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Abstract. Sub-cloud rain evaporation in the trade wind region significantly influences boundary layer mass and energy budgets.
Parameterizing it is, however, difficult due to the sparsity of well-resolved rain observations and the challenges of sampling

short-lived marine, cumulus, clouds, In, this, stud steady-state one-dimensional

model, that simulates changes ji

5__drop size distributions and, water, vapor, isotope, ratios (e.g,0Dv. §'80.), sampled, by, the, NOAA, P3, aircraft, during the, Atlantic,
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cidating the RolE of Clouds-Circulation Coupling in ClimAte) field program. The model suggests that 63% of the rain mass

evaporates in the sub-cloud layer across 22 P3 cases. The vertical distribution of the evaporated rain flux is "top-heavy’ for a

narrow (0) raindrop size distribution (RSD) centered over a small geometric mean diameter (Dg) at cloud base. A "top-heavy’

10 profile has higher raingevaporated fraction (REF) and larger changes in rain deuterium, excess, (d=6D-8 X §80), between, cloud
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over, the, 22, P3, cases, with, rain, rates,petween, 0.01-35, mm/day, The 1-Hz distributions of No. Dy, 0 and rain rates are plotted in
Figure 6 to give an overall microphysical statistical characterization for all the P3 cases, The variability in the rain parameters
is the lowest on 4 February and highest on 9 February. The P3, cases also show a weak negative correlation between surface | Formatted
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-4-out-of-5cases-during. CSET-have RHqr-0f 84% which-is-higher than-for-most-of-the-P3-cases.-The-correlation between
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RHyr and rain rate during CSET is much weaker compared to the P3 cases (Figure 5d). RHyr for CSET remains constant EE::Z::::: 5T8]
at 84% for rain rates from 1 mm/day to 100 mm/day. That said, it is worth noting that RHys measurements during CSET v',.vCFormatted
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P3 Fer range of 1-350 Wm 2. The high variability in Fer for both the P3 and CSET events suggests that the heterogeneity of

the cumulus rain processes is a common feature across different ocean basins.

RICO comparison

During the RICO campaign, which was based in the Carribean like the ATOMIC/EUREC4A field campaigns, rain rates sam-
pled were stronger than the P3 cases, as in CSET. The cloud base rain rate is 5 mm/hr during RICO (Figure 2, Geoffroy et al.

(2014)). Comparing Figure 6 with Figure 2 in Geoffroy et al. (2014), the, median, rain, rates, No and raindrop, diameters, during

RICO at cloud base were much higher than fhe P3 cases sampled during ATOMIC. Geoffroy et al. (2014) have used mean

volume, diameter, Dy, to, describe, the, variability, of; their, raindrop, sizes, which, is, mathematically, different, but, still, comparable,

to, Dy, that we have used in this study. Dy, at 500 m during RICO is 750 um which is much higher than Dg, of 200 um during

the P3, cases,, Similarl i i i altitude, compare

to2 X 103m 3 and 3 mm/day, respectively, averages over all the 22 P3 cases. This suggests that the higher rain rates sampled
by RICO could have been due to the high No and Dy_compared to that sampled by the P3.
All flights during RICO were designed to randomly sample clouds above cloud base (except one on 19 January), and, as a
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result, most flights did not sampling any precipitation. But the precipitation sampled on 19 January suggests a 6% reduction of

cloud base rain rate (3 mm/hr) due to rain evaporation (Snodgrass et al., 2009). This roughly translates to 130 Wm 2 of rain

evaporation flux (based on Figure 10 in Snodgrass et al. (2009)) and is comparable to the CSET and the P3 values.

Modeled, rain evaporation,in, the sub-cloud, layer

~Nertical distributions of RWC and Fe
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The sub-cloud variability,in the rainevaporation,over the, 22,cases from ATOMIC/EUREC4A, is reflected, in thevertical, profiles

of the modeled RWC,yain rate,and, F jn Figure 7d-f. Cases on 9 February, with their, highestyain rates and RWC,at cloud base

also have the highest RWC reaching the surface (>0.02 gm 3). (See Figure 7d-e.) In all, 10 out of 22 cases have RWC higher

than 10 3gm 3 at the surface, 4 of which are on 9 February,
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Jn contrast, one case on 4 February evaporates completely within 400 m from cloud base with no rain reaching the surface.

This is because all drops in the RSD for this case is smaller than 300um (Figure 3a), and smaller drops are more susceptible to

evaporation. The cases on 5 and 10 February have RWC ranging between those on 4 and 9 February, with rain intense enough

to reach the surface after partial evaporation.
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RWC decreases at a faster rate for cases with smaller RWC at cloud base, like on 4 February. This leads to an increase of Fe

near cloud base compared to near the surface (figure 7f). Conversely, cases with higher RWC at cloud base like on 9 February
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305 have slower rate of decrease in RWC near the cloud base. This is primarily due to the higher concentration of larger drops in - ”(Formatted: Space Before: 0.45 pt
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Vertical distributions of No, D and o The evaporated fraction of rain, which is computed as 1-
Rz/Reb, where Rz and Reb are the rain rates at altitude z and
The modeled microphysical parameters No, Dy and ¢ are shown in Figure 7a-c, where 9 February cases have the highest cloud :;Zlg“‘_irﬁgsfsv {)zscl:::eivt;ley’e gef:g;;:'ﬁzrf;gﬁzi;gzg
base No (>1000 m3). The decrease in No with decreasing altitude corresponds well with that in RWC seen earlier. when normalizing the rain evaporated with the rain at cloud
310 The net modeled Dy_increases and o decreases from cloud base to the surface across all the 22 P3 cases. Changes in Dy ?;j:ﬁgcflfi’rﬁ:gé ‘iﬁogf;:i;:;a;z:;? _?;io:;;e:;l;iﬂfst
and ¢ are much smaller than in No. In general, Dy increases and ¢ decreases whenever smaller drops in the RSD evaporate 0 cases at cloud base correspond with evaporated fiy
completely. In this way, complete evaporation of smaller drops make the RSD narrower and centered over larger Dy, In contrast. - —
if the. RSD only. has larger drops.that.only. partially. evaporate,.then the. Dy decreases and.g.increases.making the. RSD.wider . Eizrmatterjl. izzt 22: I;I:ij\llit Bold
and centered over smaller Dy. '(Formatted: Space Before: 0.3 pt
315 The higher terminal velocity for bigger drops helps them reach the surface faster, while the longer residence time of slower-

falling smaller drops in the subcloud layer leads to more complete evaporation of those drops. Thus the lower terminal velocity

aids in the overall shift of the RSD towards larger Dy, narrower o and lower No from cloud base to the surface.

Sub-cloud stability due to the vertical distribution of Fe
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cloud base could mix with the surface-based relatively warmer air more readily. This could potentially help in circulating the

surface moisture to cloud base and help the cloud stay intact.

In contrast, a bottom-heavy rain evaporation profile, where the maximum evaporation-produced moisture is concentrated

close to the surface could lead to a stable configuration. This is because the cooler air close to the surface is not invigorated to

A
325

mix with the relatively warmer air close to the cloud base. This could inhibit any mixing or vertical fransport of moisture from

-.the surface to-the-cloud base. Such profiles should be-more susceptible-to-cloud dissipation-and-boundary.layer decoupling and
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may promote the formation of cold pools. Examples of such top- and bottom- heavy profiles, with their relation to boundary

layer stability are discussed in Paluch and Lenschow (1991). In this study, we have used the modeled Fe profiles to differentiate

between top- and bottom- heavy profiles.
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T assess which of the 22 P3 cases are top- or bottom-heavy, we have summed up Fe_over the bottom 350 m (surface to

350 m altitude) and the top 350 m (350-700 m altitude) to obtain Fiop_and Fhottom, respectively. The ratio of Fpottom/Ftop_for

all the cases are calculated (Figure 8). Fhottom/Ftop>1 denotes bottom-heavy profiles and Fhottom/Frop<1 top-heavy profiles.

All the cases on 4 February and one on 5 February where most of the rain evaporated within 100 m from cloud base have

Fbottom/Ftop_of 0-0.2 and are therefore top-heavy. In total, 11 out of 22 cases have a top-heavy profile, making it more likely

for these cloud layers to remain connected with the surface layer.
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Next, we evaluate which microphysical conditions are more likely to generate a top- or bottom- heavy Fe profile. Since the

Fe_structure is dependent on the microphysical state at cloud base, Fhottom/Frop_should also be dependent on the microphys-

ical parameters No. Dy_and 0. To demonstrate this here, we have determined the correlation of No, Dy_and o at cloud base

with Fpottom/Fiop_for each case (Figure 8). A strong correlation is found between Fhottom/Ftop_and Dy and 0. Comparatively.
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Frottom/Frop_and No_correlate weakly. This might be because the net effect of No_gets canceled in the numerator and denomi-

~nator-of Frorwn/Frop: In-all;-over-the-22-cases; the bottom=heavy-sub-cloud-profiles;-that could-be-prone-to-cloud-breakup-and

boundary layer decoupling, have higher Dy and o at cloud base. Conversely, the top-heavy profiles, that could facilitate more

intact clouds and higher mixing with the surface layer, have smaller Dy and o at cloud base.

A lower RHyr is also modeled to produce more top-heavy profiles (smaller Frottom/Fiop), and vice-versa (Figure 9). This

is because the lower the RHyr is, the faster the evaporation rate of drops, leading to the accumulation of moisture and latent

flux closer to the cloud base and thus a top-heavy profile.

In summary, high Dy, 0 and RHy are all linked to a bottom-heavy energy profile and vice-versa. This shows how the

microphysical and thermodynamic parameters of the sub-cloud layer are associated with changing the vertical energy structure

and potentially therefore affecting the sub-cloud stability.

Microphysical and thermodynamic influence on Fer and REF

—REF-in-the-sub-eloud-ayer-is-useful-to-determine-the-ameunt-of-rain-reaching-the-surface-and-to-formulate-the-amount-of —

Fer . Fer, on the other hand, is an estimate of the column total rain evaporation flux generated in the sub-cloud layer, that

could indicate the average evaporative cooling rate of the sub-cloud layer. Both REF and Fer depend on the microphysical and

thermodynamic processes in the cloud and sub-cloud layer, as shown by the following model results:
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This is also shown by Salamalikis et al. (2016) who
calculated the increase in §Dp and 680 for drops 1 mm-3
mm in diameter falling from altitudes (=1500 m) higher
than this study (700 m). For a I mm raindrop, 70% surface
relative humidity,

and 303 K surface temperature, Salamalikis et al. suggest
that the increase in Dp and 680 is 48%o and 8%o,
respectively (table 3, numerical isotope evaporation model
in Salamalikis et al. 2016). Here, we find for a 1.1 mm
raindrop 6Dp and 6'80p increase by 46%o and 9%o,
respectively. For bigger drops, the difference between
Salamalikis et al. (2016) and this study is larger. For a 2
mm diameter drop, the net increase in §Dp and 680, in
Salamalikis et al. (2016) is 64%o and 10%o, respectively,
which is higher compared to 27%o and 5%o, respectively, in
this study. A case study in figure 2a of Salamalikis et al.
(2016) where 680 is plotted with altitude for different
raindrop sizes at temperature 278K and RHsr of 40% is
replicated by our model to assess the consistency between
our model and Salamalikis et al. (2016) (figure A6). The
small inconsistencies might be because the paramet("_[558]
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a) Microphysical influence: REF is a strong function of Dy and o (correlation coefficient=-0.7 and -0.8 respectively). The
higher the Dy and o at cloud base, the smaller the REF (Figure A2f,h). This is because a higher Dy and o at cloud base signifies

an RSD with a high proportion of bigger raindrops that are more likely to reach the surface without completely evaporating.

Conversely, smaller Dy and o at cloud base have higher modeled REF, since smaller drops evaporate more efficiently reducing

the overall mass of the rain more. The influence of No on REF is smaller compared to Dy and o (Figure A2d). This is because

when REF is expanded in terms of No, Dy_and o0, No_appears in the numerator and denominator and almost cancels out.
Fer. on the other hand, is strongly impacted by No_(as well as Dg_and 0). This is because Fer is proportional to No. In

short, while the influence of No_is not prominent in REF, its influence dominates Fer. Most of the P3 cases with higher Dy

and o also have higher No. Due to this, lower REF cases are mostly correlated with higher Fer. But in some cases like on 9

February, Dy and o are small but No is large, leading to large REF and large Fer. Similarly, two cases on 10 February, have

large Dy_and o but small No, leading to small REF and small Fer. Overall, the link between REF and Fer may not be linear

-due-to-the-underlying-microphysical-processes:-More-microphysical-observations-over-shattow rain-datasets-are-required-to

affirm this connection in a robust way.
b) Thermodynamic influence: The correlation of REF with RHgs is not as strong as with the microphysical parameters

(Figure A2a-b). But in a sensitivity study, where the microphysical parameters are fixed and RHy is varied in 10% interval
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jumps, a lower RHyr is correlated with higher REF (figure 9), and vice-versa. Accordingly, a jump of about 10% in RHsr

would be required to make a prominent change on REF.
Fer also increases as RHy decreases. As RHgr decreases and the sub-cloud layer becomes drier, the rate of change in drop

size increases (4P in equation 1). The sensitivity test suggests that for every 10% increase in RHgr, Fer decreases by ®2-6

Wm 2. For 17 out of 22 cases, RHyr is between 67-74%. The rest of the 5 cases are on 5 February and have higher RHgr of

76-87%. Holding the microphysical parameters constant, an increase in RHyr from 67% to 87% would decrease both REF and

~Fer-by-60% and-53%; respectivety:

FeTVSFgcb

A scatter plot between Fp.ch_and Fer is shown for 20 of the 22 cases (Figure 8a). The other two cases are from 9 February

where Fj.ch_is higher than 500 Wm 2 and are not shown in the Figure for clarity. Five out of the 22 cases on 4 and 5 February,

where rain evaporates completely, have Fer equal to Fp.cb. Otherwise, as Fp.ch_increases, Fer tends to become smaller as a

fraction of Fer, indicating that REF falls with increasing Fp,cb.

The slope of Fy.ch_versus Fer shown in Figure 8a is 0.63, indicating that on average 63% of the rain mass sampled by the P3

has evaporated in the sub-cloud layer. The magnitude of Fer is between 15-352 Wm 2 for 9 out of 22 cases. This is analogous

to 2-50 K/day of net evaporative cooling rate for the sub-cloud layer, estimated using 87 = 1 P with pa,cp and H as
5t rac—H Lip €55 22 8

a

density of air, heat capacity of dry air and cloud base height. This is comparable to a typical longwave radiative cooling rate

over the marine boundary layer depth of 4-10 K/day and therefore should significantly contribute to the boundary layer energy

budget in shallow convective environments where rain is present.

Rain evaporation analysis using rain isotope ratios 8D, and 180,

Modeled 8Dp, 880, and d, for the P3 cases

Changes in 6Dy, 680, and d),_are modeled for all the 22 P3 cases (Figure 7g-i). As rain evaporates in the sub-cloud layer,

the modeled 6D, and 880, increase and dp decreases towards the surface. The decrease in dp is caused by the preferential

“evaporation of D in the water miolecule owing to their fowet miass and higher vapor pressure cotipared to180; Teaving the rain

less enriched in §D;, compared to §'80,.

The P3 cases with the higher modeled surface dp have either high RHsr (>75%) or large Dy and 0 (compared to average

~P3-values); or-both:The modet-also-shows-a-positive-correlationbetween-the-fractional change-in-dj-from-cloud-base-to-the

surface (1-dp.sr/dp.cb) and REF for the 22 P3 cases (Figure A1). This is logical since small REF suggests less fraction of rain

mass evaporation which would correspond to smaller change in d, from cloud base to the surface.

Comparison of model results with surface Dp, 8180, and d,, observations

The surface-based observations of §Dp, 680, and dp_from the Brown, the BCO and the Meteor are shown in Figure 10a-c.

8D, for the BCO is slightly smaller than for the Brown and Meteor, and the Meteor d is slightly smaller compared to the BCO
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430 day was 15 g/m3, these results indicate that rain evaporationgnay have contributed 2% to the moisture content of the sub-cloud <

layer. Given the observed §Dypf -71 %qandghe simulated 8D, of 5 %o, we can estimate the isotopic change in sub-cloud layer

water vapor due to raindrop evaporation from equation 11, which yields an isotopic change of 1 %o.. Sincg variations of 1 %o

6Dy arggeadily detectable with today’s airborne water, vapor, isotopic, analyzers, we surmise that rain on 9 February should

have caused a measurable shift in the water vapor isotope ratios of the sub-cloud layer.
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The model also shows that, on average, 63% of the rain mass evaporated in the sub-cloud layer for the 22 P3 cases. Most of

these cases with higher REF are associated, withsmaller Dg, 0 and RHyr, and vice-versa. However, the gffect of RHsron
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parameters, rather than on the bulk RWC itself.

JIn terms of rain isotopic composition, our results show that sub-cloud conditions with higher RHsr, higher Dy and o are

prone to higher surface dp. This is because a higher RHsr and higher cloud base Dy and o lead to less evaporation of raindrops

and low REF and, thereby, smaller changes in dj, between cloud base and the surface. In general, REF varies linearly with the

fractional change in d) between cloud base and the surface (or 1-dp.sr/dp.cb). Isotope differences in rain between cloud base

and the surface thus provide an independent measure of REF.

The model results also suggest why the *amount effect’ or a negative correlation between rain rate and & is not always

found in low latitudes. It is a result of the underlying microphysics of the RSD. If the high rain rate is due to large Dy and o,

then the &p should be low due to small REF. But if the rain rate is high because of high Ny and small Dy and g, then §p should

Qs be-high-due-to-high-REF.-This-is-especially relevant for-shallow-rain-regimes-where-mierophysies-plays-a-significant role-in
determining the rain characteristics.

In general, the model performs reliably well in characterizing the sub-cloud rain evaporation in the shallow rain regime

sampled during the ATOMIC/EUREC4A campaign. The results from the model emphasize the role of microphysical and

thermodynamic processes in accurately simulating sub-cloud rain evaporation. The variability of the modeled rain evaporation

Q50 fluxes-across-the-22-P3-cases-also-highlights-the-need-for-mere-samples-in-similar-shallow-cloud-regimes-for-a-mere-robust

statistical interpretation that could be used to evaluate GCM parameterizations. The model also provides opportunity to extend

the rain evaporation study from other field campaigns conducted over different ocean basins and different seasons, which is

crucial for a wider understanding of sub-cloud rain processes.
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Figure 1. Schematic showing raining cumulus-topped boundary layer with surface latent and sensible heat fluxes, longwave and shortwave
fluxes above cloud top, and entrainment mixing between free troposphere and cloud layer. Rain falling below cloud base can completely or
partially evaporate, that can create different mixing configurations as shown by the arrow sizes and directions, and the shaded lines of vertical
rain flux structures in the sub-cloud layer. Rain flux from | mm/day rain rate evaporation is shown as 28 Wm™2. The aircraft measurements

are made at horizontal above-cloud, in-cloud, cloud base and near surface legs as shown by air plane cartoon and red dashed-line trajectories.
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Figure 2. P3 trajectory on 9 February a) in time-altitude axes and b) in longitude-latitude axes with contour colors showing the altitude (in

in b) denote the surface relative humidity in fraction of 1 over the dropsonde locations.
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Figure 3. Raindrop size distribution is shown for 10-minute horizontal legs on a) 4 b) 5 ¢) 9 and d) 10 February. Legend shows the altitude

of the horizontal legs, dropsonde-derived surface relative humidity and leg-mean rain rates.
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figure 2. Red line is the flight trajectory and contour colors show radar reflectivity.
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