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Abstract

Evaporation decreases the mass and increases the isotope composition of falling drops. Combining and integrating the depen-
dence of the evaporation on the drop diameter and on the drop-environment humidity difference, the square of drop diameter is
found to decrease with the square of vertical distance below cloud base. Drops smaller than 0.5 mm evaporate completely before
falling 700 m in typical subtropical marine boundary layer conditions. The effect on the isotope ratio of equilibration with the
environment, evaporation, and kinetic molecular diffusion is modeled by molecular and eddy diffusive fluxes after Craig and
Gordon (1965), with a size-dependent parameterization of diffusion that enriches small drops more strongly, and approaches
the rough aerodynamic limit for large drops. Rain shortly approaches a steady state with the subcloud vapor by exchange with
a length scale of 40 m. Kinetic molecular diffusion enriches drops up to as they evaporate by up to +57\permil for deuterated
water (HDO) and +3.57\permil “for H3_2$$"{18}80. Rain evaporation enriches undiluted subcloud vapor by +127\permil“per
mm rain, explaining enrichment of vapor in evaporatively cooled downdrafts that contribute to cold pools. Microphysics en-
riches the vapor lost by the early and complete evaporation of smaller drops in the distribution. Vapor from hydrometeors is

more enriched than it would be by Rayleigh distillation or by mixtures of liquid rain and vapor in equilibrium with rain.
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Key Points:

+ Evaporated vapor from rain (6p = 0 %o with 0.2 of rain mass evaporated) is near
the rain’s initial isotope composition, strongly enriched compared to the surround-
ing vapor.

« Rain isotope composition quickly equilibrates to the surrounding environmental
vapor.

» Small and especially vanishing drops are enriched by molecular diffusion 40% more
than millimeter-sized drops.

Corresponding author: Simon de Szoeke, simon.deszoeke@oregonstate.edu
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Abstract

Evaporation decreases the mass and increases the isotope composition of falling drops.
Combining and integrating the dependence of the evaporation on the drop diameter and
on the drop-environment humidity difference, the square of drop diameter is found to
decrease with the square of vertical distance below cloud base. Drops smaller than 0.5
mm evaporate completely before falling 700 m in typical subtropical marine boundary
layer conditions. The effect on the isotope ratio of equilibration with the environment,
evaporation, and kinetic molecular diffusion is modeled by molecular and eddy diffusive
fluxes after Craig and Gordon (1965), with a size-dependent parameterization of diffu-
sion that enriches small drops more strongly, and approaches the rough aerodynamic limit
for large drops. Rain shortly approaches a steady state with the subcloud vapor by ex-
change with a length scale of 40 m. Kinetic molecular diffusion enriches drops up to as
they evaporate by up to +5 %o for deuterated water (HDO) and +3.5 %o for Ha80.

Rain evaporation enriches undiluted subcloud vapor by +12 % per mm rain, ex-
plaining enrichment of vapor in evaporatively cooled downdrafts that contribute to cold
pools. Microphysics enriches the vapor lost by the early and complete evaporation of smaller
drops in the distribution. Vapor from hydrometeors is more enriched than it would be
by Rayleigh distillation or by mixtures of liquid rain and vapor in equilibrium with rain.

Plain Language Summary

A model of evaporating rain explains enrichment of rare isotopes in water vapor
observed during atmospheric cold pools below shallow convection. Rain becomes more
enriched as it evaporates by exchange with subcloud vapor, by equilibrium fractionation,
and by the weaker molecular diffusivity of rare-isotope water vapor. The model predicts
molecular diffusion enriches the rain drops more than previously thought, especially as
they near complete evaporation.

1 Introduction

Clouds transport water from the subcloud boundary layer and condense and de-
train it in and above the planetary boundary layer. Models for hydrometeor (cloud and
rain drop) evaporation are useful for characterizing vapor sources and inferring cloud and
rain processes. Condensation and evaporation processes fractionate the ratio of total wa-
ter molecules to its rare isotopologues. (H3¥O contains the oxygen-18 [180] isotope and
deuterated water HDO contain the deuterium [D or ?H] isotope.) Combinations of sources
and processes yield particular water vapor and precipitation isotope ratios (e.g., Dans-
gaard, 1964; Gat, 1996; Noone et al., 2012; Tremoy et al. 2014; Crawford et al. 2017),
yet the problem of inferring the history of water from observed or modeled isotopes is
confounded by complex and ambiguous combinations of sources and processes (Galewsky
et al., 2016; Hiron and Flossman, 2020).

This complexity is reduced for idealized cases, such as mixing, Rayleigh distilla-
tion of water vapor by condensation, precipitation, and the predictable combination of
vapor exchange, equilibrium fractionation, and diffusion accompanying evaporation (Craig
and Gordon, 1965; Stewart, 1975). The equations predicting isotopic fractionation dur-
ing rain evaporation in weather and climate models (Noone et al., 2012; Blossey et al., 2010;
Risi et al., 2021; Sengupta et al., 2023) are numerically integrated to simulate observed
cases and process studies (e.g., Salamalikis et al., 2016; Graf et al., 2017; Sarkar et al., 2023).
The isotope ratio depends strongly on the fraction of the drop that evaporates, allow-
ing the isotope evaluation to be conveniently separated from evolution of the drop mass
(e.g., Hiron and Flossman, 2020).
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Here we model the evaporation of hydrometeors (rain drops and cloud droplets)
to interpret isotope observations in precipitation and water vapor observed in atmospheric
cold pools (Quinones Meléndez et al., 2024). The observations are summarized in sec-
tion 2. A model for evaporation of atmospheric hydrometeors is presented that solves
for isotope concentration of rain drops and of evaporated vapor from the drops, in sec-
tion 3. Section 4 presents results of the model. The solutions show two regimes: In the
falling regime a small fraction of the drop evaporates as it falls through the environment.
In the vanishing regime the remaining hydrometeor completely evaporates as its fall speed
goes to zero. A simulation is used to interpret rain and downdraft vapor observed dur-
ing the EUREC4A-ATOMIC (Elucidating the role of clouds—circulation coupling in cli-
mate - Atlantic Tradewind Ocean Mesoscale Interaction Campaign) field experiment (Stevens
et al., 2021). Sensitivity experiments to initial conditions and microphysics demonstrate
and isolate distinct effects on the isotopes by exchange with surroundings, equilibrium
fractionation, and differential diffusion. Section 5 summarizes the article.

2 Observations of a cold pool

Compared to the varied processes that contribute to the isotope ratio of precip-
itation and water vapor in the atmosphere, a relatively simple set of processes contributes
to warm (nonfreezing) marine trade cumulus clouds, allowing us to isolate the effect of
local water vapor sources. We simulate the hydrometeor evaporation leading to an at-
mospheric cold pool observed under shallow winter tropical trade cumulus clouds over
the western Atlantic Ocean during EUREC4A-ATOMIC (Quinn et al., 2021; Bailey et
al., 2023; Quiniones Meléndez et al., 2024). Figure 1 shows the time series at 1-minute
resolution of a cold pool observed on Feb 10, 2020 around 16:00 UTC aboard the NOAA
research vessel Ronald H. Brown. With air temperature cooling by 2.5 °C, this cold pool
is among the strongest events observed on the ship while isotope measurements were avail-
able. Rain fell at the ship during the temperature front and minimum, suggesting the
cold air and slight moistening of the specific humidity (Fig. 1b) were caused by the evap-
oration of hydrometeors. Water vapor isotope ratios (§ D and 80, Fig. 1c,d) are enriched
in the cold pool compared to the background subcloud vapor measured before the cold
pool. Three rain samples were promptly collected in rain showers at 16:15, 16:25, and
16:40 UTC, and later analyzed to have dp = 15.5, 14.5, and 16.2 %cand di1sp = 0.17,
0.87, and 0.4 %o (blue dots show the equivalent equilibrium vapor deq.. = ae(dr+1)—

1 in Fig. 1c,d), with alpha. computed at T = 295 K. This is one of the strongest cold
pools among those for which Quinones Meléndez et al. (2024) analyzed the sources of
potential temperature, specific humidity, and isotope ratio. Having synchronous and col-
located observations of rain, cold temperature, and enriched isotope ratios, the Feb 10,
16 UTC event excels for studying water vapor from freshly evaporated hydrometeors.

We construct a case for evaporation of hydrometeors below cloud, adopting initial
conditions from Sarkar et al. (2023; called Sarkar23; Table 1). Drops are released from
cloud base at 700 m and fall through a layer of uniform specific humidity with ¢, 12.9
g kg~!. Because the temperature increases adiabatically downward, environmental rel-
ative humidity is saturated at cloud base and 0.69 at the surface. The isotope ratio of
the initial drop liquid dp, ro = 8.68 %o is taken to be in equilibrium with vapor (0p w0 =
—73 %o0) measured on the WP-3 aircraft (Sarkar et al., 2023).

We modify the subcloud layer water vapor in case CP slightly from Sarkar23 to match
the background surface vapor of dp 17m = —69.7 %o observed before the cold pool (Fig. 1).
Humidity and isotopes are taken to be mixed by subcloud layer-scale eddies above the
surface layer. The height of the isotope analyzer inlet (18 m) is within the surface layer,
so it will be more enriched than most of the subcloud layer due to gradients near the ocean
(e.g., Thurnherr et al. 2020). We adjust humidity and isotopes by integrating the gra-
dients through the constant-flux surface layer (Garratt, 1992), and average the result for



Figure 1. Ship time series containing a cold pool from 2020 Feb 10 15:40-17:00 UTC. (a) air
temperature (°C), rain rate (cyan shaded, mm h™'), and (b) specific humidity (g kg™') at 17 m.
(c) 6 deuterium (% = 107°) and (d) § oxygen-18 sampled at 18 m. Rain liquid was collected
promptly during rain showers at 16:15, 16:25, and 16:40; and subsequently analyzed. Vapor iso-
tope ratio d, = ae(dz + 1) — 1 in equilibrium with the rain is shown by blue dots in (¢) and (d).
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Table 1. Initial conditions at cloud base (saturated) and subcloud vapor conditions for case
Sarkar23 (Sarkar et al., 2023) and case CP (2020 Feb 10, 16 UTC). Subcloud air is adiabatically
stratified and uniformly has the specific humidity and isotope ratio of the surface. Vapor in cloud
and subcloud air are observed by aircraft for Sarkar23; the corresponding equilibrium liquid is
computed. CP uses initial rain liquid from Sarkar23. CP observations of vapor from the isotope
analyzer before the cold pool are adjusted to the subcloud mean with flux-gradient similarity
theory; equilibrium liquid is computed. CP rain is observed and the corresponding equilibrium

vapor is computed.

z(m) T (K) qo(gkg™) Opiq (%) Opvap 0180liq  0180,vap

case Sarkar23

cloud base vapor 700 290 12.9 8.68 -73 -1.75 -11.7
subcloud vapor 0 296.8 12.9 4.54 -70 -1.14 -10.5
rain liquid modeled 0 296.8 - 15.8 -59.6 2.03 -7.36
case CP

cloud base vapor 700 290 12.9 8.7 -73 -1.75 -11.7
subcloud vapor 0 296.8 12.9 4.1 -70.3 -1.02 -104
rain liquid modeled 0 296.8 - 15.4 -60.2 2.14 -7.24
rain liquid observed 0 296.8 - 154  -60.0 0.7 -8.7
150-700 m. This gives a subcloud deuterium isotope ratio of dp subcloud = —70.3 %o,

very close to Sarkar23’s 0p subcloud = —70 %o (Table 1).

3 Model

Following Best (1952; and, e.g., Abraham, 1962; Li and Srivastava, 2001), the prog-
nostic drop evaporation model evaluates the change of the square of the drop diameter
as a function of the temperature and humidity of the environment. The model param-
eterizes diffusive kinetic effects that depend on empirical drop ventilation factors, the
hydrometeor fall speed (Graf et al., 2017), and a vertically varying environment. We ob-
tain analytical functions accurate within a neighborhood of drop diameter and height
below cloud. Isotope ratios are calculated from the drop diameters with the Craig and
Gordon (1965) model.

3.1 Drop diameter and mass

Sarkar et al. (2023) integrates prognostic equations for the mass, temperature, and
isotope ratios of liquid water drops evaporating as they fall from cloud base to the sur-
face for several drop size distributions and environmental profiles observed from the NOAA
WP-3 aircraft in EUREC4A-ATOMIC (Pincus et al., 2022; Bailey et al., 2023). We sim-
ulate the 2020 Feb 9 case, approximating the drop size distribution (DSD) by the log-
normal distribution of Sarkar et al. (2023; section 3.4).

The Lagrangian prognostic equations for the drop are transformed from time deriva-
tives to vertical derivatives by dividing by the fall speed Ug.y = —dz/dt > 0. The equa-
tion for drop diameter D evaporating into surrounding air with temperature 7, and va-
por density p,, is (Salamalikis et al., 2016; Graf et al., 2017),

dD  4f Ky (es(Tr) Apy), (1)

o _ i . RHes(Ta) . 4vava
dz  DUganpi Ry

T, T, ~ DUtanpy
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where f, is the ventilation factor (Stewart, 1975), K,, the kinematic diffusivity of va-
por in air, and 7). is the drop surface temperature and es(7T") is the saturation vapor pres-
sure, RH is relative humidity, and Ap, = pyr — fue > 0 is the vapor density difference
between the air and the drop surface. In this equation, dD/dz > 0 because the drops
shrink as they fall.

We write equation (1) in terms of the uniform specific humidity, assuming a well-
mixed subcloud layer and adiabatic temperature below cloud. The drop temperature ap-
proaches the wet bulb temperature (Appendix B). Linearizing the saturation specific hu-
midity and the wet-bulb temperature lapse rate 'y, yields

dD 4f,Kye (0gs I
—_— = wZ -
dz  DUganpy \ 0T ) 7

Then, the drop evaporation equation is divided into one factor that depends on D on
the left hand side, and another that depends on the vertical displacement from cloud base
on the right hand side:

—a(D)DdD = 2'd, (2)
with _ P Utan
B 4Kvarw(8qs/aT)'f f'u '

The factor a is nearly a constant, as the quotient Ugy/ f, is a slowly varying function
of diameter. For drops larger than 0.5 mm Ugy/f, = 0.9 m s~1. At smaller diameter,
the fall velocity vanishes faster than the ventilation factor, and a(D) (equation 3) be-
comes very small.

a(D)

3)

Solutions of equation (2) describe elliptical arcs centered at D = 0,2’ = 0 (Fig. 2).
—a(D*—D2) =27 - ¢ (4)

Best (1952) encapsulates the effect of the environment, mainly the saturation deficit, in

a local “evaporation radius” K on the right hand side, D?—D3 = 4K?2. The drop diameter-
displacement curves are elliptical because saturation deficit increases linearly with dis-
tance from cloud base 4K? = a=1(2$? — 212). Small departures from the linear depen-
dence on height such as fall speed and ventilation are contained in a. Numerical solu-
tions of 4 show the curves of radius vs. height are nearly ellipses (Fig. 2b and Fig. 1 of

Abraham et al., 1972), but flatten out as drops vanish and their fall speed goes to zero.

Drop vanishing. The function a(D) varies little for D > 0.4 mm. But in the
Stokes (1851) viscous drag regime, when drops get smaller (Re<5), the fall speed Ugay o
D? and a(D) vanish over small vertical displacements. This squashing of the displace-
ment near vanishing due to the dependence on Uty / fy, can be parameterized by the func-
tion D2
D2 +p?’ 5)
with ag = 2.1 x 10'2 and b = 0.2 mm. This approximation estimates the displace-
ment at which drops vanish. The vanishing factor D?/(D? + b?) approaches unity in
the falling regime.

a = ag

The quasi-elliptical trajectories of drop diameter vs. displacement fallen can be eval-
uated in midpoint prediction-correction steps of drop diameter. It is accurate to eval-
uate in a few (kmax = 5) cosine-spaced steps Dy = Dgcos(mk/(2kmax)) (Fig. 2b, cir-
cles). However, to find the resulting size of all drops at each height, we use 1 m verti-
cal resolution (Fig. 2b, lines). The 5-step evaluation agrees with the high-resolution so-
lution because the slope a(D) varies slowly. A single step (kmax = 1) overestimates the
displacement that small drops fall because of the curvature of a(D) for D<b ~ 0.2 mm.
The approximation for a (equation 5) accurately predicts the displacements at which drops
completely evaporate.



Figure 2. (a) The lognormal drop number N (D) and mass size distributions. (b) Traces of

individual diameters D from initial cloud-base (z = 700 m) diameters Dy by numerical stepping
of the quadratic equation. (c) Mass fraction remaining as a function of height and initial diame-
ter. The dashed line shows D = 0.14 mm where Re ~ 5, for which drops with smaller diameters

rapidly vanish in small displacements.



180 3.2 Isotope exchange

181 The change in the isotope ratio of a single liquid drop is calculated from the mass
182 fraction f = (D/Dg)? of drop liquid remaining, using the Craig and Gordon (1965; and
183 Stewart, 1975) model. Single-drop results are then integrated over the drop size distri-
184 bution.
185 Craig and Gordon (1965) and Stewart (1975) assume finite diffusion between the
186 equilibrium vapor over the drop and the surrounding air. The drop isotope ratio Ry, is
187 predicted by
Ry — cRair = (Rpo — cRair) f, (6)
188 where f is the mass fraction of the drop remaining. The exponent is
p Qe
== —1.
pil—"h
189 where oo = Ry /Ry, < 11is the (equilibrium) fractionation factor of vapor over liquid.
190 The coefficient c is b
c= . (7)
ac— (1 =h)(pi/p)
101 Including exchange with environmental vapor and diffusive effects replaces a, in
102 the Rayleigh process with a.(p/p;)/(1—h). Rayleigh evaporation assumes vapor at equi-
103 librium over the drop irreversibly leaves the drop as it evaporates. The isotope ratio of

104 the liquid is then fractionated (Rayleigh):

Rp = Rpof* .
105 The initial condition for equation 6 is f = 1. As f — 0,

RLend = CRair- (8)
196 For saturation fraction h = 0, cRg; drops out, giving Ry, = RLofo‘ep/pi_l. which is

107 like the Rayleigh solution, except for p/p; in the exponent.

108 3.3 Kinetic effect of diffusion from evaporating drops

199 A spherical drop evaporates by a sum of diffusion by molecular diffusivity K,, and
200 eddy diffusivity K.. The molecular diffusivity varies for different isotopes, the eddy dif-
201 fusivity K. depends on the flow around the drop, but is the same for all species. More-
202 over, the ratio of resistances p;/p = 1 + n(Ky/Kmi — 1) of flux of the rare isotopo-

203 logue to the flux of abundant water vapor depends on the drop size through the ratio

204 of molecular to total (molecular 4+ eddy) resistance n = p,,/p. The diffusivity ratio K,/ K,
205 from Merlivat (1978) is 0.9755 for deuterium and 0.9723 for oxygen-18. Stewart (1975)

206 and Kinzer and Gunn (1951) found n = 0.58 for drops in the range 1.4-2.8 mm diam-

207 eter.

208 For spherical symmetry and steady conditions, the drop evaporation flux E is a prod-
200 uct of the diffusivity K and the radial derivative of saturation fraction h = py,/pusat,
1 d dh
E=-—""C 4?2k
Pusat dt dr
210 where p,, is vapor density. Integrating the humidity h from the drop surface radius a where
o1 h =1 gives the humidity h(r) as a function of distance from the drop,

@ E [*1dr’ E1 /1 1
1—nh(r)= dh = — — == ==]. 9
(r) /T i ), K12 4Ar K (a T) )
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We model the diffusion through spherical shells, with molecular diffusivity K,, from the
drop radius a through a laminar layer of thickness [, and with eddy diffusivity K. out-
side radius a + [. The area-integrated nondimensional vapor flux through the shell is,
uniform with radius, £ = (1 — h)/p. It depends only on the saturation deficit and re-
sistance p = 1/(4nKa).

Integrating at shells of different radii gives p = pm, + pe with

N l for r =[a,a+1]

Pm = mKpa a+1 O 0T

e ! ! for r=[a+1,00)
p€_4ﬂ'K8a—|—l B ’ '

This spherical model of diffusion yields the ratio of molecular to total resistance,

-1
Pm K,, a
= _ (1 o
! p ( " Kl > ,
that depends on the ratio a/l of the drop size to a viscous-diffusive length scale {. Va-
por diffuses away from small drops through concentric shells, as above, in a laminar layer

of thickness I, = v/U. The velocity U balances drag with gravity and turbulent iner-
tial accelerations.

Diffusion through this spherical geometry predicts vanishingly small drops approach
n = 1. Flow separates from large drops and the diffusion loses its spherical geometery.
Choosing total thickness
l= lu + lea

with I, = (K,,/K.)a, matches the rough limit n = 1/2 for large drops (Brutsaert, 1965;
1975; Merlivat and Jouzel, 1979). Molecular to eddy vapor diffusivity ratio K,/ K, =

6 x 1073 matches the experimental results, for drops of diameter 1.4, 2.1, and 3 mm,

of Kinzer and Gunn (1951) and Stewart (1975) (Fig. 3 solid). We use this first param-
eterization. An ad hoc alternative parameterization matching the experiments, that asymp-
totes instead to n = 0.55 for large drops, is . = 0.55 + 0.45(1 + 0.04a/l,) "' (Fig. 3
dashed).

Models such as Lee and Fung (2008), Graf et al. (2019), and Sarkar et al. (2023)
include the effect of differential diffusion through empirical ventilation factors that de-
pend on the diffusivity of each isotopologue species. Our approach follows Stewart (1975),
resolving kinetic effects by explicitly parameterizing the flow- and geometry-dependence
of the ratio of laminar and turbulent resistances. Where Stewart had determined this
experimentally for 1-3 mm drops, we parameterize the effect as a function of the size of
any falling drop. This explicit treatment of diffusivity predicts kinetic effects on the iso-
topes of drops even as they vanish.

3.4 Drop size distribution

We evaluate the diameter of drops sampled from a drop size distribution (DSD).
The initial DSD is the lognormal distribution

N (Do) = No/(DoV2m0?) exp(~(log(Do) — p)*/(20°)), (10)

observed from aircraft in Atlantic trade wind shallow cumulus clouds in EUREC4A-ATOMIC.

The drop number concentration Ny = 500 m~3, the lognormal width is o = 0.35, and
the lognormal mode p = log(Dy) is the log of the geometric mean diameter D, = 0.22
mm, equivalent to the DSD of Sarkar et al. (2023), but with alternate notation. Figure 2a
shows this DSD. Substitution of D from equation 4 could be used to derive the evolu-
tion N (D) of the DSD with time. However, since resolving the vanishing behavior of drops



Figure 3. Resistance ratio n = pn,/p parameterization (solid), ad hoc empirical parameteriza-
tion Nemp (dashed), with lab experiment results of Kinzer and Gunn (1951; circles) and Stewart
(1975; circle and whisker).

—10—



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

Figure 4. (a) Mass fraction of total liquid remaining vs. height. (b) Mean deuterium & (%o)
of all the liquid remaining. (¢) Deuterium ¢ of drop evaporation at each height (dot-dashed) and
cumulative evaporated vapor (solid). Black dashed (c) shows the isotope ratio of the surrounding

vapor.

is important, we explicitly simulate predict the diameter change of 161 drops, initially
geometrically spaced with diameters Dy between 11x10~¢ m and 33 mm. This set of
drops resolves the tails of the DSD. Drop diameters D are evaporated by equation 4. Drops
initially smaller than Dyt = 0.51 mm evaporate completely within 700 m below cloud
base.

4 Isotope results

We evaluate the isotope ratio Ry of each drop using the mass fraction f and equa-
tion 6 for the cold pool case (CP, Table 1). The total mass fraction, and deuterium com-
position of the remaining DSD and the vapor lost is shown in Fig. 4. Figure 4c¢ shows
the deuterium composition of the immediately evaporated vapor (dot-dashed) and the
cumulative vapor (solid), compared to the surrounding subcloud vapor (black dashed)
in delta notation 6 = R/Rgstandard — 1. The cumulative vapor below 650 m is enriched
compared to the surroundings. It is enriched to 6 = 0 %o below 500 m. A small frac-
tion of this enriched vapor could explain the enrichment observed in cold pools in Fig. 1.
The immediately evaporated vapor at each level is yet more enriched.

The isotope ratio is shown for 10 drops with diameters of 0.13 to 4.8 mm (Fig. 5).
The initial isotope ratio is épro = 8.68%0, d1soro = —1.75%0 (%0 = 1072). Drops en-
rich monotonically as they fall and evaporate fractionally more of the lighter H5O iso-
topologues. Curves that strike z = 0 reach the surface. The largest drop shown (4.8
mm; cyan left) nearly reaches 0p = 10%0 at the surface. Smaller drops fall slower, evap-
orate fractionally more and become more enriched over a shorter distance. The small-
est drop shown (blue, top) quickly reaches equilibrium with the surrounding vapor, be-
fore evaporating completely between 500-600 m. The largest drop shown here that evap-
orates completely (0.44 mm, red) enriches to dp = 16 %o, where it vanishes around 150
m. The enrichment curves for water containing deuterium or oxygen-18 isotopes appear
quite similar, differing mostly due to the difference between isotope ratio of the initial
drop and the equilibrium liquid isotope ratio of the air (at the intersection of the black
lines at cloud base), which is stronger, relative to its kinetic effect, for deuterium than
for oxygen-18.

All drops enrich by exchange with the surrounding vapor, from the drop initial con-
dition, toward equilibrium with the vapor. The equilibrium liquid isotope ratio of the
air at h = 1 (shown at =700 m) is 0p ena = 11.6%0, 0150 ena = —0.42%o0 for subcloud
air vapor isotope ratios 0p air = —70.3%0, 0150 air = —10.4%0. Large drops fall through
the layer exchanging only slightly, while small drops exchange quickly toward equilib-
rium with the enriched ambient vapor. Lee and Fung (2008) use the rate at which drops
reach isotopic equilibrium with relatively enriched environmental vapor as a possible ex-
planation for the amount effect phenomenon, where precipitation is relatively depleted
at higher precipitation rates (Dansgaard, 1964).

In addition to exchange and equilibration, kinetic effects (Fig. 5) result in small
drops reaching a yet more enriched end point at lower relative humidity, where the “end
point” is the asymptotic value of the raindrop isotopic composition as D — 0. The heav-
ier water isotopologues diffuse away from the drops more slowly than Hi6O, enriching
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them. The black lines show the end point isotope ratio of liquid drops predicted by dif-
ferent parameterizations of the kinetic fractionation (i.e. different values of n). At cloud
base (700 m, h = 1) all endpoint curves intersect the vertex of equilibrium with the en-
vironmental vapor. Drops approach their end point isotope ratio Reng = ¢Rair (thin
black line) predicted by equation 7. The kinetic effect of differential diffusion is stronger
as n approaches unity, for small drops. The isotope ratio Rai-h/[ce — (1 — h)] (black
dot-dashed) is the end point for the artifical case of n = 0, which would be obtained
were the isotope diffusivity equal the ordinary vapor diffusivity.

Estimates of Rena, using our n parameterization to model p;/p, for large (4.8 mm)
drops (black solid), agree with results for n = 0.58 (black dashed), found for lab ex-
periments on drops larger than 1 mm diameter (Stewart, 1975). The n = 0.58 end point
underestimates kinetic enrichment as drops shrink. Even drops as small as 0.13 mm fall
more than 100 m with their isotope ratio greater than the endpoint Re,q predicted by
n = 0.58. The enrichment of denq is approximately proportional to n. Our parameter-
ization for n, which approaches n =1 and (p;/p = Ku,/Kp,) for small drops has about
42% more kinetic enrichment than taking constant n = 0.58.

Though the mass of vanishing drops is small, rain transports enriched liquid down-
ward, leaving relatively depleted vapor near cloud base. Small drops and virga experi-
ence the strongest enrichment and their complete evaporation moves very enriched va-
por downward in the subcloud layer. Virga that evaporates just before reaching the sur-
face is enriched, by +7 %o for deuterium and by +5 %o for oxygen-18, with kinetic effects
of +5.8 %o and +3.5 %o, respectively. This evaporation of enriched hydrometeors (both
large and small) explains enrichment of vapor observed in evaporatively cooled cold pools
in EUREC4A-ATOMIC (section 2).

Equilibration and kinetic effects reduce deuterium excess (DXS, Fig. 6) of drops
as they fall, because the loss to evaporation of HDO is more efficient than the loss of Hy'80O,
enriching the drops relatively more in Hy'8O than predicted by the global meteoric wa-
ter line. DXS of the equilibrium (n = 0) end point is 8 %. lower in the subcloud vapor
than in the initial drop condition, but the DXS is reduced by 20 %o by drops that un-
dergo significant kinetic enrichment.

The rain evaporation process, replete with kinetic evaporation, does not describe
a meteoric water line with nearly constant DXS = dp —8d180. Figure 7 shows isotope
0 trajectories of evaporating drops have continuously decreasing DXS. The first adjust-
ment from initial liquid (op = 8.7 %o) toward 11.6 %o is due to exchange with the sur-
rounding vapor, so its slope depends strongly on those prescribed conditions, rather than
on any physical process. In the kinetic enrichment limit for small drops (n — 1), dp
increases in proportion to 1.46180. As drops vanish, they approach a nearly constant y =
dp—1.4 0180 of the surrounding vapor, of about yeng = 12.1 %o. The limits deng = cRair/ Rsta—
1 for deuterium and oxygen-18 of small drops and constant subcloud vapor R,;, shows
the linearity of dp and d150 (Figure 5) depends on the ratio of ¢p/c1s0. Changes in sat-
uration h over the drop and a.(T) with height are responsible for the compensated changes
of ép and 1.46130 along yend-

4.1 Vapor lost by hydrometeors

The instantaneous and cumulative isotope ratio of the vapor evaporated from all
hydrometeors in the DSD is shown as a function of height in Fig. 4b and ¢, and as a func-
tion of the mass fraction of original hydrometeor liquid in 8. Experiments show the iso-
tope ratio of the vapor lost by the drops is dominated by equilibrium and kinetic frac-
tionation, and secondarily by the DSD. The Craig and Gordon evaporation equation (CG;
equation 6) generates concave-down curves that enrich quickly at first, i.e., at low mass
fraction evaporated, and then slowly approach the isotope ratio of the original liquid épg.
The CG model for a single drop, or equivalently a monodisperse DSD (brown), is still
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Figure 5. (a) Deuterium and (b) oxygen-18 isotope trajectories (colored lines) for drop with
initial diameter Dg of 0.13 (blue, top), 0.20, 0.29, 0.44, 0.65, 0.97, 1.45, 2.2, 3.2, and 4.8 (cyan,
lowest) mm. Our parameterization for the end point Rend = cRair for vanishing drops with n — 1
(thin black). No kinetic effect p;/p = 1, n = 0, equilibrium fractionation only (dot-dashed black).
Rena for n = 0.5 (thin dotted black) and n = 0.58 (Stewart, 1975; dotted black), which matches

extrapolating our model for diffusion of large (4.8 mm) drops (black solid).
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Figure 6. Deuterium excess DXS = dp — 8d1sp profiles as in Fig. 5.
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Figure 7. Isotopic trajectory of the kinetic evaporation process. The vertical axis is
y = Op — 1.4d180. Black lines represent constant DXS (thick solid), and the steady state end

points as in Figs. 5-6. Vanishing drops tend toward a nearly constant y.
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concave-down. The shape of these curves is mostly due to the CG physics, not the shape
of the DSD.

4.1.1 Sensitivity to the DSD

The standard (Dy=0.22, 0=0.345) drop size distribution is shown in blue. Results
are not sensitive to narrowing the DSD’s lognormal width o by a decade, or doubling
the geometric diameter D,. The orange curve shows a narrower distribution, with width
0=0.0345 decimated. A wider 0=3.45 distribution barely evaporates, and almost all lig-
uid remains at the surface (green; almost invisibe at left), because much of the mass is
in drops too large to evaporate. The effect of the width on the isotopes is not monotonic:
The narrower and wider distributions both evaporate less and enrich faster than the stan-
dard DSD.

Doubling D, to 0.44 mm (red) reduces fraction of rain evaporated b etween cloud
base and the surface to f ~ 0.55. Vapor also enriches slightly more slowly, suggesting
relatively more evaporation from larger less enriched drops than from the control DSD.

A case with a single drop, equivalent to a monodisperse DSD, shows the vapor re-
sulting from the initial drop size (Dy=0.51 mm) that completely evaporates at the sur-
face. Preferential and near-complete evaporation of the smaller drops of the DSD are re-
sponsible for about +10 %o more enrichment of the cases with a DSD, compared to the
case with a single drop.

4.1.2 Sensitivity to the environmental profile

The case indicated by the dashed purple line uses uniform i = 0.95 (representa-
tive of 400 m), to simplify the effect of the environment. The main difference is that it
starts off evaporating near isotopic equilibrium, compared to the transient strongly de-
pleted vapor right below cloud base where h is nearly unity (blue line, off scale). Away
from cloud base, the uniform environment has only a small effect on the isotope ratio
of the evaporated vapor.

4.1.3 Comparison to simpler models

The simplest model for the isotope ratio of vapor is linear mixing between the ini-
tial liquid and its equilibrium vapor. Mixtures between the “first whiff” of initial equi-
librium vapor, and the “final gulp” of completely evaporated drops appear between the
straight black lines. The equilibrium varies slightly with h: the lower (solid) mixing line
represents equilibrium at cloud base h = 1, and the upper dashed line represents the
equilibrium at the surface h = 0.89.

The Rayleigh model for a single drop is concave up (purple dotted). This single-
drop Rayleigh model performs worse than linear mixing (black lines). Rayleigh evapo-
ration for drops in the EUREC4A-ATOMIC DSD (blue dotted) is concave down. Ac-
counting for the DSD, the Rayleigh model is significantly improved, falling between be-
tween linear mixing and the more physical CG solutions. The vapor equilibration and
kinetic fractionation effects additionally included in the CG model have a stronger ef-
fect on the results than the DSD. Evaluating CG even for a single average-sized drop gives
a considerably better result than the Rayleigh model.

4.2 The rain isotope flux and source

Figures 4 and 8 show the integrated effect of rain is to enrich rainwater quickly be-
low cloud (because the initial rain isotopic composition was in equilibrium with some-
what more depleted cloud layer air), and then evaporate this enriched water lower in the

—16—



Figure 8. Total isotope § of vapor evaporated from rain drops, as a function of fraction f
of rain mass remaining, modeling microphysical evaporation of drop mass, Craig and Gordon
isotope evaporation model, with diameter-dependent kinetic effect (blue). Sensitivity studies have

DSD with 10x narrower (orange) or wider (green) lognormal width o, 2x larger geometric mean

diameter Dy, surroundings with fixed T"and h = 0.95 representative of 400 m (purple dashed),
and for the single drop of initial diameter of 0.51 mm (brown). Mixtures of f = feq equilibrium
vapor from negligibly evaporated drops and 1 — f = fcomplete Vapor from completely evaporated

drops of initial liquid isotope ratio (black: solid for vapor equilibrium over the drop evaluated at
cloud base [700 m] and dashed for vapor equilibrium evaluated at the surface). Rayleigh evap-
oration of the control case DSD (blue dashed), and a monodisperse DSD (single drop, brown
dashed).
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subcloud layer. This suggests a downward flux of heavy isotopes by the rain. This up-
gradient flux acts to strengthen the observed depletion of heavy isotopes with altitude

in the atmosphere.

The vertical flux of water isotopes by the rain is quantified from the model sim-

ulations:

Frain = ZM]((S] _3)7
J

(11)

where Mj = —(m/6)p1D3Uran,j Nj is the mass flux of drops of diameter D; with the drop
number concentration of per unit volume of air, N; = N(Dy ;), given by the initial DSD.

In our steady state model, the total water isotope source, to the air-rain mixture

due to the rain, is the convergence of the rain isotope flux,

where p, is the vapor density per unit of total air and 0 is the mean isotope & of total

10
Sr'in:_A_
ora pvaz

v

1 oM, . <
= Fsrain = — —— (5 —%) —
i = 530 |- 246, -3)

M;

0

25

5; —

5)7

(12)

water, which is dominated by the subcloud vapor. The source is separated into two phys-
ically distinct parts: on the left, the effect of bulk rain evaporation, and on the right, the
effect of advection of the isotopes by the rain.

the integrated source scales with the rain accumulation. We evaluate the rain flux of §
for the deuterium isotope for a nominal rain rate of M;/p =1 mm h™! (Fig. 9a), and
the integrated source for 1 mm of precipitation accumulation at the surface (Fig. 9b)

The mass flux, isotope flux, and source rates all scale with the rain rate (and Np);

The weaker term of the flux divergence is the advection of the isotope by the rain.
Since the mean § is nearly constant, the effect of the advection term is mostly within the
liquid phase. Drops enrich by evaporation and exchange, especially near cloud base, caus-
ing strongly negative 9¢;/0z. This gradient results in negative isotope advection by the
falling rain.

The stronger term is the evaporation (Fig. 9b, red). Removing rain mass causes

convergence of the rain mass flux. Drops are enriched compared to the subcloud vapor,

explaining the large enrichment by the evaporation. The vertically averaged subcloud

rain evaporation source enriches an undiluted precipitating core by +11.8 %o per mm rain.
The precipitation accumulation for the cold pool on Feb 10, 16 UTC (Fig. 1a) is 1.9 mm.

Evaporation from this accumulation would enrich precipitation downdraft core by air
by 22 %c. This contributes to the cold pool, whose deuterium 9 is enriched by +4.9 %o (Fig. 1c).
Were the hydrometeor evaporation the only source, dilution of the evaporative core by

3.6 times as much surrounding air would explain the vapor isotopes observed in the cold
pool. In fact, other sources in addition to hydrometeor evaporation, such as evaporation

from the ocean surface, also contribute to the near surface air in cold pools (Quinones

Meléndez et al. 2024).

ing the isotope ratio of the vapor in the subcloud air show the isotope ratio of the sur-
face rain (integrated over the DSD) depends strongly on the isotope ratio of the vapor

4.3 Sensitivity to isotope ratio of the initial drop and subcloud vapor

The rain at the surface is largely equilibrated through exchange with the vapor in
the subcloud air. This exchange was identified in early isotope-enabled general circula-
tion models as a factor for predicting local precipitation-temperature relationships (e.g.,
Noone and Simmonds, 2002). Experiments varying the initial drop isotope ratio, and vary-

in the air, and slightly on the drop initial conditions. The sensitivity for deuterium anoma-

lies is

/
pep,sfc

=0.972a; 16

—18—

!/
air

+0.03657,,

(13)
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with 8’ = § — 6° indicating anomalies from reference conditions §°, which are for the

standard cold pool case: 0y . = 15.4 %o, 0, = —70.3 %o, and 67, = 8.68 %o. The
coefficients are constant over a wide range of observed conditions: da;, = [—69, —72] %o

and 620 = [9, 12] %o

4.4 lIdealized experiments

Sensitivity experiments illustrate the effects of exchange with the environmental
vapor, equilibrium fractionation, and kinetic diffusion on the isotopes. The same drop
sizes as in Case CP are reused for all the experiments. In the first three experiments,
the initial drop liquid and environmental vapor in the air are in isotopic equilibrium. The
Control case has all three effects on the isotopes: exchange with the environmental va-
por, equilibrium fractionation, and kinetic diffusion. The second case (OnlyDiff) has only
environmental exchange and differential kinetic diffusion. Its equilibrium fractionation
o = 1 is artificially set to unity to suppress equilibrium fractionation. The third case
(OnlyEq) has only environmental exchange and equilibrium fractionation. Its molecu-
lar diffusivity ratio K, /K, is set to unity to suppress the diffusive kinetic effect. All
the experiments have environmental exchange. Since these three cases have uniform sub-
cloud air with 6 = 0, in equilibrium with the liquid drops (aglRair = R; = R;), en-
vironmental vapor exchange has the effect of simply relaxing back to § = 0.

Trajectories for drops with initial diameter Dy = 0.51 mm, which evaporate com-
pletely just above the surface, are shown for these four experiments in Fig. 10. The black
lines are the steady state end points for n = 0, 0.5, and 1, as in Fig. 5. The steady state
end point depends on relative humidity over the drop h, which goes from 1 at cloud base
to 0.89 at the surface.

The Control experiment (blue, Fig. 10), with all 3 effects, reaches the end point
of p > 5% defined by n = 1. Differential isotope diffusion (OnlyDiff) and equilib-
rium fractionation (OnlyEq) mechanisms both enrich drops by similar amounts and the
linear sum of these effects is only slightly less than their combined effect in the Control
experiment. For kinetic diffusion without equilibrium fractionation (OnlyDiff: orange,
Fig. 10), ¢ approaches a final value of 43 %o. For equilibrium fractionation without dif-
fusion (OnlyEq: green, Fig. 10), p;/p = 1 is achieved by K,,/K,; = 1, and isotopes
increase by by +2 %o, reaching the end point for n = 0 (black dot-dashed). Setting n =
0 also excludes differential diffusion. The end points increase downward due to decreas-
ing relative humidity. About half of the effect of relative humidity on the end point is
counteracted by reduction of o, ! = a,, /v with increasing temperature.

These experiments (Control, OnlyDiff, OnlyEq; Fig. 11) are repeated for the en-
vironmental air depleted by § = —1 %0 relative to equilibrium over the initial drop. The
exchange process immediately acts to deplete the drops toward § = —1. A fourth case
(NoEgNoDiff, red Fig. 11) with only environmental exchange (having both equilibrium
fractionation and differential diffusion disabled by setting to unity a. = 1 and K,,;/Km =
1) illustrates this, relaxing to d, 4ir = —1 %o with a length scale of 40 m below cloud
base, even for the relatively large drop (Do = 0.51 mm). If §j0 = dy 4ir = O then the
drop in NoEgNoDiff would trivially maintain 6 = 0 (not shown).

Experiments Control, OnlyDiff, and OnlyEq for this relatively depleted environ-
ment also are initially depleted by the exchange. After the initial depletion, the drops
in the experiments enrich by equilibrium fractionation and/or differential diffusion pro-
cesses, respectively, for each experiment. The depleted environmental vapor also shifts
the end points by —1%oc. As before, OnlyEq approaches the end point for n = 0, and
Control approaches the end point for n = 1.

The depletion by exchange process opposite the enrichment by the equilibrium and
diffusion processes results in non-monotonic adjustment that depends on the drop size
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Figure 10. Deuterium isotope § of drops of initial diameter Dy = 0.51 mm and isotope ratio
0 = 0 for three experiments with air in isotopic equilibrium with the initial drop liquid isotope
ratio 6o = dair = 0 %o: Control (solid blue) includes exchange, equilibrium fractionation, and
differential diffusion; OnlyDiff (orange) includes equilibrium and diffusion; and OnlyEq (green)
includes exchange and diffusion. The dashed blue line shows the linear superposition ¢ sum of

OnlyDiff and OnlyEq.
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Figure 11. Deuterium isotope experiments Control (solid blue), OnlyDiff (orange), and On-
lyEq (green) as in Fig. 10 but with environmental air depleted by -1 %o compared to equilibrium
over the drop. A fourth experiment, NoEqNoDiff (red), has only exchange with air. Purple lines

show results for different drop sizes, with smaller drops adjusting over shorter displacements.

(purple, Fig. 11). Smaller drops exchange faster, reach a minimum isotope ratio, then
enrich faster by isotopic equilibrium fractionation and diffusion. Larger drops fall fast
and adjust relatively slowly. Thus the isotope ratio trajectories cross for drops of differ-
ent initial sizes.

The sensitivity studies demonstrate that the exchange and kinetic effects in the CG
evaporation model make a significant difference to the results. The CG model is not sig-
nificantly more complex than a Rayleigh model. Microphysics also makes a difference:
Changing the DSD determines which drops evaporate completely having a profound ef-
fect on the resulting vapor.

5 Conclusion

When rain evaporates below cloud base, the liguid nearly reaches an equilibrium
by exchange with vapor in the surrounding air. This equilibrium is not the thermody-
namic “saturation” equilibrium of vapor enclosed over a liquid surface, but rather is anal-
ogous to the wet bulb temperature that drops also approach. The nearness of the drops
to this equilibrium with their surroundings results in surface precipitation whose isotope
ratio is mainly determined by the subcloud vapor. This exchange of the rain with rel-
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atively enriched subcloud vapor explains the observed correlation of the precipitation iso-
tope ratio to the local surface humidity (Crawford et al. 2017).

On the other hand, the hydrometeor source of vapor to the air is nearly the orig-
inal liquid, because the bulk of the water mass evaporated is from large fractions of evap-
oration of individual drops. The temporary enrichment of vanishing drops, and its en-
hancement by diffusion, is an interesting flourish in the process that does not ultimately
change the isotope ratio of the water that becomes vapor.

The Craig and Gordon (1969) equation models exchange with the environment, equi-
librium evaporation, and turbulent and molecular diffusion. This combination of effects
has a profound effect on the isotope fractionation, strongly enriching drops compared
to equilibrium mixing or Rayleigh distillation.

We extend the work of Stewart (1975) by accounting for the drop size distribution
and resolving the kinetic effects associated with diffusion in the drop-vapor laminar bound-
ary layer. Assuming a spherical laminar layer around the drop, we parameterize the diameter-
dependent ratio of molecular and turbulent vapor diffusion matched to previous exper-
imental results. This diffusion model predicts relatively stronger molecular diffusion and
kinetic enrichment for small drops. Drops become more enriched as they vanish, by 42%
more than predicted by constant n ~ 0.58, previously measured for drops larger than
1 mm diameter. Laboratory and field observations are needed to test our parameteri-
zation over a wider range of drop diameters. Modeling the diffusion has several broader
applications: it yields the humidity as a function of distance from an isolated drop, and
it can be used to account for the effect of diffusive conduction and evaporation on drop
temperature.

Small evaporating sea spray droplets (D =0.01-1.0 mm) would be enriched by these
kinetic effects. Modeling the evaporation of sea spray must also include the effect of the
concentrated salt solution, which is beyond the scope of this article, but measurement
of the stable isotopes in surface atmospheric water vapor, the surface ocean, and the sea
spray would help constrain the rate of evaporation from the sea spray relative to evap-
oration from the surface.

A broad range of drop sizes in the DSD further enriches the isotope ratio of the
evaporated water. The precocious complete evaporation of small drops enriches dp of
the resulting vapor by +10 % compared to a single drop. Because small drops evapo-
rate quickly and completely, cumulative vapor evaporated from realistic drop size dis-
tributions become enriched quickly to §=-20 %o even with a large fraction f ~ 0.95 of
the rain remaining.

The rain isotope flux divergence yields the isotope source representative of undi-
luted evaporative downdraft cores. Decomposition of the deuterium rain flux divergence
demonstrates that evaporation and equilibration with the surrounding vapor enriches
drops, and the evaporation of these drops enriches the subcloud air deuterium by 12 %o per
1 mm of rain accumulation. Secondarily, the rain transports relatively less enriched lig-
uid downward.

The model formulated by following the Lagrangian trajectories of drops resolved
by their initial size and stable isotope ratio is conceptually and computationally expe-
dient for evaluating rain evaporation and its resulting vapor. The prediction of rain mass
evaporation is more computationally expensive than the isotopes, but solutions are sim-
ple nearly elliptical curves. The model can be evaluated for over large steps, or at high
resolution, enabling computation of sources of stable isotopes by the rain, which can be
used interpret observations and models of rain, evaporated water vapor, and their sta-
ble water isotopes.
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Appendix A The laminar length scale [,

In a laminar layer of thickness [, the rare water vapor isotopologue diffuses slower
than the abundant vapor. Beyond this laminar layer, eddy diffusivity dominates, which
diffuses both isotopologues equally. We parameterize the laminar layer thickness as

l,=v/U
with kinematic viscosity v and velocity scale U.

The velocity scale U is the speed of the drop relative to the surrounding air. U is
usually found from the fall velocity of the drop. Small droplets (Reynolds number Re =
DU /v < 1) fall with the weak velocity Stokes solution. Turbulent air velocities also ac-
celerate the droplets, resulting in relative velocities.

We first neglect gravity and consider a velocity component of the droplet u suspended
in air with velocity wuq;,.. The relative speed in this component is ' = w4 — u. The
inertia of the drop is balanced by the drag by the surrounding air:

du - ™ 3du _ T .2
mE — GplD i 8pD CD(uazr U)|Uazr u
S0 du 3 [3 D( )| |
— = - — (Uqir — U)|Ugir — U
dt  4p D

Multiplying the equation of motion by the relative velocity u’, we write the eddy kinetic
energy u'2/2 equation. Neglecting correlations between anomalies v and g,

d ’U/Q

g = k| = —k[u;, — |
ith
" L_35Cp
C4p D

Though the turbulence can drive temporary velocity anomalies, mean relative velocity

kinetic energy strictly dissipates by drag. Its decay rate goes to zero when the third mo-
ments of air and drop velocity balance: u3, = u3. Though the third moments are not
equivalent to second moments, we assume the third moments are equal when the vari-

ances are equal u?

— 2
air — U7

The turbulent kinetic energy TKE is proportional to any one component of the air
velocity,
u?, = 2TKE/3.

air
The air and drop velocities are uncorrelated so
u? = (U — ugir)? = 0% +u2;, = 2u2, =4TKE/3.

air

All three components of the velocity are geometrically orthogonal, and the mean fall ve-
locity Uty is statistically orthogonal, so their magnitudes add in quadrature,

U = (4TKE + U2, (A1)

This drop-relative velocity is used for calculation of the laminar length scale. The con-
tribution of the TKE is small, compared to the fall velocity.

Appendix B Temperature and humidity of the drop and environment
B1 Saturation deficit

Drops nearly approach the wet bulb temperature (Stewart, 1975) in an environ-
ment of uniform specific humidity ¢ and adiabatic temperature. We first rewrite 1 by
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noting the kinematic vapor diffusivity in air is Ko = kya/p and Ap,/p = Aq = ¢5(T})—

qa SO
dD  Afikya

dz  DUgaijy
We linearize the local saturation specific humidity gs(7)-) of the drop about a represen-

tative temperature T. The humidity of the air ¢, = qS(To) is saturated at the cloud
base at temperature Ty. The linearization for Aq about T is

Ag.

9qs
Aq = qs(Tr) — Ga = <%) R (T’I" - T) —da-
T

The drop temperature is very near the wet bulb temperature of the environment, yield-
ing

0qs
Aqg = (a%)T Fw(zl — TwUfall)

where 2/ = zg — z > 0 is the displacement fallen from cloud base, and
T = Taa (1+ L(94s/OT)7/cp)

is the linearized lapse rate of wet bulb potential temperature. The adiabatic lapse rate

is I'ya = g/cp. This approximates the linear profile of RH used by Sarkar et al. (2023).
The heat transport length scale A = 7, Usa is the small downward displacement of cooler
wet bulb temperature by the falling drop. It is largest (32 m) for the largest drops at
cloud base (Appendix B), which is considerably smaller than turbulent displacements.
The turbulence and the small heat transport displacement shall be neglected for con-
venience.

B2 Drop temperature
A falling drop evolves toward a wet bulb temperature. Its temperature equation

g _ 12fTKTaﬁcp £ vava
dt D2ﬁlcw Cp fhKTa
with kinematic conductivity K7, = kra/(pcp), vapor diffusivity in air K,, [m? s™'],
density p; and specific heat of liquid water c¢,,, drop diameter D, and specific humidity
q = pu/p-. Solution and surface tension effects are important for very small droplets and
concentrated solutions (e.g., haze and sea spray; Andreas, 1995), but these effects are

neglected here. Radiative heating is also neglected. For typical temperature and pres-
sure below the cloud, K,,/Kr, = 1.16.

is

(T - Ta) + (QS (T> - Qa) ) (Bl)

The conventional wet bulb temperature T, is defined by ¢,(Two—Ta) = —L(gs(Two)—
da) but inspection of equation B1 shows that the equilibrium wet bulb temperature of
a drop is slightly modified by the ratios, of vapor to temperature, of ventilation factors
and diffusivities,
Ty=T,— (L/Cp)(vava/fhKTa)(qs (Tw) - qa)- (B2)

It still depends mostly on the environment 7, q,, and slightly on the diameter through
the ventilation factors. The ratio of the ventilation factors f,/f} is nearly unity (Abra-
ham, 1962). This effect is parameterized in the body of the paper by n = p,,/rho. The
diffusivity ratio K, /K1, = 1.16 results in a 6% increase of the air-drop temperature
difference T, — Ty, compared to T, — T0.

The wet bulb temperature is practical to measure, yet it cannot be found analyt-
ically from air temperature and humidity because the empirical equilibrium humidity
(gs(T)) cannot be inverted analytically. Corpart et al. (2023) solve for the drop temper-
ature by approximating the equilibrium humidity by a quadratic. Calculating the deriva-
tive Oqs/0T) by automatic differentiation, we solve equation B2 numerically within 1073
K in two iterations of Newton’s method.
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618 How fast does the drop approach T,,7 The time scale for temperature conduction

619 is R 1
_ (12fhKTapC;D>
T =\ —T" .

D2ﬁl Cw
620 The wet bulb adjustment is faster because of the evaporative heating term. Linearizing
61 the saturation specific humidity about the wet bulb temperature, T, ¢—qs(Tw) = (9qs/0T) 1, (T—
622 T,), we find the temperature equation adjusts as,
dr
ar =—(T-Ty)(1+8)/mr = —(T = Tw)/Tw
623 with
g L foFw <3qs) L (3qs>
cp frEra \OT ) ¢y \OT )~
624 The conductive-evaporative temperature adjustment timescale for the drop is
Tw :TT/(1+ﬁ)7 (B3)
625 which is (14+3) ~ 2.8 times shorter than 7 at 7' = 290 K. This timescale will be used
626 to compute the distance drops fall as their temperature adjusts.
627 Fall transport
628 Drops are cooler than the local wet bulb temperature of their environment, because
629 they fall from the cooler environment aloft. In the drop’s frame of reference, T, of the
630 environment warms as the drop descends
dT.
(d_w> = +Ufallrw
t / tan

631 with lapse rate Iy, = dT,,/dz < 0 and downward velocity Ug.y = —dz/dt > 0. The
632 equilibrium depression from the wet bulb temperature AT =T —T,, is solved by bal-

633 ancing this falling source and the evaporative-conductive temperature source above:
d d d
0= dt AT = <dt AT) evap—cdct - (dt AT) fall a AT/Tw " Ufalll—‘w'
634 The drop temperature T is cooler than the surrounding wet bulb temperature T, be-
635 cause the drop T adjusts to the environmental T;, over an integral length scale A = 7, Uta1,
636 and
T =T, + Aly.
637 The adjustment length scale A is largest for large drops, reaching 30 m for drops D >
638 1 mm. This diagnoses a 1.0 mm drop has temperature 7' = T, — 0.2 K and 0.1 mm
639 drop has T'=T,, — 0.001 K. The difference T'— T}, is also small in numerical integra-
640 tions of B1. The adjustment length scale has been neglected in calculations in the body

641 of this paper.

642 Open Research
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Figure 4.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 11.
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