

from clouds that are cross-cut by a sampling line in the LES

domain at a height level of 100 m above the liquid condensa-

tion level (LCL). The wind speed is then averaged over the

time a cloud is passing above the BCO and over the length of a

line that crosses through a cloud in LES. Collected samples of

the wind speeds of individual clouds are then used to calculate

the distributions of the wind speed at the BCO for 2017 and

in the RICO LES case for the simulation time period 24–60 hr

(Figure 5). Distributions of the wind speed at the cloud base at

the BCO are also plotted for different trimesters in Figure 4c.

The distributions of the wind speed at the BCO and in

LES are similar in shape, but they differ in the mean and

particularly in the variance (Figure 5). The distribution cal-

culated from the yearly cloud samples at the BCO has a

higher mean value of 9.9 m⋅s−1 and a larger standard devia-

tion of 3.54 m⋅s−1 compared to the LES mean of 8.99 m⋅s−1

and standard deviation of 0.58 m⋅s−1 (see Table 1). The

distribution shape is symmetric and can be modelled by a

Gaussian distribution function. We will use the LES wind

distribution to subsample the BCO cloud sample in the fol-

lowing, so we estimate a fit to the LES distribution using the

Gaussian function (Figure 5a, red line):

𝑓 (𝑢𝑐𝑏) =
1√

2𝜋𝜎2

𝑒
− (𝑢𝑐𝑏−𝜇)2

2𝜎2 , (6)

where the mean equals 𝜇 = 8.992 m⋅s−1 and the standard

deviation is 𝜎 = 0.5789 m⋅s−1. The mean and the variance

of the Gaussian fit are estimated using the method of

moments.

The distributions of the wind speed during the four

trimesters of 2017 at the BCO have similar symmetric shapes

and similar standard deviations, but different mean values

(Figure 4c). The lowest mean wind is observed in the ASO

trimester, while the highest mean value is observed dur-

ing FMA (Table 1). The mean wind speed during the ASO

trimester is the closest to the calculated mean wind speed in

the LES. From this we hypothesize that the wind speed might

be the reason for the close match in the mass flux distributions

between the samples observed in the ASO trimester and LES,

as well as the reason why the FMA trimester is the farthest

away from the LES (see Figure 3b). The standard deviation

is similar among the wind distributions observed over the

four trimesters at the BCO, but the difference in the standard
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F I G U R E 4 The observed (a) cumulative distribution of the

individual cloud-base areas, (b) probability density distribution of the

updraft vertical velocity, and (c) probability density distribution of the

horizontal wind speed at the BCO in four trimesters of 2017

deviation between observations and LES is substantial. So,

it is most likely the case that both the mean value and the

variability of the wind determine the difference between the

observed and the modelled distributions. The limitation of

the sample size in our study prevents us from deriving more

certain conclusions.

To assess the similarity between the observed and the

modelled mass flux distributions under the same wind
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F I G U R E 5 The distribution of the wind speed at the cloud base:

comparison between the LES distribution and the BCO distribution,

and the normal fit to the LES distribution

T A B L E 1 Average wind speeds and standard

deviations of the wind speed in the LES and at the BCO

Time Mean [m⋅s−1] Std [m⋅s−1]

RICO LES 8.99 0.58

BCO 2017 9.9 3.54

BCO FMA 10.74 3.74

BCO MJJ 10.26 3.27

BCO ASO 8.49 3.43

BCO NDJ 10.01 3.38

conditions, we select a subsample of clouds such that the wind

distribution observed at the BCO exactly matches the wind

distribution of the LES (Figure 5). This is achieved by ran-

domly generating samples of the Gaussian distribution with

the mean and standard deviation equal to those of the LES

wind distribution, and then browsing the observed samples

and collecting the same number of counts for each of the

20 bins of the Gaussian distribution. In this way we con-

struct the distribution of the observed wind speed based on

only those samples that constitute a similar distribution to the

wind distribution of the LES (see Figure 5). This procedure

is repeated for each trimester. The corresponding mass flux

samples are paired with the drawn wind samples and the mass

flux distributions are plotted in Figure 6.

The subsamples of the mass flux distributions that are

based on a similar wind distribution to that of the LES result

in a significantly closer match between the observed and

the modelled mass flux distributions only in the MJJ case

(Figure 6a,b and Table 2). We demonstrate the similarity

between the MJJ case and the LES by using a cumulative

distribution plot and a corresponding Q–Q plot (Figure 6c,d).

The KS statistic has a remarkably low value in the MJJ case

with D = 0.029, which is lower than the critical value for
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(a) (b)

(c) (d)

F I G U R E 6 As Figure 3, but now samples consist of only those clouds for which the cloud-base horizontal velocity forms an identical

distribution to the LES distribution of winds

T A B L E 2 Kolmogorov–Smirnov statistics as a

measure for the distribution distance between

observations and LES

Trimester
D of the
full sample

D of the wind-
based sample

ERA FMA 0.181 0.179

ERA MJJ 0.140 0.029

ERA ASO 0.071 0.131

ERA NDJ 0.148 0.149

this sample of 350 clouds, D < Dcrit, 0.05 = 0.075, based on

the 95% confidence interval. So the null hypothesis of the

similarity between the MJJ and LES distributions is not

rejected in this case. The p_value of the KS test is p = .97,

which means that there is a 97% chance of the two tested

samples coming from the same distribution. The Q–Q plot

shows very good agreement between the two samples. From

these results we infer that the wind speed acts as a control-

ling factor for the mass flux distribution, because in at least

one of the trimesters we find an excellent match between

the observed and the modelled distributions. However, it is

not the only factor that can shape the mass flux distribution,

because the distributions in the other three trimesters do not

closely match the LES distribution.

Based on the previous LES study of Sakradzija and

Hohenegger (2017), the Bowen ratio B is likely another

important factor that, in addition to the wind speed, controls

the mass flux distribution. The Bowen ratio in the region

upwind of Barbados (12–17◦N and 59–44◦W) is calcu-

lated from the surface turbulent fluxes extracted from the

ERA-Interim reanalysis with a time frequency of 12 hr (Dee

et al., 2011; Figure 7). The calculated Bowen ratio shows high

daily variability. To assess the trend on a monthly basis, we

also plot the running average (blue line in Figure 7a). The

lowest values of the Bowen ratio are observed consistently

during the months MJJ, on average 0.052 (Table 3). In the

RICO LES case, the Bowen ratio does not change much over

time (Figure 7b) and its value is 0.051 as averaged over the

24–60 hr simulation period. Thus, the value of the Bowen

ratio calculated for the MJJ trimester is the closest to the

Bowen ratio calculated in the LES (Figure 8, Table 3). We

recognize this as a possible reason for the excellent match

between the MJJ and LES mass flux distributions derived in

the previous section when conditioned on similar wind condi-

tions (Figure 6). In the ASO and NDJ trimesters, the observed

Bowen ratio is around 0.07, which is also consistent with

the larger difference in the mass flux distributions for these

two trimesters (Figure 6). The trimester FMA is an outlier

and although it has a Bowen ratio closer to the LES value

compared to ASO and NDJ, the mass flux distribution is the

furthest away from the LES distribution.

We further investigate whether other variables could

explain the similarity between the MJJ and LES mass flux

distributions. The surface buoyancy flux, sensible and latent

heat fluxes, and the boundary layer height do not produce a
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(a)

(b)

F I G U R E 7 (a) Daily values of the Bowen ratio calculated from

the ERA-Interim reanalysis data for 2017. The domain that represents

the upwind conditions at the BCO site covers the region from 12◦N to

17◦N, and from 59◦W to 44◦W. A symmetric running average over 31

time steps is applied (blue line) to visually emphasize the trend over the

year. (b) Time series of the Bowen ratio in the RICO LES case

good match between the reanalysis for the MJJ trimester and

the LES and cannot explain the similarity between the mass

flux distributions (Table 3 and Figure 8). It is intriguing that

the buoyancy flux in the ASO trimester has the closest value

to that of the buoyancy flux in the LES; however, we did not

find a good match between the ASO and LES mass flux dis-

tributions. The mass flux distribution of the ASO trimester

has the most similarity to the LES distribution before the sub-

sampling, which is most likely because its wind distribution

is the closest to the LES wind distribution (Figures 3 and 5),

but it is not the closest match to the LES under the same wind

conditions (Figure 6).

Based on these results, the observed distribution of the

cloud-base mass flux is most similar to the distribution cal-

culated from the LES output in the case of a subsample that

has the closest Bowen ratio to the LES value of 0.05, but only

in the case when the wind distribution closely resembles the

wind distribution simulated in LES.

3.4 Discussion
The influence of wind speed on the mass flux distribution

does not come as a surprise. In the study of Nuijens and

Stevens (2012), wind speed was found to influence the deep-

ening of the boundary layer and cause deeper cloud layers.

The effect of the wind on the boundary layer clouds is also

confirmed by observations (Brueck et al., 2015; Mieslinger

et al., 2019). Nuijens and Stevens (2012) further emphasize

that shallow cumuli get deeper with stronger winds, but not

more numerous or more energetic, while the wind speed does

not change the buoyancy flux in the mixed layer in equilib-

rium. This finding is not in contradiction with observations

that show the strong effect of the wind speed on the cloud

size distribution and hence on the mass flux distribution. The

mass flux of individual clouds is strongly correlated to the

cloud area, and shows a very low correlation with the updraft

velocity (Sakradzija et al., 2015). Furthermore, the probabil-

ity distributions of the mass flux strongly resemble the cloud

size distributions and are not controlled by the buoyancy flux

in the subcloud layer (Sakradzija and Hohenegger, 2017).

Based on the earlier study of Sakradzija and Hohenegger

(2017) and on what we have just demonstrated, the buoyancy

flux does not appear to control the mass flux of individual

clouds and their distributions. So, we cannot explain the

important role that the Bowen ratio has in shaping the statis-

tics of shallow cumuli based on its influence on the surface

buoyancy flux. For small Bowen ratios, the latent heat flux

is dominant over the sensible heat flux, and only about 10%

of the total surface flux contributes to the buoyancy flux.

For large Bowen ratios, almost all of the heat flux at surface

contributes to the buoyancy flux (e.g., Thomas et al., 2018).

In addition to the control on the buoyancy flux, the surface

Bowen ratio also controls the limit up to which the heat flux

at the surface can be converted into mechanical work of the

convective circulations in the boundary layer (Shutts and

Gray, 1999; Kleidon, 2016, sect. 10.2). This was recognized

as a reason for the control that the Bowen ratio has on the

mass flux distribution in the LES study of Sakradzija and

Hohenegger (2017). The fact that the Bowen ratio sets the

T A B L E 3 Comparison of the large-scale conditions estimated from ERA-Interim with the LES values

of the Bowen ratio B, the surface buoyancy flux b0, the surface sensible heat flux SH, the latent heat flux LH
and the boundary layer height H

Case/trimester B b0 (cm2⋅s−3) SH (W⋅m−2) LH (W⋅m−2) H (m)

LES 24–60 hr 0.051 6.8 8.54 167.70 985.40

ERA FMA 0.058 7.6 10.38 175.70 910.87

ERA MJJ 0.052 6.3 7.97 155.44 751.72

ERA ASO 0.069 6.9 10.09 150.54 688.31

ERA NDJ 0.068 8.2 12.03 177.70 839.93
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F I G U R E 8 Comparison of the large-scale conditions estimated from ERA-Interim with the LES values of the Bowen ratio, surface buoyancy

flux, surface sensible and latent heat fluxes, and boundary layer height. The grey dots correspond to the LES case

limit of the energy transformations in the convective bound-

ary layer also explains why the magnitude of the buoyancy

flux cannot explain the best match between the observed and

the modelled distributions as in the MJJ trimester.

4 SUMMARY AND CONCLUSIONS

We have presented a first attempt to measure the cloud-base

mass flux of shallow cumuli and the corresponding

probability distributions that are directly comparable to the

cloud-base mass flux distributions simulated using ideal-

ized large-eddy simulation (LES). The observations were

collected at the Barbados Cloud Observatory (BCO) during

2017. We used the idealized Rain In Cumulus over the Ocean

(RICO) LES case study as defined in van Zanten et al. (2011),

which is based on average conditions in winter 2004/2005

upwind of Antigua and Barbuda. We compared these two

mass flux distributions and isolated the main factors that

could explain the discrepancies between the two distributions.

As suggested previously in the literature, the horizontal wind

speed and the surface Bowen ratio were selected as the main

controlling factors of the mass flux distribution. The horizon-

tal wind speed was measured directly at the BCO, while for

the other large-scale properties, including the Bowen ratio,

we used the ERA-Interim reanalysis. Additional large-scale

properties, such as the surface buoyancy flux, surface sensi-

ble and latent heat fluxes, and the boundary layer height were

calculated using the ERA-Interim reanalysis for the region

upwind of Barbados. These large-scale properties were also

tested to understand the similarities between modelled and

observed mass flux distributions.

We found that the mass flux distributions measured at

the BCO and modelled by LES differed to some extent, but

this difference was not much larger than the variability in

the distribution measured at the BCO over the year 2017.

The distribution measured at the BCO has a shallower slope

and a longer tail compared to the LES distribution, which in

general corresponds to larger clouds and stronger mass flux

values per cloud. The closest match between the observed

and modelled distributions was found in the ASO trimester,

which is most likely due to the horizontal wind speeds being

most similar to those in the LES simulation. This match is,

however, not statistically significant, and similarity between

the two distributions still cannot be claimed. The measured

and modelled distributions become similar and pass the sta-

tistical test only if the observed clouds are subsampled to take

into account only those clouds that exist under the same wind

conditions as in the LES. An excellent match is then found

for the MJJ trimester, with a relatively high p_value of 97%.

Since there is a good match in only one of the trimesters,

we concluded that there must be another factor that exerts

a control on the mass flux distribution. By analyzing the

ERA-Interim fields upwind of Barbados, we found that the

Bowen ratio has a value of 0.05 in both the LES and in the MJJ

trimester. This led us to conclude that the wind speed and the

surface Bowen ratio are the two factors that can explain the

excellent match between the observed and modelled distribu-

tions in this case study. Such strong similarity between the

observed and modelled mass flux distributions under the same

large-scale conditions, selected based on previous research

findings, provides us with greater confidence in our measure-

ment methods. On the other hand, it shows us that the LES are

capable of simulating realistic clouds that can be observed in

nature within a narrow range of idealized large-scale forcing.

Here we have compared the cloud statistics based on a

single LES case and a single year of observations. To investi-

gate the robustness of our results and conclusions, more study

cases and a longer observational period are necessary. The

importance of our study lies in the first direct measurements

of the cloud-base mass flux in individual clouds, in the first

comparison of the mass flux distributions between observa-

tions and the LES and in the fact that we found an excellent

match between the two. Furthermore, we have hinted at a

physical background of the processes that could explain such

excellent agreement between the observed and modelled dis-

tributions, which poses a basis for further investigation.
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