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Abstract. Cloud droplet size distributions (CDSDs), which
are related to cloud albedo and rain formation, are usually
broader in warm clouds than predicted from adiabatic par-
cel calculations. We investigate a mechanism for the CDSD
broadening using a moving-size-grid cloud parcel model
that considers the condensational growth of cloud droplets
formed on polydisperse, submicrometer aerosols in an adia-
batic cloud parcel that undergoes vertical oscillations, such
as those due to cloud circulations or turbulence. Results
show that the CDSD can be broadened during condensational
growth as a result of Ostwald ripening amplified by droplet
deactivation and reactivation, which is consistent with early
work. The relative roles of the solute effect, curvature ef-
fect, deactivation and reactivation on CDSD broadening are
investigated. Deactivation of smaller cloud droplets, which
is due to the combination of curvature and solute effects in
the downdraft region, enhances the growth of larger cloud
droplets and thus contributes particles to the larger size end
of the CDSD. Droplet reactivation, which occurs in the up-
draft region, contributes particles to the smaller size end of
the CDSD. In addition, we find that growth of the largest
cloud droplets strongly depends on the residence time of
cloud droplet in the cloud rather than the magnitude of lo-
cal variability in the supersaturation fluctuation. This is be-
cause the environmental saturation ratio is strongly buffered
by numerous smaller cloud droplets. Two necessary condi-
tions for this CDSD broadening, which generally occur in the
atmosphere, are as follows: (1) droplets form on aerosols of
different sizes, and (2) the cloud parcel experiences upwards
and downwards motions. Therefore we expect that this mech-
anism for CDSD broadening is possible in real clouds. Our

results also suggest it is important to consider both curvature
and solute effects before and after cloud droplet activation
in a cloud model. The importance of this mechanism com-
pared with other mechanisms on cloud properties should be
investigated through in situ measurements and 3-D dynamic
models.

1 Introduction

Warm clouds play a crucial role in the water cycle and en-
ergy balance on Earth (Boucher et al., 2013). Understanding
the whole life cycle of warm clouds, including formation,
development and precipitation, is important for better pre-
diction of local weather and global climate. Cloud droplet
growth is dominated by diffusion of water vapor at the early
stage of cloud development, while collisional growth is con-
sidered to be the most important mechanism for drizzle for-
mation and warm cloud precipitation (Pruppacher and Klett,
2010). The concept of a cloud parcel rising adiabatically in
the atmosphere has been used to study cloud microphysi-
cal properties for decades. In a hypothetical initially sub-
saturated air parcel rising adiabatically, cloud forms at the
lifting condensation level and the growth of cloud droplets
due to diffusional growth can be accurately predicted if we
know the aerosol chemical composition. On one hand, be-
cause the growth rate of a cloud droplet is inversely propor-
tional to droplet size, diffusional growth is inefficient when
the droplet diameter is larger than 20 µm. On the other hand,
collisional growth is efficient when the droplet diameter is
larger than 38 µm (Pruppacher and Klett, 2010). Meanwhile,
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the sizes of the smaller cloud droplets will approach those
of the larger droplets and narrow the cloud droplet size dis-
tribution (CDSD), which is also unfavorable for collisional
growth (Howell, 1949; Mordy, 1959). If only diffusional
growth is considered, the CDSD becomes narrower and sev-
eral tens of minutes even up to hours will be needed for a
cloud droplet to reach efficient-collision size in an ascending
cloud parcel. However, the CDSD in a real cloud is usually
wider than predicted by an adiabatic cloud parcel model and
drizzle-size cloud droplets are frequently observed in warm
clouds (e.g., Laird et al., 2000; Glienke et al., 2017; Siebert
and Shaw, 2017).

The broadening of the CDSD has a strong effect on precip-
itation and radiation. A broader CDSD implies larger differ-
ences in the terminal velocity of droplets. This is beneficial
for collision coalescence and might cause the fast-rain pro-
cess in the atmosphere (e.g., Göke et al., 2007). In addition,
a broader CDSD increases the relative dispersion, which is
the ratio of standard deviation to the mean CDSD. Previous
studies show that an increase in relative dispersion is rele-
vant to the albedo effect and can either increase or decrease
albedo susceptibility depending on the broadening mecha-
nism (Feingold et al., 1997; Liu and Daum, 2002; Fein-
gold and Siebert, 2009). An interesting question is why the
CDSD is wider than predicted, in particular why large droplet
sizes are frequently observed in the clouds (e.g., Siebert and
Shaw, 2017). Several mechanisms have been proposed that
can be divided into two categories: turbulence-induced spec-
tra broadening and aerosol-induced spectra broadening. A
brief review is given next for each category.

Turbulence is ubiquitous in the clouds and can cause
CDSD broadening in both condensation and collision pro-
cesses (e.g., Shaw, 2003; Devenish et al., 2012). Turbulence
induces vertical oscillations of air parcels and causes fluctu-
ations in temperature, water vapor concentration and super-
saturation (e.g., Ditas et al., 2012; Hammer et al., 2015). The
effects of supersaturation fluctuations on droplet condensa-
tional growth in turbulent environments have been studied
for several decades (e.g., Cooper, 1989; Khvorostyanov and
Curry, 1999). A qualitative description of this mechanism is
that some “lucky” cloud droplets experience relatively larger
supersaturation or stay a relatively longer time in the cloud
compared with the other cloud droplets; therefore they can
grow larger in size and broaden the CDSD. Recent theoret-
ical and experimental studies support this mechanism and
provide ways to quantify the resulting width of the droplet
size distribution (e.g., McGraw and Liu, 2006; Sardina et al.,
2015; Chandrakar et al., 2016; Grabowski and Abade, 2017;
Siewert et al., 2017). Turbulence can also modulate the con-
densational growth of cloud droplets through mixing and
entrainment (e.g., Lasher-Trapp et al., 2005; Cooper et al.,
2013; Korolev et al., 2013; Yang et al., 2016). In addi-
tion, turbulence can enhance the collision efficiency between
droplets and produce “lucky” cloud droplets through stochas-
tic collisions, which has been confirmed by direct numeri-

cal simulations and Lagrangian drop models (e.g., Paluch,
1970; Kostinski and Shaw, 2005; Falkovich and Pumir, 2007;
Grabowski and Wang, 2013; Naumann and Seifert, 2015;
de Lozar and Muessle, 2016).

Aerosols, which serve as condensation nuclei of cloud
droplets, can also cause CDSD broadening in turbulent en-
vironments through several mechanisms. First, turbulence-
induced mixing and entrainment can trigger in-cloud activa-
tion of haze particles, which can broaden the left branch of
the size distribution (e.g., Khain et al., 2000; Devenish et al.,
2012; Yang et al., 2016; Grabowski et al., 2018). Secondly,
giant cloud condensational nuclei (GCCN, usually defined as
aerosols with a dry diameter larger than a few µm) provides
an embryo for large droplets, which can broaden the right
branch of the size distribution and can be important for warm
rain initiation (e.g., Johnson, 1982; Feingold et al., 1999; Yin
et al., 2000; Jensen and Lee, 2008; Cheng et al., 2009). Re-
cently, Jensen and Nugent (2017) investigated the effect of
GCCN on droplet growth and rain formation using a cloud
parcel model. They found that GCCN provides an embryo
for big droplets at the activation stage and, more importantly,
GCCN enhances droplet growth after activation due to the
solute effect. For example, droplets formed on GCCN can
still grow through the condensation of water vapor in the
downdraft region even though the environment is subsatu-
rated with respect to pure water (Jensen and Nugent, 2017).
This, in fact, is an extreme case of Ostwald ripening.

Ostwald ripening for cloud droplets is the phenomenon
when larger droplets grow and smaller droplets shrink due
curvature and/or solute effects and, thus, it can broaden the
CDSD at both small and large ends of the distribution. Sri-
vastava (1991) investigated the growth of cloud droplets in
a rising air parcel. Results show that the variance of the
squared radius of the CDSD was constant during the con-
densational growth process if both curvature and solute ef-
fects were ignored, but it was increased if those effects were
considered. This “condensational broadening” is more pro-
nounced in clouds with high cloud droplet number concen-
tration and low vertical velocity. In turbulent clouds, droplets
will experience supersaturated/subsaturated conditions in up-
draft/downdraft regions. Korolev (1995) studied the evolu-
tion of the CDSD driven by supersaturation fluctuations in a
vertically oscillating air parcel. Supersaturation fluctuations
in his study mean that air is supersaturated in the updraft and
subsaturated in the downdraft; however no spatial inhomo-
geneity of supersaturation is considered in the parcel. Re-
sults show that the growth and evaporation cycles during the
CDSD evolution are irreversible if the solute and curvature
effects are considered. This “CDSD irreversibility” (termi-
nology used in his paper) will promote the growth of large
cloud droplets, lead to evaporation or even deactivation of
small cloud droplets, and thus broaden the CDSD. Korolev
(1995) argued that stronger turbulent fluctuations of super-
saturation would result in a broader CDSD. This is contrary
to Çelik and Marwitz (1999), who found that supersaturation
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fluctuations are not responsible for CDSD broadening and
the formation of large droplets. The curvature and solute ef-
fects on Ostwald ripening, activation and deactivation have
been topics of study in recent years (e.g., Wood et al., 2002;
Arabas and Shima, 2017; Chen et al., 2018; Sardina et al.,
2018) but, to our knowledge, the relative roles of the curva-
ture effect and solute effect on CDSD broadening have not
been investigated.

Here we consider an adiabatic cloud parcel that expe-
riences vertical oscillations, with cloud droplets that are
formed on polydisperse, submicrometer aerosols. Results
confirm that the CDSD is broadened during diffusional
growth due to Ostwald ripening and associated droplet de-
activation and reactivation, which is consistent with previous
studies (e.g., Korolev, 1995; Çelik and Marwitz, 1999). In
this study, we investigate (1) what are the relative roles of
the solute and curvature effects on CDSD broadening, and
(2) what other factors can affect this broadening? This pa-
per is organized as follows. Section 2 introduces the basic
setup for the cloud parcel model, which is similar to Jensen
and Nugent (2017) except that there are no GCCN. Results
related to CDSD broadening and the associated sensitivity
studies are detailed in Sect. 3. Conclusions are summarized
in Sect. 4, including a discussion of implications in cloud ob-
servations and modeling.

2 Methods

Historically there are two types of bin microphysics: fixed
bin scheme and moving-size-grid scheme (see Sect. 4.2.1 in
Khain et al., 2015 and references therein). The advantage
of the moving-size-grid method is that it can avoid artifi-
cial CDSD broadening. In this study, we use a cloud parcel
model with a moving-size-grid microphysics scheme, where
discrete particle sizes on a 1-D grid (initially the radii of dry
aerosols; e.g., Table 1) each grow/shrink according to the en-
vironmental conditions to modify the “moving size” of the
grid element. The original version of the model was designed
to study cirrus clouds by Heymsfield and Sabin (1989), and
then warm clouds (Feingold and Heymsfield, 1992; Fein-
gold et al., 1998). In recent years, this model has been mod-
ified and applied to investigate various microphysical prob-
lems (e.g., Feingold and Kreidenweis, 2000; Xue and Fein-
gold, 2004; Ervens and Feingold, 2012; Yang et al., 2012,
2016; Li et al., 2013). In the current version of the parcel
model, air pressure (p), parcel height (h), air temperature
(T ), water vapor mixing ratio (qv) and radii of haze and cloud
droplets (ri) are prognostic variables, which are calculated
using the variable-coefficient ordinary differential equation
solver (VODE) (Brown et al., 1989). Specifically, p is cal-
culated from the hydrostatic equation and h depends on the
vertical velocity (w). Similarly to Eq. (11) in Heymsfield and

Figure 1. (a) Trajectory of cloud parcel with upward and down-
ward oscillations. Velocity is constant and is 0.5 for the ascending
parcel and−0.5 m s−1 for the descending parcel. The dashed line is
the cloud base, and the red and blue lines represent ascending and
descending parcels, respectively. (b) Initial dry aerosol size distri-
bution. The total aerosol number concentration is 1000 cm−3.

Sabin (1989), T is calculated from

dT
dt
=−

g

cp,air
w+

lv

cp,air

dqw

dt
, (1)

where g is the gravitational acceleration, cp,air is the heat
capacity of air, lv is the latent heat of water vaporization and
qw is the liquid water mixing ratio. The first term in Eq. (1) is
the cooling due to dry adiabatic ascent, and the second term
is the microphysical contribution due to the release of latent
heat of condensation. Because the total water mixing ratio
is conserved in the parcel, a decrease in water vapor mixing
ratio (−dqv) equals an increase in liquid water mixing ratio
(dqw). Air supersaturation (Se), which controls the growth of
haze and cloud droplets, is calculated from T , p and qv. A
brief introduction of the model setup and the main mathe-
matical formulations used for cloud microphysical processes
are described below.

In this study, the parcel starts rising at about 300 m below
cloud base and starts descending at about 300 m above cloud
base, which is similar to Jensen and Nugent (2017), except
that our cloud parcel then experiences upward and downward
oscillations between 50 m above cloud base and 300 m above
cloud base (see Fig. 1a). The ascending and descending ve-
locities are set to be 0.5 and −0.5 m s−1 for the control case.
At the parcel’s initial altitude of 600 m, the initial air temper-
ature is 284.3 K, pressure is 938.5 hPa and the saturation ratio
is 0.856, which are as same as Jensen and Nugent (2017).

The initial dry aerosols are ammonium sulfate with a log-
normal size distribution range of 10 to 500 nm in radius. The
submicrometer aerosols are parsed into 100 grids (discrete
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Table 1. Initial dry aerosol radii for different grids.

Grid number rdry (nm) Grid number rdry (nm) Grid number rdry (nm) Grid number rdry (nm)

1 503 26 191 51 72.4 76 27.5
2 484 27 184 52 69.7 77 26.4
3 466 28 177 53 67.0 78 25.4
4 448 29 170 54 64.5 79 24.5
5 431 30 163 55 62.0 80 23.5
6 414 31 157 56 59.7 81 22.6
7 399 32 151 57 57.4 82 21.8
8 384 33 146 58 55.2 83 20.9
9 369 34 140 59 53.1 84 20.2
10 355 35 135 60 51.1 85 19.4
11 341 36 130 61 49.2 86 18.6
12 328 37 125 62 47.3 87 17.9
13 316 38 120 63 45.5 88 17.3
14 304 39 115 64 43.8 89 16.6
15 292 40 111 65 42.1 90 16.0
16 281 41 107 66 40.5 91 15.4
17 271 42 103 67 39.0 92 14.8
18 260 43 98.8 68 37.5 93 14.2
19 250 44 95.0 69 36.0 94 13.7
20 241 45 91.4 70 34.7 95 13.2
21 232 46 87.9 71 33.4 96 12.7
22 223 47 84.6 72 32.1 97 12.2
23 214 48 81.4 73 30.9 98 11.7
24 206 49 78.3 74 29.7 99 11.3
25 198 50 75.3 75 28.6 100 10.8

droplet size in each grid detailed in Table 1), where the me-
dian radius is 50 nm and the geometric standard deviation
is 1.4. The total number mixing ratio is 1000 mg−1 for the
control case, which is about 1000 cm−3 (see Fig. 1b). The
model first calculates the equilibrium size of haze droplets
for each grid at 85.6% relative humidity, as does Jensen and
Nugent (2017). The equilibrium size of haze particles for the
ith grid (ri) at initial relative humidity is obtained by solv-
ing the equation Ssat(ri)= RH(t = 0) iteratively, where Ssat
is the saturation ratio for a solution droplet, calculated from
the Köhler equation (Pruppacher and Klett, 2010, p. 172):

Ssat ≡
e

es(T )
= as(rd,i, ri)exp

(
2σs

ρwRvT ri

)
, (2)

where e is the water vapor pressure in air, es is the satu-
rated water vapor pressure over a solution droplet at T , ρw
is the density of water and Rv is the gas constant for water
vapor. σs is the water activity of the haze droplets, which is
a function of temperature and solute (Pruppacher and Klett,
2010, p. 133). as is the water activity of haze droplets, which
depends on the composition of aerosol, size of dry aerosol
(rd) and size of haze droplets (r). In this study, as for cloud
droplets is calculated from laboratory-based parameteriza-
tions (Eq. 2 in Tang and Munkelwitz, 1994).

Only diffusional growths of haze and cloud droplets are
considered in our model. Collision coalescence, sedimenta-

tion, mixing and entrainment are ignored. The growth of haze
or cloud droplet for the ith grid is calculated from

dri
dt
=

1
ri

Se− Ssat

G
, (3)

where G is the growth parameter given by,

G=

[
ρwRvT

D′ves(T )
+
ρwlv

k′TT

(
lv

RvT
− 1

)]
. (4)

D′v and k′T are the modified physical diffusion coefficient of
water vapor and the modified thermal diffusion coefficient,
respectively (Lamb and Verlinde, 2011, p. 337-338):

D′v =
Dv

ri
ri+λ
+

4Dv
αmcairri

, (5)

and

k′T =
kT

ri
ri+λ
+

4kT
αTcairnaircp,airri

. (6)

Here Dv is the physical diffusion coefficient, kT is the ther-
mal diffusion coefficient, λ is the mean free path of air, cair
is the mean molecular speed of air and nair is the number
concentration of air. αm is the mass accommodation coef-
ficient and αT is the thermal accommodation coefficient; in
this study, we choose αm = 1.0 and αT = 1.0.
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Ssat in the growth equation (Eq. 3) is calculated from the
Köhler equation (Eq. 2). Therefore, the curvature effect (ex-
ponential part in Eq. 2) and the solute effect (as in Eq. 2) are
considered during the growth process for each grid. It should
be noted that there are several methods to calculate the solute
effect with the relative deviations for activation ranging up to
20%, but the differences are small for droplet growth (Pöschl
et al., 2009). In addition, different choices of parameters –
such as σs, αm and αT – can also cause differences in droplet
growth (Kreidenweis et al., 2003). How the choices of dif-
ferent parameters would affect our results is worth studying
in the future. The total simulation time is 3 h, and variables
including temperature, pressure, height, water vapor mixing
ratio, as well as droplet size and number concentration for
each grid are recorded every 1 s.

3 Results and discussions

3.1 Cloud droplet size distribution broadening

For the control case, the liquid water mixing ratio increases
linearly with height in the ascending branches and decreases
in the descending branches as shown in Fig. 2a. Liquid water
mixing ratio in the ascending branch is slightly smaller than
that in the descending branch at the same height due to the
kinetic effect (or hysteresis effect), which is consistent with
Korolev et al. (2013). The saturation ratio has an increas-
ing trend in the ascending branch after each cycle, but has a
decreasing trend in the descending branch (indicated by red
and blue arrows in Fig. 2b). Droplet size for two moving size
grids is shown in Fig. 2c. Droplet size in the grid monotoni-
cally increases with the dry aerosol mass associated with the
grid. The solid line is for the cloud droplet that formed on
a dry aerosol of 503 nm and represents the largest droplet in
our simulation. It grows in the ascending branch but it evapo-
rates in the descending branch. Also, the droplet size for this
grid increases after each cycle. The dashed line in Fig. 2c is
for the cloud droplet that formed on a dry aerosol of 51 nm.
For this cloud droplet, the changes in radius with height
are similar for the initial few cycles, after which the cloud
droplet deactivates and becomes a haze particle. Ultimately,
the aerosol is reactivated again as a cloud droplet by the end
of the simulation (green dashed line). Also notice that a sec-
ond mode appears in the CDSD due to the reactivation of
aerosols after about 2 h (see Fig. 2d). It should be mentioned
that the critical radius, where the Köhler curve peaks and a
droplet is activated, is 3.6 µm for a cloud droplet formed on
a dry aerosol of 503 nm, and 0.44 µm when formed on a dry
aerosol of 51 nm. Figure 2d shows that all droplet radii are
larger than 4 µm at the end of updraft cycle, indicating that
all cloud droplets are activated at that point. Because GCCN
do not exist in our simulation and the oscillation frequency
is low, all cloud droplets have enough time to grow and to
be activated in the updraft region. In this study, we focus

Figure 2. Thermodynamical and microphysical properties of an adi-
abatic cloud parcel with upward and downward oscillations. (a) Liq-
uid water mixing ratio changes with height. (b) Cloud parcel satura-
tion ratio changes with height. Arrows in (b) represent the evolution
of the saturation ratio profile with time. (c) Radii changes of two
selected cloud droplets with height. The solid line is for the largest
cloud droplet that formed on a dry aerosol with a radius of 503 nm,
and the dashed line is for a droplet that formed on an aerosol of
51 nm. The red and blue lines in (a)–(c) represent ascending and
descending parcels, and the black dashed line indicates cloud base
height. The green dashed line indicates the reactivation of that grid.
The black and green circles are referred to in the text. (d) Cloud
droplet size distribution changes with time. The black line repre-
sents the mean cloud droplet radius change with time. The yellow
dashed line is the change in mean droplet size for the ascending-
only cloud parcel with a constant velocity of 0.5 m s−1, and the up-
per and lower dashed gray lines represent the largest and smallest
cloud droplets in the ascending-only parcel.

on the CDSD at the end of the updraft cycle so the growth
and evaporation of unactivated cloud droplets (e.g., McFig-
gans et al., 2006) will not affect the final CDSD. The CDSD
broadens after each cycle as the larger droplets become larger
and the smaller droplets either remain similarly sized or be-
come smaller. All these features are consistent with Korolev
(1995) (see Fig. 5 in his paper).

Korolev (1995) analytically investigates the narrowing and
broadening of cloud droplet size distribution during conden-
sation when solute and curvature effects are considered. He
considers a cloud parcel oscillating vertically in simple har-
monic motion. Results show that the CDSD evolution is ir-
reversible if solute and curvature effects are considered. Irre-
versibility of the CDSD will not only promote the growth of
large droplets, but it will also lead to the evaporation, or even
deactivation of small cloud droplets, and thus broaden the
CDSD. However, the relative roles of the solute effect, cur-
vature effect, deactivation and reactivation on the broadening
of droplet size distributions have not been investigated.
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To explore the relative roles of different factors in this
CDSD broadening mechanism, three more cases are tested
here. For the first case, we turn off both the solute and cur-
vature effects for all cloud droplets after 700 s; this is the
time when the cloud parcel first reaches 50 m above cloud
base and is just below the oscillation layer. Specifically, we
set Ssat = 1 for all droplets. The result is shown in Fig. 3a.
The CDSD repeats for each cycle in this particular case,
consistent with Korolev et al. (2013), and the total cloud
droplet number concentration (n) is constant (red solid line
in Fig. 3d). For the second case, we only turn off the curva-
ture effect but retain the solute effect. Specifically, we ignore
the exponential term in Eq. (2) such that Ssat = as. The re-
sult in Fig. 3b shows that the largest droplet (with the most
solute) can grow after each cycle while the smallest droplet
size (with the least solute amount) associated with a mov-
ing size grid does not change much after each cycle. How-
ever the largest droplet size that a grid can reach is much
smaller than that in the control case. Because the saturated
water vapor pressure over a droplet formed on larger aerosol
is lower than that formed on smaller aerosol due to the so-
lute effect, the larger droplet grows faster than the smaller
droplet in the updraft region, and it evaporates slower in the
downdraft region. For this case, the solute effect alone can-
not explain the larger cloud droplets in the control case. In
addition, n is also a constant and droplet deactivation does
not occur (green dashed line in Fig. 3d). In the third case,
we consider both curvature and solute effects, but we do not
allow droplet reactivation. This means that once the droplet
deactivates it cannot be activated again. The result in Fig. 3c
shows that the growth of the largest cloud droplet is similar
to the control case, but the size of the smallest cloud droplet
associated with a grid also increases after each cycle. The
reason for this CDSD broadening is the Ostwald ripening ef-
fect, where large droplets grow at the expense of small ones.
Past studies have concluded that the ripening effect is typ-
ically slow and inefficient for droplet growth (Wood et al.,
2002). The vertical oscillations near cloud base that are con-
sidered here, however, allow for droplet deactivation and re-
sult in the decrease of n with time (see Fig. 3d), as in the
control case. Thus, the typically inefficient Ostwald ripening
is amplified through the resulting deactivation of the small-
est droplets. An early suggestion of this behavior is shown in
Fig. 8 of Hagen (1979). The only difference between the con-
trol and this simulation is that n for the control case increases
near the end of the simulation because of droplet reactivation
(see Fig. 3d). It should be mentioned that the step changes in
n in Fig. 3d are a result of using a discretized grid method
to represent the continuous spectrum. A downward step in n
means droplet deactivation, and an upwards step in n means
droplet reactivation. Deactivation and reactivation can also
be seen from the CDSD qualitatively: droplet deactivation
occurs when the peak value of CDSD decreases (from red to
blue as shown in Fig. 2d), while droplet reactivation occurs
when a subset of smaller cloud droplets appears.

Figure 3. (a) Cloud droplet size distribution (CDSD) changes
with time without solute or curvature effects. (b) CDSC changes
with time with the solute effect but without the curvature effect.
(c) CDSD changes with time including both solute and curvature
effects but where droplet reactivation is not considered. (d) Total
cloud droplet number concentration (n) changes with time for the
different cases. The gray region in (a)–(c) represents the range of
the droplet size spectrum for the control case, and the black lines
represent the mean cloud droplet radius change with time.

From Fig. 3a and b, we can see that the solute effect con-
tributes part of the CDSD broadening compared with the
control case. But the solute effect alone is not enough to ex-
plain the growth of the largest cloud droplet. Droplet deacti-
vation, which is related to the curvature effect, plays a crucial
role here (see Fig. 3c). Because the oscillations occur within
the cloud region, 50 m above cloud base, droplet deactivation
is surprising to us. There are two related questions: (1) why
do some cloud droplets deactivate in the cloud region while
others do not? (2) Why is droplet deactivation related to the
CDSD broadening?

The reason for the droplet deactivation is mainly because
the cloud parcel experiences upwards and downwards os-
cillations. In the downdraft region, the air is subsaturated,
which supports droplet evaporation. In addition, the saturated
water vapor pressures over polydisperse droplets are differ-
ent via both the solute and curvature effects. Smaller droplets
with less solute and larger radii of curvature have higher sat-
urated water vapor pressures, and thus evaporate faster than
larger droplets in the downdraft region. Therefore, smaller
droplets will evaporate first in the downdraft region.

The reason why droplet deactivation is related to the
CDSD broadening can be explained in two ways. From the
thermodynamic point of view, the liquid water mixing ratio
is roughly a constant at a given height for each cycle (see
Fig. 2a). As the n decreases due to the droplet deactivation,
we can expect that on average droplet size will be larger
because the same amount of water will be redistributed on
fewer cloud droplets. From the kinetic point of view, quasi-
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steady state supersaturation (sqs) will become larger after
each cycle due to droplet deactivation, as shown in Fig. 2b.
sqs, the environmental supersaturation in quasi-steady state,
is inversely proportional to the integral of the mean droplet
size r and the droplet number concentration (n), sqs ∝ (rn)

−1

(e.g., Squires, 1952; Politovich and Cooper, 1988; Korolev
and Mazin, 2003; Lamb and Verlinde, 2011). Here the de-
crease in n due to droplet deactivation is much greater than
the change of r; therefore, sqs will increase with decreasing
n. This means that larger droplets grow even faster in the
updraft region, and smaller droplets evaporate even faster in
the downdraft region – beyond the solute effect alone. Con-
versely, an increase in sqs will enhance droplet deactivation
for smaller droplets, and it will also reinforce the growth of
larger droplets in a positive feedback.

One question relevant to precipitation initiation is how fast
can the largest cloud droplet grow in an oscillating parcel
compared with droplets in an ascending-only parcel? For the
latter case, the cloud parcel ascends at a vertical velocity of
0.5 m s−1 for 3 h with the same initial condition as the control
case. At the end of the simulation, the cloud parcel reaches
about 6000 m and cloud droplets are supercooled (around
248 K), but we ignore ice nucleation in this study. The mean
(yellow dashed line) and largest/smallest (upper/lower gray
dashed lines) cloud droplets in an ascending-only cloud par-
cel are also shown in Fig. 2d. It can be seen that the size of the
largest cloud droplet in a moving size grid at the cloud top in
each cycle of the oscillating parcel (blue color bar) is similar
to that in the ascending-only parcel (upper gray line). This is
quite surprising because when the parcel reaches 1200 m for
the first time (i.e., the top of the oscillation cycle), the largest
cloud droplet radius is 9.07 µm (see Table 2 and Fig. 2c);
however after several cycles, the largest cloud droplet radius
at 1200 m is 17.3 µm. The size is similar to the largest droplet
size associated with a moving size grid in an ascending-only
parcel at a height of about 6000 m. This means that the largest
cloud droplet size for a grid in an oscillating parcel at 1200 m
is much larger than calculated from a traditional cloud par-
cel model (ascent only), and hence shows “superadiabatic”
growth. In addition, the size of the smallest cloud droplet for
a grid and the mean droplet size are larger in an ascending-
only parcel. Differences between the mean droplet sizes in-
creases after each cycle, especially at the end of the sim-
ulation due to the reactivation of numerous small droplets.
Therefore, the relative dispersion, which is the ratio of the
standard deviation to the mean of a droplet size distribution,
also increases after each cycle, and is much larger than in an
ascending-only cloud parcel.

3.2 Sensitivity studies

In this subsection, we investigate the effects of several fac-
tors on the CDSD in the adiabatic parcel model with vertical
oscillations. Previous studies show that aerosol number con-
centration and vertical velocity are the two most important

factors controlling cloud properties in an adiabatic cloud par-
cel model (e.g., McFiggans et al., 2006; Reutter et al., 2009;
Chen et al., 2018). Two regimes are frequently considered:
an aerosol-limited regime exists when there is an ample sup-
ply of water, and the cloud droplet number concentration is
limited by the aerosol number concentration; and an updraft-
limited regime exists when supersaturation is starved, and
the cloud droplet number concentration is limited by the up-
draft velocity. In the updraft-limited region, cloud droplets
will compete with each other for the limited available water,
and the larger aerosols will suppress the activation of smaller
aerosols (Ghan et al., 1998; Feingold and Kreidenweis, 2000;
Feingold et al., 2001). Based on Reutter et al. (2009), the
aerosol-limited regime exists when the ratio of the vertical
velocity to droplet number concentration, w/n, is larger than
10−3 m s−1 cm3 and the updraft-limited region occurs when
the w/n ratio is smaller than 10−4 m s−1 cm3. For the con-
trol case, the w/n ratio is 7× 10−4 m s−1 cm3, which is in
the transitional regime. In this subsection, we choose several
values of aerosol number concentration and vertical velocity
to investigate the CDSD in the aerosol-limited and updraft-
limited regimes. In addition, we also test the effect of the
recirculation layer thickness on the CDSD broadening.

3.2.1 Effect of total aerosol number concentration

We test two other aerosol number concentrations, 102 and
104 cm−3, and keep the median radius and geometric stan-
dard deviation the same as the control case (see Fig. 4a
and c). These values are chosen to represent the conditions
for clean clouds (102 cm−3) and polluted clouds (104 cm−3),
which are consistent with previous studies (e.g., Xue and
Feingold, 2004; Chen et al., 2018). Considering a verti-
cal velocity of 0.5 m s−1, they also represent the aerosol-
limited regime (the 102 cm−3 case leads to a w/n ratio of
5×10−3 m s−1 cm3) and the transition regime (the 104 cm−3

case leads to a w/n ratio of 4×10−4 m s−1 cm3). The results
show that the CDSD for the relatively clean case (102 cm−3)
behaves similarly to the solute effect alone (compare Figs. 3b
and 4b) – there is neither droplet deactivation nor reacti-
vation. The CDSD broadening is due to the ripening effect
alone, which is not as efficient as when it is accompanied by
deactivation as in the control case. For the relatively polluted
case (104 cm−3), both droplet deactivation and reactivation
occur (see Fig. 4d). The largest cloud droplet acts similarly
to that in the control case, while the smallest cloud droplet
is larger 1.5 h into the simulation but then begins to become
smaller compared with the control case. We interpret these
observations as follows. For the clean case, all aerosols are
activated, and all droplets are able to grow to a relatively
large size, making them unlikely to deactivate. However for
the polluted case, not all CCN are activated; there are conse-
quently some smaller droplets that cannot grow very large
and will evaporate first in the downdraft region. Another
explanation from Korolev (1995) is that the CDSD broad-
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Table 2. Microphysical properties at cloud top for different cases: rmax is the largest cloud droplet radius in a moving size grid, rmin is the
smallest cloud droplet radius in a grid, r is the mean cloud droplet size, σ is the standard deviation of the droplet radius, σ/r is the relative
dispersion and n is the cloud droplet number concentration. Case 0 is when the cloud parcel reaches the cloud top for the first time with the
same setup as the control case (shown as black circle in Fig. 3). For other cases, results represent the parcel at cloud top for the last time after
3 h simulation; an example of the control case is shown as the green circle in Fig. 3. Bold values represent cases of broader cloud droplet size
distribution with relative dispersions larger than 0.15.

rmax (µm) rmin (µm) r (µm) σ (µm) σ
r

n (cm−3) deactivation reactivation

Case 0 9.1 4.2 5.8 0.5 0.088 654 no no
Ascending only 17 12 13 0.55 0.041 654 no no
Control 17 6.1 7.5 1.6 0.22 260 yes yes
αm = 0.06 17 5.1 7.0 1.9 0.27 299 yes yes
Ngrid = 200 17 5.9 7.5 1.6 0.22 260 yes yes
Pure water 7.8 5.9 6.0 0.086 0.014 654 no no
Only solute effect 13 5.8 6.0 0.21 0.035 654 no no
Without reactivation 18 7.9 10 1.1 0.11 111 yes no
Low Na 16 9.6 11 0.40 0.036 92 no no
High Na 17 3.1 4.7 1.5 0.32 913 yes yes
Low w 13 7.7 8.8 0.60 0.068 191 yes no
High w 17 4.6 5.3 1.0 0.19 695 yes yes
Thin 1H 17 6.2 8.5 1.4 0.16 192 yes yes
Thick 1H 9.0 4.1 5.8 0.50 0.087 654 no yes

ening occurs when air supersaturation (Se) is smaller than
the critical supersaturation for the smallest cloud droplets
(Ssat(rsmall)). For this condition, the smallest cloud droplets
evaporate and the largest cloud droplets might grow slightly
if Se > Ssat(rlarge) or evaporate slightly if Se < Ssat(rlarge),
thus leading to broadening. If the water vapor mixing ratio
in air is much larger on average than the saturated water va-
por mixing ratio over droplet, only narrowing of the CDSD
occurs. Because in-cloud supersaturation decreases with in-
creased aerosol concentration, it is expected that the Ostwald
ripening is more efficient in polluted cloud, which is also
consistent with (Srivastava, 1991).

3.2.2 Effect of vertical velocity

Two vertical velocities (0.1 and 1.0 m s−1) are used to test
their influence on CDSD broadening. These values are cho-
sen based on observations that updrafts in stratocumulus
clouds are in the order of 0.1 m s−1 and in cumulus clouds are
in the order of 1.0 m s−1 (Ditas et al., 2012; Katzwinkel et al.,
2014). Results also show that they correspond to the aerosol-
limited regime (the 1.0 m s−1 case leads to a w/n ratio of
10−3 m s−1 cm3) and the transitional regime (the 0.1 m s−1

case leads to a w/n ratio of 5× 10−4 m s−1 cm3). For a rel-
ative low velocity of ±0.1 m s−1, the cloud parcel only ex-
periences one and a half cycles within 3 h (see Fig. 5a). The
parcel reaches the cloud base in around 1 h, which is signif-
icantly later than the control case due to the small velocity
(see Fig. 5a). However, the largest cloud droplet size ulti-
mately becomes similar to that in the control case, and we
also see the cloud droplet number concentration decrease due
to droplet deactivation. No droplet reactivation occurs be-

Figure 4. (a) Aerosol size distribution for a low number concentra-
tion of 102 cm−3. (b) Cloud droplet size distribution changes with
time for the low aerosol number concentration case. (c) Aerosol
size distribution for the high number concentration of 104 cm−3.
(d) Cloud droplet size distribution changes with time for the high
aerosol number concentration case. Gray lines in (a) and (c) repre-
sent the control case with a total aerosol number concentration of
103 cm3, and gray regions in (b) and (d) are the range of the cloud
droplet size spectrum for the control case.

cause the small velocity generates a low supersaturation in
the updraft region, which is unfavorable for droplet reactiva-
tion. For a relative high velocity of±1.0 m s−1, the cloud par-
cel can cycle more times within 3 h (see Fig. 5c). The parcel
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Figure 5. (a) The height of cloud parcel changes with time for the
low velocity case of ± 0.1 m s−1. (b) Cloud droplet size distribu-
tion changes with time for the low velocity case. (c) The height of
the cloud parcel changes with time for the velocity of ±1.0 m s−1.
(d) Cloud droplet size distribution changes with time for the high
velocity case. Red and blue lines in (a) and (c) represent ascending
and descending parcels, and gray lines represent the control case
with velocity of±0.5 m s−1. The gray regions in (b) and (d) are the
range of cloud droplet spectrum for the control case.

reaches cloud base faster than the control case (see Fig. 5c).
Here we keep the thickness of the recirculation layer con-
stant. Therefore, larger vertical velocity results in a higher
oscillation frequency. Both droplet deactivation and reacti-
vation occur in this case, and the largest and smallest cloud
droplets behave similarly to the control case.

3.2.3 Effect of the thickness of the recirculation layer

Turbulence driven by cloud-top radiative cooling can result
in various eddy sizes in the stratocumulus-topped boundary
layer (Wood, 2012). Two different recirculation layer depths
are tested, 150 and 350 m, to investigate the effect of eddy
size on CDSD broadening. For a recirculation layer of 150 m,
which is 100 m thinner than the control case, the parcel expe-
riences more cycles within 3 h (see Fig. 6a). The total cloud
droplet number concentration decreases with time due to
droplet deactivation, but no droplet reactivation occurs (see
Fig. 6b). Therefore the largest cloud droplet is similar to the
control case, but the smaller cloud droplet is larger than in
the control case. For a recirculation layer of 350 m, the parcel
can penetrate the cloud base each cycle (see Fig. 6c). In this
case, all cloud droplets are deactivated below cloud base and
reactivated again when the cloud parcel is supersaturated in
the next ascending branch. Therefore the CDSD is repeated
and no broadening occurs.

Figure 6. (a) The height of cloud parcel changes with time for the
thin recirculation layer of 150 m. (b) Cloud droplet size distribution
changes with time for the thin recirculation layer case. (c) Aerosol
size distribution for the thick recirculation layer of 350 m. (d) Cloud
droplet size distribution changes with time for the thick recircula-
tion layer case. Red and blue lines in (a) and (c) represent as-
cending and descending parcels, and gray lines in represent the con-
trol case with recirculation layer of 250 m. The gray regions in (b)
and (d) are the range of cloud droplet size spectrum for the control
case.

3.3 Discussion

We have studied the effects of total aerosol number concen-
tration, updraft velocity and the thickness of the recirculation
layer on CDSD broadening. However we note that there are
other parameters used in this study that can lead to the uncer-
tainties in the results. For example, Takeda and Kuba (1982)
found that using an insufficient number of model grids will
lead to the narrow CDSD reported by Mordy (1959). Krei-
denweis et al. (2003) found that both the spectral discretiza-
tion and the uncertainty in the value of the mass accommoda-
tion coefficient can lead to uncertainty in the results. To test
the effects of the mass accommodation coefficient and spec-
trum discretization on the CDSD, two more sensitivity stud-
ies are conducted. One case is to set the mass accommodation
coefficient (αm) to 0.06 based on Shaw and Lamb (1999). It
is expected that a smaller value of αm might suppress the
growth of cloud droplets. The other case is to change the
number of grids from 100 to 200, while keeping other pa-
rameters the same as in the control case.

Table 2 summarizes the microphysical properties at cloud
top for different cases. When the cloud parcel first reaches
about 1200 m, the largest cloud droplet radius associated
with a moving size grid (rmax) is 9.1 µm (case 0). If the cloud
parcel continues rising for 3 h as for the ascending-only case,
rmax = 17 µm at 6000 m. However if the parcel experiences
recirculation within cloud region, rmax can also be around
17 µm as long as deactivation occurs, except for the low Na
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case (see Table 2). If reactivation also occurs, the smallest
cloud droplet radius associated with a moving size grid rmin
is around 5 µm and the relative dispersion is larger than 0.1.
It is interesting to note that low mass accommodation has a
negligible effect on rmax, but it has a stronger impact on rmin.
This will result in a broader CDSD compared with the con-
trol case. In addition, a low mass accommodation coefficient
inhibits the growth of cloud droplets and leads to more acti-
vated cloud droplets (Xue and Feingold, 2004). Results for
200 grids are similar to those from the control case, which
means that the 100 grids used in this study are enough to
limit the uncertainty due to spectrum discretization.

From the above, we see that droplet deactivation and
droplet reactivation play crucially important roles in CDSD
broadening in this study. Deactivation of smaller droplets is
important for the growth of larger cloud droplets (e.g., see
Figs. 2d, 3c, 4d, 5b, d and 6b). Droplet deactivation occurs
in the descending branch for smaller droplets due to both the
curvature and solute effects (Ostwald ripening). The evapo-
ration of smaller cloud droplets with less solute makes water
vapor available for the growth of other larger cloud droplets.
On average, the largest cloud droplet size for a moving size
grid increases with time after each cycle.

Results from the sensitivity studies show that the relative
dispersion is larger than 1.5 for relatively polluted conditions
when both deactivation and reactivation occur (see Table 2),
which is consistent with the values from observations and
simulations (e.g., Miles et al., 2000; Liu and Daum, 2002;
Chandrakar et al., 2016). However the relative dispersion has
also been found to be larger than 1.5 for relatively clean
conditions (e.g., Miles et al., 2000; Lu and Seinfeld, 2006;
Chandrakar et al., 2016). This might be due to other mecha-
nisms, such as supersaturation fluctuations in a turbulent en-
vironment or the collision coalescence process. It should be
mentioned that the CDSD observed in previous studies might
have the problem of instrumental broadening due to low in-
strument resolution or long-distance averaging of the sam-
pling volume (Brenguier et al., 2011; Devenish et al., 2012).
A broad CDSD is also observed by recent holographic mea-
surements, which limit the effect of instrument broadening
and have much higher temporal and spatial resolution than
other instruments, such as particle-counting probes (Beals
et al., 2015; Glienke et al., 2017; Desai et al., 2018).

We note that deactivation is suppressed for a thin recir-
culation layer 1H = 150 m as shown in Fig. 6b, and there-
fore the CDSD broadening is not as efficient as the control
case. However, the vertical oscillations of an air parcel due
to turbulence might be much smaller than 150 m. Wood et al.
(2002) did not observe the enhanced CDSD broadening by
deactivation and reactivation with a shallower recirculation
layer. One interesting question is whether deactivation or re-
activation can be inhibited for a very thin recirculation layer.
To answer this question, three more cases are carried out with
recirculation layers of 50, 5 and 1 m. All these cases have the
same setup as the control case except for the thickness of

Figure 7. Cloud droplet size distribution (CDSD) changes with time
for different thicknesses of recirculation layers: (a) 1H = 50 m,
(b) 1H = 5 m and (c) 1H = 1 m. (d) Total cloud droplet number
concentration (n) changes with time for the different cases. The gray
region in (a)–(c) represents the range of the droplet size spectrum
for the control case, and the black lines represent the mean cloud
droplet radius change with time.

recirculation layer. The CDSD and total cloud droplet num-
ber concentration for each case are shown in Fig. 7. It can
be seen that reactivation is inhibited for all cases, but deac-
tivation always occurs. More interestingly, the CDSD for all
these three cases are similar, and the decrease of total cloud
droplet number concentration due to deactivation is also sim-
ilar. The evolution of the CDSD for a thin recirculation layer
is independent of air motion and degrades to a steady state
where the CDSD broadening is due to Ostwald ripening in a
still environment.

One interesting result is that the size of the largest cloud
droplet associated with a moving size grid within each cy-
cle is similar to that in the ascending-only parcel (i.e., ap-
proximately within one micrometer), as shown in Fig. 8. The
general trends approximately follow the growth rate that is
independent of aerosol number concentration, vertical ve-
locity and the thickness of the oscillation layer, as long as
deactivation occurs. This suggests that the growth of the
largest cloud droplets strongly depends on the amount of
time such droplets remain in the cloud (residence time of
cloud droplets), rather than the temporal variability of su-
persaturation in updrafts and downdrafts. The reason for this
is that the environmental (i.e., the in-cloud) saturation ratio
(Se) is buffered by the equilibrium saturation ratio (Ssat) over
smaller droplets. Figure 9 shows the changes of Se and Ssat
over two droplets (same used as in Fig. 2c) in the control
case. Instead of being symmetric around one for the pure
water case (ignoring solute and curvature effects), Se in the
oscillating parcel is symmetric around Ssat over the small
cloud droplets. For example before 1.5 h, droplets formed
on ra = 51 nm are the smallest cloud droplets in the popula-
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Figure 8. The largest cloud droplet size after each cycle is plotted
for the different previously discussed cases: blue dots, control case;
red dots, no reactivation case; pink dots, high number concentration
case; green dots, high vertical velocity case; and black dots, thin
oscillation layer case. The gray line is for the ascending-only case
from Fig. 4, and the red line represents the growth of a droplet.

tion, and the average Se (gray line) during one oscillation is
roughly symmetric around the blue line (Fig. 9). The fact that
Se is buffered by Ssat over small cloud droplets is mainly be-
cause the number concentration of the smallest cloud droplet
(36 cm−3 in the control case) is much larger than that of large
cloud droplet (1.8× 10−9 cm−3). When those small droplets
deactivate (between 1.5 and 2.5 h), Ssat (blue line) for those
deactivated droplets is the same as Se (gray line). During this
period, Se is symmetric around Ssat over the remaining small
droplets (larger than the droplets formed on ra = 51 nm but
smaller than for ra = 503 nm). When the droplets formed
on ra = 51 nm are reactivated (after 2.5 h), Se is symmetric
around Ssat(ra = 51 nm) again until they are deactivated. It
should be mentioned that the number concentration of those
reactivated droplets increases steadily after each cycle after
2.0 h (See Fig. 3d). By the end of the simulation, the num-
ber concentration of the reactivated droplets is similar to that
of the remaining large droplets (about 150 cm−3). Therefore,
the effect of those reactivated droplets on the environmental
saturation ratio becomes stronger after 2.0 h (see Fig. 9).

This symmetric property of Se can be also explained us-
ing the quasi-steady supersaturation sqs which for pure water
droplets is expressed as sqs ∼

w
nr

(Lamb and Verlinde, 2011).
This can be obtained from the analytical expression of super-
saturation in an adiabatic cloud parcel: dSe

dt = Aw−Bnr(Se−

1), where A and B are parameters depending on thermo-
dynamic properties (Korolev and Mazin, 2003). A symmet-
ric distribution of w around zero will generate a symmet-
ric distribution of sqs around zero (i.e., Se around one). If
curvature and solute effects are considered, sqs will be sym-
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Figure 9. Changes of the environmental saturation ratio (gray) and
the equilibrium saturation ratios over two droplets (red and blue)
with time in an oscillating parcel. The blue line is for a droplet
formed on a dry aerosol with radius of 53 nm and the red line is for a
droplet formed on a dry aerosol with radius of 503 nm. The smaller
cloud droplet (formed on a dry aerosol with radius of 53 nm) deacti-
vates at approximately 1.5 h and reactivates at approximately 2.5 h.

metric around sk given the same condition of w, because
dSe
dt = Aw−Bnr(Se− Ssat) and thus sqs ∼

w
nr
+ sk , where

sk = Ssat− 1 is the equilibrium supersaturation ratio over a
monodisperse droplet. In the updraft region, all droplets grow
and the effect of sk is negligible. In the downdraft region and
for polydisperse cloud droplets, the large number of small
cloud droplets buffers the environmental conditions. There-
fore Se is symmetric around Ssat over smaller droplets before
they deactivate in the oscillating parcel. Se−Ssat controls the
growth of a large droplet and it is positive on average. That
is why the large droplets can grow after each cycle. In ad-
dition, the influence of Se fluctuations on droplet growth is
small if Ssat over a large droplet is much lower than Se and its
fluctuations. The extreme examples of this phenomenon are
when droplets form on GCCN in warm clouds (Jensen and
Nugent, 2017) or ice particles form in mixed phase clouds.
Therefore, the growth of the large droplet here is dominated
by its in-cloud lifetime. Previous studies show that although
the mean lifetime of cloud droplets is usually less than half
an hour, the residence time for some lucky cloud droplets
can be longer than 1 h (e.g., Feingold et al., 1996; Kogan,
2006; Andrejczuk et al., 2008). Those long-lifetime cloud
droplets might contribute to large droplets in the cloud, simi-
lar to long-lifetime ice particles in mixed-phase clouds (Yang
et al., 2015).

However if all cloud droplets are deactivated, CDSD
broadening does not occur (see Fig. 6d). Without droplet de-
activation, the CDSD can also broaden due only to the so-
lute effect, as is the case when the curvature effect is ignored
(Fig. 3b) or when the total aerosol number concentration is
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low (Fig. 4b). CDSD broadening due to the ripening effect
without droplet deactivation is not as significant as it is with
droplet deactivation, but it might also be important after sev-
eral hours as suggested by Wood et al. (2002).

Droplet reactivation usually occurs in the updraft region
after several cycles, and those reactivated droplets will be de-
activated again in the downdraft region. Formation of smaller
cloud droplets can broaden the CDSD at smaller sizes, de-
crease the mean cloud droplet size, and increase the rel-
ative dispersion. Meanwhile, the generation of new cloud
droplets also suppresses the growth of larger cloud droplets
(see Fig. 2d).

In summary, the results of this study show that the CDSD
can be broadened in a vertically oscillating cloud parcel if
both solute and curvature effects are considered, consistent
with the findings of previous studies (e.g., Korolev, 1995).
Although our model uses an idealized setup, the sensitivity
studies help explore the conditions under which this mecha-
nism may be important in the real clouds. The results show
that CDSD broadening due to Ostwald ripening can be en-
hanced in relatively polluted conditions when deactivation
and reactivation occur, such as typically exists for continen-
tal clouds. For relatively clean conditions like marine clouds,
other CDSD broadening mechanisms might be more rele-
vant, such as the collision coalescence process or supersat-
uration fluctuations due to turbulence. When deactivation
and reactivation occur, the simulation results show that the
smallest cloud droplets do not change significantly after each
oscillation cycle, while the largest cloud droplets grow on
average after each cycle. The growth of the largest cloud
droplet depends on its in-cloud lifetime. This is because, due
to the solute effect, the saturation water vapor pressure over
larger cloud droplets is smaller than the environmental water
vapor pressure that is buffered by numerous smaller cloud
droplets with smaller amounts of solute. It should be men-
tioned that the system is buffered by smaller cloud droplets
formed on smaller CCN when the number concentration of
those droplets is much higher than that for the largest cloud
droplets formed on the largest CCN. This may not be true
under relatively clean conditions, where the environmental
supersaturation can be affected by droplets formed on the
largest CCN.

4 Conclusions and atmospheric implications

In this study, we investigate the condensation growth of
cloud droplets in an adiabatic parcel with vertical oscillations
based on a moving-size-grid cloud parcel model where cloud
droplets are formed on polydisperse, submicrometer aerosol
particles. Both the solute and curvature effects are considered
for all cloud droplets before and after activation during the
whole simulation. The CDSD can also broaden by conden-
sation growth due to Ostwald ripening together with droplet
deactivation and reactivation, which is consistent with the re-

sults of Korolev (1995). Droplet deactivation occurs in the
descending branch due to the combination of the solute and
curvature effects. Deactivation of smaller droplets makes wa-
ter vapor available for other larger droplets, and thus broad-
ens the CDSD at larger sizes. The growth of the largest cloud
droplet in a vertically oscillating cloud parcel approximately
follows the growth rate in an ascending-only cloud parcel
after each cycle, and it is independent of aerosol number
concentration, vertical velocity and the thickness of the os-
cillation layer, as long as deactivation occurs. The size of
the largest cloud droplet strongly depends on the time that
droplet remains in the cloud rather than on the variability
of the in-cloud supersaturation. This is because the large
number of smaller cloud droplets buffers the environmental
air: the environmental saturation ratio in an oscillating par-
cel is symmetric around the equilibrium saturation ratio over
smaller cloud droplets. The growth rate for the largest cloud
droplets can be used to roughly estimate the large-size up-
per boundary of the CDSD, at least in this study. Droplet
reactivation usually occurs after a few cycles. These cloud
droplets are activated in the ascending branch, and deacti-
vated in the descending branch. They are usually very small
(less than 5 µm) and thus broaden the CDSD at smaller sizes.
The mean cloud droplet size significantly decreases when re-
activation occurs, which leads to an increase in relative dis-
persion. Conversely, the newly formed cloud droplets com-
pete against other cloud droplets for water vapor, thus sup-
pressing the growth of larger cloud droplets.

We note that there are additional factors that might affect
droplet growth that are not treated in this study. For example,
we do not consider the sedimentation of cloud droplets in this
study, similar to Korolev et al. (2013) and Jensen and Nugent
(2017). This is a reasonable assumption for an updraft ve-
locity of 0.5 m s−1 or above, but ignoring sedimentation in
the low velocity case (0.1 m s−1) will limit the accuracy of
our results. In addition, we do not consider the collision co-
alescence between droplets. Although CDSD broadening is
favorable for collision processes, it might be interesting to
determine how this broadening will accelerate rain forma-
tion.

We have used idealized simulations to analyze the CDSD
broadening in a vertically oscillating cloud parcel due to
Ostwald ripening. There are three necessary conditions for
this CDSD broadening mechanism. The first condition is
that droplets form on polydisperse aerosol particles where
larger cloud droplets contain more solute. This is a very gen-
eral occurrence in the atmosphere due to the complexity of
aerosol size and composition (Murphy et al., 1998; Khain
et al., 2000). The second condition is that a cloud experi-
ences upward and downward oscillations. This is also a gen-
eral occurrence in natural clouds due to turbulence and cir-
culations that can become established within a cloud layer
(Wood, 2012). The third condition is that cloud droplets have
a long in-cloud residence time, e.g., longer than 1 h. This is
consistent with previous studies that cloud droplet residence
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time plays an important role in CDSD broadening due to the
Ostwald ripening effect (Wood et al., 2002; Romakkaniemi
et al., 2009). We expect that this mechanism of CDSD broad-
ening is possible in the real clouds under those specific con-
ditions.

It should be mentioned that one limitation of this study
arises from the use of the adiabatic assumption for 3 h simu-
lations. Turbulence can result in not only upward and down-
ward oscillations but also in entrainment and mixing (Shaw,
2003; Devenish et al., 2012). The latter can cause cloud
droplet evaporation, deactivation and reactivation (Korolev
et al., 2013; Yang et al., 2016). In addition, the lifetime of
the cloud parcel is usually less than 1 h (Andrejczuk et al.,
2008). Therefore, one should be aware that results in this
study are based on a very idealized state. More realistic stud-
ies should consider mixing processes where for example a
trajectory ensemble model would be a suitable tool (Ovchin-
nikov and Easter, 2010; Feingold et al., 1998). How impor-
tant this mechanism is to CDSD broadening in real clouds
compared with other mechanisms is worth future investiga-
tion, but is beyond the scope of this study.

There is an implication of this mechanism for the cloud
modeling community. Most of the bulk and bin microphys-
ical schemes only consider the curvature and solute effects
during the activation process based on Köhler theory, and
cloud droplets are assumed to be pure water after they are ac-
tivated. Tracking the solute distribution for each bin of cloud
droplet is possible using a joint 2-D bin aerosol-cloud mi-
crophysical scheme, but it is very computationally expensive
(e.g., Andrejczuk et al., 2010; Ovchinnikov and Easter, 2010;
Lebo and Seinfeld, 2011). The mechanism of CDSD broad-
ening in this study requires the model to consider both solute
and curvature effects all the time (i.e., before and after acti-
vation, deactivation and reactivation). Our results suggest the
importance of solute and curvature effects to the deactivation
and reactivation processes, which are consistent with previ-
ous studies (e.g., Andrejczuk et al., 2008; Hoffmann et al.,
2015; Hoffmann, 2017; Chen et al., 2018). However the re-
sults are counter to some other studies where details of acti-
vation and deactivation are argued to be unimportant in the
cloud simulation (e.g., Srivastava, 1991; Chuang et al., 1997;
Grabowski et al., 2018). Large eddy simulations with a sim-
ilar microphysical treatment would be useful to investigate
how important this mechanism is to CDSD broadening in
more realistic clouds.

Data availability. The simulation data and model code used in this
study can be obtained from Fan Yang (fanyang@bnl.gov) upon re-
quest.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. Fan Yang, Pavlos Kollias and Andrew M. Vo-
gelmann were supported by the US Department of Energy (DOE)
under contract DE-SC0012704. Raymond A. Shaw was supported
by the DOE Office of Science as part of the Atmospheric System
Research program through grant no. DE-SC0011690.

Edited by: Graham Feingold
Reviewed by: Sylwester Arabas and one anonymous referee

References

Andrejczuk, M., Reisner, J., Henson, B., Dubey, M., and Jeffery, C.:
The potential impacts of pollution on a nondrizzling stratus deck:
Does aerosol number matter more than type?, J. Geophys. Res.-
Atmos., 113, D19204, https://doi.org/10.1029/2007JD009445,
2008.

Andrejczuk, M., Grabowski, W., Reisner, J., and Gadian, A.: Cloud-
aerosol interactions for boundary layer stratocumulus in the La-
grangian Cloud Model, J. Geophys. Res.-Atmos., 115, D22214,
https://doi.org/10.1029/2010JD014248, 2010.

Arabas, S. and Shima, S.-I.: On the CCN (de)activation
nonlinearities, Nonlin. Processes Geophys., 24, 535–542,
https://doi.org/10.5194/npg-24-535-2017, 2017.

Beals, M. J., Fugal, J. P., Shaw, R. A., Lu, J., Spuler, S. M.,
and Stith, J. L.: Holographic measurements of inhomogeneous
cloud mixing at the centimeter scale, Science, 350, 87–90,
https://doi.org/10.1126/science.aab0751, 2015.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,
Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., Lohmann,
U., Rasch, P., Satheesh, S., Sherwood, S., Stevens, B., and
Zhang, X.: Clouds and aerosols, in: Climate change 2013: the
physical science basis, Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press, 571–657,
https://doi.org/10.1017/CBO9781107415324, 2013.

Brenguier, J.-L., Burnet, F., and Geoffroy, O.: Cloud optical thick-
ness and liquid water path – does the k coefficient vary with
droplet concentration?, Atmos. Chem. Phys., 11, 9771–9786,
https://doi.org/10.5194/acp-11-9771-2011, 2011.

Brown, P. N., Byrne, G. D., and Hindmarsh, A. C.: VODE: A
variable-coefficient ODE solver, SIAM J. Sci. Stat. Comp., 10,
1038–1051, https://doi.org/10.1137/0910062, 1989.

Çelik, F. and Marwitz, J. D.: Droplet Spectra Broad-
ening by Ripening Process. Part I: Roles of Cur-
vature and Salinity of Cloud Droplets, J. Atmos.
Sci., 56, 3091–3105, https://doi.org/10.1175/1520-
0469(1999)056<3091:DSBBRP>2.0.CO;2, 1999.

Chandrakar, K. K., Cantrell, W., Chang, K., Ciochetto, D., Nieder-
meier, D., Ovchinnikov, M., Shaw, R. A., and Yang, F.: Aerosol
indirect effect from turbulence-induced broadening of cloud-
droplet size distributions, P. Natl. Acad. Sci. USA, 113, 14243–
14248, https://doi.org/10.1073/pnas.1612686113, 2016.

Chen, J., Liu, Y., Zhang, M., and Peng, Y.: Height Dependency of
Aerosol-Cloud Interaction Regimes, J. Geophys. Res.-Atmos.,
123, 491–506, https://doi.org/10.1002/2017JD027431, 2018.

Cheng, W. Y., Carrió, G. G., Cotton, W. R., and Saleeby, S. M.:
Influence of cloud condensation and giant cloud condensation
nuclei on the development of precipitating trade wind cumuli in

www.atmos-chem-phys.net/18/7313/2018/ Atmos. Chem. Phys., 18, 7313–7328, 2018

https://doi.org/10.1029/2007JD009445
https://doi.org/10.1029/2010JD014248
https://doi.org/10.5194/npg-24-535-2017
https://doi.org/10.1126/science.aab0751
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.5194/acp-11-9771-2011
https://doi.org/10.1137/0910062
https://doi.org/10.1175/1520-0469(1999)056<3091:DSBBRP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<3091:DSBBRP>2.0.CO;2
https://doi.org/10.1073/pnas.1612686113
https://doi.org/10.1002/2017JD027431


7326 F. Yang et al.: Size distribution broadening during diffusional growth

a large eddy simulation, J. Geophys. Res.-Atmos., 114, D08201,
https://doi.org/10.1029/2008JD011011, 2009.

Chuang, P., Charlson, R. J., and Seinfeld, J.: Kinetic limita-
tions on droplet formation in clouds, Nature, 390, 594–596,
https://doi.org/10.1038/37576, 1997.

Cooper, W. A.: Effects of variable droplet growth histo-
ries on droplet size distributions. Part I: Theory, J. At-
mos. Sci., 46, 1301–1311, https://doi.org/10.1175/1520-
0469(1989)046<1301:EOVDGH>2.0.CO;2, 1989.

Cooper, W. A., Lasher-Trapp, S. G., and Blyth, A. M.: The In-
fluence of Entrainment and Mixing on the Initial Formation of
Rain in a Warm Cumulus Cloud, J. Atmos. Sci., 70, 1727–1743,
https://doi.org/10.1175/JAS-D-12-0128.1, 2013.

de Lozar, A. and Muessle, L.: Long-resident droplets at the
stratocumulus top, Atmos. Chem. Phys., 16, 6563–6576,
https://doi.org/10.5194/acp-16-6563-2016, 2016.

Desai, N., Chandrakar, K., Chang, K., Cantrell, W., and Shaw, R.:
Influence of Microphysical Variability on Stochastic Condensa-
tion in a Turbulent Laboratory Cloud, J. Atmos. Sci., 75, 189–
201, https://doi.org/10.1175/JAS-D-17-0158.1, 2018.

Devenish, B., Bartello, P., Brenguier, J.-L., Collins, L., Grabowski,
W., IJzermans, R., Malinowski, S., Reeks, M., Vassilicos,
J., Wang, L.-P., and Warhaft, Z.: Droplet growth in warm
turbulent clouds, Q. J. Roy. Meteor. Soc., 138, 1401–1429,
https://doi.org/10.1002/qj.1897, 2012.

Ditas, F., Shaw, R. A., Siebert, H., Simmel, M., Wehner,
B., and Wiedensohler, A.: Aerosols-cloud microphysics-
thermodynamics-turbulence: evaluating supersaturation in a ma-
rine stratocumulus cloud, Atmos. Chem. Phys., 12, 2459–2468,
https://doi.org/10.5194/acp-12-2459-2012, 2012.

Ervens, B. and Feingold, G.: On the representation of immer-
sion and condensation freezing in cloud models using differ-
ent nucleation schemes, Atmos. Chem. Phys., 12, 5807–5826,
https://doi.org/10.5194/acp-12-5807-2012, 2012.

Falkovich, G. and Pumir, A.: Sling effect in collisions of water
droplets in turbulent clouds, J. Atmos. Sci., 64, 4497–4505,
https://doi.org/10.1175/2007JAS2371.1, 2007.

Feingold, G. and Heymsfield, A. J.: Parameterizations of Conden-
sational Growth of Droplets for Use in General Circulation Mod-
els, J. Atmos. Sci., 49, 2325–2342, https://doi.org/10.1175/1520-
0469(1992)049<2325:POCGOD>2.0.CO;2, 1992.

Feingold, G. and Kreidenweis, S.: Does cloud processing of aerosol
enhance droplet concentrations?, J. Geophys. Res.-Atmos., 105,
24351–24361, https://doi.org/10.1029/2000JD900369, 2000.

Feingold, G. and Siebert, H.: Cloud-Aerosol Interactions from
the Micro to the Cloud Scale, in: Clouds in the Perturbed
Climate System: Their Relationship to Energy Balance, At-
mospheric Dynamics, and Precipitation, MIT Press, 319–338,
https://doi.org/10.7551/mitpress/9780262012874.001.0001,
2009.

Feingold, G., Cotton, W., Stevens, B., and Frisch, A.: The re-
lationship between drop in-cloud residence time and driz-
zle production in numerically simulated stratocumulus clouds,
J. Atmos. Sci., 53, 1108–1122, https://doi.org/10.1175/1520-
0469(1996)053<1108:TRBDIC>2.0.CO;2, 1996.

Feingold, G., Boers, R., Stevens, B., and Cotton, W. R.: A mod-
eling study of the effect of drizzle on cloud optical depth
and susceptibility, J. Geophys. Res.-Atmos., 102, 13527–13534,
https://doi.org/10.1029/97JD00963, 1997.

Feingold, G., Kreidenweis, S. M., and Zhang, Y.: Stratocumulus
processing of gases and cloud condensation nuclei: 1. Trajectory
ensemble model, J. Geophys. Res.-Atmos., 103, 19527–19542,
https://doi.org/10.1029/98JD01750, 1998.

Feingold, G., Cotton, W. R., Kreidenweis, S. M., and
Davis, J. T.: The Impact of Giant Cloud Condensa-
tion Nuclei on Drizzle Formation in Stratocumulus:
Implications for Cloud Radiative Properties, J. At-
mos. Sci., 56, 4100–4117, https://doi.org/10.1175/1520-
0469(1999)056<4100:TIOGCC>2.0.CO;2, 1999.

Feingold, G., Remer, L. A., Ramaprasad, J., and Kaufman,
Y. J.: Analysis of smoke impact on clouds in Brazil-
ian biomass burning regions: An extension of Twomey’s
approach, J. Geophys. Res.-Atmos., 106, 22907–22922,
https://doi.org/10.1029/2001JD000732, 2001.

Ghan, S. J., Guzman, G., and Abdul-Razzak, H.:
Competition between Sea Salt and Sulfate Par-
ticles as Cloud Condensation Nuclei, J. Atmos.
Sci., 55, 3340–3347, https://doi.org/10.1175/1520-
0469(1998)055<3340:CBSSAS>2.0.CO;2, 1998.

Glienke, S., Kostinski, A., Fugal, J., Shaw, R., Borrmann, S.,
and Stith, J.: Cloud droplets to drizzle: contribution of tran-
sition drops to microphysical and optical properties of ma-
rine stratocumulus clouds, Geophys. Res. Lett., 44, 8002–8010,
https://doi.org/10.1002/2017GL074430, 2017.

Göke, S., Ochs III, H. T., and Rauber, R. M.: Radar Analy-
sis of Precipitation Initiation in Maritime versus Continental
Clouds near the Florida Coast: Inferences Concerning the Role
of CCN and Giant Nuclei, J. Atmos. Sci., 64, 3695–3707,
https://doi.org/10.1175/JAS3961.1, 2007.

Grabowski, W. W. and Abade, G. C.: Broadening of Cloud
Droplet Spectra Through Eddy Hopping: Turbulent Adia-
batic Parcel Simulations, J. Atmos. Sci., 74, 1485–1493,
https://doi.org/10.1175/JAS-D-17-0043.1, 2017.

Grabowski, W. W. and Wang, L.-P.: Growth of Cloud Droplets in a
Turbulent Environment, Annu. Rev. Fluid Mech., 45, 293–324,
https://doi.org/10.1146/annurev-fluid-011212-140750, 2013.

Grabowski, W. W., Dziekan, P., and Pawlowska, H.: Lagrangian
condensation microphysics with Twomey CCN activation,
Geosci. Model Dev., 11, 103–120, https://doi.org/10.5194/gmd-
11-103-2018, 2018.

Hagen, D. E.: A numerical cloud model for the sup-
port of laboratory experimentation, J. Appl. Mete-
orol., 18, 1035–1043, https://doi.org/10.1175/1520-
0450(1979)018<1035:ANCMFT>2.0.CO;2, 1979.

Hammer, E., Bukowiecki, N., Luo, B. P., Lohmann, U., Mar-
colli, C., Weingartner, E., Baltensperger, U., and Hoyle, C.
R.: Sensitivity estimations for cloud droplet formation in
the vicinity of the high-alpine research station Jungfrau-
joch (3580 m a.s.l.), Atmos. Chem. Phys., 15, 10309–10323,
https://doi.org/10.5194/acp-15-10309-2015, 2015.

Heymsfield, A. J. and Sabin, R. M.: Cirrus Crystal Nu-
cleation by Homogeneous Freezing of Solution Droplets,
J. Atmos. Sci., 46, 2252–2264, https://doi.org/10.1175/1520-
0469(1989)046<2252:CCNBHF>2.0.CO;2, 1989.

Hoffmann, F.: On the limits of Köhler activation theory: how do
collision and coalescence affect the activation of aerosols?, At-
mos. Chem. Phys., 17, 8343–8356, https://doi.org/10.5194/acp-
17-8343-2017, 2017.

Atmos. Chem. Phys., 18, 7313–7328, 2018 www.atmos-chem-phys.net/18/7313/2018/

https://doi.org/10.1029/2008JD011011
https://doi.org/10.1038/37576
https://doi.org/10.1175/1520-0469(1989)046<1301:EOVDGH>2.0.CO;2
https://doi.org/10.1175/1520-0469(1989)046<1301:EOVDGH>2.0.CO;2
https://doi.org/10.1175/JAS-D-12-0128.1
https://doi.org/10.5194/acp-16-6563-2016
https://doi.org/10.1175/JAS-D-17-0158.1
https://doi.org/10.1002/qj.1897
https://doi.org/10.5194/acp-12-2459-2012
https://doi.org/10.5194/acp-12-5807-2012
https://doi.org/10.1175/2007JAS2371.1
https://doi.org/10.1175/1520-0469(1992)049<2325:POCGOD>2.0.CO;2
https://doi.org/10.1175/1520-0469(1992)049<2325:POCGOD>2.0.CO;2
https://doi.org/10.1029/2000JD900369
https://doi.org/10.7551/mitpress/9780262012874.001.0001
https://doi.org/10.1175/1520-0469(1996)053<1108:TRBDIC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1996)053<1108:TRBDIC>2.0.CO;2
https://doi.org/10.1029/97JD00963
https://doi.org/10.1029/98JD01750
https://doi.org/10.1175/1520-0469(1999)056<4100:TIOGCC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<4100:TIOGCC>2.0.CO;2
https://doi.org/10.1029/2001JD000732
https://doi.org/10.1175/1520-0469(1998)055<3340:CBSSAS>2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055<3340:CBSSAS>2.0.CO;2
https://doi.org/10.1002/2017GL074430
https://doi.org/10.1175/JAS3961.1
https://doi.org/10.1175/JAS-D-17-0043.1
https://doi.org/10.1146/annurev-fluid-011212-140750
https://doi.org/10.5194/gmd-11-103-2018
https://doi.org/10.5194/gmd-11-103-2018
https://doi.org/10.1175/1520-0450(1979)018<1035:ANCMFT>2.0.CO;2
https://doi.org/10.1175/1520-0450(1979)018<1035:ANCMFT>2.0.CO;2
https://doi.org/10.5194/acp-15-10309-2015
https://doi.org/10.1175/1520-0469(1989)046<2252:CCNBHF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1989)046<2252:CCNBHF>2.0.CO;2
https://doi.org/10.5194/acp-17-8343-2017
https://doi.org/10.5194/acp-17-8343-2017


F. Yang et al.: Size distribution broadening during diffusional growth 7327

Hoffmann, F., Raasch, S., and Noh, Y.: Entrainment of aerosols
and their activation in a shallow cumulus cloud studied with
a coupled LCM–LES approach, Atmos. Res., 156, 43–57,
https://doi.org/10.1016/j.atmosres.2014.12.008, 2015.

Howell, W. E.: The growth of cloud drops in uniformly cooled
air, J. Meteorol., 6, 134–149, https://doi.org/10.1175/1520-
0469(1949)006<0134:TGOCDI>2.0.CO;2, 1949.

Jensen, J. B. and Lee, S.: Giant Sea-Salt Aerosols and Warm Rain
Formation in Marine Stratocumulus, J. Atmos. Sci., 65, 3678–
3694, https://doi.org/10.1175/2008JAS2617.1, 2008.

Jensen, J. B. and Nugent, A. D.: Condensational growth of drops
formed on giant sea-salt aerosol particles, J. Atmos. Sci., 74,
679–697, https://doi.org/10.1175/JAS-D-15-0370.1, 2017.

Johnson, D. B.: The Role of Giant and Ultragiant
Aerosol Particles in Warm Rain Initiation, J. At-
mos. Sci., 39, 448–460, https://doi.org/10.1175/1520-
0469(1982)039<0448:TROGAU>2.0.CO;2, 1982.

Katzwinkel, J., Siebert, H., Heus, T., and Shaw, R. A.:
Measurements of Turbulent Mixing and Subsiding Shells
in Trade Wind Cumuli, J. Atmos. Sci., 71, 2810–2822,
https://doi.org/10.1175/JAS-D-13-0222.1, 2014.

Khain, A., Ovtchinnikov, M., Pinsky, M., Pokrovsky, A., and
Krugliak, H.: Notes on the state-of-the-art numerical mod-
eling of cloud microphysics, Atmos. Res., 55, 159–224,
https://doi.org/10.1016/S0169-8095(00)00064-8, 2000.

Khain, A., Beheng, K., Heymsfield, A., Korolev, A., Krichak, S.,
Levin, Z., Pinsky, M., Phillips, V., Prabhakaran, T., Teller, A.,
van de Heever, S., and Yano, J.: Representation of microphys-
ical processes in cloud-resolving models: Spectral (bin) micro-
physics versus bulk parameterization, Rev. Geophys., 53, 247–
322, https://doi.org/10.1002/2014RG000468, 2015.

Khvorostyanov, V. I. and Curry, J. A.: Toward the
Theory of Stochastic Condensation in Clouds.
Part I: A General Kinetic Equation, J. Atmos.
Sci., 56, 3985–3996, https://doi.org/10.1175/1520-
0469(1999)056<3985:TTTOSC>2.0.CO;2, 1999.

Kogan, Y. L.: Large-eddy simulation of air parcels in stratocumulus
clouds: Time scales and spatial variability, J. Atmos. Sci., 63,
952–967, https://doi.org/10.1175/JAS3665.1, 2006.

Korolev, A., Pinsky, M., and Khain, A.: A New Mech-
anism of Droplet Size Distribution Broadening dur-
ing Diffusional Growth, J. Atmos. Sci., 70, 2051–2071,
https://doi.org/10.1175/JAS-D-12-0182.1, 2013.

Korolev, A. V.: The Influence of Supersaturation Fluc-
tuations on Droplet Size Spectra Formation, J. At-
mos. Sci., 52, 3620–3634, https://doi.org/10.1175/1520-
0469(1995)052<3620:TIOSFO>2.0.CO;2, 1995.

Korolev, A. V. and Mazin, I. P.: Supersatura-
tion of Water Vapor in Clouds, J. Atmos. Sci.,
60, 2957–2974, https://doi.org/10.1175/1520-
0469(2003)060<2957:SOWVIC>2.0.CO;2, 2003.

Kostinski, A. B. and Shaw, R. A.: Fluctuations and luck in droplet
growth by coalescence, B. Am. Meteorol. Soc., 86, 235–244,
https://doi.org/10.1175/BAMS-86-2-235, 2005.

Kreidenweis, S. M., Walcek, C. J., Feingold, G., Gong, W., Jacob-
son, M. Z., Kim, C.-H., Liu, X., Penner, J. E., Nenes, A., and
Seinfeld, J. H.: Modification of aerosol mass and size distribu-
tion due to aqueous-phase SO2 oxidation in clouds: Compar-

isons of several models, J. Geophys. Res.-Atmos., 108, 4213,
https://doi.org/10.1029/2002JD002697, 2003.

Laird, N. F., Ochs III, H. T., Rauber, R. M., and Miller,
L. J.: Initial Precipitation Formation in Warm Florida Cumu-
lus, J. Atmos. Sci., 57, 3740–3751, https://doi.org/10.1175/1520-
0469(2000)057<3740:IPFIWF>2.0.CO;2, 2000.

Lamb, D. and Verlinde, J.: Physics and Chem-
istry of Clouds, Cambridge University Press,
https://doi.org/10.1017/CBO9780511976377, 2011.

Lasher-Trapp, S. G., Cooper, W. A., and Blyth, A. M.: Broaden-
ing of droplet size distributions from entrainment and mixing
in a cumulus cloud, Q. J. Roy. Meteor. Soc., 131, 195–220,
https://doi.org/10.1256/qj.03.199, 2005.

Lebo, Z. J. and Seinfeld, J. H.: A continuous spectral aerosol-
droplet microphysics model, Atmos. Chem. Phys., 11, 12297–
12316, https://doi.org/10.5194/acp-11-12297-2011, 2011.

Li, Z., Xue, H., and Yang, F.: A modeling study of ice formation af-
fected by aerosols, J. Geophys. Res.-Atmos., 118, 11213–11227,
https://doi.org/10.1002/jgrd.50861, 2013.

Liu, Y. and Daum, P. H.: Anthropogenic aerosols: Indirect warm-
ing effect from dispersion forcing, Nature, 419, 580–581,
https://doi.org/10.1038/419580a, 2002.

Lu, M.-L. and Seinfeld, J. H.: Effect of aerosol number concentra-
tion on cloud droplet dispersion: A large-eddy simulation study
and implications for aerosol indirect forcing, J. Geophys. Res.-
Atmos., 111, D02207, https://doi.org/10.1029/2005JD006419,
2006.

McFiggans, G., Artaxo, P., Baltensperger, U., Coe, H., Facchini, M.
C., Feingold, G., Fuzzi, S., Gysel, M., Laaksonen, A., Lohmann,
U., Mentel, T. F., Murphy, D. M., O’Dowd, C. D., Snider, J.
R., and Weingartner, E.: The effect of physical and chemical
aerosol properties on warm cloud droplet activation, Atmos.
Chem. Phys., 6, 2593–2649, https://doi.org/10.5194/acp-6-2593-
2006, 2006.

McGraw, R. and Liu, Y.: Brownian drift-diffusion model for evo-
lution of droplet size distributions in turbulent clouds, Geophys.
Res. Lett., 33, L03802, https://doi.org/10.1029/2005GL023545,
2006.

Miles, N. L., Verlinde, J., and Clothiaux, E. E.: Cloud
Droplet Size Distributions in Low-Level Stratiform Clouds,
J. Atmos. Sci., 57, 295–311, https://doi.org/10.1175/1520-
0469(2000)057<0295:CDSDIL>2.0.CO;2, 2000.

Mordy, W.: Computations of the Growth by Condensation
of a Population of Cloud Droplets, Tellus, 11, 16–44,
https://doi.org/10.1111/j.2153-3490.1959.tb00003.x, 1959.

Murphy, D., Thomson, D., and Mahoney, M.: In situ measure-
ments of organics, meteoritic material, mercury, and other ele-
ments in aerosols at 5 to 19 kilometers, Science, 282, 1664–1669,
https://doi.org/10.1126/science.282.5394.1664, 1998.

Naumann, A. K. and Seifert, A.: A Lagrangian drop model
to study warm rain microphysical processes in shal-
low cumulus, J. Adv. Model Earth Sy., 7, 1136–1154,
https://doi.org/10.1002/2015MS000456, 2015.

Ovchinnikov, M. and Easter, R. C.: Modeling aerosol
growth by aqueous chemistry in a nonprecipitating strat-
iform cloud, J. Geophys. Res.-Atmos., 115, D14210,
https://doi.org/10.1029/2009JD012816, 2010.

www.atmos-chem-phys.net/18/7313/2018/ Atmos. Chem. Phys., 18, 7313–7328, 2018

https://doi.org/10.1016/j.atmosres.2014.12.008
https://doi.org/10.1175/1520-0469(1949)006<0134:TGOCDI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1949)006<0134:TGOCDI>2.0.CO;2
https://doi.org/10.1175/2008JAS2617.1
https://doi.org/10.1175/JAS-D-15-0370.1
https://doi.org/10.1175/1520-0469(1982)039<0448:TROGAU>2.0.CO;2
https://doi.org/10.1175/1520-0469(1982)039<0448:TROGAU>2.0.CO;2
https://doi.org/10.1175/JAS-D-13-0222.1
https://doi.org/10.1016/S0169-8095(00)00064-8
https://doi.org/10.1002/2014RG000468
https://doi.org/10.1175/1520-0469(1999)056<3985:TTTOSC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<3985:TTTOSC>2.0.CO;2
https://doi.org/10.1175/JAS3665.1
https://doi.org/10.1175/JAS-D-12-0182.1
https://doi.org/10.1175/1520-0469(1995)052<3620:TIOSFO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1995)052<3620:TIOSFO>2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060<2957:SOWVIC>2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060<2957:SOWVIC>2.0.CO;2
https://doi.org/10.1175/BAMS-86-2-235
https://doi.org/10.1029/2002JD002697
https://doi.org/10.1175/1520-0469(2000)057<3740:IPFIWF>2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057<3740:IPFIWF>2.0.CO;2
https://doi.org/10.1017/CBO9780511976377
https://doi.org/10.1256/qj.03.199
https://doi.org/10.5194/acp-11-12297-2011
https://doi.org/10.1002/jgrd.50861
https://doi.org/10.1038/419580a
https://doi.org/10.1029/2005JD006419
https://doi.org/10.5194/acp-6-2593-2006
https://doi.org/10.5194/acp-6-2593-2006
https://doi.org/10.1029/2005GL023545
https://doi.org/10.1175/1520-0469(2000)057<0295:CDSDIL>2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057<0295:CDSDIL>2.0.CO;2
https://doi.org/10.1111/j.2153-3490.1959.tb00003.x
https://doi.org/10.1126/science.282.5394.1664
https://doi.org/10.1002/2015MS000456
https://doi.org/10.1029/2009JD012816


7328 F. Yang et al.: Size distribution broadening during diffusional growth

Paluch, I. R.: Theoretical collision efficiencies of charged
cloud droplets, J. Geophys. Res., 75, 1633–1640,
https://doi.org/10.1029/JC075i009p01633, 1970.

Politovich, M. K. and Cooper, W. A.: Variability of
the Supersaturation in Cumulus Clouds, J. Atmos.
Sci., 45, 1651–1664, https://doi.org/10.1175/1520-
0469(1988)045<1651:VOTSIC>2.0.CO;2, 1988.

Pöschl, U., Rose, D., and Andreae, M.: Climatologies of
Cloud-related Aerosols. Part 2: Particle Hygroscopicity and
Cloud Condensation Nucleus Activity, in: Clouds in the Per-
turbed Climate System: Their Relationship to Energy Bal-
ance, Atmospheric Dynamics, and Precipitation, MIT Press, 58–
72, https://doi.org/10.7551/mitpress/9780262012874.001.0001,
2009.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds
and Precipitation, Springer Science & Business Media,
https://doi.org/10.1007/978-0-306-48100-0, 2010.

Reutter, P., Su, H., Trentmann, J., Simmel, M., Rose, D., Gunthe,
S. S., Wernli, H., Andreae, M. O., and Pöschl, U.: Aerosol- and
updraft-limited regimes of cloud droplet formation: influence of
particle number, size and hygroscopicity on the activation of
cloud condensation nuclei (CCN), Atmos. Chem. Phys., 9, 7067–
7080, https://doi.org/10.5194/acp-9-7067-2009, 2009.

Romakkaniemi, S., McFiggans, G., Bower, K., Brown, P., Coe, H.,
and Choularton, T.: A comparison between trajectory ensemble
and adiabatic parcel modeled cloud properties and evaluation
against airborne measurements, J. Geophys. Res.-Atmos., 114,
D06214, https://doi.org/10.1029/2008JD011286, 2009.

Sardina, G., Picano, F., Brandt, L., and Caballero, R.: Con-
tinuous growth of droplet size variance due to condensa-
tion in turbulent clouds, Phys. Rev. Lett., 115, 184501,
https://doi.org/10.1103/PhysRevLett.115.184501, 2015.

Sardina, G., Poulain, S., Brandt, L., and Caballero, R.: Broad-
ening of Cloud Droplet Size Spectra by Stochastic Condensa-
tion: Effects of Mean Updraft Velocity and CCN Activation,
J. Atmos. Sci., 75, 451–467, https://doi.org/10.1175/JAS-D-17-
0241.1, 2018.

Shaw, R. A.: Particle-turbulence interactions in atmo-
spheric clouds, Annu. Rev. Fluid Mech., 35, 183–227,
https://doi.org/10.1146/annurev.fluid.35.101101.161125, 2003.

Shaw, R. A. and Lamb, D.: Experimental determination
of the thermal accommodation and condensation co-
efficients of water, J. Chem. Phys., 111, 10659–10663,
https://doi.org/10.1063/1.480419, 1999.

Siebert, H. and Shaw, R. A.: Supersaturation Fluctuations during the
Early Stage of Cumulus Formation, J. Atmos. Sci., 74, 975–988,
https://doi.org/10.1175/JAS-D-16-0115.1, 2017.

Siewert, C., Bec, J., and Krstulovic, G.: Statistical steady state in
turbulent droplet condensation, J. Fluid Mech., 810, 254–280,
https://doi.org/10.1017/jfm.2016.712, 2017.

Squires, P.: The growth of cloud drops by condensation.
I. General characteristics, Aust. J. Chem., 5, 59–86,
https://doi.org/10.1071/CH9520059, 1952.

Srivastava, R.: Growth of Cloud Drops by Condensation: Ef-
fect of Surface Tension on the Dispersion of Drop Sizes,
J. Atmos. Sci., 48, 1596–1599, https://doi.org/10.1175/1520-
0469(1991)048<1596:GOCDBC>2.0.CO;2, 1991.

Takeda, T. and Kuba, N.: Numerical study of the effect of CCN on
the size distribution of cloud droplets, J. Meteorol. Soc. Jpn., 60,
978–993, https://doi.org/10.2151/jmsj1965.60.4_978, 1982.

Tang, I. and Munkelwitz, H.: Water activities, densities, and refrac-
tive indices of aqueous sulfates and sodium nitrate droplets of
atmospheric importance, J. Geophys. Res.-Atmos., 99, 18801–
18808, https://doi.org/10.1029/94JD01345, 1994.

Wood, R.: Stratocumulus Clouds, Mon. Weather Rev., 140, 2373–
2423, https://doi.org/10.1175/MWR-D-11-00121.1, 2012.

Wood, R., Irons, S., and Jonas, P.: How Important is the
Spectral Ripening Effect in Stratiform Boundary Layer
Clouds? Studies Using Simple Trajectory Analysis, J. At-
mos. Sci., 59, 2681–2693, https://doi.org/10.1175/1520-
0469(2002)059<2681:HIITSR>2.0.CO;2, 2002.

Xue, H. and Feingold, G.: A modeling study of the effect of nitric
acid on cloud properties, J. Geophys. Res.-Atmos., 109, D18204,
https://doi.org/10.1029/2004JD004750, 2004.

Yang, F., Xue, H., Deng, Z., Zhao, C., and Zhang, Q.: A clo-
sure study of cloud condensation nuclei in the North China
Plain using droplet kinetic condensational growth model, At-
mos. Chem. Phys., 12, 5399–5411, https://doi.org/10.5194/acp-
12-5399-2012, 2012.

Yang, F., Ovchinnikov, M., and Shaw, R. A.: Long-lifetime ice par-
ticles in mixed-phase stratiform clouds: Quasi-steady and re-
cycled growth, J. Geophys. Res.-Atmos., 120, 11617–11635,
https://doi.org/10.1002/2015JD023679, 2015.

Yang, F., Shaw, R., and Xue, H.: Conditions for super-
adiabatic droplet growth after entrainment mixing, Atmos.
Chem. Phys., 16, 9421–9433, https://doi.org/10.5194/acp-16-
9421-2016, 2016.

Yin, Y., Levin, Z., Reisin, T. G., and Tzivion, S.: The effects of giant
cloud condensation nuclei on the development of precipitation in
convective clouds – A numerical study, Atmos. Res., 53, 91–116,
https://doi.org/10.1016/S0169-8095(99)00046-0, 2000.

Atmos. Chem. Phys., 18, 7313–7328, 2018 www.atmos-chem-phys.net/18/7313/2018/

https://doi.org/10.1029/JC075i009p01633
https://doi.org/10.1175/1520-0469(1988)045<1651:VOTSIC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<1651:VOTSIC>2.0.CO;2
https://doi.org/10.7551/mitpress/9780262012874.001.0001
https://doi.org/10.1007/978-0-306-48100-0
https://doi.org/10.5194/acp-9-7067-2009
https://doi.org/10.1029/2008JD011286
https://doi.org/10.1103/PhysRevLett.115.184501
https://doi.org/10.1175/JAS-D-17-0241.1
https://doi.org/10.1175/JAS-D-17-0241.1
https://doi.org/10.1146/annurev.fluid.35.101101.161125
https://doi.org/10.1063/1.480419
https://doi.org/10.1175/JAS-D-16-0115.1
https://doi.org/10.1017/jfm.2016.712
https://doi.org/10.1071/CH9520059
https://doi.org/10.1175/1520-0469(1991)048<1596:GOCDBC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1991)048<1596:GOCDBC>2.0.CO;2
https://doi.org/10.2151/jmsj1965.60.4_978
https://doi.org/10.1029/94JD01345
https://doi.org/10.1175/MWR-D-11-00121.1
https://doi.org/10.1175/1520-0469(2002)059<2681:HIITSR>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<2681:HIITSR>2.0.CO;2
https://doi.org/10.1029/2004JD004750
https://doi.org/10.5194/acp-12-5399-2012
https://doi.org/10.5194/acp-12-5399-2012
https://doi.org/10.1002/2015JD023679
https://doi.org/10.5194/acp-16-9421-2016
https://doi.org/10.5194/acp-16-9421-2016
https://doi.org/10.1016/S0169-8095(99)00046-0

	Abstract
	Introduction
	Methods
	Results and discussions
	Cloud droplet size distribution broadening
	Sensitivity studies
	Effect of total aerosol number concentration
	Effect of vertical velocity
	Effect of the thickness of the recirculation layer

	Discussion

	Conclusions and atmospheric implications
	Data availability
	Competing interests
	Acknowledgements
	References

