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Abstract. Rain evaporation influences subcloud moisture and energy budgets as well as boundary layer buoyancy, making itim-
portant for shallow cumulus organization. This study constrains the amount of, and controls on, rain evaporation in the subcloud
layer of trade-wind shallow cumuli. We combine observations from the EURECA field campaign with a 1D rainshaft using su-
perdroplet model (SDM) microphysics. With SDM we explicitly resolve how the observed droplet size distributions (DSDs) evolve
beneath cloud-base, and explore, for the first time, the potential impact of raindrop collisions. Constraining the amount of evap-
oration, we find mean column integrated evaporative cooling of 150 & 170 W m~2, and evaporation fraction of 30 + 20%. The
dominant controls on rain evaporation are the subcloud relative humidity and the cloud-base DSD. Subcloud relative humid-
ity determines the slope of the evaporation profiles, and cloud-base rain water content (RWC) controls the column integrated
cooling. In contrast, evaporation fraction can vary substantially between clouds, even with comparable RWC, because of small
differences to the cloud-base DSD. For narrow DSDs, the evaporation fraction is well captured by an analytical approximation,
which also highlights the importance of ventilation effects on evaporation. We find collisions have negligible impact on rain
evaporation, however, beyond rain rates of ~ 3 mm h~!, differences emerge which suggest that collisions, in particular those
causing severe droplet breakup, need to be considered for heavier precipitation. Our results stress the importance of accurately
measuring and modeling DSDs for rain evaporation, but justify the use of simpler microphysics models that only represent con-

densation/evaporation for lightly precipitating regimes as observed during EUREC#A.

1 Introduction

Below every precipitating cloud, raindrops pass through unsaturated air on their way towards the surface and evaporate either
partially or completely. This sub-cloud layer rain evaporation reduces precipitation efficiency and therefore the amount of rain
that reaches the surface (Seifert and Heus, 2013; Naumann and Seifert, 2016; Narenpitak et al., 2021; Sarkar et al., 2023; Radtke

et al.,,2023). Rain evaporation also moistens and cools the surrounding air, thereby influencing the energetics and stability of the
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atmosphere. But above all, rain evaporation is a key component of the cloud life cycle. The cooling effect from rain evaporation
makes air negatively buoyant, driving downdrafts which spread radially outward when reaching the surface in the form of cold-
pools (e.g. Zuidema et al.,, 2012; Rochetin et al., 2021). These cold pools go on to trigger a chain of dynamic processes that
influence the mesoscale organization and amount of clouds (Zuidema et al., 2017; Vogel et al., 2021; Alinaghi et al., 2025). In the
trade-wind regions, precipitating cumuli are frequent and, due to the relative dryness of the trades, rain evaporates efficiently
and triggers cold pools frequently (Nuijens et al., 2009; Vogel et al., 2021). Overall, cold pools occur about 7.8% of the time
during a day and about 73% when averaged over all days in the winter trades (Vogel et al., 2021; Touzé-Peiffer et al., 2022). Cold
pools thus have a strong impact on both the coverage and organization of trade cumuli, with consequences for cloud radiative
feedbacks and precipitation patterns (Zuidema et al.,2017; Schulz et al., 2021; Vogel et al., 2021; Radtke et al., 2022, 2023; Alinaghi
et al., 2025). Rain evaporation therefore has a critical impact on the energetics, structure, and cloudiness of the trade-wind
boundary layer. However, its magnitude and controls have not yet been constrained.

Due to a shortage of field observations, it is difficult to robustly quantify rain evaporation rates from direct measurements.
Tridon et al. (2017) developed a method to obtain droplet size distributions (DSDs) from Doppler velocity spectra measured with
Ksand W band Doppler radars. They retrieved evaporative cooling rates from a continental deep convection system in the sub-
cloud layer between 0.75 — 3 km above sea level, with a large range up to 60 K d—* (or equivalently roughly 422 W m~2). Their
retrieved vertical profiles indicate most evaporation in the middle of the sub-cloud layer. However there are large uncertainties in
the retrieval method of Tridon et al. (2017), and, because deep continental convection differs strongly from winter trades, direct
analogies are limited. Disentangling the various factors influencing rain evaporation using field observations remains even more
elusive.

Models for rain evaporation are also scarce, and so far limited to models of condensation/evaporation using bin microphysics
schemes. Sarkar et al. (2023) used DSDs from in-situ cloud probes during the EUREC*A/ATOMIC campaign (Leandro and Chuang,
2021; Pincusetal,, 2021) to simulate trade-wind rain evaporation with a 1-D rainshaft model with bin scheme microphysics. They
found 63% of the rain mass to evaporate in the sub-cloud layer in the mean, and a spread in latent cooling of 15 — 352 W m ™2,
Unlike Tridon et al. (2017), their evaporation profiles showed stronger evaporation near the cloud-base (top-heavy) than near the
surface (bottom-heavy) for the majority of profiles. Sarkar et al. (2023) were able to show the measured rain water content (RWC)
was a dominant constraint on the column integrated evaporation rate. They also identified that the shape and mean radius of
the DSD controls the top- vs. bottom-heaviness, with larger raindrops favouring bottom-heaviness. The large inter-cloud spread
of evaporation simulated by Sarkar et al. (2023) highlight the challenge in constraining the magnitude, variability and vertical
structure of rain evaporation, for which we need both more observations and modeling.

An alternative and arguably more realistic way to model rain evaporation is through Superdroplet Models for cloud micro-
physics (SDMs; Shima et al., 2009; Solch and Karcher, 2010; Andrejczuk et al., 2010; Riechelmann et al., 2012; Hoffmann et al.,
2015; Arabas et al., 2015; Naumann and Seifert, 2015; Brdar and Seifert, 2018; Bartman et al., 2022; Bayley et al., 2025a). SDM is
a Lagrangian particle model which represents a group of similar droplets with comparable radius, velocity, and mass of solute

through one simulated particle called a superdroplet. The multiplicity of a superdroplet accounts for the number of real droplets
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it represents, and all microphysical processes are modeled explicitly (i.e. each superdroplet evolves freely and individually), ex-
cept for collisions between droplets which are modeled probabilistically (Shima et al., 2009; Bayley et al., 2025b).

In contrast to classical bin and bulk schemes, SDM has numerous conceptual and computational advantages (Grabowski
et al., 2018; Morrison et al., 2020). Relevant for this study, are that SODM does not suffer from numerical diffusion, it makes no as-
sumptions about droplet categories nor size distributions, and it models condensation/evaporation according to fundamental
Kohler theory (Kohler, 1936; Pruppacher and Klett, 2010). The strong relationship between SDM and our fundamental theoreti-
cal understanding of cloud microphysics makes SDM a highly suitable model for studying the magnitude and controls on rain
evaporation.

By using a SDM, we are also able to investigate the indirect effect of droplet collisions on rain evaporation. Previous studies
using bin scheme microphysics neglected the effect of collisions between droplets on rain evaporation (Sarkar et al., 2023, 2025).
However, whilst collisions between droplets do not change the total mass of raindrops, they do change the distribution of mass
across raindrop sizes, and therefore could impact the total rate of evaporation. Collisions leading to droplet coalescence shift
mass towards larger droplets, which fall faster and have a smaller surface to volume ratio than smaller droplets, therefore low-
ering the evaporation rate (Hu and Srivastava, 1995; Seifert, 2008). Conversely, collisional breakup shifts mass towards smaller,
faster-evaporating droplets, and the higher the number of fragments, the stronger this effect. Rebound has no effect except
that it makes coalescence less likely than if it did not occur. The net effect of collisions (coalescence, rebound, and breakup) on
sub-cloud rain evaporation has not been assessed before, but nevertheless may be significant.

Taking into account the advantages of SDM and our ability to model droplet collisions with it, this study uses SDM to quantify
rain evaporation beneath trade-wind shallow-cumuli, as well as elucidate how the evaporation is impacted by microphysical
processes, ambient thermodynamic conditions (including cloud-base height), and the DSD. We setup the SDM called CLEO
(Clouds through Lagrangian Exascale micrO-physics; Bayley et al., 2025a; Bayley, 2025) to model steady-state 1-D rainshafts for
clouds with cloud-base DSDs and thermodynamic profiles fitted from the EUREC*A campaign. To our knowledge this is the first
time SDM has been applied to quantify sub-cloud rain evaporation in the trades, also constrained by field observations, and
accounting for the effect of droplet collisions.

The paper is structured as follows: Section 2 describes how we used the observational data and the setup of our rainshaft
model; Section 3 presents the influence we have found of ambient thermodynamics, the cloud-base DSD, and microphysical

processes on rain evaporation; Section 4 summarizes our findings and gives an outlook.

2 Dataand Methods
2.1 Observational Data

To model realistic conditions representative of the sub-cloud layer beneath shallow trade-wind cumuli, we use observational
datasets for the cloud-base DSDs and thermodynamic conditions from the EUREC*A campaign (ElUcidating the RolE of Clouds-
Circulation Coupling in ClimAte) as the basis for our rainshaft. EUREC*A took place in the tropical North Atlantic upstream of

Barbados from January 20th to February 20th 2020 to understand and quantify the interaction of trade cumulus clouds with their
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atmospheric and oceanographic environment across a range of scales, from micro- to meso-scale (Bony et al., 2018; Stevens
etal., 2021).

For the cloud-base DSDs, we use in-situ measurements at 1 Hz resolution, corresponding to approximately 100 m spacing
between measurements. We use the pre-merged product by Coutris (2021) based on the CDP-2 and 2DS instruments onboard
the ATR aircraft (Bony et al., 2022). The measurements cover droplet radii from 1 um to 1.275 mm in non-uniform radii bins
(Coutris, 2021; Bony et al., 2022). From this dataset, we identify individual “rain clouds” from 19 cloud-base rectangular flight
tracks between 500 — 1200 m altitude flown east of Barbados over 11 days following the definition from Bony et al. (2022) that
rain measurements contain raindrops of at least 250 pm radius. We then define an individual cloud as at least three consecutive
rain measurements, which gives all clouds a horizontal extent of at least 300 m, given the ATRs flight speed of approximately
100 m s~ . Because the concentration of raindrops is very low compared to the measurement volume of the devices (30 cm?),
we allow for up to five consecutive rain-free measurements in-between individual rain measurements to still count as one rain
cloud.

To facilitate comparability to other studies we fit the cloud-base DSD measurements for each rain cloud with a bimodal log-
normal distribution. Although this is not a necessary requirement for SDM, by fitting an analytic form to the cloud-base DSDs,
bulk and bin schemes, which necessarily or often make similar approximations, can also use our droplet initialization data (e.g.
Seifert, 2008; Sarkar et al., 2023). The bimodal log-normal DSD of each cloud is the sum of two log-normal probability distribu-
tions, L(r), for droplets of radius r following Equation 1, where N, is the total number of drops, p, is the geometric mean radius

of the distribution (i.e. the median of the distribution), and o4 is the geometric standard deviation of the distribution.

B N, B (Inr —Inp,)?
L(r)= 7\/§rlnag exp ( olno,)? forr>0 (1)

We further choose to fit the bimodal distributions only for radii greater than 50 pum, which represents the boundary to cloud
droplets (Bony et al., 2022; , AMS); thereby avoiding modeling droplets which do not fall at an appreciable speed and therefore
are not relevant to the rainshaft. Our fitting algorithm also weights individual radii bins of the observational data based on the
cube of the radius, giving greater weight to larger radii bins in the loss function. These would otherwise be underrepresented
compared to the highly numerous small droplets, although they contain most of the RWC. As a final constraint on the modeled
DSDs, we remove 13 outliers whose fitted distributions do not agree with the observed RWC (Section 2.3).

For most clouds, the fitted bimodal log-normal distribution is well in line with the temporal mean of the observations. Figure
1c shows the fitted DSD overlain on the measured droplet sizes for a typical cloud. The fitted cloud RWC in our model also aligns
closely with the observed temporal mean RWC for each cloud, as shown by Figure 1d, with a Pearson correlation coefficient
R =10.99 (log-log Pearson correlation coefficient of Rjpg = 0.91).

We use the JOANNE dropsonde dataset Level 3 Version 2.0.0 (George et al., 2021; George, 2021) to get humidity and tempera-
ture profilesin the vicinity of the measured DSDs for each cloud. First we identify the dropsondes released by HALO and P3 within
100 km and within 23 h of the DSD measurements made for each cloud. This definition is contentious, since the clouds whose
DSDs we measure have much smaller time- and length-scales, but it allows for a more representative sample of the dropsonde

measurements. After identifying corresponding dropsondes for individual clouds, we fit the thermodynamic profiles for each
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Figure 1. Example of DSD and thermodynamic fits for a randomly selected cloud (a,b,c), typical of the entire cloud population we simulate .

(a, b) The thermodynamic fits (thick dark line) overlaid on the 6 individual dropsonde measurements (thin light line) and their mean (thin dark

line); (a) shows potential temperature (red); (b) shows relative humidity (blue). Data within the grey shaded altitude range from 200 — 500 m

was used for the linear fits. The horizontal dashed black lines denote the flight altitude of the ATR aircraft, and the dashed red lines denote
the altitude of 100% relative humidity given by the fit in panel (b). (c) The applied bimodal fit (solid black line) overlaid on the 23 s of ATR

measurements of the number concentration of droplets in each radius bin (small light grey dots) and their temporal mean (large dark grey

dots). Note that the y-axis changes from logarithmic to linear scale below 10~* to show 0 values. (d) Comparison of the RWC of the fitted DSDs

for each cloud used by the rainshaft model against the RWC from the observational cloud composite dataset as black dots. The error bars

denote the standard error of the mean of the observations. The red dot indicates the example cloud used for panel (a,b,c).
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cloud with a constant potential temperature, a linear relative humidity, and a linear pressure profile. For the potential temper-
ature and pressure profiles, we fit to the dropsonde measurements between 200 — 500 m. For the relative humidity profile, we
alsofit to the dropsonde measurements between 200 — 500 m but give dropsondes with moister profiles between 100 — 700 m
more weight (using a smoothed weight with constant prior). We do so, because moister profiles are more likely to represent at-
mospheric conditions below clouds than the clear-sky regions. Finally, cloud-base is defined as the altitude of 100% relative
humidity. An example for the thermodynamic fits can be seen in Figure 1a,b,c. Figure 1b further indicates that our fit follows the
moister profiles more closely, and that the cloud-base altitude at 100% relative humidity aligns well with the ATR flight altitude.

The resulting dataset excluding outliers contains 102 precipitating trade-wind shallow-cumuli clouds, each with their own

fitted thermodynamic profiles and DSDs.
2.2 Setup of the Superdroplet Model CLEO

We use the Superdroplet Model CLEO, version v0.39. 7, to simulate all the relevant warm-cloud microphysical processes for
our study (Bayley et al., 2025b; Bayley, 2025). We run CLEO as a quasi-stationary 1-D rainshaft to represent each cloud in our
sample of identified rain clouds from the EURECA observations (Section 2.1). This means we keep the thermodynamic profiles
and the cloud-base DSD constant in time, matched to the observations, and examine the time-averaged statistics of the sub-
cloud layer onceit reaches a quasi-stationary state (Section 2.3). In this way we obtain a “snapshot” of each cloud’s precipitation
flux, evaporation rate and evaporation fraction, but do not explore the time-evolution of the cloud, in which heavy rain may
influence its environment e.g. through turbulent mixing, downdrafts, and aerosol depletion.

For each cloud in our sample, we divide the 1-D rainshaft into a cloud-base and a sub-cloud layer. The cloud-base is a single
layer 100 m thick with constant thermodynamics, and where the fitted DSD is applied by randomly sampling it at every motion
time-step (2 s). Torandomly sample the DSD, we randomly draw a superdroplet from each of 2048 uniformly-spaced logarithmic
bins between 50 um to 3 mm and assign its multiplicity according to the fitted DSD. At the end of each timestep we remove
any remaining superdroplets from the cloud-base layer and initialize 2048 new superdroplets. Superdroplets which fall into
the (initially empty) sub-cloud layer are not removed and thereafter evolve freely. The sub-cloud layer has a 20 m grid-spacing
and the total height of each column varies with the fitted cloud-base height. Within the quasi-stationary state each gridbox
contains roughly 128 activated superdroplets, which is deemed sufficient for convergence of the SDM collision algorithm, given
we average over the quasi-stationary state (equivalent to approximately 1000 separate SDM realizations) (Unterstrasser et al.,
2017; Morrison et al., 2020; Unterstrasser et al., 2020; Morrison et al., 2024).

We use four microphysical setups to investigate the importance of droplet collisions, and these are summarized in Table
1. All the setups simulate droplet motion (droplets falling according to their terminal velocity) and evaporation/condensation.
The EvapOnly setup models no additional processes and is considered as the “control” scenario because it is most compa-
rable to previous studies which also quantified rain evaporation (Tridon et al., 2017; Sarkar et al., 2023, 2025). The EvapCoal
setup additionally simulates collision-coalescence to examine the effect of collisions between droplets in the absence of col-
lisional breakup and rebound, as is typically assumed by conventional microphysics models. The EvapCoalBuRe-many and

EvapCoalBuRe-few setups further include collisional rebound and breakup as well as coalescence and they differ in the frag-
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ments they produce when breakup occurs. Due to the large uncertainty in parameterizing fragments from collisional breakup,
we choose to prescribe a fixed number of fragments per breakup event: EvapCoalBuRe-few produces 5, whereas EvapCoalBuRe-
many produces 50. EvapCoalBuRe-few (5 fragments) represents the lower bound and EvapCoalBuRe-many (50 fragments) rep-
resents the upper bound on evaporation enhancement by breakup. This bracketing strategy bounds sensitivity of evaporation

to breakup while ensuring that our results are not tied to a single uncertain parameterization.

Terminal velocity Evaporation/Condensation  Collisional Coalescence Collisional Coalescence,
Breakup & Rebound
Parameterisation R1993; (see also B2025b) explicit Kohler theory as L1974 hydrodynamic L1974 hydrodynamic
in B2025b kernel as formulated by kernel with coales-
S2002 cence/breakup/rebound

efficiencies from
Sch2010, Str2010; (see

also B2025b)
EvapOnly Yes Yes No No
EvapCoal Yes Yes Yes No
EvapCoalBuRe-few Yes Yes Yes Yes (5)
EvapCoalBuRe-many Yes Yes Yes Yes (50)

Table 1. Model setups used in this study and the parameterisations for each microphysical process. For collisional breakup, we prescribe a
fixed number of fragments produced per breakup event, given in brackets. Acronyms in the table: R1993 = Rogers et al. (1993), B2025b = Bayley
et al. (2025b), L1974 = Long (1974), S2002 = Simmel et al. (2002), Sch2010 = Schlottke et al. (2010), and Str2010 = Straub et al. (2010).

CLEO outputs evaporation rates directly from the Kohler theory ODE for the change in radii of the droplets via evaporation/-
condensation (Bayley et al., 2025b). The column integrated evaporation mass flux, Fe tot, IS then the sum of the evaporation rate
across all gridboxes, and the evaporation fraction (£) is given as the fraction of quasi-stationary mean integrated evaporation
flux and the quasi-stationary mean cloud-base precipitation flux (F}, cb), thus & = (Fe tot) /{Ep,cb) (Section 2.3).

In the following sections, the mean mass radius, 7y, is the mean of the mass weighted distribution of droplet radii. Itis calcu-
lated as 7y = ), "7, where r; and m; are the radius and mass of an individual raindrop (i € [0, N]) and M is the total mass

of all raindrops, M =Y. m,.
2.3 Validation of model setup

Quasi-stationary state: The spin-up phase, when droplets initially start falling into the sub-cloud layer and precipitation in-
creases, lasts about 300 s (Figure 2). After the spin-up, all clouds show stable precipitation and the model s in a quasi-stationary

state with variance induced by our random sampling of superdroplets. We analyse the mean over the quasi-stationary state from
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Figure 2. Temporal evolution of surface precipitation in the EvapOnly setup against simulation time. Individual clouds are shown as thin, grey
lines with arolling mean over 60 s. The mean over all clouds is shown as a dashed thick black line with the corresponding standard deviationin
light grey shading. The median over the clouds as solid thick black line, with the inter-quartile-range as dark grey shading. Colored horizontal
bars at the top roughly indicate the spin-up phase in blue and quasi-stationary state in orange. We use data past 1500 s (vertical orange line)

as quasi-stationary state for our analysis. Temporal mean values over the quasi-stationary state are shown in the legend.

1500 s until the end of the simulation at 3600 s, thereby ensuring that even the slowest falling droplets have penetrated into the
surface layers, and so the DSD at each height is in dynamic equilibrium. In this way we obtain our “snapshots” of each cloud’s
precipitation flux, evaporation rate and evaporation fraction.

Outliers: We omit all clouds which exceed the inter-cloud mean surface precipitation and column integrated evaporation
rate by more than 4 standard deviations. In other words, we omit 1.7% of the clouds, those that have cloud-base precipitation
exceeding 23.18 mm h~! and column integrated evaporation of 2.37 mm h=1. We further exclude 13 clouds for which the fitted
DSD’s RWC is not within 66 — 150% of the observed RWC. In total, we analyze 102 clouds.

Precipitation and RWC: Figure 3 shows the distributions of cloud RWC and surface precipitation flux for the quasi-stationary
state of all the cloudsin the EvapOnly simulations. The distribution of surface precipitation flux covers arange from 0 — 10 mm h !
with a strong skew towards lower values, a mean of 1.00 £ 1.89 mm h~! and a median of 0.28 mm h~!. This spread is also
aligned with observations, such as those taken aboard of MS Merian during the EUREC*A campaign, which measured mean sur-
face rain rates ranging from 0 — 7.43 mm h~! (Acquistapace et al., 2022). In addition, our values span a range which includes
both the climatological mean rain rates and rain intensity of trade wind cold pools identified by Vogel et al. (2021) at the Barbados

Cloud Observatory.
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Figure 3. Histograms of (a) cloud RWC and (b) surface precipitation flux for the EvapOnly setup. Mean denoted as dashed vertical line with

standard deviation as shading. Median as solid vertical line. Values are shown in the legend.

3 Results and Discussion

First of all, we quantify the sub-cloud evaporation for our sample of 102 clouds simulated with the “control”, EvapOnly setup.
Figure 4 shows the distributions of column integrated evaporative cooling and evaporation fraction and both distributions are
skewed towards lower values: the evaporative cooling ranges from 0 — 800 W m~2 with a mean of 150 £170 Wm~2 and a
median of 72 W m~2. The evaporation fraction ranges from 0 — 80% and is less skewed, with a mean of 30 £ 20% and a median
of 25.6%. Somewhat surprisingly, the column integrated evaporative cooling and the evaporation fraction are independent
quantities, with a correlation R = 0.00 (Figure Ala).

Thevertical evaporation profileis remarkably similar for almost all the clouds, with more evaporation near the surface (bottom-
heavy). Figure 5 shows the vertical profile of evaporative cooling with altitude, normalized to the individual cloud-base height for
each cloud. Whilst there is considerable spread in the evaporation rates, except for a few rare cases, the maximum evaporation

rate occurs in the lowest third of the rainshaft for all the clouds.
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Figure 4. Histograms of (a) column integrated evaporative cooling and (b) evaporation fraction for the EvapOnly setup. Mean denoted as

dashed vertical line with standard deviation as shading. Median as solid vertical line. Values are shown in the legend.

We have varying degrees of agreement with the shallow cumuli modeled by Sarkar et al. (2023). Our column integrated evapo-

rative cooling rates are higher than, but comparable to, the results of Sarkar et al. (2023), who identified arange of 15 — 352 W m—2

(comparable also with various measurement campaigns they mention, around 100 W m~2). However, our estimated evapora-

tion fraction is much lower than their average of 63%. Accordingly, whilst we observe bottom-heavy evaporation profiles far more

frequently than top-heavy ones, Sarkar et al. (2023) reported that top-heavy profiles were more common. We discuss plausible

reasons for these discrepancies in Section 3.1.

3.1 What controls the evaporation profile, rate and fraction?

In this section, we explore potential factors shaping sub-cloud rain evaporation focusing on the role of cloud-base precipitation,

the cloud-base droplet size distribution and the sub-cloud layer relative humidity profile. Cloud-base precipitation is strongly

10
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Figure 5. Profile of the evaporative cooling rate against height for each cloud in the EvapOnly setup, normalized by each cloud’s cloud-base
height and colored by rain water content at the corresponding normalized height (thin lines). The mean (dashed purple line), median (solid

dark purple line) and IQR (purple shading) are also shown.

correlated to cloud-base RWC via the droplets’ fall speed, and so the results presented here for cloud-base RWC qualitatively
also hold for cloud-base precipitation. The cloud-base DSD is well characterized by its mean mass radius, 7. Therefore, we
begin by investigating how the evaporative cooling rate and the evaporation fraction of our clouds are related to the relative
humidity, cloud-base RWC and 7. We present the results for the EvapOnly, "control”, setup, and examine the effect of collisions
between droplets afterwards in Section 3.2.

To first order cloud-base RWC controls the amount of sub-cloud rain evaporation. Figure 5 shows that below all clouds, RWC
decreases towards the surface due to evaporation. Moreover clouds with higher cloud-base RWC, i.e. higher cloud-base precip-
itation flux, induce more evaporation, as seen both in the vertical profiles in Figure 5 and integrated over the sub-cloud layer in
Figure 6 (see also Figure 7a; correlation of R = 0.90 between cloud-base RWC and column integrated evaporative cooling). The
higher the RWC at cloud-base, the more rain mass is available to evaporate in the sub-cloud layer. The remaining variance in
evaporation can be explained by the diversity of DSDs and relative humidity profiles in our cloud sample.

The vertical gradient of evaporation is mainly ruled by the relative humidity profile, outweighing the effects of RWC decreas-
ing towards the surface and the slight increase in 731. Figure 8 shows a strong negative correlation of the evaporative cool-
ing rate against relative humidity with height for nearly all clouds, with an inter-cloud mean Pearson correlation coefficient of
—0.94 £+ 0.13. Thisis in line with expectations, that lower relative humidity leads to faster evaporation rates. Whilst RWC reduces
towards the surface and so could cause a concurrent reduction in the evaporation rate towards the surface, we find that their
correlation is negative —0.88 4 0.16, indicating that RWC responds to rather than controls the rate of evaporation. 7y typically
increases towards the surface as the smaller droplets evaporate completely but the correlation between the vertical profile of
evaporation rate and 7 is only slightly positive and highly variable (R = 0.15 +0.77), because relative humidity is the more

dominant control on the vertical gradient of rain evaporation.
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Figure 6. Column integrated evaporative cooling against cloud-base precipitation flux for the EvapOnly setup. Dashed lines indicate contours

of evaporation fraction of 100,10, 1%.

Whilst the vertical profile of relative humidity shapes the profile of evaporation, the relative humidity does not appear to
impact the column integrated (i.e. total) evaporative cooling strongly (R = 0.01; Figure A3i). This may be because the fitted ther-
modynamic profiles do not vary sufficiently enough between clouds to cause appreciable differences in the total evaporation
rate. We expect that for profiles in much more diverse environments, the impact of mean relative humidity would be greater, e.g.
as shown by Srivastava (1985, 1987).

The mean evaporation height, a measure of the top-/bottom-heaviness of the evaporation profile, depends most strongly on
7 (Figure A3k). The correlation between 77 and the mean evaporation height is negative for small 7y because increasing 7z in
this regime reduces the number of droplets which completely evaporate higherin the column. Therefore clouds with smaller 7y,
have a more curved, top-heavy evaporation profile, similar to the profiles found by Sarkar et al. (2023). Meanwhile for larger 7y,
above about 750 pm, the mean evaporation height shows little correlation with 77 since so few droplets completely evaporate.
We also find very little impact of the cloud-base height on the evaporation fraction and column integrated evaporation (Figure
A3e,j,0).
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Figure 7. The leading controls on sub-cloud layer evaporation for our sample of clouds, and their Pearson correlation coefficients. Each marker
indicates an individual cloud. (a) Column integrated evaporative cooling is predominately controlled by the cloud-base RWC; (b) Evaporation
fraction is predominately controlled by the cloud-base DSD, well-captured by the cloud-base mean mass radius, 7a. (Additional correlations

are also shown in Figure A3.)

The evaporation fraction is fundamentally ruled by raindrop size distribution at cloud-base. Higher 7y implies larger droplets
in the cloud-base DSD, which evaporate less efficiently and thus lower the evaporation fraction. Thus, for the same RWC, a cloud
with smaller 731 will have a higher evaporation fraction. Figure 7b shows this relation of the evaporation fraction to 7y, albeit
the Pearson correlation coefficient underestimates the non-linear relation of the two variables (R = —0.73). Figure 9 shows the
same relation as well as an analytical single-droplet, mean-field approximation for the evaporation fraction. This approximation
predicts that the evaporation fraction of a single droplet falling through a rainshaft with mean relative humidity and temperature
scales with its radius as =7/ (Appendix A). The approximation is well in line with the results of our SDM for most clouds with
7 between 150 — 1000 um. The exceptions are clouds with broad DSDs, which, as expected, cannot be approximated well by
a single radius and whose shape changes significantly with height. The spread amongst clouds with similar 7y but which still
comply with the approximation can be explained by their slightly different relative humidity profiles and DSD widths. Since these
differences are very small, the mean mass radius 737 of a DSD can be used to estimate the evaporation fraction well.

Figure 9 also shows that accounting for the ventilation effect (the increase in evaporation rate due to droplet motion; Prup-
pacher and Klett (2010); Bayley et al. (2025b)) is crucial for modeling evaporation. Ventilation increases the evaporation rate of
large raindrops significantly — roughly by a factor 9 for radii of 1 mm, and so omitting ventilation strongly reduces evapora-

tion for all the clouds, with the strongest reduction for clouds with high 7. The size dependence of the evaporation fraction
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Figure 8. Histogram shows the intercloud mean Pearson correlation coefficients along altitude between evaporation rate and relative humidity
(dark blue), RWC (blue) and 7 (light blue) based on all simulated clouds for the EvapOnly setup. Respective inter-cloud mean and standard

deviation of Pearson correlation coefficients shown in the legend.

is proportional to the ventilation coefficient f, (Appendix A). As such, setting f, = 1 changes the evaporation fraction to scale
with 7=5/2 instead of r~7/4. Neglecting the ventilation effect, as is often done in microphysics models, therefore has serious
implications for sub-cloud energetics and the formation of simulated cold pools.

The lower evaporation fraction, higher column integrated evaporative cooling, and more bottom-heavy vertical profiles that
we have found compared to Sarkar et al. (2023), are likely explained by our observations being downstream of theirs. Further
downstream in the trades rain tends to be more abundant and stronger, resulting in measurements with higher RWC and larger
7. Sarkar et al. (2023) prescribed cloud-base DSDs with a 71 as low as 0.1 mm, whilst 71 of our distributions lies between
0.2 — 2 mm. Therefore, we expect our simulations to show lower evaporation fractions and more bottom-heavy evaporation. In
addition, the higher RWC of our clouds leads to higher column integrated evaporative cooling. These differences highlight the
major significance of cloud DSDs and their approximations for estimating evaporation rates in the sub-cloud layer of shallow-

clouds.
3.2 Effect of Collisions Between Droplets

Collisions between raindrops induce systematic but only minor differences in rain evaporation for the clouds studied here. Figure

10 shows the relative differences of the evaporation rate profiles between the setups accounting for collisions and the EvapOnly
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setup. The percentile shading also indicates a modest spread across the clouds simulated, which increases towards the surface
because the differences induced at higher altitudes are propagated downwards and thus accumulate through the rainshaft.

Including collision-coalescence (EvapCoal) decreases the mean and median by up to 5% near the surface compared to the
evaporation/condensation-only setup (Figure 10a). However, including breakup and rebound as well as coalescence in the
EvapCoalBuRe-few setup, opposes the coalescence effect and leads to a mean profile similar to the EvapOnly setup (Figure
10b). If anything, the slight negative skew of the change in evaporation profiles compared to EvapOnly shows the combined
effect of breakup, rebound and coalescence is more likely to increase evaporation for a population of clouds, however, for indi-
vidual clouds it is not clear-cut whether the combined effect leads to more or less evaporation. It depends on the DSD, because
the DSD controls the probability with which these three outcomes occur. Collisional breakup is more likely in broader distribu-
tions with larger 71, and this favors the increase of evaporation for these clouds because it creates more, and smaller droplets.
Vice versa for narrower DSDs with smaller 73y whereby collision-coalescence is favoured which produces larger droplets that
evaporate less efficiently.

Except for in cases of extreme breakup, the variability among our sample of shallow cumuli exceeds the impact of collisions
on evaporation. The mean and standard deviation of the evaporation fraction and column integrated evaporative cooling are

nearly identical for EvapCoal and EvapCoalBuRe-few setups, compared to EvapOnly values of 30 4 20% and 150 & 170 W m 2
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25 — 75% and 10 — 90%.

respectively (Figure Ala). The values for the EvapCoalBuRe-many setup, at 220 & 360 W m~2 and 32 + 18%, are higher, because
a few clouds undergo very extreme breakup in the sub-cloud layer which enhances evaporation there (Figure Ala).
The lower tail of the distribution of vertical evaporation rates does not change when more fragments are produced during
285 breakup (EvapCoalBuRe-many compared to EvapCoalBuRe-few), but the upper tail increases substantially (Figure 10c). The up-

per tail contains the few clouds for which breakup occurs frequently and here we see increases the mean evaporation rate in the
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Figure 11. As Figure 6 but showing results for all microphysical setups with markers and colors asindicated in the legend. Dashed lines indicate

contours of evaporation fraction of 100, 10, 1%. The four setups for an individual cloud are connected by a thin grey line.

sub-cloud layer by 70% relative to the evaporation/condensation-only setup. Since EvapCoalBuRe-many drastically increases
the number of fragments, to the extreme, these results can be considered an upper bound to the effect of breakup on evapora-
tion rates beneath shallow cumuliin a more realistic setting.

Larger cloud-base precipitation fluxes lead to larger differences between the setups which account for collisions and the setup
which only accounts for evaporation/condensation, differences both in evaporation fraction and column integrated evaporative
cooling. In general, clouds with cloud-base precipitation above 2000 W m~2, roughly correspondingto 3 mm h=*and1 g m=3
RWC, are more affected by collisions both in their column integrated evaporative cooling and in their evaporation fraction (Figure
11, also Figure A2a, c), especially in cases of extreme breakup. These results suggest that, although droplet collisions negligibly
impact evaporation beneath the shallow trade-wind cumuli we have simulated, it’s role becomes increasingly important as
clouds deepen and their DSDs widen. We thus expect droplet collisions to play a greater role in controlling evaporation rates for

more heavily precipitating clouds.

17



300

305

310

315

320

325

330

https://doi.org/10.5194/egusphere-2025-5551
Preprint. Discussion started: 5 December 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

4 Summary and Outlook
4.1 Summary

Bridging the gap between field data and modeling, we use a superdroplet model (SDM) for cloud microphysics in conjunction
with observations from the EUREC*A field campaign to estimate the strength of, and controls on, evaporation in the sub-cloud
layer of precipitating trade-wind shallow cumuli. We identified 102 distinct clouds from the observations, with cloud-base DSDs
from in-situ measurements and thermodynamic profiles from dropsonde measurements and used them to setup a steady-state
1-D rainshaft model so that we could analyse the evaporative cooling and evaporation fraction in the sub-cloud layer, in a way
thatis more directly comparable to observations thanidealized studies. By using SDM, we represent all droplets without the need
for arbitrary condensate categorization or any assumption on the droplet size distribution in the sub-cloud layer. Furthermore,
we have a clear link between our model and the fundamental theories of cloud microphysics, meaning we can apply Kohler
theory for condensation/evaporation explicitly, without being confounded by numerical diffusion, and we can test the impact
of collision coalescence, rebound and breakup on rain evaporation for the first time.

Simulating only evaporation/condensation and droplet motion we estimate the column integrated evaporative cooling for
our sample of clouds ranges from 0 — 800 W m~2, with a mean of 150 = 170 W m~2 and a median of 72 W m~2. Evaporated
fraction ranges from 0 — 80% and is less skewed, with a mean of 30 £ 20% and a median of 25.6%. These values are in the same
range as those of (Sarkar et al., 2023, 2025), who also estimated rain evaporation from precipitating shallow-clouds, but with a
bin microphysics scheme based on observations from another aircraft of the EUREC*A/ATOMIC campaign.

Based on our cloud sample we identified three key controls on rain evaporation in the sub-cloud layer. Cloud-base rain water
content (RWC) rules the column integrated evaporative cooling and explains most of the variance across our sample (R = 0.90),
in agreement with Sarkar et al. (2023) and Sarkar et al. (2025). Relative humidity determines the overall gradient of the evapo-
ration profiles with a mean correlation along altitude of R = —0.94 £ 0.13. Our results show more bottom-heavy evaporation
than Sarkar et al. (2023), which can be explained by our DSDs having larger mean mass radii, 7a. The role of 71 in shaping the
top-/bottom-heaviness of the profiles also aligns with our finding that 737 is the key control on the evaporation fraction — as
expected because larger droplets evaporate less efficiently. For narrow DSDs we can also match our evaporation fraction with a
single-droplet mean-field approximation that has an analytical form.

For the first time, the effect of droplet collisions: coalescence, breakup, and rebound, on sub-cloud rain evaporation could
be estimated. By using SDM we run all 102 cloud simulations under four different microphysical scenarios: excluding collisions
(EvapOnly), including additionally collision-coalescence (EvapCoal), and furtherincluding rebound and breakup with either very
few, or very many fragments produced in the event of breakup (EvapCoalBuRe-few and EvapCoalBuRe-many respectively). In-
cluding collisions in any scenario played a negligible role in our precipitating shallow-clouds sample, meaning that under light
rain conditions, simplified microphysics which only considers condensation/evaporation is justified, as long as it accounts for
ventilation effects. Nevertheless, we cannot rule out the importance of droplet collisions for more heavily precipitating clouds
that have more than 2000 W m~2 cloud-base precipitation, roughly corresponding to 3 mm h~! and 1 gm =3 RWC. For these

clouds, the reduction in evaporation may easily exceed 10% if coalescence is included. Including breakup and rebound addi-
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tionally reduces the impact of coalescence, and may even enhance rain evaporation, depending on the details of collisional

breakup.
4.2 Outlook

Our results point to the importance of the DSD on evaporation beneath shallow-clouds. Clouds with similar cloud-base precip-
itation can produce different evaporation profiles solely due to differences in the shape of the DSD. The most likely reason for
our lower evaporation fraction, higher column integrated evaporative cooling, and more bottom-heavy vertical profiles which
we observe compared to Sarkar et al. (2023) is the higher RWC and larger 7 of our cloud-base distributions. This points to the
importance of accurately representing DSDs and their evolution, which requires not just a highly resolved microphysics scheme
(SDMs, bin schemes, or many-moment bulk schemes), but also accurate observations and a suitable fit to model them. In the
future, assuming the functional form of the DSD we use in models should also be avoided, since how they distort the observed
DSD likely distorts the evaporation that is modeled too (Igel and Van Den Heever, 20173, b).

Itisencouraging that collisions play only a minor rolein controlling evaporation for our cloud sample, but it is still unclearhow
heavily precipitating cases are affected. Since microphysics schemes tend to agree on the evolution of the DSD in the absence
of collisions (Hill et al., 2023), it should be possible to achieve a broad consensus for evaporation rates beneath shallow-clouds,
even including cruder models, as we show with our single-droplet analytical approximation (accounting for ventilation effects).
What remains to be seen is whether this is true for a wider set of environmental and microphysical conditions than our sample
allowed, especially more heavily precipitating cases. For this we require more long-term observations, which sample a more
variable cloud population. We also require a clearer understanding of how to model droplet breakup because the uncertainties
in the fragment size distribution prevent us from tightly constraining breakup’s effect on rain evaporation. For heavier precipita-
tion than we have sampled, models may have to account not only for the feedback of microphysics onto the relative humidity
profile, which could amplify the role of collisions on evaporation rates, but also the impact of evaporation on turbulent mixing
and buoyancy; both of which a non-steady-state rainshaft could capture.

Whilst we only studied precipitating trade-wind shallow cumuli observed during EUREC*A, our model is ready to be applied
to any analogous observational datasets. This opens the door to its use on long-term measurements and to comparison with
radar-based retrievals of rain evaporation (Tridon et al., 2017). A larger record of rain evaporation, which involves more clouds
also under different environmental conditions, is needed to confirm that differences in our cloud samples cause the differences
between our results and those of Sarkar et al. (2023). Such a record could also be used to extend our analysis to different cloud
regimes. Measurements from the Barbados Cloud Observatory (Stevens et al., 2016) are well-suited to this task, as they span the
range of shallow and deep convection typical of the dry and wet seasons in the tropics. Understanding and accurately modeling
rain evaporation is crucial for predicting cold pool formation and cloud cover in the trades; our study provides new constraints
on this process and in conjunction with further observations can improve how models represent shallow convection and its

feedbacks in the climate system.
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Code availability. CLEO is published on it's GitHub page: https://github.com/yoctoyottal024/CLEO, alongside it’s documentation:
https://yoctoyottal024.github.io/CLEO. Version v0.39.7 is used in this study and was described and tested in Bayley et al. (2025b).

Code and data availability. The code to preprocess the observational data and to perform the fitting is published on the GitHub page:
https://github.com/nilsnevertree/sdm-eurec4a. This repository also includes code to post-process the output data of the CLEO simulations

and to produce the figures we use here. Post-processed simulation data can be provided upon reasonable request to the authors.

Appendix A: Single-Droplet Mean-Field Approximation of Evaporation fraction

We consider an evaporating droplet of initial radius rg and mass my falling in sub-saturated air (g, < gu,sat) from aninitial height
H.In classical evaporation theory (Langmuir., 1918; Pruppacher and Klett, 2010), the radius r of the droplet evolves as

dr?

P
7:_2D* v~ \Yu,sat — Gv ), Al
dt I pw(‘I, t = qv) (A1)
with
evapvsat Ev
D.=D, /|1 ’ —-1)]. A2
/L= (w0 &

D, is the molecular diffusivity of water vapor in air, £, the enthalpy of vaporization, k, the thermal conductivity of air, f, the
ventilation coefficient, and R, the gas constant for water vapor. We neglect curvature and solute effects, which are negligible
above ~ 10 um. D, is an effective diffusion coefficient that takes into account the thermal effects of evaporation (Pruppacher
and Klett, 2010).

We assume in this section that the droplet moves at its terminal velocity U (r) at all times, which is reasonable on time scales
longerthan a few milliseconds. Numerical integration of the full equations of motion for a single droplet (not shown here) shows
that the droplets are always within 0.01% of their terminal velocities, except near the very end of their trajectories if they evap-

orate completely. The height of the droplet can then be expressed as dz = —U (r)dt, so that equation (A1) becomes

dr? D, f,(r) p
T ZWPZ(Q@SM — Q). (A3)

We assume the vertical profiles of T'and g, to be uniform. Between cloud-base height H and the ground wherer(z =0) =ry,

equation (A3) then transforms into
fue
T
/ rdr=—-D,H L(QU,sat —qv) (Ad)
70

U
fu(r) Pw
Exact closed-form solutions are difficult to find as they are set by the functional dependence of U and f,, with r. We can find an

approximation in the low evaporation limit where £ < 1 and the integral simplifies at first order, since U/ f,, varies weakly:

fue) U
/fv(r)rdr_fv(ro)ro(rf 0) (A5)
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The evaporation fraction £ reads

3 3 3

— rg—7T A

gzmo mf: 03f:1_(1_7') , (A?)
mo 7’0 To

which approximates, in the limit of Ar < rg, to

Ar fo(ro) p
395 ~3— ~3D.H —_—
E To U (TO)T(% Pw (

QU,sat - QU)- (A8)

The dependence of the evaporation fraction with size is thus set by the size dependence of the ventilation coefficient and the
terminal velocity. The terminal velocity can be reasonably approximated to be U(r) = by/r between 500 pm and 2 mm. In the

5/2 i1 this limit. The ventilation coefficient varies

case of no ventilation effect (f,, = 1), this sets a power law dependence £ « 7,
as f, N;{f with Nre o< U(19)ro the Reynolds number of the droplet (Pruppacher and Klett, 2010). This gives & & r(;7/4 when

400 ventilation is taken into account.
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Figure Al. (a) Evaporation fraction against column integrated evaporative cooling for individual clouds and all microphysics setups. Colors

and markers as in Figure 11 (EvapOnly in purple, EvapCoal in blue, EvapCoalBuRe-few in red and EvapCoalBuRe-many in orange). Simulations

for the same cloud are connected by thin grey lines. Big error bars denote inter-cloud mean and standard deviation, both values denoted at

top left and bottom right (Top to bottom: EvapCoalBuRe-many, EvapCoalBuRe-few, EvapCoal and EvapOnly). (b) Histogram of evaporation

fraction for all microphysics setups. (c) Histogram of column integrated evaporative cooling for all microphysic setups.
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Figure A2. Relative differences between EvapCoal and EvapCoalBuRe-few against EvapOnly of column integrated evaporative cooling (a,b)

and evaporation fraction (c,d) compared to cloud-base precipitation flux (a,c) and cloud mean mass radius (b,d).
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Figure A3. Scatter of (a-e) evaporation fraction, (f-)) column integrated evaporative cooling and (k-o) mean evaporation height against various

cloud and environmental variables.
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