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Abstract. Trade wind cumuli often precipitate, but the effect of rain processes on their dynamics and organization is still poorly

understood. Previous observations of the vertical wind inside clouds were limited to non-precipitating conditions because the

mean Doppler velocity from cloud radars is dominated by hydrometeor motion in precipitating clouds. Here, we retrieve the

vertical air motion inside precipitating clouds by using the Doppler velocity spectrum from the ground-based Ka-band radars at

the Barbados Cloud Observatory. We validate it against available lidar measurements. We combine the in-cloud radar-derived5

wind with lidar observations outside of clouds into a unified dataset spanning six years (2019-2025) at high (2s) resolution. We

show that precipitating cumuli act as shallow squall lines, as predicted by recent large-eddy simulations. These clouds feature

a narrow updraft at the gust front that develops up to cloud top. The wider precipitation downdraft is triggered slightly below

cloud top, where the rain content is large enough, and extends down to the surface where it forms a cold pool. We show that

updrafts and downdrafts contribute nearly equally to the cloud base mass flux. Their balance hinges on the downdraft intensity,10

likely controlled by microphysical processes. These observations can improve our understanding of tropical convection, shed

light on the assumptions behind convective parameterizations and constrain cloud-resolving simulations.

1 Introduction

Rain processes are often underrepresented in our understanding of the trade-wind layer, despite trade cumuli precipitating 30%

of the time (Nuijens et al., 2018). Conceptual models of the tropics include clouds through the mass flux, M , they transport15

in and out of the boundary layer (Arakawa and Schubert, 1974). Rain processes in these models are very simplified (Emanuel,

2019), and models of the trade-wind layer treat shallow convection as non-precipitating (Neggers et al., 2006; Naumann et al.,

2019; Albright et al., 2023). The contribution of shallow precipitating clouds is so far poorly characterized due to a lack of

suitable observations of the vertical air motion at the cloud scale. Lidars cannot penetrate deeply into clouds, and hydrometeor

fall speeds dominate the mean Doppler velocity from cloud-profiling radars. Here, we seek to retrieve the vertical wind in20

precipitating clouds using established ground-based remote sensing techniques and answer two tightly related questions: what

is the vertical circulation at the cloud scale induced by rain? And what is the effect of this circulation on the cloud base mass

flux?
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Previous estimates of M and its relationship to cloudiness were either done with aircraft passes through clouds (Zipser and

LeMone, 1980; LeMone and Zipser, 1980) or remote sensing at ground observatories limited to non-precipitating conditions25

(Lamer and Kollias, 2015; Klingebiel et al., 2021). In precipitating convection in the trades, rain is produced in updrafts and

falls in downdrafts (Malkus, 1955). Once rain reaches the subcloud layer, it evaporates and can create a cold pool, a density

current whose gust front can in turn trigger new updrafts (Byers et al., 1949; Vogel et al., 2021; Touzé-Peiffer et al., 2022).

Large-eddy simulations (LES) can resolve rain evaporation and cold pools, but the effect of these on convective organization

and cloud cover remains unclear (Seifert and Heus, 2013; Lamaakel and Matheou, 2022; Narenpitak et al., 2023; Janssens30

et al., 2023). On the other hand, recent LES have shown that precipitating trade cumuli act as "shallow squall lines" or "shal-

low mesoscale convective systems", both in idealized simulations (Alinaghi et al., 2025) and case studies validated against

campaign observations (Li et al., 2014; Dauhut et al., 2023). These shallow squall lines are organized very similarly to deep

convective systems in which the updraft, downdraft and cold pool are tighly coupled (Houze, 2018). However, observations

to validate the simulations were limited to the atmospheric thermodynamic properties and the cloud field morphology, and the35

in-cloud circulation itself has not been observationally resolved yet.

Inside precipitating clouds, the vertical air motion can be estimated from the radar Doppler spectrum, either by estimating

the vertical motion of droplets of a given size and correcting for their fall speed, or by retrieving the entire drop size distribution

(DSD) from Doppler velocity spectra from one or multiple frequencies, in which the vertical air motion appears as a fitting

parameter to this inverse problem (Moisseev and Chandrasekar, 2007; Tridon and Battaglia, 2015; Battaglia et al., 2016;40

Tridon et al., 2017). Methods that look at the motion of a single class of droplets notably include measuring the position of

Mie resonances in the W- or G-band spectrum to obtain the vertical speed of droplets in the millimeter range (Lhermitte, 1988;

Kollias et al., 2002; Yurk et al., 2025). Likewise, the slow falling edge of the Doppler velocity spectrum, Vedge, just above

the noise level, can be used as a proxy for vertical motion by assuming that only cloud droplets with a negligible fall speed

contribute to it (Battan and Theiss, 1966; Shupe et al., 2008). However, Vedge must be corrected for turbulence broadening45

and the limit of detection set by the signal-to-noise ratio at a given range gate and hydrometeor backscattered power. (Zhu

et al., 2021) developed such a retrieval for stratocumulus decks on Graciosa Island in the Azores archipelago, which was latter

applied to shallow cumuli there (Jeong et al., 2022). Conditions in the Azores are extratropical (Rémillard and Tselioudis,

2015) and mesoscale cloud organization patterns there differ from the tropics (Schulz et al., 2021), and so the question of

in-cloud dynamics in the trades closer to the intertropical convergence zone remains.50

We use the Zhu et al. (2021) method and lidar observations to retrieve the vertical wind over a six-years period of trade-

wind cumuli and congestus at the Barbados Cloud Observatory (BCO). The BCO, its instruments and the retrievals used are

presented in section 2. In Section 3 the new dataset is used to study the precipitating cloud life cycle and its spatial organization

at the cloud scale. The resulting mass flux of precipitating convection and its controls are quantified in Section 4. Conclusions

are presented in Section 5.55

2

https://doi.org/10.5194/egusphere-2026-1974
Preprint. Discussion started: 15 April 2026
c© Author(s) 2026. CC BY 4.0 License.



2 Methods

2.1 The Barbados Cloud Observatory

The Barbados Cloud Observatory (BCO), located on the windward coast of the island of Barbados in the West Indies at

13◦9′45.5′′N, 59◦25′43.5′′W, has been operating continuously with a large variety of instruments since 2010 (Stevens et al.,

2016), and is representative of the average conditions in the trades (Medeiros and Nuijens, 2016). Radar Doppler spectra60

are available from two vertically-pointing Ka-band radars at 2s temporal and 31m vertical resolution with 512 spectral bins

spanning ±10.7m/s (Görsdorf et al., 2015). The MBR2 (Metek MIRA 35) radar operated at this resolution between May 2018

and September 2024, after which it was decommissioned. Due to processing issues, only the data obtained after August 2019

is used. The MBRS (Metek MIRA 35S) radar replaced the MBR2 and operates since January 2023.

We also use the two wind lidars operated at the BCO, both HALO Photonics StreamLine Pro Scanning Doppler Lidars65

(Päschke et al., 2015). The first one, WindLidar1, was operated in vertically-pointing mode between March 2016 and October

2019, then between July 2021 and September 2024, and again since September 2025. The second one, WindLidar2, recorded

VAD scans between March 2019 and July 2021. It then operated in vertically-pointing mode between September 2024 and

September 2025. VAD scans measure the vertical velocity at 10s and 15m resolution, vertically-pointing lidars at 1.3s and

15m resolution.70

2.2 Radar retrieval of the vertical wind

The vertical air motion is retrieved following (Zhu et al., 2021). The velocity at the slow falling edge of the spectrum Vedge is

assumed to be the velocity of the cloud droplets in the radar volume. The cloud droplets are assumed to have zero fallspeed, so

that their velocity is the air velocity w. However, the position of the slow falling edge depends also on the spectral broadening

due to turbulence and shear (a broader spectrum will have signal at higher spectral lines) and the signal-to-noise ratio (SNR),75

with the latter being the dominant factor. For the same air motion, a higher SNR means that the slow falling edge will be

displaced towards higher velocities. The air motion is obtained as

w = Vedge −σt −σsm − δSNR. (1)

Vedge is measured from the spectra corrected for folding. The turbulence broadening σt and the shear broadening σsm are esti-

mated following (Borque et al., 2016) and (Zhu et al., 2021). The SNR correction δSNR is taken from (Zhu et al., 2021), except80

in the cloud pixels below 500m and 0dB. There we perform a phenomenological correction δSNR = 0.04
√
SNR+39[m/s]

instead, which is obtained after comparison with the lidars. Values from the MBRS at all range gates are further corrected

by −0.12m/s (three spectral lines) for better agreement with the MBR2 and the lidar (Figure A1a). After correction, the two

radars agree within ±0.1m/s of each other during the period when they both operated at the same time (March 2023-March

2024). Figure 1c shows the retrieved vertical motion inside a typical precipitating cloud. The mean Doppler radar velocity Vd85

and the retrieved wind markedly differ in the precipitation downdraft, where Vd closely mirrors the reflectivity (Figure 1a),
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Figure 1. Example rain event on 2024-09-15. (a) Ka-band radar reflectivity. (b) Mean radar Doppler velocity Vd. (c) Radar-only retrieval

wradar. (d) Doppler lidar measurements wlidar. (e) Lidar-radar composite of the vertical wind w. Solid black lines: ceilometer cloud base

height.

while the vertical wind does not vary much inside the downdraft. The retrieval also unveils regions of upwards motion absent

from Vd (Figure 1b, c). Notably, an updraft starts at the gust front and extends up to cloud top.

We evaluate the consistency of the retrieval by comparing w and Vd. Figure 2 shows the histogram of the pixel-based joint

distribution of mean Doppler radar velocity Vd with retrieved vertical wind w. Since Vd is weighted by the sixth power of90

the droplet diameter, it reflects the motion of drizzle or rain droplets as soon as they are present in the radar volume. This

leads to the constraint that Vd cannot be larger than w: data in the half of the graph Vd >w is therefore unphysical. Very few

pixels (around 0.5% of the total) fall into that region. Updrafts (w > 0) can be correctly featured both when droplets moving

upwards along with the air (Vd > 0) or when falling downwards (Vd < 0). The retrieval also performs in a consistent way

in downdrafts (w < 0), the majority of which feature the air moving slower than the droplets (Vd <w). Since the retrieval95

assumes the presence of cloud droplets, it can overcorrect Vedge when they fully evaporate in downdrafts below cloud base, but

this effect remains limited (3% of the total).
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Figure 2. Histogram of the pixel-based joint distribution of mean Doppler radar velocity Vd with vertical wind w. w > 0 is updrafts, either

rain-free (Vd > 0) or in rain (Vd < 0). w < 0 corresponds to downdrafts. Data in the Vd >w half of the graph is unphysical.

The Doppler wind lidars at the BCO also measure vertical velocities, albeit only in the presence of scatterers and without

large droplets that quickly attenuate the signal. Observations are thus limited to the subcloud layer, near cloud base and around

the edges of optically thin clouds, in the absence of rain. Lidar and radar-derived vertical air velocities are overall within100

0.2m/s of each other (Figure A1b). This bias remains acceptable for the majority of pixels below 15dB around typical cloud

base heights (500− 800m) and for the visible pixels in the cloud layer (Figure A1c). At higher SNR in the subcloud layer, the

retrieval tends to overcorrect for downward motion.

2.3 Composite radar-lidar vertical velocity and cloud segmentation

To get a best estimate of the vertical motion both in the cloud and subcloud layers, we thus merge lidar measurements with the105

radar retrieval, similar to Jeong et al. (2022). We first coarsen the lidar to the lower radar resolution. Between the surface up

to 623m, we only take the lidar measurement. Between 623m and 2000m, we take the weighted average of the lidar and the

radar, the lidar weight being 1 at 623m and linearly decreasing to 0 at 2000m. Above, we only use the radar. If the lidar value

is not available, we take the radar one. Figure 1d shows what the lidar typically measures in such a rain event; Figure 1e is the

outcome of the lidar-radar compositing. The main differences are at the gust front near 1640 UTC, where the small apparently110

downward motion is corrected upwards. Note that here, the downdraft velocity as seen by the lidar near the surface is higher

than retrieved from the radar.

Clouds are segmented and classified using the algorithm by (Konow, 2020). We further divide the cloud population into

non-precipitating clouds, where the maximal radar reflectivity is below −15dBZ across the whole cloud, and precipitating

5

https://doi.org/10.5194/egusphere-2026-1974
Preprint. Discussion started: 15 April 2026
c© Author(s) 2026. CC BY 4.0 License.



2020 2021 2022 2023 2024 2025 2026
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

H
ei

gh
t A

G
L 

(k
m

)

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00
w =(m s)

Figure 3. 7-day mean vertical velocity inside both precipitating and non-precipitating clouds. Gray: no data. Dotted black line: mean cloud

top height of non-precipitating clouds. Solid black line: mean cloud top height of precipitating clouds.

clouds where the maximal reflectivity is above −15dBZ. Similar thresholds have previously been used in the literature (Frisch115

et al., 1995; Liu et al., 2008; Ghate et al., 2011; Lamer and Kollias, 2015). Clouds with a top height above 4.5km are discarded,

as the retrieval assumes that only liquid water droplets are present. The descriptive statistics of the segmented populations are

summarized in Table A1. This classification solely by the reflectivity includes potentially ambiguous cases of drizzle and/or

virga as precipitating (Kalesse-Los et al., 2023; Roschke et al., 2025). Since our focus here is on in-cloud motion and not

surface precipitation, the threshold of −15dBZ is chosen to differentiate between drizzle-dominated clouds in which the mean120

Doppler velocity is biased by these faster-falling droplets, and clouds for which that is not the case. Inside non-precipitating

clouds, the (Zhu et al., 2021) retrieval is biased, as it assumes the presence of drizzle or rain drops. However, (Klingebiel et al.,

2021) have shown for these clouds that the mean Doppler radar velocity is unbiased with regards to the lidar measurements.

Therefore, for non-precipitating clouds, we take as the vertical wind the lidar velocity, or the mean Doppler radar velocity if

the lidar observation is not available.125

In total, we retrieved 42898h of data, spanning more than six years (August 2019-December 2025). Figure 3 shows the

7-days mean velocity, inside both precipitating and non-precipitating clouds.

3 Circulations at the cloud scale

3.1 The relative contribution of precipitating clouds to the total vertical motion

Figure 4 shows the average vertical velocity for both non-precipitating and precipitating clouds. Non-precipitating clouds130

feature mean upward motion through the entire depth of their cloud layer, while mean ascending motion is only found in

precipitating clouds near cloud top. Here, we define updrafts as all pixels with w > 0 and downdrafts as all pixels with w < 0.
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Figure 4. Characteristics of the vertical motion for non-precipitating clouds (top row, a-e, only up to 1 km) and precipitating clouds (bottom

row, f-j). Dashed horizontal lines: median cloud top height and cloud base (for non-precipitating clouds only). (a, f) Vertical velocity. Solid

green line: median, shading: first-third quartiles, dashed green line: mean, dash-dotted black line: mean for all clouds. (b, g) Velocity of the

upwards-moving pixels (red, w > 0) and the downwards-moving pixels (blue, w < 0). Solid lines: medians, shading: first-third quartiles,

dashed lines: means. (c, h) Frequency of upwards-moving (red) and downwards-moving (blue) pixels. Solid green line: total frequency.

Shading: retrieval uncertainty.

Updraft and downdraft velocities are very similar in magnitude (Figure 4b, e). Downdraft variability is nearly constant with

height, while updrafts have a maximum in variability near 1km, inside the cloud layer.

The relative distribution of downdrafts and updrafts controls the overall motion (Figure 4c, f). We define the updraft and135

downdraft frequencies, au and ad, as the fraction of the cloudy pixels with positive or negative w; by construction, au + ad

equals the cloud fraction, a (solid green line on Figure 4c, f). The non-precipitating cloud fraction is around 5%, in line with

previous observations at BCO (Medeiros and Nuijens, 2016; Nuijens et al., 2014; Lamer and Kollias, 2015). Precipitating

clouds have the same or slightly higher cloud fraction compared to non-precipitating clouds, while previous works show them

to comprise only ∼ 30% of the low cloud fraction (Nuijens et al., 2018). We explain this apparent discrepancy by our choice140

of threshold, which aims to differentiate clouds based on whether drizzle drops influence the radar Doppler velocity spectrum,

and not based on their surface precipitation.

We further define the relative updraft-to-downdraft fraction

f↑/↓ =
au

au + ad
(2)
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Figure 5. Characteristics and seasonal variability of the vertical motion for non-precipitating clouds (top row, a-b, only up to 1km) and

precipitating clouds (bottom row, c-d). Dashed horizontal lines: median cloud top height and cloud base (for non-precipitating clouds only).

(a, c) Mean velocity w. (b, d) Relative updraft-to-downdraft fraction f↑/↓. Dashed red lines: winter (JFMA, dry season), dotted purple lines:

summer (ASON, wet season), solid green lines: all year. The dash-dotted black line is for all clouds (precipitating and non-precipitating),

year-round.

to quantify their relative abundances independently of the cloud fraction. f↑/↓ = 1/2 means that updrafts and downdrafts occur145

in equal amounts. Figure 5 shows that non-precipitating clouds feature updrafts nearly 60% of the time through their entire

depth. In precipitating clouds, updrafts and the mean velocity have a small peak near cloud base, but downdrafts are overall

more frequent below 2km, and make up for up to 60% of the motion inside the cloud layer. At cloud top, this reverses and

updrafts are again slightly more frequent. Since our non-precipitating and precipitating clouds have similar cloud fractions,

they contribute nearly the same to the average for all shallow clouds (dash-dotted black lines on Figures 4 and 5). The average150

velocity thus has two peaks in both magnitude and updraft frequency, one near cloud base driven mostly by non-precipitating

clouds, and one near the trade inversion driven by the top of precipitating cumuli.

Seasonality at the BCO is linked to the migration of the intertropical convergence zone (ITCZ). During the dry winter

months (January to April, although the season extends between December and June), subsidence prevails, along with enhanced

low-level cloudiness (Brueck et al., 2015). In the wet summer months (August to November, although the season starts in June155

and ends in December), deep convection is supported by low-level convergence, though the influence of the trades is still felt

in Barbados (Stevens et al., 2016). Figure 5 shows that seasonality has little effect on non-precipitating clouds, both in terms of
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w and f↑/↓. The overall vertical structure of precipitating clouds persists year-round, with a peak in relative updraft frequency

and velocity at cloud base and cloud top. However, precipitating clouds in the wet season have both more intense and larger

downdrafts than in the dry season, possibly due to the more disturbed conditions in summer. The year-round average closely160

resembles the winter profile, except near cloud top where updrafts are more frequent in the dry season.

3.2 Cloud depth and the cloud life cycle
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Figure 6. Average vertical profiles of precipitating clouds binned by cloud top height. (a) Average reflectivity Z. Solid black line: histogram

of cloud top height. (b) Average in-cloud vertical velocity w. (c) Average relative updraft-to-downdraft fraction f↑/↓.

The year-round average picture obscures the variability in vertical velocity associated with clouds of different depths. To

account for this variability, we group the 27363 observed precipitating clouds (see Table A1) by their top heights and compute

the associated average profiles. Figure 6 shows the average reflectivity Z, velocity w and updraft-to-downdraft fraction f↑/↓165

by bins of 100m of cloud top height (CTH). The CTH distribution peaks near the trade inversion. Deeper clouds are associated

with larger reflectivities.

Clouds with tops slightly below 2km feature updrafts throughout their entire depth, manifested by both w > 0 and f↑/↓ >

1/2. They have small downdrafts below cloud base, associated with precipitation. Deeper clouds reaching the trade inversion

and above feature a region dominated by updrafts just below cloud top, around 500m in depth. These clouds are able to170

generate large, intense downdrafts, extending between the cloud top updraft region and the surface. Downdraft intensity and

frequency increases with CTH, while w near cloud top is the largest for CTH around 1.5km, indicating that these clouds are

in their state of fastest development, and f↑/↓ is largest near 2km.

Non-precipitating clouds do not show this altitude-dependent structure: upwards motion is confined to the 0.5− 1km layer

and its intensity does not vary with cloud depth (Figure S2). We hypothesize that the vertical structure of motion inside175

precipitating clouds corresponds to different life stages of the cloud. Shallow clouds initially near the lifting condensation level

rise by latent heat release, allowing for more rain production. When they deepen into the congestus stage (Acquistapace et al.,

2026) and reach the trade inversion, their ascent is slowed; simultaneously, they have produced enough rain to generate a large
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downdraft by evaporative cooling inside the cloud layer. Positive buoyancy is confined near cloud top where there is latent heat

release by condensation. The deepest clouds, above 3km, mostly contain downdrafts, indicating that they may be decaying.180

This cloud life cycle is consistent year-round. Summer clouds feature both more intense updrafts and downdrafts, and overall

enhanced downwards motion, while winter clouds are close to the all-year average (Figure S1).

3.3 Precipitating trade wind cumuli as shallow squall lines
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Figure 7. Composite means of non-precipitating (top row, a-c) and precipitating (bottom row, d-f) clouds and the associated surface mete-

orology anomalies with regards to their daily averages. Velocities include clear air pixels around the clouds (see text). (a, d) Reflectivity Z.

Solid pink line: specific humidity anomaly q′. Dashed black line: precipitation rate [(d) only]. (b, e) Vertical velocity w. Solid black line:

temperature anomaly T ′. (c, f) Relative updraft-to-downdraft fraction f↑/↓. Solid black line: wind magnitude anomaly V ′. The coordinates

are normalized with regards to the lowest range gate and cloud top for the height ẑ and the cloud start and end for the time t̂. The wind

direction is from right to left.

To obtain a statistical picture of the spatial structure of the vertical motion, we composite the 13463 precipitating clouds with

echoes detected near the surface, as well as the 653559 non-precipitating clouds (see Table A1). Clouds in time t and height z185
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are interpolated on a regular 1800× 75 (t̂, ẑ) grid with the reduced time and height

t̂ =
2t− (tcloudstart + tcloudend)

tcloudend − tcloudstart
, (3)

ẑ =
z−CBH

CTH−CBH
, (4)

with CBH the cloud base height as defined by the lowest range gate in which echoes are detected, in this section always below

200m. At the radar resolution, this grid corresponds to 30min and 2.5km, slightly above the mean cloud duration (19min)190

and cloud top height (2.3km). Non-precipitating clouds are instead composited on a smaller 900× 30 grid to account for their

shorter duration (1min) and depth (1km). We do not limit ourselves to in-cloud pixels only: clear-air motion measured by the

lidar within the (tcloudstart, tcloudend)× (CBH,CTH) box around the cloud is also considered for the compositing. Likewise,

we re-grid time series of the surface meteorology during each precipitating cloud, considering the mean rain intensity P , the

temperature anomaly T ′, the moisture anomaly q′ and the wind speed magnitude anomaly V ′ with regards to their 6h running195

averages. Since the wind speed does not vary much at the BCO (mean surface wind speed ±1σ: 5.2± 2.2m/s), we interpret t̂

as a rescaled space coordinate, measuring along the average transect of the clouds.

Figure 7 shows the composite mean Z, w, f↑/↓ and the surface quantities. Non-precipitating clouds peak in reflectivity near

cloud top, indicating that droplet nucleation and condensational growth are taking place there. The updraft develops/extends

through the entire cloud depth. There is a narrow subsiding shell near the cloud edges, most likely extending into clear air as200

well, as was previously found (Heus and Jonker, 2008; Heus et al., 2009; Wang and Geerts, 2013; Lamer and Kollias, 2015;

Hernández Pardo et al., 2025). The surface features a very small but statistically significant hot, moist anomaly, likely linked

to the presence of thermals supporting the clouds.

For precipitating clouds, reflectivity is highest near the surface ẑ = 0 and inside the cloud; the peak in Z also coincides with

the peak in surface rain intensity, near the center of the cloud (t̂= 0, ẑ ≃ 0.5). The vertical motion is asymmetric between the205

front (t̂=−1, downwind) and the back of the cloud (t̂= 1, upwind). The updraft extends between the surface and cloud top,

where the largest values of w and f↑/↓ are found. The precipitation downdraft extends between cloud top at the back of the

cloud and the surface. f↑/↓ shows that the downdraft is larger everywhere in the cloud layer, and the updraft near the front

is narrow and intense. The minimum in f↑/↓ on the upwind side, far away from the surface, in a region with no minimum

in w and lower Z, is associated with more stratiform downdrafts, less intense in magnitude and containing less rain than the210

convective core.

At the surface, the composite temperature anomaly shows that the cooling by the downdraft is largest after the rain has

peaked. The wind anomaly is largest just before the downdraft, decreases until the temperature anomaly is at its largest, then

picks up again to a lower value at the upwind side of the cloud. The moisture anomaly is positive during the entire cloud and

varies weakly, but is largest on the downwind side and reaching a minimum near the upwind side. Near the surface, updrafts215

are found where the two gust fronts are, the most intense one on the downwind side and the less intense one on the upwind

side. These updrafts mostly happen in clear air as seen by the very low values of Z there.

This spatial structure shares the characteristics of "shallow mesoscale convective systems" (MCS), also called "shallow

squall lines", observed in large-eddy simulations (LES) of the trades (Li et al., 2014; Dauhut et al., 2023; Alinaghi et al., 2025)
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and named in reference to mesoscale convective systems (Houze, 1977; Houze et al., 1980; Houze, 2018). The convective220

downdraft, where the largest reflectivities are found, creates a cold pool, whose gust front triggers convection that feeds into

the main updraft supplying the system with moisture and buoyancy. At the back of the system, old decaying convective elements

make up a stratiform anvil and the associated "mesoscale downdraft", less intense than the convective one. Note that we have

not conditioned the compositing on the presence of a surface cold pool, but it still emerges in the mean structure in a way that

is in line with previous studies (Vogel et al., 2021).225

This shallow MCS organization is fairly robust with regards to the choices made in the compositing. The median fields show

lower magnitudes but the same structures (Figure S3). If we do not rescale time and height, but instead apply the transformation

t′ = t− tZmax
so that the times of maximum reflectivity all line up for every cloud, we find again the same results (Figure S4).

Notably, the convective downdraft extending to the surface and the larger, less intense stratiform downdraft appear clearly

separated around 10min after the peak in reflectivity. If we composite on the one hand "short" clouds with a duration below230

20 minutes, unlikely to have stratiform outflows, and "long" clouds with a duration above, likelier to feature anvils, we find

as expected that the large mesoscale downdraft is only really present when the anvil is there (Figures S5-S6). The missing

ingredient for a complete description of these systems as shallow MCS is shear. Classical Rotunno-Klemp-Weisman theory

(Rotunno et al., 1988; Weisman and Rotunno, 2004) and recent LES of the trades (Helfer et al., 2020; Helfer and Nuijens, 2021)

predict that wind shear and cold pool vorticity are in balance for optimal squall line development, leading to tilted updrafts235

that avoid evaporation and cooling from the precipitation they generate. The slant in Figure 7e might only be an artifact of the

averaging, rather than shear, as it is not visible in the median velocity (Figure S3). Further work is needed to understand this

effect.

4 The vertical mass flux of precipitating convection

The convective mass flux of clouds is defined as (Arakawa and Schubert, 1974; Emanuel, 1991)240

M = ρwa, (5)

with ρ the air density, w the average velocity inside the clouds and a the cloud fraction. M can be decomposed into the updraft

and downdraft mass fluxes, Mu and Md, such that

M =Mu +Md = ρwuau + ρwdad, (6)

with wu, wd the updraft and downdraft velocities and au, ad their respective fractions. For simplicity, we take ρ= 1kg.m−3.245

In line with previous studies at the BCO (Lamer and Kollias, 2015; Klingebiel et al., 2021), we measure the mass flux by

sampling the average velocities and area fractions over 24h periods to minimize the sampling uncertainty and remove the

effect of diurnal variability (Vial et al., 2019). We also sample conditionally over each day for non-precipitating clouds only,

precipitating clouds only or all shallow clouds to ascertain the effect of rain on M . Excluded clouds are correctly not counted

as clear-sky; however, clear-sky does include high anvil clouds with bases above 6.5km, so that the cloud fractions should be250
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Figure 8. Vertical profiles of in-cloud mass flux sampled over 24h periods. (a) Non-precipitating clouds. (b) Precipitating clouds. (c) All

clouds. Dashed red lines: dry season median (JFMA), dotted purple lines: wet season median (ASON), solid green lines: all year median,

dash-dotted green lines: all year mean. Shading: first-third quartiles.

understood as low cloud fractions only. Updrafts and downdrafts are again defined as all pixels with w > 0 (resp. w < 0). We

obtain this way 1689 vertical profiles of the mass flux for each regime, covering a total of 39437h, the largest dataset to date

at this resolution.

Figure 8 presents the mass flux vertical profiles. The non-precipitating cloud mass flux closely resembles previous observa-

tions (Ghate et al., 2011; Lamer and Kollias, 2015; Klingebiel et al., 2021), with a peak value of ∼ 6g.m−2.s−1 at ∼ 810m,255

which is just above cloud base. Note that we have not excluded negative mass fluxes here, so decaying clouds do contribute

to the statistics. The mass flux of precipitating clouds has a nearly zero median at cloud base, but a negative mean around

−6g.m−2.s−1 at ∼ 655m, just below cloud base. M is also much more variable for these clouds, the 25th and 75th quantiles

at that height being −8g.m−2.s−1 and 3g.m−2.s−1, respectively. Overall, all clouds combined have a positive mass flux at

cloud base of 5g.m−2.s−1, mainly driven by non-precipitating clouds. Seasonality is mostly present just below cloud top and260

the trade inversion, with mass flux there as large as at cloud base in the winter and negative in the summer. This seasonality is

almost exclusively due to the precipitating clouds.

Previous studies have established that for non-precipitating cumuli, the cloud fraction mainly controls the mass flux, the

cloud base velocity only playing a secondary role (Lamer and Kollias, 2015; Klingebiel et al., 2021). Does this mechanism

still hold in the presence of precipitation? To investigate this, we average the different vertical profiles between 600 and 900m265

to obtain relationships between their values near cloud base. Note that Klingebiel et al. (2021) used instead the maximum near

cloud base of each of the profiles, but since we must also consider near zero or negative mass fluxes, this method is not suitable.

Figure 9 presents the different controls on the mass flux. For non-precipitating clouds, we reproduce previous findings

(Pearson correlation r = 0.69 between M and a, and only r = 0.38 between M and w). This no longer holds for precipitating

13

https://doi.org/10.5194/egusphere-2026-1974
Preprint. Discussion started: 15 April 2026
c© Author(s) 2026. CC BY 4.0 License.



0.0 0.5
w :(m s )¡1

0

10

20

M
:

:
(g
m

s
)

¡
¡

2
1

r :=0 39

0 5 10 15
a (%)

0

10

20

M
:

:
(g
m

s
)

¡
¡

2
1

r :=0 69

−0.5 0.0 0.5
w :(m s )¡1

−20

0

20

M
:

:
(g
m

s
)

¡
¡

2
1

r :=0 57

0 5 10 15
a (%)

−20

0

20

M
:

:
(g
m

s
)

¡
¡

2
1

r := 0 29¡

−0.5 0.0 0.5
w :(m s )¡1

−20

0

20

M
:

:
(g
m

s
)

¡
¡

2
1

r :=0 65

0 5 10 15
a (%)

−20

0

20

M
:

:
(g
m

s
)

¡
¡

2
1

r := 0 13¡

0.25 0.50 0.75
w :u (m s )¡1

0.2

0.4

0.6

0.8

j
j

w
:

d
(m

s
)

¡1

r :=0 38

0.25 0.50 0.75
w ; w :u dj j (m s )¡1

−40

−20

0

20

40

M
;M

:
:

u
d
(g
m

s
)

¡
¡

2
1

r :=0 17

r := 0 43¡

0 5 10
a ; au d (%)

−40

−20

0

20

40

M
;M

:
:

u
d
(g
m

s
)

¡
¡

2
1

r :=0 95

r := 0 89¡

0 20 40
M : :u (g m s )¡ ¡2 1

0

10

20

30

40

j
j

M
:

:
d
(g
m

s
)

¡
¡

2
1

r :=0 76

0 5 10
au (%)

0

2

4

6

8

10

a
d
(%
)

r :=0 93

−40 −20 0
Zd (dBZ)

0.2

0.4

0.6

0.8

f
"
#
=

r := 0 53¡

All clouds

Non-precipitating Precipitating

10¡3 0: 10¡2 8: 10¡2 5: 10¡2 3: 10¡2 0: 10¡1 8: 10¡1 5: 10¡1 3: 10¡1 0: 10¡0 8:

Frequency

(a) (b) (c) (d)

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

(i)
(j) (k) (l)

Figure 9. Controls of the cloud base mass fluxes. All variables are taken as their 600 to 900m average. Relationships are plotted as joint

density plots in logarithmic scale for readability. Non-precipitating clouds: (a-b), precipitating clouds: (c-d), all clouds: (e-l). Dashed gray

lines and r values report the ordinary linear regression on the underlying data. (a) [resp. (c)] Cloud base mass flux as a function of the cloud

base vertical velocity for non-precipitating [resp. precipitating] clouds only. (b) [resp. (d)] Mass flux as a function of the cloud fraction for

non-precipitating [resp. precipitating] clouds only. (e) Mass flux as a function of the cloud base vertical velocity. (f) Mass flux as a function

of the cloud fraction. (g) Upward velocity as a function of the downward velocity. (h) Upward [resp. downward] mass flux as a function of

the upward [resp. downward] velocity. (i) Upward [resp. downward] mass flux as a function of the upward [resp. downward] motion fraction.

(j) Downward mass flux as a function of the upward mass flux. (k) Downward motion fraction as a function of the upward motion fraction.

(l) Relative updraft-to-downdraft fraction as a function of the cloud base reflectivity.

clouds (Figure 9c, d): the correlation is actually higher between M and w (r = 0.57) than between M and a (r =−0.29), due270

to the presence of potentially large downdrafts regardless of the cloud fraction. Large cloud fractions are associated with large
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magnitudes of M (r = 0.59 between a and the absolute value |M |, not shown), but the sign of the velocity decides the direction

of mass transport. This means that for all clouds overall (Figure 9e, f), M is more controlled by w (r = 0.65) than the total

cloud fraction (r =−0.13). However, when looking at the updraft and downdraft fluxes Mu, Md separately, the control by the

area becomes apparent again: there is weak correlation with the velocities (r[wu,Mu] = 0.17, r[wd,Md] =−0.43), but high275

correlation with their areas (r[au,Mu] = 0.95 and r[ad,Md] =−0.89). Mu and Md are themselves closely related (r = 0.76),

mostly because the updraft and downdraft areas are also strongly related to each other (r = 0.93).

The overall mass flux then depends on how Mu and Md balance out each other. This variability is in part controlled by the

amount of precipitation, for which the cloud base reflectivity inside downdrafts Zd is a proxy (Figure 9l). More precipitation is

associated with larger downdrafts (lower f↑/↓), which in turn creates larger downward mass flux. While a large Mu is needed to280

produced a large amount of rain in the first place (r[Zd,Mu] = 0.40, not shown), the rain amount then more tightly controls Md

(r[Zd,Md] =−0.65, not shown). Overall, when the precipitation amount is high enough, the downdraft may be large enough

to outcompete the updraft and the total mass flux ends up being negative (r[Zd,M ] =−0.49, not shown).

This mechanism is in line with the precipitation generation argument (Trapp et al., 2017; Marion and Trapp, 2019). The

downdraft mass flux is controlled by the rain that produced it, so that rain over a larger area leads to a wider downdraft. The285

rain area itself depends upon the updraft area that produced it, so that overall, updraft area controls downdraft mass flux, their

velocities only playing a secondary role. In non-precipitating clouds, a very similar and robust relationship holds between ad

and au, with ad ≃ 0.75au (Figure S7). However, the driving mechanism of these non-precipitating downdrafts is different:

they are simply outflows of the convective core, as also seen by the fact that updraft and downdraft velocities correlate well

(r = 0.50, Figure S7). More frequent thermals generate in equal proportions their smaller subsiding shells, whose strength is290

set by the updraft strength, leading to the linearities observed. With the action of rain, updrafts are able to generate downdrafts

of equal if not larger sizes, with ad ≃ 1.1au (Figure S8). The downdraft velocities are much more decoupled from their parent

updrafts velocities (r = 0.34), suggesting that it is mostly rain evaporation that sets their strength. This compensating effect

means that the cloud fraction alone captures most of the variability in Mu and Md, but very little of the total M , which is

mainly controlled by microphysical variability in the downdrafts. We summarize these results with the very simplified tentative295

parametrization

Mu = ρwca (7)

Md =−ρwca (8)

wc = 0.27m/s (9)

with R2 = 0.84 for Mu and R2 = 0.70 for Md. The total mass flux is then roughly300

M = ρwua− ρwdaZ
0.06
d (10)

wu = 0.89m/s (11)

wd = 1.29m/s (12)
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with R2 = 0.46, Zd being the linear reflectivity in mm6.m−3. Note that Mu and Md sum up to zero, and not M . From the

point of view of the subcloud layer, this is not very problematic, as their actions are not symmetric. Mu transports warm and305

moist subcloud layer air upwards, while Md brings dry and cold free tropospheric air down. The height of the subcloud layer is

set through mass conservation by the total mass flux M (De Szoeke et al., 2017; Naumann et al., 2019; Albright et al., 2023).

Previous observations of shallow, non-precipitating cumuli explain the mass flux variability either by the cloud fraction

variability (Klingebiel et al., 2021) or the subcloud layer turbulent kinetic energy (Zheng et al., 2021; Vogel and Mellado, 2025).

We believe that the two are not necessarily contradictory. Due to our long record and the fact that we include precipitation, we310

have nearly twice the variability in cloud fraction during our entire period as was observed during the EUREC4A campaign

(mean ±1σ: 2− 17% in our observations, compared to 2− 9% in (Vogel et al., 2022)). Since active shallow cumuli sit atop

a few thermals (Bony et al., 2025) and they vary less in convective velocity wc than in cloud fraction, a larger cloud fraction

simply implies the existence of more active clouds, all of similar velocities, and thus a larger mass flux. We speculate that

the variability in wc and a due to subcloud layer turbulence could be easier to capture on shorter observational time scales,315

explaining the apparent discrepancy.
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5 Conclusions

We use six years of cloud-profiling radar and Doppler lidar data at the Barbados Cloud Observatory to retrieve the vertical

velocity profile in precipitating cumulus clouds in the trades. The retrieval samples the motion of cloud droplets at the edge

of the radar Doppler spectrum. It then corrects for turbulent broadening and for the apparent displacement of the cloud cloud320

droplet velocity by the signal-to-noise-ratio. The radar-retrieved wind is validated against lidar measurements and robust in

most conditions.

We show that convective motion intensifies as the clouds deepen over their lifetimes. In non-precipitating cumuli, downward

motion is limited to the subsiding shell around the updraft core. In precipitating clouds, when the clouds reach depths near the

trade inversion, the rain amount becomes large enough to trigger wide downdrafts. Precipitating clouds act as shallow squall325

lines: their downdrafts evaporate and form a cold pool at the surface, which strengthens the updraft now triggered at the gust

front feeding the precipitation.

In precipitating cumuli, the updraft and the downdraft mass fluxes at cloud base are well-explained by the cloud-base cloud

fraction, but they are nearly equal and opposite. Thus cloud fraction bears little relationship with the total mass flux, whose

variability is controlled by the variability in the downdraft size and strength due to microphysical effects.330

Our results are qualitatively in line with large-eddy simulations of the trades (Li et al., 2014; Dauhut et al., 2023; Alinaghi

et al., 2025) and global cloud resolving models (Windmiller et al., 2023). However, what exactly controls the downdraft strength

remains unclear. Environmental conditions, such as the lapse rate and relative humidity, and microphysics, are expected to play

a role as the drivers of evaporation (Srivastava, 1985; Torri and Kuang, 2016; Windmiller et al., 2023; El Rafei et al., 2025;

Sarkar et al., 2025; Niebaum et al., 2025). Since our observations include the EUREC4A and ORCESTRA field campaigns335

(Stevens et al., 2021; Stevens, 2026), in future work we will use these periods to study the effect of large-scale seasonal

environmental conditions on the downdrafts. Microphysical retrievals can leverage the W-band cloud radar at the BCO for

dual-frequency applications to reliably estimate the drop size distribution and the evaporation rate (Tridon and Battaglia, 2015;

Tridon et al., 2017).

This long-term observational record of in-cloud dynamics can help constrain cloud-resolving models, since it goes beyond340

the thermodynamic state of the atmosphere or the morphology of the cloud field (Schulz and Stevens, 2023; Raghunathan

et al., 2025). Likewise, it can bring new understanding to the basic assumptions behind convective parameterizations. These

conceptual models represent deep convective clouds through their mass flux, and often assume a simple proportional relation-

ship between the downdraft and the updraft mass flux, and shallow clouds are treated as non-precipitating (Emanuel, 2019;

Tiedtke, 1993; Bechtold et al., 2004; Kain and Fritsch, 1993). We have shown that this approximation is valid, but the precipi-345

tation efficiency should be thought of as a function of the rain amount. Our study shows that shallow convection driven by rain

processes is very similar at the cloud scale to the dynamics of deep convective systems.
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Code and data availability. The code and the data that support the findings of this study are openly available in Zenodo at http://doi.org/10.

5281/zenodo.19221500, reference number 19221500. Access to primary Barbados Cloud Observatory data is provided here: https://tcodata.

mpimet.mpg.de.350

Appendix A: Expanded methods
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Figure A1. (a) Joint histogram of the MBRS-MBR2 retrieved velocities during the period of joint operation from March 2023 to March

2024. (b) Joint histogram of wind lidar velocity and retrieved velocity from the radar at cloud base. (c) Average pixel-based vertical velocity

difference between lidar measurements and the radar retrieval wbias = wradar −wlidar, by height and binned by radar SNR. Solid black

contour lines: number of pixels by 10000.

Table A1. Table showing the descriptive statistics of the different cloud populations segmented and sampled.

Cloud designation Thresholds Counts Duration mean, me-

dian ± IQR (min)

Base height mean,

median ± IQR (m)

Top height mean,

median ± IQR (m)

Non-precipitating Z <−15dBZ at all

pixels

653559 0.8,0.4± 0.7 904,686± 312 1075,873± 468

Precipitating Z >−15dBZ in at

least one pixel

27363 12.6,6.0± 11.2 604,281± 530 2033,2027± 1060

Precipitating with

near-surface echoes

Z >−15dBZ in at

least one pixel, cloud

base below 250m

13463 18.9,10.5± 13.5 166,156± 0 2249,2245± 967
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