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ABSTRACT

The most basic aspect of cloud formation is condensational growth onto cloud condensation nuclei (CCN).
As such, condensational growth of cloud drops is often assumed to be a well-understood process described by
the drop growth equation. When this process is represented in models, CCN activate into cloud drops at cloud
base, and it is often assumed that drops consist of pure water or that the hygroscopic contribution after drop
activation is small because of the inclusion of only small CCN. Drop growth rate in adiabatic ascent in such
models is proportional to supersaturation and assumed to be inversely proportional to the drop radius,
thereby making the drop spectrum narrow with altitude. However, the present study demonstrates that drop
growth on giant sea-salt aerosol particles (GCCN; dry radius r; > 0.5 um) behaves differently. For typical
marine stratocumulus updrafts and for drops grown on GCCN with sizes r; £ 2 um, these drops typically
remain concentrated salt solutions. Because of this, their condensational growth is accelerated, and they
rapidly attain precipitation drop sizes through condensation only. Additionally, drops formed on GCCN may
also grow by condensation in cloudy downdrafts. The strong effect of condensation on GCCN is important
when carried through to calculating rain-rate contribution as a function of aerosol size. GCCN larger than
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2 um account for most of the rainfall rate in the modeled precipitating marine stratocumulus.

1. Introduction

Clouds and aerosols have major impacts on climate
(IPCC 2013). Marine boundary layer clouds in partic-
ular, including marine stratocumulus, cover about 22%
of the ocean surface (Eastman et al. 2011) and play a
key role in climate. Aerosols affect cloud albedo
through the concentration of activated cloud drops
(Twomey 1977), and aerosols affect a cloud’s ability to
develop precipitation and therefore the lifetime of the
cloud (Albrecht 1989). Model parameterizations of the
development of clouds are an integral part of climate
models, and many observational studies of marine
stratocumulus are based on the fact that models
struggle to represent them accurately (e.g., Wood
et al. 2011).
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Much of the emphasis on understanding precipitation
formation in marine stratocumulus and other warm
clouds (no ice phase) has been on coalescence between
cloud drops, notably gravitational stochastic co-
alescence (Telford 1955; Tzivion et al. 1987; Jensen and
Lee 2008; etc.), turbulent entrainment (Baker and
Latham 1979; Jonas 1996), turbulent enhancement to
gravitational coalescence (e.g., Franklin et al. 2005;
Wang et al. 2006), and radiative effects (e.g., Roach
1976; Lebo et al. 2008). In contrast, the condensation
process leading up to the onset of coalescence has
been accepted as being reasonably well described
Pruppacher and Klett (1997), at least in the absence of
entrainment (e.g., Baker and Latham 1979). Yet, in
this manuscript we argue that many cloud process
models and climate models miss important aspects of
condensation in marine stratocumulus and, in part
because of this, have inaccuracies in marine strato-
cumulus properties that can have further impacts on
calculations of Earth’s radiative balance. Micro-
physical parameterizations usually include conden-
sation on small aerosol particles called cloud
condensation nuclei (CCN). These particles are typi-
cal accumulation-mode particles and consist of sul-
fates and some sea salt (Gras and Ayers 1983) and an
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organic contribution (Novakov and Penner 1993).
However, studies frequently omit condensation on
giant sea-salt aerosol particles, also known as giant
cloud condensation nuclei (GCCN) (all used in-
terchangeably), here defined as having a dry radius
rq > 0.5um. If cloud and climate models include
GCCN, this is often done only at cloud base (e.g.,
Fountikis and Nenes 2005, coarse mode aerosol)
during the cloud droplet activation process. Many
cloud models and cloud parameterizations omit con-
sideration of the solute effect of GCCN particles on
drop growth throughout the entire cloud (e.g., Lin
et al. 1983; Feingold et al. 1999; Khairoutdinov and
Kogan 1999, 2000; Morrison et al. 2005; Liu et al. 2006;
Thompson and Eidhammer 2014). Some studies that
do include the solute effect of GCCN through the
entire cloud lifetime are Johnson (1982), Cooper et al.
(1997), Blyth et al. (2003), Lasher-Trapp et al. (2005),
Jensen and Lee (2008), Magaritz et al. (2009),
Lowenstein et al. (2010), and Cooper et al. (2013).
Additionally, there is a family of models like that of
Shima et al. (2009) that calculate detailed condensa-
tional growth in a probabilistic sense.

Giant sea-salt particles, formed by breaking waves,
are a ubiquitous part of the aerosol population in marine
regions. The concentration and sizes of giant sea-salt
aerosol particles vary as a function of wind speed
(Woodcock 1953; see also the review in Lewis and
Schwartz 2004). In the late 1950s, Mordy (1959) fol-
lowed on a study of condensational growth by Howell
(1949) by including giant sea-salt aerosols as part of the
aerosol population. Mordy (1959) states clearly that, in
condensational growth on sea-salt aerosols, larger par-
ticles grow more rapidly. The important impact of giant
sea-salt aerosol particles in condensational growth and
warm cloud formation has been known for decades, yet
even today they are not often included in microphysical
parameterizations in models. While condensational
growth is reasonably well understood, we will argue that
common simplifications to the growth of drops formed
on GCCN particles result in an underestimation of their
importance for warm rain formation. Among omissions
is the importance of considering cloud drops formed on
GCCN as concentrated, not dilute, salt solutions. To
demonstrate this, we will reexamine the drop growth
equation and the common simplifications used in im-
plementing it into models.

The ability to understand the development of warm
clouds and the formation of warm rain in a numerical
model is a multifaceted problem. It requires the ability
to capture aspects of cloud dynamics, including updraft
strength, cloud-top height, turbulence, and collision
and coalescence. Here, we take a narrow view of the
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problem by mostly focusing on the microphysical aspect
of condensational growth in warm marine clouds. We do
so by prescribing the dynamical aspects of a cloud in a
simple theoretical model to measure changes in drop
sizes activated on both accumulation-mode and giant
sea-salt aerosols. We recognize that other approaches
are equally valid but here choose to take a narrow view
of the problem by focusing on the role of condensational
growth onto both small CCN and larger GCCN. While
the issue of condensational growth and the ability of
giant nuclei to generate drizzle-sized drops has been
studied in the past [Howell (1949) and Mordy (1959),
among others], our approach and perspective is unique
and sheds new light on an age-old problem that still
exists today.

In the following manuscript, methods are included in
section 2. This includes a description of the drop growth
equation and model in section 2a and an overview of
CCN and GCCN distributions used in section 2b. Re-
sults of a simple adiabatic parcel model used to calcu-
late drop growth are covered in section 3a for
stratocumulus and in section 3b for cumulus clouds, in
both cases with a limited number of accumulation-
mode aerosol and GCCN scenarios. Details of super-
saturation and accelerated drop growth on GCCN are
described in section 4, and the pure water hypothesis
after drop activation is explored in section 5. An
analysis of precipitation formation is conducted in
section 6 to quantify the importance of GCCN when
gravitational coalescence is included and to investigate
which aerosol sizes are responsible for most of the rain
rate. Finally, a discussion is in section 7, and a summary
is in section 8.

2. Methods
a. Drop growth equations

The condensational growth of a cloud drop is de-
scribed by the drop growth equation: that is (Grabowski
et al. 2011),

dr 1

drr

¢ o[ 20, 370mM,
exp Rp, Tr d4mp M (r’—r)) 1
PRI . L, ( L, 1) - 0

eD KT \RT
where r is cloud drop radius, r, is the dry aerosol radius,
S is the saturation ratio (e/e,), and the rest of the vari-
ables are given in a symbol list in appendix A.

The first term in the numerator parentheses is the
surface tension term, which is mainly important for very
small drops (typically r < 1 um). The second term in
the numerator parentheses is the solute term; this term
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is a key focus of this paper. In particular, the ratio of
salt mass to volume of water in a drop, m/(r* —r}) in
Eq. (1), is much larger for drops formed on GCCN than
for drops formed on small CCN, even as the GCCN
drops grow very large by condensation.

Andrejczuk et al. (2008) and Grabowski et al. (2011)
have defined the equilibrium saturation ratio S, (when
drldt is zero), which we give here in the following form:

20, 37dmM,
Rp Tr Amp M (rP —r))]

Seq =exp

2
Thus, the growth of a drop is proportional to an effective
drop saturation ratio S, here defined as

S=5—S, 3)

For 1) highly dilute drops (r > r,), 2) letting the inverse
of the denominator of the second term in Eq. (1) be
expressed as G (only a slowly varying function of drop
size), and 3) doing a Taylor series expansion of the ex-
ponential function (keeping only the first two terms),
simplifies Eq. (1) to the following:

w

Rp, Tr

drr

dr G( 1 20 3*'7/(I>SmSMW>

4
dmp M 13 “)
This equation may be further rewritten to be in a form
similar to, for example, that of Rogers and Yau (1989):

ar G a b
= —1=-Z4+=
dt r (S ! )’ )

where a and b are parts of the drop surface term and
drop solute term, respectively.

In contrast to the above, models that assume drop size
distribution shapes come with their own host of as-
sumptions and consequences (e.g., gamma distributions,
typically with determined breadth that do not allow for
natural development of the distribution tail), and such
models typically assume that drops consist of pure water
and that the surface term can be neglected; thus, the drop
growth equation is further simplified to the following:

dar_ G

T=Z(s-1). ©)

The assumption of highly dilute drops is a particular
concern for marine clouds. During moderate wind con-
ditions, marine clouds form in air with GCCN of sizes up
to ry ~ 10 um (Woodcock 1953; Jensen and Lee 2008), a
substantial mass of salt that impacts drop growth.

In the remainder of the present study, we use a ver-
sion of the Jensen and Lee (2008) adiabatic parcel
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model for calculation of condensational drop growth
described in its complete form in appendix B. This
model has predictive equations for drop radius r, water
vapor mixing ratio q,, temperature 7, air density p,,
and altitude z. The model pressure is diagnosed using
the hydrostatic equation, and total water mixing ratio
q, and moist static energy H are conserved. Addition-
ally, we use the drop growth equation in the full form
[Eq. (1)], as well as in some sensitivity study cases
omitting the solute term, thus effectively assuming pure
water drops. The model does not include radiation,
sedimentation of particles, nor turbulent enhancement
to coalescence; these limitations will be further con-
sidered in the discussion in section 7. As our main focus
is on comparing drop growth rates, we specify simple
kinematic parcel trajectories, usually consisting of an
updraft followed by a downdraft, both with constant
speeds. Because these values differ in various sensi-
tivity tests, these values will be given in their corre-
sponding section.

Mordy (1959) was a pioneer in cloud modeling with
giant sea-salt aerosols and drop growth. We build on the
work of Mordy (1959) in the following ways:

1) Mordy (1959) begins calculating drop growth at a
relative humidity of 99% or larger, whereas we
initialize drop growth much earlier at a RH of
86%: that is, well below cloud base.

2) Mordy (1959) only considers an updraft, whereas we
consider both updrafts and downdrafts.

3) We use the equilibrium saturation ratio S.q, as stated
in Eq. (2); in a similar equation, Mordy (1959) makes
the following approximations [see his Eq. (2)]:

(i) the terminexp(...)in our Eq. (2) is near unity,
such that a Taylor series expansion (retaining only
the first two terms) can be used for simplicity,

(ii) drops are dilute, and
(iii) the solute effect can be described by a constant
van’t Hoff factor (i = 2):

20 3im M
=1+ w sTw

Seq Rp,Tr 4mp M1 @

In contrast to approximations 3(i)-3(iii), we retain in
our Eq. (2) the full exponential function, we treat the
solute effect as m,/(r* — r3), where Mordy (1959) uses
my/r’, and we allow for a full chemical potential
formulation for NaCl-containing drops. Finally,

4) Mordy (1959) includes drop ventilation, whereas we
do not include this in the drop growth equation, as it
is not important for drops smaller than 60 um (Keith
and Arons 1954).
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TABLE 1. Submicrometer aerosol distributions, modified pol-
luted and pristine, each consisting of two lognormal distributions,
each with total number concentration N,, geometric mean dry ra-
dius 74, and geometric standard deviation o, based on Grabowski
et al. (2011). Aerosols were defined in 100 bins covering the size
range 0.01-0.5-um dry radius (equivalent to 0.02-1-um dry di-
ameter, thus submicrometer), and all aerosols are assumed to be
NaCl. The modified polluted aerosol concentration was reduced by
70% relative to the polluted aerosol concentration (Grabowski
et al. 2011, their Table 5), while the pristine values remain
unchanged.

Modified polluted Pristine

Na (Cm73) Tdg (/“’m) o

1.20
1.70

Na (Cm73) Tdg (M’m) Og

1.36 125
1.57 65

Mode 1 48
Mode 2 114

0.029
0.071

0.011
0.06

b. CCN and GCCN

Cloud drops in the adiabatic parcel model rely on an
initial distribution of aerosols to act as cloud con-
densation nuclei. The primary aerosol distribution,
based on Grabowski et al. (2011), is listed as the
“modified polluted” case in Table 1 and as shown in
Fig. 1. It consists of two lognormal modes, discretized
into 100 bins covering 0.010-0.5-um dry radius. The
aerosol concentration has been reduced by 70%,
hence the name ‘“‘modified polluted,” to better match
the average drop concentration of about 150cm >
in the 2008 Variability of the American Monsoon
Systems (VAMOS) Ocean—-Cloud-Atmosphere-Land
Study (VOCALS) project NSF/NCAR C-130 aircraft
soundings through the depth of about 80 clouds. For a
description of the VOCALS project, see Wood et al.
(2011), and, for VOCALS aerosol observations, see,
for example, Blot et al. (2013) and Twohy et al. (2013).
Other model conditions are shown in Table 2. Note
that larger GCCN with typical residence times
of some hours are mostly generated locally in the
VOCALS region, whereas smaller CCN and GCCN
with residence times of days may also be generated
externally to the VOCALS region and advected into
the study area.

Multiple sensitivity tests are performed that include
varying combinations of accumulation-mode aerosol
distributions and GCCN. In addition to the modified
polluted aerosol distribution, we use the “pristine”
aerosol distribution (see Table 1) from Grabowski et al.
(2011) to investigate drop growth in clean atmospheric
conditions. Given that marine boundary layer clouds
frequently occur over regions of breaking ocean waves,
we augment the previously used submicrometer aerosol
size distribution in some sensitivity tests with an ob-
served size distribution of GCCN particles.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 74

10°

T T T
TR

Modified polluted

VOCALS GCCN

100

10" .
0.01 0.1 1 10

rg (Lm)

FI1G. 1. Concentration spectrum of assumed size distribution for
accumulation-mode aerosol particles, based on the modified pol-
luted two-mode lognormal spectrum given in Table 1 and the
GCCN measured from the NSF/NCAR C-130 on 18 Oct 2008
during the VOCALS deployment given in Table 3.

Some prior studies have used particle probe obser-
vations of solution drops below cloud base (e.g.,
Lasher-Trapp et al. 2002; Reiche and Lasher-Trapp
2010), but purely optical measurements using scat-
tering probes may be affected by Mie uncertainty at
small sizes or by sample volume uncertainty in the
case of optical array probes. By contrast, in VOCALS
we directly impacted GCCN particles onto poly-
carbonate microscope slides using the Giant Nucleus
Impactor (GNI) and subsequent laboratory analysis.
The slides were exposed at an altitude of 140 m (sev-
eral hundred meters below cloud base) in the free
airstream outside the NSF/NCAR C-130 during the
2008 VOCALS deployment over the southeast Pacific

TABLE 2. Model conditions for the drop growth model.

Initial pressure (hPa) 938.5
Initial temperature (K) 284.3
Initial dewpoint temperature (K) 282.01
Initial saturation ratio 0.8561

Initial altitude (m) 600

Cloud-base pressure (hPa) 906.5
Cloud-base temperature (K) 281.5
Cloud-base altitude (m) 887.6
Stratocumulus cloud depth (m) 300

Updraft (ms ') 0.4
Initial pressure (hPa) 938.5
Downdraft (ms™') -0.4
Cumulus cloud depth (m) 1500

Updraft (ms™ 1) 2.0
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FIG. 2. Image of impacted giant sea-salt aerosol particles on
a polycarbonate slide. The slide was exposed on the NSF/NCAR
C-130 during the VOCALS deployment on 18 Oct 2008. Prior to
being digitally photographed, the slide was inserted into a chamber
with a constant relative humidity of 90% for more than 12 h; thus,
sea-salt particles become solution cap drops on the slide. The slide
is photographed from above, and the grid lines are separated by
37 um. The largest particle on this image has a calculated equiva-
lent NaCl dry radius r, = 6.6 um. See also Table 3 and Fig. 1.

off the coast of northern Chile. After exposure, the
slides were stored in desiccated test tubes and sub-
sequently analyzed in a microscope laboratory at
NCAR. In the laboratory, the slides were inserted into
humidified air (RH = 90%) and photographed digi-
tally. One image out of 340 such images from a single
microscope slide is shown in Fig. 2; this image was then
used to derive the NaCl equivalent particle mass for
each imaged GCCN particle using the Kohler equa-
tion. The observed GCCN size distribution for all 340
images from the slide contains particles from 0.7- to
9.1-um dry radius and is shown in Fig. 1 and in table
form in Table 3. Tang et al. (1997) have shown that the
hygroscopic behavior of NaCl particles is nearly
identical to that of pure sea-salt aerosols. At 65% RH,
GCCN with ry =5um (r=7.5um) have terminal ve-
locities of about 0.01ms~ !, thus settling out of a
600-m-deep mixed layer in less than 18 h. Such parti-
cles are thus expected to be generated in the VOCALS
domain, whereas some much smaller GCCN with
longer lifetimes may have been advected in from
upwind areas.

The result of the simple adiabatic parcel model cal-
culations are presented in the next section using these
aerosol distributions as the cloud condensation nuclei
upon which cloud drops can grow. A full description of
caveats, simplifications, and limiting assumptions will
be given in section 7.
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3. Results: Adiabatic condensational drop growth

a. Marine stratocumulus clouds

1) MODIFIED POLLUTED AEROSOL DISTRIBUTION

The result of the first model calculation is shown in
Fig. 3, using only submicrometer dry aerosol particles
from the modified polluted aerosol distribution. The
model is initialized at nearly 300m below cloud base,
where solution drops are in equilibrium with the ambi-
ent humidity at 85.6%. Mordy (1959) initialized drops
either at equilibrium size at RH = 99% or higher,
Cooper et al. (1997) initialized drops at RH = 95%
equilibrium size, but the present calculation gives a
more accurate description of the changing drop size as
they are embedded in a rising airstream. Figure 3 shows
1) ascent from 300 m below cloud base to 300 m above
cloud base (to cloud top), with a typical stratocumulus
constant updraft of 0.4ms~' and 2) followed by a de-
scent of 300m from cloud top to cloud base, in this case
with a constant downdraft of —0.4ms ™. Also shown in
Fig. 3 is the drop growth of five representative aerosol
sizes (out of 100 aerosol sizes) in the updraft (red curves)
and the subsequent downdraft (blue curves). The
growth curves span the aerosol size range that lead to
activated cloud drops; the smallest aerosols are not ac-
tivated into cloud drops. The familiar narrowing of the
drop size distribution with height in the cloud is visible
from the values of the cloud drop spectral parameters
given in the top half of Table 4 for selected heights
above cloud base.

Drops formed on the smallest of the activated
aerosol particles are smaller in downdrafts than in
updrafts (Fig. 3; see also Lebo et al. 2008), even to the
extent that some evaporate completely in downdrafts
before reaching the cloud-base altitude (altitude
where saturation was first met in the initial updraft).
Drop sizes for many larger aerosol sizes are larger in
downdrafts than in updrafts (Fig. 3). Thus, differences
in aerosol mass, even for small accumulation-mode
aerosol particles, result in different behavior de-
pendent on drop size in up- and downdrafts (see also
section 4). The right side of Fig. 3 shows the familiar
development of the supersaturation with a peak at the
cloud drop activation region in the updraft (red curve)
and with a rapid change to a slight negative super-
saturation once the downdraft is imposed on the par-
cel at cloud top (blue curve).

2) MODIFIED POLLUTED + GCCN AEROSOL
DISTRIBUTION

Next we add GCCN to the modified polluted aerosol
distribution, and the same model is used to calculate
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TABLE 4. Drop spectral properties as a function of altitude above cloud base z. The table lists mean cloud drop radius 7, drop spectral
width o, and drop dispersion /7. The top part of the table refers to calculations with only submicrometer aerosols from the modified

polluted distribution (Mod. polluted; r; <0.5 um), and the bottom part refers to calculations with both the modified polluted sub-

micrometer aerosol distribution and giant sea-salt aerosol particles (Mod. polluted + GCCN; r,; <9.2 wm) (see Tables 1 and 3).

Updraft Downdraft
Aerosols z (m) 7 (um) o (um) olF 7 (um) o (um) ol
Mod. polluted 300 9.77 0.31 0.032 9.77 0.31 0.032
Mod. polluted 250 9.20 0.32 0.035 9.23 0.33 0.036
Mod. polluted 200 8.54 0.34 0.039 8.57 0.36 0.042
Mod. polluted 150 7.75 0.36 0.046 7.80 0.39 0.051
Mod. polluted 100 6.75 0.38 0.057 6.82 0.45 0.066
Mod. polluted 50 5.28 0.44 0.083 5.43 0.57 0.105
Mod. polluted + GCCN 300 9.77 0.40 0.041 9.77 0.40 0.041
Mod. polluted + GCCN 250 9.19 0.41 0.044 9.21 0.43 0.047
Mod. polluted + GCCN 200 8.52 0.41 0.048 8.56 0.46 0.054
Mod. polluted + GCCN 150 7.73 0.43 0.055 7.78 0.51 0.065
Mod. polluted + GCCN 100 6.73 0.45 0.066 6.79 0.57 0.084
Mod. polluted + GCCN 50 5.26 0.45 0.093 5.38 0.69 0.129

of GCCN. However, this is only part of the picture,
because the properties of the many small drops mask the
changes happening at the tail of the distribution with the
large drop sizes. Figure 4 shows that drops formed on
GCCN while in cloud grow much faster by condensation
than drops formed on submicrometer aerosol particles;
submicrometer drops grow by about 10-um radius from
cloud base to cloud top, whereas, for example, drops
formed on GCCN with r; =9 um grow by 17 um from
cloud base to cloud top. This is an accelerated drop
growth, and the difference in growth rates is contrary to

as often found in the western part of the VOCALS
flight domain. To investigate drop growth in clean
atmospheric conditions, we used the Grabowski
et al. (2011) pristine aerosol size distribution (see
Table 1). The additional GCCN portion of the
aerosol spectrum was kept unchanged (Table 3) as
wave action and giant aerosol production are as-
sumed independent of the degree of air pollution.

the traditionally assumed 1/r growth rate. Accelerated :Zz ;rd (um) = _ :Zz ;—'Updraﬂl E
growth of larger drops has also been calculated in prior E 011 ]2345678[9 ] E — Downdraft J
modeling studies of mixed-phase clouds (i.e., Lebo et al. 300 E 3 300 E 3
2008), but the extent of the growth rates on the present 250 F q 250 F 3
GCCN size distribution is larger because of the inclusion £ 200 F 3 200 E 3
of GCCN sizes to 9-um dry radius. N 150 _ _ 150 _ _
What is perhaps even more unexpected is that the § 100 3 E 100 3 E
drops formed on GCCN of r; £ 2 um continue to grow 3
by condensation in cloudy subsaturated downdrafts é 50 £ / J / / E 50 £ ) E
(blue curves in Fig. 4). This is contrary to the evapora- ¢ 0 /7% 4 /; ~iond b‘a‘se‘; 0 o
tion in downdrafts experienced by drops formed on .§ 50 E / / ] s F E
§mall accumulation-rpode aerosol particles (blue curves § 100 E —|Updratt 3 -100 F 3
in Fig. 3) Condensation makes the largest drops shown % . — | Downraft 3 150 3 3
grow by more than 5 um in downdrafts, whereas drops ] 3 E 3
formed on submicrometer aerosol particles evaporate, 200 £ 3200 E
for a size loss of about 9 um. Although the behavior -250 F q-250 F 3
of condensational drop growth in downdrafts is most 300 Brinihib v ntven v tennd 300 Butiadund
apparent for drops formed on the largest dry radius 0 10 20 r(i?n) 40 50 60 -1.0 so(-o(;) 1.0

(rs =9 pm), the effects remain for drops grown on
GCCN sizes with ;> 2 um.

3) PRISTINE + GCCN AEROSOL DISTRIBUTION

Next we consider drop growth in clean atmo-
spheric conditions with low aerosol concentrations,

FIG. 4. As in Fig. 3, but for the modified polluted + GCCN case.
Note that drops formed on GCCN particles grow considerably in
cloud because of condensation, so much so that they accelerate
away from the main cloud drop peak (exemplified by r; = 0.1 um)
during upward motion, and that many such drops continue to grow
considerably by condensation in the subsaturated downdraft.
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FIG. 5. As in Figs. 3 and 4, but for the pristine + GCCN case.
Note that drops formed on small aerosol particles (r; ~ 0.1 wm) are
much larger (=17 um) at cloud top, in comparison to the modified
polluted + GCCN case in Fig. 4. In contrast, drops formed on the
largest of the giant aerosols are fairly similar in size to those for
more polluted air (Fig. 4). Drops formed on smaller GCCN may
grow somewhat faster in this less polluted aerosol environment.

Figure 5 shows the resulting growth curves for a single
representative submicrometer aerosol and 9 GCCN size
classes, as well as the supersaturation profiles for up- and
downdrafts. This clean case has a higher overall super-
saturation than the modified polluted case. This is ac-
companied by a lower drop concentration of about
29cm? (vs. about 148 cm ) at cloud top, and it results
in the r; = 0.1 um cloud drop growing to 16.7 um (vs.
about 9.8 um in the modified polluted case). Note that
the largest GCCN particles lead to nearly unchanged
condensational drop sizes (cf. Fig. 5 to Fig. 4).

b. Marine cumulus clouds

Based on the pattern of drop growth on GCCN in
marine stratocumulus and the saturation ratio relation-
ships [section 3a(2) and later in section 4], it is simple to
predict the effects of GCCN condensational drop
growth in small adiabatic marine cumulus. Such small
cumulus include trade wind cumulus (Rauber et al.
2007), cumulus rising into an overlying marine stratus
deck (Jensen et al. 2000), and the similar cumulus ris-
ing into overlying stratus in the western part of the
VOCALS domain (Cui et al. 2014, their Fig. 15). Based
on sections 2a and 3a(2) and later in section 4, it can be
expected that, for a given GCCN size distribution, res-
idence time in cloud is likely a critically important factor
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FIG. 6. Drop growth curves for a simulated cumulus cloud. As in
Fig. 4 with modified polluted + GCCN, but for an updraft of
2ms ! and for a 1500-m-deep cloud. Only updraft curves
are shown.
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to determine the condensational growth of the largest
GCCN since GCCN drops often grow throughout their
entire time in cloud, regardless of vertical motion.

To test this, a calculation was done with a steady up-
draft of 2ms ™! (typical of many small marine cumulus)
and for a total cloud height of 1500 m, both values 5
times greater than the marine stratocumulus case pre-
sented in section 3a(2). The calculation, using the
modified polluted size distribution (Table 1) and the
GCCN size distribution (Table 3) resulted in activation
of a drop concentration of ~157 cm ™. Figure 6 shows
that drop growth on GCCN at 1500 m above cloud base
is similar to those at the top of the marine stratocumulus
(Fig. 4), in particular for those grown on the largest of
the GCCN. We note that the time in cloud for ascent to
cloud top is 750 s for both cases and that the drop growth
for the largest GCCN is remarkably similar for the
stratocumulus and cumulus cases, further emphasizing
the importance of time spent in cloud.

4. Supersaturation and accelerated drop growth of
GCCN drops

To understand the growth rates for drops formed on
large GCCN, it is necessary to examine the difference
between the actual saturation over pure water and the
effective saturation for a solution drop. In examining
drop growth, it is often convenient to discuss the



MARCH 2017 JENSEN AND NUGENT 687
400 (T T T T 400 T T T T T T
[ — SS(%) ] F — SS (%) ]
350 [ " S8 (%) forrg=0.1 um | — — S8 (%) for r,=0.1 um 350 o 88, (%) for r;=0.1 um | — — SS4 (%) for rs=0.1 ums
[ ~-- SSq (%) for ;=2 pm — — SS¢ (%) for rg=2 um 1 F == SS (%) for rg=2 um — — S8 (%) for rg=2 um ]
s © 88 (%) for rg=9 um — = S8 (%) for rg=9 um b - S8, (%) for rg=9 um — = 88 (%) for rg=9 um b
£ 80 F 4 Updraft bt 1 %°F b.Downdraft : E
N [ [N [ EI ]
¢ 250 F Lo {1 250 |
3 o ] C ]
o 3 g g
3 : Lo ] F ]
3 200 F 1 200 b
S [ [ 1
2 [ | \ [ y
8 150 o 1 150 ]
o i [ ]
3 g N ] i ]
£ 100 | ! \ \ 1 100 | b
< SR B 1 b ]
L [ \ \ J L HE I J
50 dok \ b 50 | : b
[ o b \ ] [ HE h
s ' ' S~ S~ E ) L
0 T P SR Y 0 1 RN O/ B N TN
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Supersaturation (%)

Supersaturation (%)

FIG. 7. Altitude variation of actual supersaturation SS (solid), equilibrium supersaturation SS., (dotted), and
effective supersaturation SS. (dashed) in (a) an updraft of 0.4 ms ™" and (b) a downdraft of —0.4 m s~ for aerosol
particles of r;, = 0.1 um (red), r; = 2 um (green), and r;, = 9 um (blue). This case uses the modified polluted +

GCCN aerosol spectrum.

supersaturation SS (% ) instead of saturation ratio S. The
supersaturation is defined as

SS=100X (S—1). (8)

Figure 7a compares the actual supersaturation SS, the
equilibrium supersaturation SS.q, and the effective su-
persaturation SS.i for three different aerosol sizes:
rg =0.1, 2, and 9 um. Here, the equilibrium supersatu-
ration SS.q (%) is defined as

SS,, =100 % (Seq -1). 9)
For a given GCCN mass m;, and drop size r, a GCCN
drop may be in equilibrium (dr/dt = 0) at a relative hu-
midity of, for example, 99% because of the large salt
content, or equivalently, a value of SS.q of —1%.

The difference between the actual supersaturation
and the equilibrium supersaturation is thus the effective
supersaturation SSeg:

SSes =SS =SS (10)
For a typical cloudy supersaturation of 0.2% in an up-
draft, and for the example of an equilibrium supersatu-
ration of —1% for a drop formed on a GCCN, the
effective supersaturation in this case results in
SSetr = 1.2%. Thus, for GCCN drops, it is possible to
have the effective supersaturation be many times more
than the actual supersaturation (in this hypothetical case
6 times more). In comparison to normal cloud drops

formed on small aerosol particles, this higher effective
supersaturation is the key reason that GCCN drops
grow faster by condensation in clouds; see also Kulmala
et al. (1997).

Returning to the parcel model calculation for calcu-
lating updraft conditions, the actual supersaturation is
the familiar black curve in Fig. 7a. The equilibrium su-
persaturation for small aerosol particles is slightly pos-
itive (red dotted curve), which is typical for dilute drops,
but the equilibrium supersaturation of drops formed on
the two GCCN sizes is still much less than zero (con-
centrated solution drops; green and blue dotted curves)
while in cloud in the updraft. However, the effective
supersaturation [Eq. (10)] is very large for both dis-
played GCCN sized particles (green and blue dashed
curves). At cloud top in this imposed updraft, the ef-
fective supersaturation for a drop formed on a GCCN of
rg =9 pm is 11.5 times larger than the actual supersat-
uration at that level. This clearly indicates that drops
formed on large GCCN cannot be considered dilute
drops and that they primarily grow condensationally by
being hygroscopic, not by the relatively small actual
supersaturation in cloudy updrafts. Importantly, the
growth rates of drops formed on the largest GCCN are
nearly identical in both the polluted environment
(Fig. 4) and the pristine environment (Fig. 5) because in
both cases their effective supersaturations SS.; are
much larger than the actual supersaturation SS.

In downdrafts, the actual supersaturation SS is
negative (Fig. 7b, black curve), and the effective
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F1G. 8. Condensational drop growth curves for a comparison of
pure water drops and drops on GCCN. Red and blue curves have
the same conditions as in Fig. 4, but black and green curves are for
pure water drops. The growth curve for a pure water drop initiated
at r = 1 um virtually coincides with the curve for drops grown on
rq = 0.1-um aerosol particles. At cloud base, the large pure water
drop initiated as » = 20 wm has the same size as the drop grown on
an ry = 4.2-um GCCN; however, the drops grown on GCCN grow
much more rapidly than the pure water drops.

supersaturation SS.i¢ for GCCN drops is somewhat
reduced though still positive (green and blue dashed
curves), yet drops formed on the largest GCCN still
grow considerably by condensation in the downdraft
because they are concentrated solutions; this is in
contrast to normal dilute cloud drops (formed on small
aerosol particles; red dotted and dashed curves) that
evaporate in cloudy downdrafts because of their neg-
ative Sseff.

5. The pure water hypothesis after drop activation
a. Drop growth through condensation

Several microphysics studies have attempted to rep-
resent the GCCN effect by adding large water drops to
the drop spectrum at cloud base. For instance, in order
to simulate the effect of GCCN drops Feingold et al.
(1999) added drops of r = 20 wm at cloud base of a ma-
rine stratocumulus but subsequently used the droplet
growth equation without the solute term. In the marine
cumulus study of Kogan et al. (2012), drops of up to
r=31.5 um were added at cloud base in place of track-
ing GCCN mass in the cloud drops. Likewise, for a
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climate model simulation of the effects of GCCN,
Posselt and Lohmann (2008) added pure water drops of
r=20um instead of tracking aerosol mass in GCCN
drops. This goes some way toward representing GCCN,
but it omits the added condensational effect of the solute
material in drops formed on GCCN while in cloud.

Figure 8 shows the drop growth curves for a subset of
the accumulation-mode and GCCN sizes previously
displayed, with the addition of curves for pure water
drops with radii of 1 and 20 um at cloud base. The
growth curves for pure water drops with »=1um at
cloud base, similar to the Khairoutdinov and Kogan
(2000) bin-microphysics large-eddy simulation study,
are virtually similar to the growth curves for drops
formed on an accumulation-mode aerosol particle of
rs = 0.1 um. Such drops formed on accumulation-mode
aerosol particles can thus be considered dilute a short
distance above cloud base.

In Fig. 8, the larger pure water drop only grows from
r=20um to r=232um from cloud base to cloud
top. For the same updraft, a GCCN particle with
rq = 4.2 um likewise has a radius of about 20 um at cloud
base but grows much more to r =32.4 um at cloud top
and then even more in the subsequent downdraft to
r=35.1 um. Retaining the solute term in the drop
growth equation versus assuming pure r = 20-um water
drops results in about 4 times larger condensational
growth from cloud base to cloud top. One way of
viewing this is to recognize that growth of the pure
water drop largely follows the (S — 1)/r relationship
from the drop growth equation, whereas the drops
with large GCCN solute mass mainly grow condensa-
tionally in response to SS.s, dominated by the solute
term of the drop growth equation, as opposed to the
actual supersaturation SS.

b. Drop growth through condensation and
coalescence

It is clear that GCCN mass has a major impact on
condensational drop growth, even past the traditional
threshold for drizzle drops, for example, r = 20 um (Wood
2005) or r =25 um (Khairoutdinov and Kogan 2000), but
is this condensational growth important in comparison to
the coalescence growth of such drops?

To answer this question, we add a gravitational co-
alescence calculation [see Egs. (B16)—-(B18) in appendix
B] to the results shown in Fig. 8; that is, we compare the
total drop growth (condensation and coalescence) for
the pure water drop initiated with » =20 um at cloud
base to the similar total drop growth (condensation and
coalescence) for the drop formed on a GCCN particle
with r; = 4.2 pum, which likewise has r =~ 20 um at cloud
base. The results are shown in Fig. 9. Only a subset of the
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FIG. 9. As in Fig. 8, but with inclusion of both condensation and
gravitational coalescence (see text in section 5b). Both the pure
water drop initiated at r =20 um and the GCCN drop with the
same size at cloud base grow by condensation and gravitational
coalescence as a result of collection of smaller drops (e.g., drops
grown on r; = 0.1-um aerosol particles, curve included for refer-
ence). But the added effect of coalescence growth is much stronger
for the GCCN drop than for the pure water drop (cf. to Fig. 8).

drop sizes are shown: 1) drops grown on accumulation-
mode aerosols (curves for r; = 0.1 um red and blue), 2)
the growth curves of a pure water drop initiated with
r =20 pum at cloud base (black and green curves), and 3)
the growth curves of a GCCN drop formed on an
rq = 4.2-um particle (red and blue curves).

The case demonstrated in Figs. 8 and 9 pertains to a
cloud drop distribution with a mean radius of 9.8 um at
cloud top; that is, so small that the cloud is not normally
assumed to have vigorous warm rain formation (e.g.,
Rosenfeld and Lensky 1998). Yet the growth curves for
the two cases of large drops (pure water and GCCN,
respectively) in Fig. 9 demonstrate that the condensa-
tional effect of large GCCN persists far into the size
range normally associated with drizzle drop sizes and
coalescence: as previously shown in Fig. 8, the pure
water drop, initiated with r = 20 um at cloud base grows
tor=22.2 um at cloud top (r = 20.9 um at cloud base on
return) when only condensation is included, and it grows
to r =23.9 um at cloud top (r =22.7 um at cloud base)
when both condensation and coalescence are included
(Fig. 9).

In contrast, the GCCN drop formed on an r; = 4.2 um
(=r=20um at cloud base) grows to r=32.4um at
cloud top (r=35.1 um at cloud base on return) when
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only condensation is included (Fig. 8), and it grows to
r=349um at cloud top (r=41.5um at cloud base)
when both condensation and coalescence are included
(Fig. 9). Thus, the drop formed on r; = 4.2 um reaches
close to double the size of the pure water drop when
both condensation and coalescence are accounted for.

This demonstrates that retaining the solute term for
condensational growth of drops formed on GCCN, even
in the presence of coalescence, for this case leads to
growth rates that are also 4 times larger than that of
drops initiated as pure water drizzle-sized drops at cloud
base. Thus, condensational growth of drops formed on
GCCN particles is important for the subsequent growth
of drizzle-sized drops, and inserting pure water drops of
r=20um at cloud base as done in, for example,
Feingold et al. (1999) and Posselt and Lohmann (2008)
may have underestimated the effect of GCCN on warm
rain formation.

We have done the same calculations for pristine air
with GCCN particles and for 1) condensation only and
2) condensation and coalescence. The result (not shown)
is that the condensational growth of drops formed on
GCCN leads to growth rates that are about 2 times
larger than that of drops initiated as pure water drops at
cloud base. Thus, even in pristine air, condensational
growth of drops formed on GCCN particles is important
for the subsequent coalescence growth of drizzle-
sized drops.

6. GCCN sizes and rainfall flux

The observed VOCALS GCCN spectrum (Table 3)
covers dry radii from 0.8 to 9 um, but what part of this
size range is responsible for most of the rainfall rate? Is it
the numerous small GCCN, the few very large GCCN,
or the intermediate range with total particle concen-
tration of a few to tens per liter? In the VOCALS
observations, and in shallow clouds in general, rain
rates are usually small. It is in these lightly raining or
marginal scenarios that we expect GCCN to have the
largest impact.

The parcel model is run as previously, but in this case
for cloud depths of 300, 400, and 500 m, for an updraft of
0.4ms~'. Adiabatic liquid water contents at cloud top
for these three cases are 0.58, 0.75, and 0.93 gm73, re-
spectively. Aerosols are specified in two ways: 1) as
modified polluted in combination with GCCN, and 2) as
pristine in combination with GCCN. Thus, for a total of
six model runs, we calculate the precipitation flux at
cloud base on descent for all accumulation-mode parti-
cles (summed to a single flux) and also independently for
each of the 44 sizes of GCCN particles. The results are
shown in Fig. 10; note that the curves are not smooth
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FIG. 10. Contribution to rain rate RR for drops grown on GCCN
particles as a function of dry aerosol size for the cases of small
aerosol particles given by the modified polluted and pristine size
distributions. The contribution of all accumulation-mode particles is
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All other symbols refer to the GCCN particles listed in Table 4. The
figure also lists cloud depth z and total rain rate RR7.
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because the GCCN distribution (see Fig. 1) is not
smooth for the largest GCCN radii. Three cases have
insignificant rain rate (here taken as total rain rate
RR; <0.1mmh™!), including the two 300-m cases and
the modified polluted 400-m case. For the three cases
with significant total rain rate (total rain rate
RR; = 0.1-4mmh "), the only important contribution
to rain rate occurs for drops initially formed on GCCN
particles. For these, the contribution to rain rate is
strongest for drops formed on GCCN with r; >2 um,
and in particular for GCCN sizes in the 3-7-um range,
because of a combination of GCCN sizes and concentra-
tions (see Fig. 10). We find that when there is significant
rain rate (RR7>0.1mmh™'), the relative contribution
from drops initially formed on submicrometer aerosol
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particles is negligible. Thus, GCCN completely dominate
significant rainfall formation in these clouds, as a result of
their strong condensational growth. For example, in the
500-m case, GCCN with r; >2 um account for 98.6% of
the total rainfall flux (Table 5). Thus, the impact of GCCN
on rainfall increases with increasing cloud depth. These
results generally agree with the conclusions of Segal et al.
(2004), who found that in a model of precipitation for-
mation, the largest growth occurred from hygroscopic flare
seeding when the mass of the seeding material was used to
form aerosols with dry radius of 2-3 pm.

7. Discussion

At present time, with current computational re-
sources, cloud modeling studies are generally done one
of two ways: 1) they include a fairly complete repre-
sentation of cloud dynamical aspects but use simple
methods for representing cloud microphysics, or 2) they
use simple methods for representing cloud dynamics but
use a more full representation for cloud microphysics. In
this study, we apply the second type but still feel there
are important implications shown by our study despite
the limitations posed by the assumed simple dynamics
and lack of sedimentation.

This study has focused on the impact of condensa-
tional growth of drops formed on giant sea-salt aerosol
particles in idealized marine stratocumulus and cumulus
environments. We have used an adiabatic parcel model,
with simple kinematic motion (0.4ms~' updraft to
cloud top, followed by 0.4ms~ ' downdraft to cloud
base) and with a fairly complete condensation de-
scription, including treatment of drops as solution drops
both below and above cloud base. Given that the largest
drops grow to r =55 um for a 300-m cloud depth, it is
clear that the neglect of sedimentation of drops imposes
limits on the absolute accuracy of the results. The ter-
minal velocities of drops with radii of 20, 35, and
50 um are about 0.05, 0.13, and 0.26 ms™ L, respectively.
These are small, but not insignificant in comparison to
the assumed 0.4ms ' updraft speed. A sedimenting

TABLE 5. Total rain rate RR (mm h™'), and contribution to total rain rate RR¢ (mm h™') and RR¢/RR7 (%), of drops grown on GCCN
larger than threshold sizes and ranges for r,. Cases with rain rate in excess of 0. mmh ™" are shown in bold.

2um <ry 3<r; <7 um
Aerosols z(m) RRy(mmh™') RRe(mmh™')  RR¢/RRy (%) RRe(mmh™')  RR¢/RRy (%)
Mod. polluted + GCCN 300 0.001 47 0.001 02 69.4 0.000 67 45.6
Mod. polluted + GCCN 400 0.008 69 0.006 65 76.5 0.005 98 68.9
Mod. polluted + GCCN 500 0.2477 0.2463 99.4 0.206 83.2
Pristine + GCCN 300 0.004 43 0.003 66 82.7 0.002 63 59.4
Pristine + GCCN 400 0.104 0.100 96.8 0.0760 73.4
Pristine + GCCN 500 3.97 3.91 98.6 3.09 71.9
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drop will, in general, have a longer residence time in a
sustained updraft and a shorter residence time in a sus-
tained downdraft, with a net shorter time in cloud.
Considering the importance of time in cloud for con-
densational growth, the neglect of sedimentation is a
noteworthy exception that should be considered in fu-
ture improvements to the study of droplet growth. An
additional aspect relevant for residence time includes
the liquid water content, which affects the rate of co-
alescence growth and thus a droplet’s fall velocity. For
the calculations with drop coalescence, we have used a
simple gravitational coalescence scheme [Egs. (B16)-
(B18)]. The omission of turbulent enhancement to colli-
sion efficiencies is largely justified because of the typically
low turbulent energy dissipation rates in marine strato-
cumulus (e.g., average values of less than 107> m*s ™)
(Lothon et al. 2005).

It is well established that GCCN are ubiquitous in
marine boundary layer cloud environments (see review
in Lewis and Schwartz 2004), and it is well established
that such GCCN attain sizes of up to 10-um dry radius
(e.g., Woodcock 1953, his Fig. 1, Beaufort wind force
3-5; see also Jensen and Lee 2008, their Fig. 1). When
considering condensational growth, GCCN have two
distinct advantages over submicrometer-sized accumu-
lation-mode aerosol particles: 1) they form large drops
even before entering cloud base, and 2) they may remain
highly concentrated solution drops for long durations in
cloud, resulting in an effective supersaturation that may
be many times larger than the actual supersaturation
(Fig. 7a). In our case, condensational growth continues
for GCCN with r; >2 um even in subsaturated down-
drafts, where normal cloud drops evaporate toward
smaller sizes (Fig. 4).

The second GCCN advantage (high effective super-
saturation experienced by GCCN drops) alone results
in a condensational growth rate of drops on GCCN that
is many times larger than that of similarly sized pure
water drops at cloud base (e.g., a factor of 4 apparent
from Fig. 8). Drops formed on GCCN accelerate away
from the main drop peak, and, while they are relatively
few in number, they become larger than others, thereby
creating a tail of very large drops. For drops growing on
GCCN, the amount of time spent in cloud is much more
important than the actual value of supersaturation be-
cause of the dominance of the solute term in the drop
growth equation [Eq. (1)]. It is because of this solute
term domination that many drops formed on GCCN
continue to grow by condensation throughout the du-
ration of their time in cloud, almost regardless of actual
saturation and direction of vertical motion. Given that
the airflow into and out of marine clouds only
has a limited time available for warm rain formation,
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condensational growth on GCCN is important to con-
sider, as it is a mechanism that contributes to rapid growth
of cloud drops up to drizzle and precipitation sizes (e.g.,
Figs. 4, 5, 6). For these reasons, when modeling shallow
convective marine clouds, it is important to include a
complete aerosol spectrum that stretches from the small
aerosol particles (those that do not activate in updrafts),
through submicrometer accumulation-mode particles
(that form the majority of cloud drops), all the way up to
and including GCCN (which make the largest drops).

Aerosols and the cloud droplet spectrum are not the
only factors to consider when understanding this simple
model study of droplet growth. Other factors include the
following: 1) Our modeling was restricted to shallow
marine clouds with relatively low liquid water contents
that are only expected to produce marginal amounts of
rain or drizzle. 2) It is in these marginal cases that prior
studies have shown GCCN make the largest difference
(e.g., Feingold et al. 1999). 3) Our neglect of sedimen-
tation and our prescribed updraft and downdraft ve-
locities have strong control over time in cloud, a critical
variable in condensational growth, which ultimately
limits the conclusions that can be drawn from this study.

Some bin-microphysics models treat a one-dimensional
aerosol spectrum, covering most of the range of sea-salt
GCCN. For instance, Kogan (1991) describes a model
with the ability to have 19 size bins of aerosol particles
with dry radii from 0.0076 to 7.6 um. However, Kogan
(1991) only considers the solute term during the activa-
tion process [through a parameterization based on
Ivanova et al. (1977)], after which the solute term is
omitted (see Kogan 1991, p. 1164). The present study
demonstrates that the solute term for drops in the
GCCN size range remains important relative to the
ambient supersaturation, in some cases for tens of
minutes after air enters the cloud.

A number of other studies likewise have the ability to
treat aerosols over the entire size range, including
GCCN. For instance, in a marine stratocumulus mod-
eling study, Khairoutdinov and Kogan (1999) used
measurements from a Passive Cavity Aerosol Spec-
trometer Probe (PCASP) (see Martin et al. 1994) with a
radius range of 0.05-1.5 um. Thus, larger aerosols could
be generated through drop coalescence, but they were
apparently not part of the initial aerosol spectrum. In
more recent studies, Andrejczuk et al. (2008) used an
aerosol range with maximum size of r; =1um, and
Andrejczuk et al. (2010) used a maximum r; =3 um. In
the bin-microphysics calculation of Grabowski et al.
(2011), a maximum radius of 0.25 um was assumed. Thus
many bin-microphysics schemes assume smaller initial
GCCN particles than observed below the VOCALS
marine stratocumulus (Fig. 1).



692

In the study of Feingold et al. (1996), a single log-
normal distribution was used for 14 bins with a range of
0.0056-7.6 um, but the lognormal distribution was too
narrow in comparison with observed marine GCCN
spectra. Thus, the cumulative concentration of particles
with r, >2 um is about a factor of 1000 larger for the
GNI observed GCCN spectrum (Table 3) than it is for
the Feingold et al. (1996) lognormal distribution. Like-
wise, using an improved scheme tracking both aerosol
mass and aerosol number, Feingold et al. (1999) in-
cluded aerosols in the size range of 0.015-7.3 um
and only used a slightly wider lognormal distribution;
however, they added 1 and 10 L' of GCCN with
ry > 5 um but omitted the solute term in the droplet growth
equation (W. Cotton 2016, personal communication).

Some bin-microphysics studies track a size distribu-
tion of solute mass for each drop size bin [e.g., Bott
(2001) through coalescence, and Lebo and Seinfeld
(2011) for both coalescence and condensation], but this
implies usage of I; X I, bins to account for /; drop classes
and I, solute mass classes. In comparison, some earlier
bin-microphysics models tracked /; drop size bins and
I, solute mass bins (for a total of /; + I, bins). The use of
I X I, bins vastly increases the memory requirement
and computational time. Despite the additional com-
putational cost, the results presented in this study using
our simple model demonstrate that it is important to
treat the rapid condensational growth of drops formed
on GCCN nparticles in cloud, as these may have con-
densational drop growth rates that are up to 12 times
faster than dilute drops (Fig. 7a). Furthermore, it is
likely that studies that add large pure water drops as a
substitute for GCCN (e.g., Posselt and Lohmann 2008)
have underestimated, potentially by a large amount, the
precipitation-forming effect of GCCN particles by as-
suming pure water drops above cloud base.

The neglect of GCCN and of the solute term in the
drop growth equation of models has broad-reaching
impacts. Part of the significance of rapid condensational
growth creating large drops comes in their ability to
accelerate rain formation. Large drops broaden the drop
spectrum and have larger swept areas and higher colli-
sion efficiencies. The initial advantage of condensation
on GCCN particles can have a ripple effect that propa-
gates throughout the rain formation process. A concrete
example of drop spectrum broadening is shown in Fig. 4.
Because of its simplicity while including both small and
giant aerosols, it could be used as a reference against
which other drop broadening mechanisms are evalu-
ated. At present, we know of no other mechanisms that
can realistically lead to drops of 34-um radius at cloud
base in rising airstreams, followed by continuing strong
condensational growth above.
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The additional impacts of coalescence are shown in
Figs. 9 and 10 and further reinforce the argument of
GCCN particles accelerating precipitation formation.
Even when coalescence is included, the condensa-
tional growth of GCCN particles remains important. A
further look at which sizes of GCCN are most impor-
tant for rain rate shows that GCCN larger than
rqy > 2 pum carry most of the rainfall flux. In particular,
GCCN particles in the size range of 3—7-um dry radius
are most important. As these results are obtained for a
model with drop coalescence, but without sedimenta-
tion, we caution about absolute accuracy of the cal-
culated rainfall rates, in particular as some drops attain
fall speeds approaching 4ms~': that is, much larger
than the assumed 0.4ms ' updraft. However, we be-
lieve that the following conclusion from Fig. 10 is ro-
bust: drops grown on small aerosols do not contribute
much to initializing drizzle, especially in cases with
significant drizzle (i.e., in the 400- and 500-m-deep
clouds in Fig. 10).

8. Summary

Giant sea-salt aerosols (GCCN) are ubiquitous in the
marine boundary layer and high-quality measurements
of GCCN have been available for the last six decades
as a function of wind speed (Woodcock 1953). For the
VOCALS domain that covers one of the largest marine
stratocumulus regions, the largest GCCN are locally
generated, whereas the smallest may contain a large
component of GCCN that are advected in.

With the use of a simple drop growth model (adia-
batic parcel, condensation, gravitational coalescence,
but no sedimentation and no turbulent enhancement
to coalescence) we explore the condensational growth
of drops on GCCN for two shallow cloud environ-
ments, building off of work done by Mordy (1959). We
demonstrate that the sizes of drops grown on GCCN
in a polluted stratocumulus environment rapidly ac-
celerate away from the main drop peak; thus, the
typical narrowing of the drop spectrum assumed with
height is not true for drops formed on GCCN. The
same behavior occurs in more pristine stratocumulus
environments as well as in moderately polluted cu-
mulus environments.

The actual cloudy supersaturation is not highly im-
portant for growth of drops on GCCN in cloud because
the growth rate depends mostly on the solute term in the
drop growth equation. For this reason, drops on large
GCCN grow even in subsaturated downdrafts, and thus
the duration of time a GCCN drop spends in cloud is
especially important. Stronger conclusions cannot be
drawn because of the lack of drop sedimentation in our
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model, because of the simple prescribed air motions, and
because of the omission of mixing and other dynamical
processes.

The pure water hypothesis (neglecting the solute
term) was tested, and we show that pure water drops,
even large ones, do not grow as rapidly as concentrated
solution drops formed on GCCN. We demonstrate that
1) even in the presence of coalescence in a cloud, con-
densational growth of drops formed on GCCN remains
highly important while the GCCN is in a cloud and
2) that for the present observed marine GCCN spec-
trum, drops formed on GCCN particles with dry radius
larger than 2 um dominate the precipitation flux at cloud
base and that GCCN with dry radii of sizes 3-7 um are
especially important. Thus, GCCN are very efficient at
converting cloud water to rainwater. Finally, adiabatic
parcel models can produce significant warm rain, as also
observed in some marine stratocumulus, provided that
observed GCCN are included as an integral part of the
CCN spectrum.

Many studies, including numerous process and cli-
mate models, state that they model marine stratocu-
mulus, yet they do not include the effect of GCCN on
warm rain formation. We argue that those cloud studies
may simulate clean environments, but in the absence of
including GCCN and without retaining the solute term
in the drop growth equation, they cannot claim to sim-
ulate clean marine environments in their treatment of
aerosol-cloud interaction.

When calculating warm rain formation in shallow
marine environments, condensational growth on drops
formed on GCCN must be included to accurately rep-
resent the processes at play. The overall conclusion of
this simple process model study is that considering all
drops as dilute in marine clouds is a poor approximation.
Unfortunately, this assumption has been widely used in
past studies.
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List of Symbols
See symbol list in Table Al.
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APPENDIX B

Equations for the Adiabatic Parcel Model

Adiabatic Lagrangian parcel models are well suited to
calculate the droplet growth for a population of CCN
particles. We here calculate the condensational drop
growth on [ size classes of different aerosol particles
radius, where I = 100 different size classes for the runs
with only small aerosol particles (CCN), and I = 142 size
classes for runs with both small CCN and GCCN. The
aerosol size classes (subscript i) have particle concen-
trations N;, aerosol mass classes my;, dry aerosol radius
classes ry4, and cloud drop radius classes r;. For sim-
plicity, all particles are assumed to consist of NaCl and
thus neglect the effect of soluble gases (Kulmala et al.
1997). Many previous studies have described equations
for such models; in the present case there are differential
equations for condensational drop growth of drop radius
r;, water vapor mixing ratio g,, temperature 7, air den-
sity r;, and altitude z. The parcel moves kinematically
with constant updraft speed w (typically 0.4ms ') to
cloud top, followed by a constant downdraft speed
(—04ms ') to cloud base. The model is initialized
nearly 300 m below cloud base (see Table 2), where so-
lution drops are assumed to be in equilibrium with the
ambient humidity. A complete symbol list is given in
appendix A; here, only the most important physical
quantities will be called out.

The model does not include sedimentation of drops;
this is a simplification that limits the main utility to
smaller drops and that introduces added uncer-
tainty for the largest drops with terminal velocities
approaching or exceeding the main updraft speed of
0.4ms ' The contribution of radiation to cloud drop
growth (Roach 1976; Lebo et al. 2008) is also ex-
cluded, as is turbulent enhancement to gravitational
coalescence (Franklin et al. 2005); the focus of the
current set of calculations is on the impact of a wide
range of aerosol sizes on drop growth. The model
uses a moveable grid in radius space, such that drops
of a given size class all have the same size and all grow
(or evaporate) at the same rate. The condensational
growth of droplet radius r; formed on an aerosol with
size index i is

dr,

G
—:r—i(S_Seq).

7 (B1)

The change in water vapor mixing ratio g, is given by

N2 dr,

d § B2
2 4mp Ny (B2)
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TABLE Al. Symbol list.

Numerator of the surface and solute term of drop growth equation aand b

Heat capacity of air at constant pressure I

Actual and saturated vapor pressure e and e

Gravitational acceleration g

Index for small and large aerosols or drops iandj

Dry aerosol mass mg

Pressure p

Actual and saturated water vapor mixing ratio q, and g,

Dry aerosol radius and drop radius rgandr

Mean radius of a drop size distribution 7

Numerator of the surface and solute term of drop growth equation aand b

Time t

Drop terminal fall velocity v

Vertical air velocity w

Height z

Water vapor diffusivity and kinetically corrected water vapor diffusivity D’ and D

Drop collision efficiency E

Inverse of denominator in drop growth equation G

Total number of aerosol or drop bins lorJ

Moist static energy H

Thermal conductivity and kinetically corrected thermal conductivity K and K

Latent heat of vaporization L,

Molality A

Molecular weight of dry air, water vapor, and NaCl My, M,, and M

Aerosol concentration or drop concentration in a size class N

Total aerosol concentration N,

Gas constant for dry air and vapor R, and R,

Total rain rate and aerosol size dependent rain-rate contribution RR7and RR¢

Ambient saturation ratio and supersaturation of water vapor S and SS

Effective saturation ratio and supersaturation of water vapor Setr and SSegr

Equilibrium saturation ratio and supersaturation of water vapor Seq and SS.

Temperature T

Valence of NaCl 7"

Condensation coefficient and thermal accommodation coefficient a. and ar

Air, water, and NaCl density Pas P> and pg

Standard deviation of a drop size distribution o

Surface tension of water against air o,

Jump lengths for condensation and heat A. and Ay

Chemical potential of NaCl [ON
Temperature is integrated based on the assumption M,

that the moist static energy H =c¢,T + L,q, + gz is P=p.R, (1 + Eqv) : (B6)

constant in an adiabatic process so that

dT _ L dq, gdz

dr ¢ dt ¢ dt’ (B3)
P P
The evolution of air density p,, is described by
d
Po_ _P8W _p,dT (B4)

d R, Tdt’

which can be derived from the equation of state and the
hydrostatic equation. Altitude z is calculated from

(BS)

Pressure is diagnosed from

The actual saturation ratio S over pure water is given
by

S

S =

v, (B7)

vs

Q

The saturated vapor mixing ratio is given by

=_d BS
Qs P’ (B8)

where the saturated vapor pressure e, is from
Bolton (1980).
The term containing the denominator of the conden-

sational droplet growth equation G is given by
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L /L ’
+pW v v
KT (RUT )
Water vapor diffusivity D’ (m*s™'; excluding kinetic
effects) is given by Grabowski et al. (2011):

G=

SRT (B9)

eD
s

D' =107(0.15T — 1.9). (B10)
The water vapor diffusivity, corrected for kinetic effects,
is (Grabowski et al. 2011):

-1
, D/ om\ 12

p=p | i+ (T

[ri +A, ra, (RdT) ’

with accommodation coefficient a, = 0.036 and jump
length for water vapor A, = 0.104 um (Pruppacher and
Klett 1997, their Table 13.1).

Thermal conductivity K’ (Wm™ 'K, excluding ki-
netic effects) is taken from Grabowski et al. (2011):

(B11)

K'=15UT3—-48%x10 3T +107*T —3.9x107*.
(B12)
Accounting for kinetic effects, the thermal conduc-

tivity K is given by Grabowski et al. [2011, their Eq.
(11b)]:

’ 12771
K=k'| 1y K (27 , (B13)
ro+ AL rop,C, R,T

with accommodation coefficient ey = 0.7 and jump
length for heat Ay = 0.216 um (Pruppacher and Klett
1997, their Table 13.1).

The equilibrium saturation ratio S.q, accounting for
curvature and solute effects, is

) M
7'd m —»
20- N St

= exp v — 1. (B14)
eq 4
b Al S =)

S

Based on Pruppacher and Klett (1997), the molality of
a solution drop can be written as

% msi
.,//) =

stw 3 px

The practical osmotic coefficient ®; as a function of
molality is interpolated from the values in Robinson and
Stokes (1959) for NaCl.

(B15)
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The model is initialized by assuming that drops
formed on aerosol particles are in equilibrium with the
ambient humidity, typically about 300m below cloud
base. For the condensation-only runs, Egs. (B1)-(B5)
are integrated using a fourth-order Runge-Kutta rou-
tine up to cloud top and subsequently down to cloud
base. On the descending branch, the calculations are
stopped at the same altitude where the parcel was ini-
tially exactly saturated on ascent (the cloud-base
altitude).

In the following, let subscript i refer to small and j to
large drop size classes. For the cases where gravitational
coalescence is allowed (larger drops capturing smaller
drops), the drop growth equation for the large drop size
class is given by

dr.
j

dt

dr. dr,
j

J —

dt dt ’ (B16)

coalescence

condensation

where the condensation term for drop class j is given by
Eq. (B1), and the coalescence term is given by

dr.

J

dt

j—1 s

_ 2 .
= ; m(r;+r) (v, —v,)E(r,r) Sr%Ni'

(B17)

coalescence L

Here, collision efficiencies are from Pinsky et al.
(2001), and terminal velocities are calculated from
Beard (1976).

To account for removal of smaller drops by capture of
larger drops, the concentration of smaller drops is
changed:

N, L
dr - /‘:lzﬂ (1) (0 = v ) EC, i)N,N,,
(B18)

coalescence

where J is the total number of drop classes.

Thus, for the runs with both condensation and co-
alescence, Egs. (B1)-(B5) and (B16)-(B18) are in-
tegrated using a fourth-order Runge—Kutta routine.
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