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Abstract This study investigates the microphysical and thermodynamic influences on North Atlantic trade-
cumulus rain evaporation in the sub-cloud layer over Barbados from January to November 2020. Using radar
observations and a 1-D model, the results reveal that microphysical properties, namely geometric mean diameter
(D) and raindrop concentration, primarily control evaporation processes under conditions of limited
thermodynamic variability. Thermodynamic factors like cloud base height and relative humidity exert a smaller
influence due to their narrow observed ranges. Small D, leads to rapid increases in rain evaporation fraction
(REF), as small drops evaporate completely, while larger D, yields slower, more gradual REF changes.
Frequent weak-rain cases reduce the mean evaporation flux, whereas infrequent intense-rain events
substantially enhance it. These findings highlight the pivotal role of microphysical variability in shaping sub-
cloud evaporation in this trade cumulus regime, while thermodynamic effects may be more important in other
environments.

Plain Language Summary Rain evaporation reduces surface rainfall and can trigger downdrafts and
cold pools, influencing cloudiness. This study examines how raindrop microphysical and thermodynamic
factors, like cloud base height and surface relative humidity, influence rain evaporation over Barbados from
January to November 2020. Raindrop properties at cloud base govern sub-cloud evaporation, while
thermodynamics factors matter less due to their limited variability. Smaller drops evaporate completely,
increasing evaporation fraction, while large drops reach the surface. Overall, microphysics primarily drives rain
evaporation processes.

1. Introduction

Rain evaporation in the sub-cloud layer significantly influences the moisture and heat budgets in tropical and sub-
tropical cumulus environments. It plays a critical role in cooling and moistening the sub-cloud layer, leading to
cold pool formation and impacting the mesoscale clustering of clouds in the trade cumulus regime (Jensen
et al., 2000; Radtke et al., 2023; Seifert & Heus, 2013; Tompkins, 2001). Additionally, rain evaporation recycles
moisture and feeds into large-scale circulations (Stevens, 2005; Worden et al., 2007). Recent studies indicate that
50% of the water vapor contributing to moist patches in the tropical boundary layer, especially near the surface,
originates from rain evaporation (Torri & Kuang, 2016). This highlights the importance of characterizing long-
term rain evaporation and understanding the underlying factors.

However, analyzing rain evaporation remains challenging due to the limited availability of high-resolution, long-
term rain observational data sets in marine environments. Past studies suggest the role of microphysical and
thermodynamic processes in the boundary layer on the rain evaporation processes. For example, a water vapor
isotope satellite-based study over six months estimated 20%—50% of rain evaporates in tropical convective cloud
environments (Worden et al., 2007). Similarly, Naumann and Seifert (2016) showed the role of large raindrops in
contributing to surface precipitation in large-eddy simulations of the Rain in the shallow cumulus over the ocean
(RICO) campaign cases. More recently, Sarkar et al. (2023a, 2023b) showed that 63% of rain mass evaporates in
the sub-cloud layer using aircraft field campaign observations over 4 days in the trade cumulus regime in the north
Atlantic Ocean, highlighting significant dependencies on microphysical conditions. While these studies provide
valuable insights, their limited timeframes make it difficult to draw climatic inferences.

Furthermore, microphysical schemes in models like community atmosphere model version 5 (CAMS), which
underpin global climate models such as DOE Energy Exascale Earth System (E3SM) and NSF Community Earth
System Model, lack detailed rain evaporation processes and rely on bulk thermodynamic conditions (e.g., Conley
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et al., 2012; Sundqvist et al., 1989). This could potentially impact the performance of shallow rain schemes in
global models. For example, Zheng et al. (2020) showed that E3SMv1 underestimated rain evaporation rates in
the marine boundary layer while also simulating the maximum rain evaporation closer to the surface, as compared
to ARM observations. Similarly, Fletcher et al. (2014) showed overestimated precipitation in shallow convective
and stratiform environments based on the single-column configuration of the NCEP-GFS model, which is likely
also linked to an underestimation of rain evaporation. These shortcomings could be addressed through more
detailed, long-term observational analyses with improved microphysical characterization.

In this study, we utilize ground-based radar, lidar and surface in situ observations January—November 2020 at the
Barbados Cloud Observatory (BCO, 13.1939°N, 59.5432°W, Stevens et al., 2016) in the north Atlantic Ocean.
Barbados has been established as an anchor point for studying trade-wind cumulus because its cloud and pre-
cipitation characteristics are broadly representative of the wider trades. Brueck et al. (2015) concluded that
conditions upstream of Barbados are typical of trade-wind regimes, with seasonal variability tied to the ITCZ.
Medeiros and Nuijens (2016) likewise show that clouds in Barbados are similar to those across the trade wind
regions, implying that observational findings from the Barbados Clouds Observatory (BCO) are relevant to
clouds across the tropics. Stevens et al. (2016) further emphasized that seasonal shifts in cloudiness at the BCO
appear representative of processes in the broader trades. These findings justify the extrapolation of our Barbados-
based results to the North Atlantic trade-wind regime.

We also incorporate aircraft-based in situ rain microphysical observations from the ElUcidating the RolE of
Clouds-Circulation Coupling in ClimAte (EUREC*A) field campaign conducted near Barbados January—
February 2020 to constrain the microphysical retrievals (Bony et al., 2022; Stevens et al., 2021). By
combining these observations with a one-dimensional bin-based rain evaporation model, we extend previous
short-term analyses by isolating the effects of microphysical and thermodynamic processes on sub-cloud rain
evaporation over an 11-month period. The inferred results are tested in both weak and intense rain regimes, as
well as small and large raindrop regimes, for a comprehensive characterization. An additional empirically driven
model, the sedimentation-evaporation model (Comstock et al., 2004), is used to obtain bulk rain evaporation.
Details of the observations and models are provided in Section 2, followed by the results in Section 3 and
conclusions and discussion in Section 4.

2. Data and Methodology
2.1. Barbados Clouds Observatory (BCO) and ATR/EUREC*A Campaign Observations

The BCO is in the North Atlantic trades at Deebles point, about 30 m from the shore and at 17 m elevation on a
cliff to protect the site from wave breaks (Stevens et al., 2016). Barbados Clouds Observatory provides a rare
long-term, high-frequency record of radar, lidar and in situ observations, making it exceptionally valuable for
quantifying rain evaporation processes in this typically under-sampled marine environment (see Text S1 in
Supporting Information S1 for instrument details).

To complement the ground-based BCO record, in situ rain microphysical measurements were obtained from the
French SAFIRE ATRA42 research aircraft (ATR) during 19 flights over the western tropical Atlantic near
Barbados (25 January—13 February 2020) as a part of the EUREC*A campaign (Bony et al., 2022, details in Text
S1 in Supporting Information S1). The unique combination of BCO's continuous observations with EUREC*A's
detailed microphysical data ensures robust retrievals and analysis of rain evaporation in the North Atlantic trades.

2.2. Radar-Retrieval Methodology

We use 1-Hz raindrop size distribution (RSD) from ATR to generate in situ equivalent radar reflectivity (Z)-
binned look-up table of microphysical parameters. For each 11 Z bins (—20 to 45 dBZ), mean RSDs are fit with a
three-parameter lognormal function to derive geometric mean diameter (D), width (0) and total concentration
(Np) using the method of moments (Equations S2-S5 and Figure S2 in Supporting Information S1). Lognormal
fits consistently outperform exponential fits, especially at larger drop sizes. The robustness of the lognormal fits is
quantified by calculating the RMSE and correlation coefficient (r) between the fitted and observed RSD for each
Z bin (Table S2 in Supporting Information S1).

At BCO, 15-min Ka-band radar Z and Doppler velocity (v,) are used to retrieve D, and N, profiles using a
forward-modeling approach (Equations S8-S10 and Figure S1 in Supporting Information S1). D, is retrieved by
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matching modeled v, to observed v, using fixed @ values from the ATR-based lookup table. Given D, and @, N,
is then retrieved by minimizing the difference between modeled and observed Z. The main steps of the retrieval,
associated instruments and representative uncertainties are summarized in Table S3 in Supporting Informa-
tion S1. Monthly uncertainties are quantified by bootstrap resampling of raining samples.

O shows low variability across reflectivity bins compared to D, and Ny, supporting its use as a fixed parameter
(Figure S3 in Supporting Information S1). The low variability of @ is quantitatively supported by coefficient of
variation analysis. A Kruskal-Wallis test further confirms that @’s variability is significantly lower than that of D,
or Ny (p < 0.01), which confirm that @ is substantially less variable than D, or N, across all Z bins. This provides
a rigorous justification for holding O fixed in the retrieval. This simplification enables robust radar-based
microphysical retrievals consistent with previous studies (Feingold & Levin, 1986; Sarkar et al., 2021). Me-
dian BCO-retrieved D, and N, compare well with ATR-derived values across Z bins, validating the retrieval
technique (Figure S6 and Table S1 in Supporting Information S1). We also tested robustness by constructing
look-up tables for @ using independent ATR subsets (flights 1-13 vs. 14-19). The ATR-based D, and N, from the
two subsets have strong correlations (r = 0.77 and 0.99, respectively, Figure S7a-S7b in Supporting Informa-
tion S1). The corresponding rain evaporation fraction (REF) and F_ profiles also show negligible differences
(r> 0.9, Figure S7c-S7d in Supporting Information S1). This confirms that the retrievals and model outputs are
not sensitive to the ATR sampling.

2.3. Rain Evaporation Metrics

The 15-min microphysical lognormal parameters D, and N, are retrieved from the BCO Z and v, radar obser-
vations for all Ka-band radar samples between January and November. The retrieved D,, N, are then used to
compute the corresponding rain rates, R at 15-min time resoultion and 31.8 m vertical resolution between cloud
base and the lowest usable radar range gate of 361.47 m. The vertical columns of R are further normalized with
respect to altitude to remove the effect of cloud base variability throughout the study period. The normalized
altitude z* is calculated as 7* = %, where z is the actual radar range gate altitude and 361.47 m is the
lowest radar range gate used in this study. z* is 0 at 361.47 m and 1 at cloud base and is calculated at (Az*=) 0.01
resolution. The raining columns are identified as vertical columns with cloud base rain rate (R.,) exceeding

0.0l mmd™".

Two metrics are used to quantify rain evaporation using vertically retrieved normalized raining columns in the
sub-cloud layer: REF and Rain evaporation flux (F.r) (Equations 12—13 and Text S4 in Supporting Informa-
tion S1). REF represents the fraction of rain mass that evaporates within the sub-cloud layer, offering insight into
the efficiency of evaporation under varying rain conditions. It helps in quantifying what percent of rain mass
contributes to boundary layer moisture versus surface precipitation. On the other hand, F. measures the total
mass flux of evaporated rain, which is critical for assessing how much evaporated moisture enters the atmosphere,
influencing large-scale thermodynamic processes. Both REF and F. will be used in this study to assess the
influence of microphysical variability on rain evaporation.

2.4. Rain Evaporation Models

Two rain evaporation models are used to simulate the rain evaporation characteristics in this study, namely
sedimentation-evaporation model (Comstock et al., 2004) and single column bin-resolved Lagrangian model
(Sarkar et al., 2023a, 2023b), henceafter referred to as C04 and S23, respectively. The C04 model is a bulk
exponential formulation that simulates rain evaporation below cloud base under steady-state conditions. It is
initialized using R, and mean drop radius, and assumes no microphysical interactions or thermodynamic
feedbacks. Its simplicity allows quick estimation of evaporation profiles and has been used in field campaign and
satellite retrievals.

The S23 model is a bin-resolved Lagrangian model that tracks raindrop evolution as it falls through the sub-cloud
layer. It calculates vertical variations in drop size, temperature and evaporation using numerical integration at 1-m
vertical resolution, assuming steady-state conditions. Without collision-coalescence, turbulence, wind shear or
feedback from evaporated rain on the background moisture. The model is initialized with cloud base micro-
phsycial retrievals, RH; and cloud base height (CBH),with RH assumed to decrease linearly to surface. S23
provides detailed vertical profiles of rain rate, REF and F,. Full details of both models are provided in Text S5 in
Supporting Information S1.
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3. Results
3.1. Seasonal Meteorological, Microphysical, and Rain Evolution

Figure 1 presents the monthly variability of key parameters relevant to sub-cloud rain evaporation, including
surface relative humidity (RH), CBH, radar-derived microphysical properties D, and N, at cloud base, radar-
derived rain rates at cloud base and surface, and rain frequency, computed only over raining samples, defined
as when R, > 0.01 mm d™". This ensures that all variables shown correspond to active precipitating conditions.
The rain frequency in each month is computed as the ratio of 15-min cloud base samples with R, > 0.01 mm d™"
to the total number of 15-min samples in that month.

Both RH; and CBH (Figure 1a) show seasonality with RH; lowest in March and recovering in summer and fall,
whereas CBH peaking in spring and lowest in fall, consistent with climatological patterns and the annual cycle of
boundary layer moistening (e.g., Brueck et al., 2015; Chang & Oey, 2013; Leon et al., 2008). Overall, monthly
RHj; varies within 75%—-85%, and CBH remains within 700-900 m through the year.

The monthly mean rain rates at both cloud base (R,) and surface (Ry) show the highest radar-based rain rates in
January, driven by an intense rain event between January 22-25, with peak rates up to 100 mm hr~". This event
aligns with the classic Fish pattern, like in Vogel et al. (2021). Annual mean rain rate shows a significant decrease
from cloud base (3.3 + 7.8 mm hr™?) to surface (1.8 + 4.7 mm hr™Y) (Figures 1b and 1c), reflecting the rain mass
evaporating in the sub-cloud layer. Annual mean rain sample frequency also decreases from 35% to 24%, further
highlighting sub-cloud evaporation processes. Comparatively, the WXT-based rain frequency at the surface
remains below 15% throughout the year, which potentially is due to larger sampling threshold of the instrument.

Radar-retrieved microphysical properties at cloud base show marked seasonality (Figure 1d). D, , is lowest in
winter and spring, rising through late summer and fall from 0.25 to 0.35 mm. N, ., follows an inverse pattern, with
maximum values early in the year and vice versa. These trends reflect changes in RSD with larger but fewer drops
in the later months, which could impact the rain evaporation potential.

3.2. Seasonal Evolution of Radar-Retrieved and Modeled Rain Evaporation Characteristics

The S23 model Ry; (Figure 1b, green) demonstrates reasonable agreement with radar-retrieved rain character-
istics, though notable biases emerge. Ry, is slightly underestimated by S23 model, especially in March—July,
indicating overestimated evaporation. This is confirmed by the higher S23-based REF and slightly elevated F, .
compared to radar (Figures le and 1f). However, the interquartile ranges of both REF and F. show good overlap
for most of the year, especially for F.. Their monthly shapes are also well captured by S23, indicating its ability
to simulate rain evaporation. Section 3.5 will further examine the S23 and radar-retrieal biases.

In contrast to S23, the C04 model, which is initialized using the radar-retrieved Ry, highly overestimates R, and
hence underestimates both REF and F,, especially REF (yellow). The high C04-based R, which is almost equal
to R, suggest negligible rain evaporation. Despite the underestimated magnitudes, C04 can simulate the shape of
the monthly variations of REF and F. quite well, suggesting that improving the empirical formulations in the
model may improve its performance in rain evaporation studies. Due to the overall better performance of S23 in
simulating the F_ 1 and REF structures, the sensitivity tests are based only on the S23 model.

Notably, the 15-min year-long RSD is predominantly composed of small D, , (Figure S4 in Supporting Infor-
mation S1), which produce high REF but low F,r, resulting in annual high median REF and low median F,y.
However, the less frequent larger D, ., cases skew the annual mean to lower REF and higher F,r values. This
separation between mean and median highlights the need to consider both frequent weak-rain and rare intense-
rain regimes when interpreting climatological statistics.

3.3. Dependence of REF and F,; on Microphysics

To quantify the relative roles of microphysics and thermodynamics in driving monthly variations of F. and REF,
we perform four sensitivity tests (Figure 2). In each test, one parameter among D, ., Ny ,, CBH or RHyy, is
allowed to follow its observed monthly cycle, while the other three were fixed at their annual mean values (N .,
D, ., CBH and RH,; of 10* m™, 0.28 mm, 800 m and 80%, respectively). This setup allows us to directly assess
the contribution of each parameter to rain evaporation. Smaller perturbations (test - control) indicate a greater
influence of the parameter in driving seasonal variations.

SARKAR ET AL.

4 of 10

85U8017 SUOWIWOD BATe81D 3|qeo[dde 8y} Aq pausenob ae sl O ‘88N JO S9N 10y A%eiq18UIIUO AB|1M UO (SUONIPUOD-pUR-SWBI/LID A8 | 1M ARe.d 18U JUo//Sty) SUORIPUOD pue WIS | 8L} 89S *[9202/80/6T] U0 A%eiqi8uliuO A8|IM ‘21Bojouyos | ind InHsul Jeynsie Aq S88yTT 195202/620T 0T/I0p/wiod A8 |mAriq1puljuosqndnbe//sdny wouy papeojumoq ‘0z ‘520z ‘L008r76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2025GL114885

o0 1000
S E
d I
= o
z o
0 500
J F M A M J J A s 0 N
10"
E
E o
g0~ T~ e Radar (cloud base) )
o Radar (surface)
s23
coa
§ WXT
107 ‘ ‘ ‘
J F M A M J J A s 0 N
S
>
o
c
[
=]
o
o
('S
[=
g
5
0 1 1 I L ! ! ‘
J F M A M J J A s 0
,104
d)
3 210° T
£ E
~ -3
3 2 S
n:n 10° =
| | | I I ! - : : 10°
J F M A M J J A S o N
10*
&
£
= 10°
el
@
'S
10° I I I 1 1 1 1 - L .
F M A M J J A s 0 N
1
= o8} " . W |
]
s 06
o
©
& 04
b o2
4
0 I L L | L L ! ! ‘
J F M A M J J A s o N

Time (months)

Figure 1. (a) Monthly mean RH; (left black) and cloud base height (right purple), averaged over raining samples
(R, > 0.01 mm d™Y). (b) Rain rates at cloud base (dotted black) and surface (solid black) from radar retrievals, S23 (green)
and C04 (yellow) models and WXT observations (red). (c) Monthly rain frequency (% of cloud-base samples with
R, > 0.01 mm d™"). (d) Monthly mean radar-retrieved D, ., (left orange) and Ny, ., (right black) with 25-75th percentiles.
(e) and (f) Monthly mean F_; and rain evaporation fraction from radar, S23 and C04 with colors following legend in (b).
Shaded bands denote 25th—75th percentile ranges.
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filled squares showing perturbations statistically equivalent to the control within tolerance margins (p < 0.05), while open circles denote non-equivalence.

REF is a strong function of D, ., as shown by the complete overlap between the control run (green) and the “Dy, o,
varying” run (blue) in Figure S8 in Supporting Information S1 and Figure 2b. In contrast, varying only N,
(magenta) produces minimal REF variability, and perturbations in CBH (cyan) or RH,; (red) fail to reproduce the
seasonal cycle. This indicates that, within the limited range of CBH and RH,; sampled at BCO, D, , is both

necessary and sufficient to predict REF.

The negligible effect of N, ., arises from cancellation of N, terms between cloud base and surface in the REF
(Equations S12 in Supporting Information S1), since Nj << Nj . Because most cloud-base RSDs are
dominated by small D, ., cases, drops tend to evaporate completely, REF ~ 1 regardless of Ny . Similarly, the
relatively narrow observed ranges of RH; and CBH are likely too small to strongly affect REF. In regions of
larger thermodynamic variability, such as convective systems or stratocumulus to cumulus transition regimes,
thermodynamic influences on REF could be more substantial.

In contrast to REF, F,r is dominated by N, ., (magenta, Figure 2a). Perturbations in D, ., RHyr and CBH (red,
cyan) exert secondary effects. Varying only Ny, o, reproduces most of the control-run F.y shape and magnitude.
RH,; and CBH perturbations capture modest control effects, while D, ,-only runs capture little variability,
especially in fall months, when D, , is very high (Figure 1d). Because F.r is largely set by N .,, which also
determines cloud-base rain rate, R, remains a useful bulk predictor of F,r, consistent with their strong correlation
in Figures 1b and le. The robustness of these findings is supported by the 95% bootstrap confidence intervals and
TOST markers in Figure 2, which confirm that the identified parameter influences are statistically robust rather
than artifacts of sampling noise.

3.4. Microphysical Influence on Radar-Retrieved Vertical REF and F, Distributions

The influence of microphysical properties on the vertical structures of REF and F, are shown in Figure 3 for radar-
retrieval (left) and model (right). F, is the flux resolved at each z*. For small D, , (<0.3 mm), REF often ap-
proaches 1 near the surface indicating near-complete evaporation of all its rain mass in the sub-cloud layer
(Figure 3a). Some of this evaporation occurs very close to the cloud base, while others somewhere in the mid-way.
This shallow and rapid evaporation in small D, ., can lead to high REF near cloud base.

In contrast, larger D, o, cases show slower increase in REF toward the surface, as larger drops are more resistant to
evaporation and tend to reach the surface due to their higher terminal velocities. These contrasting REF profiles
highlight that the efficiency and depth of rain evaporation are strongly modulated by cloud-base drop sizes.

As N, increases (Figure 3e), F, increases at all heights, which also raises the integrated flux F,r. Profiles with
low to mid N, , are variable, with some columns evaporating completely before reaching the surface, likely when
drops are small. At high Ny ., F, is consistently strong and surface-reaching, giving the highest F.y In contrast,
D, ., mainly affects the vertical shape of F. (Figure 3c). Small drops (<0.25 mm) evaporate quickly near cloud
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Figure 3. Vertical structure of rain evaporation comparing observations (left) with S23 outputs (right). All panels plot normalized height z* on the y-axis versus a control

parameter on x-axis with rain evaporation fraction (fraction) against D, ., (a-b), F, (Wm™2 z#71h against D, , (c—d) and F, against N, , (e-f).

base, producing top-heavy profiles and frequent complete evaporation. As D, ., increases, more rain survives to
the surface and F, grows through the column. For the largest drops, F, remains strong but the increase levels off,
suggesting Fr is not as strongly tied to D, o, as it is to Ny ., (as also confirmed in Figure 2). Together these results
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show that N, ., sets the overall magnitude of Fer, while D, ., determines how evaporation is distributed with
height.

3.5. Model Performance in Different Microphysical Regimes

The S23 model captures the overall vertical structure of REF and F, reasonably well. Modeled REF increases
smoothly with height, consistent with observations. Likewise, F, magnitudes below z* < 0.9 are comparable to
observations, suggesting that the model reproduces bulk rain evaporation effectively. Differences arise, however,
in the detailed vertical distribution.

For small-D, ., regimes, the model tends to overestimate REF, with near-surface values approaching unity more
often than observed, suggesting more complete evaporation of small drops in S23 than in radar retrievals. In large-
D, ., regimes, the model produces a bottom-heavy F, profile, with reduced evaporation aloft and enhanced
evaporation near the surface, whereas observations show a more vertically uniform structure. These patterns are

attributed to small biases in modeled D a slight D, overestimation near cloud base (mean

g,cb:
bias = +0.008 mm) reduces F, aloft, while a slight underestimation (mean bias = —0.005 mm) near the surface

enhances evaporation and raises near-surface F, and REF.

Despite these differences in vertical distribution, F, remains in close agreement with observations, with an annual
mean error of ~30% and a strong correlation r = 0.87, reflecting its dependence on Ny . By contrast, S23
overestimates REF in small drop regimes, but it remains reliable for assessments in large-drop regimes (annual
mean error of ~45%, r = 0.73). Together, these results highlight F_ as a robust quantity of sub-cloud evaporation,
with REF adding important insight into microphysical regime dependence.

4. Conclusions and Discussion

This study investigates sub-cloud rain evaporation in Barbados using 1-year radar retrievals, in situ microphysics
from EUREC4A, and a bin-resolved 1-D model (S23). In this regime of limited thermodynamic variability with
RH;; of 75%-85% and CBH of 700-900 m, evaporation is governed primarily by cloud-base microphysics: D, .,
control REF, while N, , determines F.r. Thermodynamic influences such as RHg and CBH are secondary.
Previous work (e.g., Naumann & Seifert, 2016; Srivastava, 1985) emphasize microphysical and thermodynamic
influences on sub-cloud layer. Our climatological analysis isolates these roles more clearly, showing that
microphysics dominates in Barbados, with thermodynamics likely more important in regimes of greater vari-
ability, such as stratocumulus-to-cumulus transitions or continental convection.

Past campaigns in the trade-wind Atlantic have shown that sub-cloud rain evaporation is a key component of the
boundary-layer moisture and energy budgets, with both its magnitude and variability governed primarily by rain
microphysics. For example, RICO aircraft and radar observations demonstrated that evaporation losses below
cloud base depend strongly on the microphysics: small-drop rain shafts undergo substantial evaporation, while
large-drop regimes are more likely to sustain precipitation to the surface (Snodgrass et al., 2009). The RICO
campaign reported an average latent heat flux from surface-reaching precipitation of approximately 63 W m™>,
within the ranges observed in ATOMIC/EUREC4A (15-352 W m~2; Sarkar et al., 2023a, 2023b). In comparison,
our year-long BCO record spans a broader climatological envelope (10-1,000 W m™2), capturing both frequent
weak-rain and rare intense-rain regimes, and further confirms that microphysical variability remains the dominant
control on sub-cloud evaporation in the trade-wind regime.

Radar-retrieved and modeled profiles show contrasting behaviors across drop-size regimes. Small-D, ., cases
(~75% of samples) evaporate rapidly and nearly completely, driving REF toward unity and producing top-heavy
Fe profiles. Larger-D, ., cases evaporate more gradually, yielding more uniform F, and lower surface REF.

Climatologically, frequent small-D, ., events elevate median REF and depress median F,r, while rare but intense

g.cb
large-D, o, events lower REF (~0.6) and substantially increase F.r. This duality highlights the importance of

resolving both frequent weak-rain and infrequent intense-rain regimes.

The S23 model captures FeT with high accuracy and reproduces seasonal REF variability, though it tends to
overestimate REF for small drops and produce bottom-heavy F, profiles for large drops, linked to vertical biases
in retrieved D,. Uncertainties could also stem from model assumptions. Like other 1-D rainshaft studies in the
trades (De Szoeke et al., 2024; Niebaum, 2024; Snodgrass et al., 2009), S23 assumes a linear RH profile, useful
for simplicity and comparability. We did not test alternative RH structures here, but note that future work should
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explore more non-linear humidity profiles and allow evaporation to feed back on background moisture. The
model also neglects turbulence and wind shear, which can redistribute moisture; radar Doppler velocity is cor-
rected by subtracting lidar-based vertical wind to isolate the raindrop terminal velocity, but this approach cannot
fully account for shear-driven or turbulent motions. Microphysical interactions are excluded as well. Based on
ATR/EUREC*A data sets Niebaum (2024) indicate collision-coalescence contributes <10% to sub-cloud evap-
oration for rain rates below 3 mm hr™". This suggests that its omission might not be critical in the trades, though it
may matter for heavier rain. Despite these limitations, S23 remains effective for estimating bulk sub-cloud
evaporation and attributing its microphysical and thermodynamic controls.

The long-term radar data set developed here provides rare constraints on sub-cloud rain evaporation and its
microphysical drivers. Our record resolves REF, F., and F.; tied directly to cloud-base conditions. This
benchmark can inform improved shallow-rain parameterizations in climate models. Together, these results
establish a framework for linking microphysical variability to sub-cloud evaporation and for extending such
analyses to other cloud regimes where thermodynamic influences may play a stronger role.
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