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ABSTRACT
Some observational evidence—such as bimodal drop size distributions, comparatively high concentrations
of supercooled drops at upper levels, high concentrations of small ice crystals in cloud anvils leading to high
optical depth, and lightning in the eyewalls of hurricanes—indicates that the traditional view of the microphysics of deep tropical maritime clouds requires, possibly, some revisions. In the present study it is shown
that the observed phenomena listed above can be attributed to the presence of small cloud condensation
nuclei (CCN) with diameters less than about 0.05 mm. An increase in vertical velocity above cloud base can
lead to an increase in supersaturation and to activation of the smallest CCN, resulting in production of new
droplets several kilometers above the cloud base. A significant increase in supersaturation can be also caused
by a decrease in droplet concentration during intense warm rain formation accompanied by an intense vertical
velocity. This increase in supersaturation also can trigger in-cloud nucleation and formation of small droplets.
Another reason for an increase in supersaturation and in-cloud nucleation can be riming, resulting in a decrease in droplet concentration. It has been shown that successive growth of new nucleated droplets increases
supercooled water content and leads to significant ice crystal concentrations aloft. The analysis of the synergetic effect of the smallest CCN and giant CCN on production of supercooled water and ice crystals in cloud
anvils allows reconsideration of the role of giant CCN. Significant effects of small aerosols on precipitation
and cloud updrafts have been found. The possible role of these small aerosols as well as small aerosols with
combination of giant CCN in creating conditions favorable for lightning in deep maritime clouds is discussed.

1. Introduction
There are several thermodynamic and microphysical
features that specify deep convective maritime clouds in
the tropics: (a) cloud-base height between 1 and 2 km
altitude; (b) high freezing level height of 4–4.5 km; (c)
concentration of cloud condensation nuclei (CCN) of
50–200 cm23 at 1% supersaturation Sw (Pruppacher and
Klett 1997; Levin and Cotton 2009), which is about an
order of magnitude lower than that for clouds developing
over continents; and (d) significant concentrations of
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giant CCN (GCCN), with dry radii exceeding 1 mm,
especially pronounced under strong wind conditions
due to sea spray production. Low CCN concentrations
and the presence of GCCN determine typical maritime
properties of these clouds characterized by low droplet
concentrations of about 50–150 cm23 and rapid formation
of raindrops below the 4–5-km level. The raindrops collect
most of the droplets nucleated near the cloud base, leading
to intense warm rain. Comparatively rare drops that do not
fall out below the 4–5-km level freeze within an altitude of
5–6 km, forming frozen drops or graupel of a comparatively low concentration (e.g., Blyth et al. 1998; Yin et al.
2000; Ovtchinnikov et al. 2000; Rosenfeld et al. 2002;
Khain et al. 2004; Phillips et al. 2005; Freud et al. 2008).
It has been widely accepted that at altitudes of about
8–10 km these clouds do not have any significant
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supercooled cloud-liquid content or any significant concentration of ice crystals (see reviews by Rosenfeld et al.
2007; Khain 2009). According to this view, drop concentrations at levels of homogeneous freezing of about
9.5–10 km should be negligible, so these clouds should
contain very low concentrations of ice crystals in anvils
of deep convective clouds and related cirrus clouds.
Contrary to this view of the microphysics of maritime
clouds, there is both indirect and direct evidence indicating the existence of small supercooled droplets at
the upper levels of deep tropical clouds, which can be
the source of high ice crystal concentration in the cloud
anvils. The indirect evidence includes the existence of
lightning in tropical cyclone (TC) eyewalls and maritime
deep convection in the intertropical convergence zone
(ITCZ). It is widely accepted that the charge separation
in clouds takes place at temperatures below about 2138C
with maximum intensity near 2208C, where collisions
between low-density and high-density ice particles occur
in the presence of a significant amount of supercooled
liquid water (e.g., Takahashi 1978; Black and Hallett
1999; Saunders 1993; Cecil et al. 2002a,b; Sherwood et al.
2006). According to this view, it should be expected that
the lack of supercooled water at low temperatures inhibits the charge separation process. Such a decrease in
the amount of supercooled water aloft should be especially strong in clouds within TCs eyewalls where a huge
amount of GCCN lead to a dramatic intensification of
warm rain (in this sense, clouds in TC eyewalls can be
regarded as extremely maritime clouds).
Yet, contrary to these widely accepted views, lightning within rainbands and eyewalls of TCs is a regular
phenomenon (e.g., Black and Hallett 1999; Orville and
Coyne 1999; Cecil et al. 2002a; Molinari et al. 1999; Rodgers
et al. 2000; Shao et al. 2005; Demetriades and Holle 2006;
Fierro et al. 2007, 2010; Squires and Businger 2008; Leary
and Ritchie 2009; Price et al. 2009). With the help of The
World Wide Lightning Location Network (WWLLN),
intense lightning in TCs and tropical depressions over the
open ocean were registered (Lay et al. 2007). Although
WWLLN enables registering only the strongest flashes,
the lightning activity and its variations in TC were investigated in order to find ways for using lightning intensity as a predictor of TC intensity changes (e.g., Price
et al. 2009). In most studies it was found that the closer the
lightning is to the storm center, the more likely the TC is
to intensify. If the general concept of lightning formation
is correct, these observations imply that at upper levels,
even in extremely maritime clouds in a TC eyewall, supercooled droplets exist in the presence of spray droplets
and dramatically high concentrations of GCCN up to tens
per cubic centimeter at the cloud-base level (e.g., Toba
1965; Clarke et al. 2006; Shpund et al. 2011).
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The direct evidence indicating a significant concentration of supercooled droplets at the upper levels of
deep convective maritime clouds is provided by aircraft
observations of supercooled water of about 0.3 g m23 in
deep convective updrafts with peak vertical velocities up
to about 15–20 m s21 over the sea near Florida (Fridlind
et al. 2004; Heymsfield et al. 2005; Phillips et al. 2005).
These observations were part of The Cirrus Regional
Study of Tropical Anvils and Cirrus Layers–Florida
Area Cirrus Experiment (CRYSTAL-FACE). The aircraft
observations in the Kwajalein Experiment (KWAJEX)
showed droplet concentrations of about 50 cm23 at altitudes up to 9 km at temperatures of about 2308C throughout most of the mixed-phase region, averaged over deep
highly visible cloud decks (Phillips et al. 2007a).
Moreover, a detailed analysis of aircraft observations
from six field experiments by Heymsfield et al. (2009)
shows the existence of significant concentrations of small
supercooled droplets above about 6 km in maritime deep
convective clouds. Supercooled droplets existing at temperatures below about 2208C are inevitably small, since
raindrops almost immediately freeze at such low temperatures, partly due to activation of their immersed ice
nuclei or to collisions with crystals and other ice particles
(Pruppacher and Klett 1997). Indeed, Heymsfield et al.
(2009, p. 3551) reported that the sizes of these droplets
aloft are typically below 50 mm. In agreement with the
presence of a significant concentration of small supercooled droplets at the upper levels of deep convective
maritime clouds, Heymsfield et al. (2009) reported the
concentration of ice crystals with diameters below 50 mm
in anvils of deep maritime convective clouds at temperatures of 2408C to be as high as 30 cm23 in relatively
clean air and 300 cm23 in polluted clouds sampled off the
west coast of Africa. Takahashi and Kuhara (1993) found
significant concentrations of ice crystals in anvils of deep
tropical convective clouds using video sondes.
Such concentrations of ice crystals exceed the maximal concentration of active ice nuclei (IN) by several
orders of magnitude and can be attributed to homogeneous freezing of cloud droplets at temperatures as low
as 2388C (Rosenfeld and Woodley 2000; Khain et al.
2001b; Phillips et al. 2005, 2007a; Heymsfield et al. 2009).
Concentration of ice crystals is of high importance as it
determines the radiative properties of cloud anvils and
of the related cirrus clouds (e.g., Carrió et al. 2007).
It is interesting that according to Heymsfield et al.
(2009) the mass content and concentration of supercooled droplets decrease in maritime clouds over height
above the freezing level. Supercooled droplets almost
disappear at temperatures of about 2158 to 2208C and
then arise again at colder temperatures, their concentration increasing upward.
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Two mechanisms can be assumed to account for the
formation of small supercooled droplets at temperatures
below 2158 to 2208C: (a) in-cloud nucleation of CCN
laterally entrained from the free troposphere into deep
convective updrafts and (b) the presence of unactivated
CCN coming through cloud base [following Pruppacher
and Klett (1997), we use here the terms ‘‘activated’’ and
‘‘nonactivated’’ CCN, whose sum represents the concentration of condensation nuclei (CN)]. The first mechanism
was discussed by Phillips et al. (2005), Fridlind et al.
(2004), and Yin et al. (2005). It is possible because of the
entrainment even when vertical velocities are relatively
weak in clouds. In the case of a vigorous Florida thunderstorm simulated by Phillips et al. (2005) and Fridlind
et al. (2004), the entrainment of aerosol particles (APs)
aloft was found to be highly efficient in production of
small droplets.
In many cases, concentration of CCN exponentially
decreases with height (Levin and Cotton 2009). In
these cases the mechanism of the CCN entrainment
through lateral cloud boundaries is less efficient at
high levels. It is reasonable to assume that the role of
lateral entrainment of background aerosols in clouds
within hurricane eyewalls is negligible. Hence, the
formation of small droplets can be attributed to incloud activation of CCN ascending from cloud base
together with growing droplets. In-cloud nucleation in
stratocumulus and cumulus clouds was observed and
discussed in a number of studies (e.g., Ochs 1978;
Ludlam 1980; Korolev 1994; Pinsky and Khain 2002;
Segal et al. 2003; Phillips et al. 2005; Prabha et al. 2011).
Using a spectral (bin) microphysics model, Phillips et al.
(2005) simulated a vigorous deep convective cell observed over the sea near Florida and found that the vast
majority (99%) of supercooled cloud droplets upwelled
to the top of the mixed-phase region were activated in
cloud (‘‘secondary droplet nucleation’’), far above the
cloud base. The droplets froze homogeneously near
2378C, accounting for almost all cell ice crystals at
anvil levels.
The conceptual scheme of this process is illustrated in
Fig. 1 (after Pinsky and Khain 2002, with some changes).
Let us assume that near cloud base the size distribution
of aerosols (nonactivated CCN) is wide and includes
particles with dry radii ranging from 0.001 to about 2 mm
(Hobbs 1993; Pruppacher and Klett 1997). The first CCN
activation takes place at the supersaturation maximum
located within a few tens of meters above the cloud base.
The supersaturation maximum near the cloud base
depends on the vertical velocity at this level, which
does not exceed a few meters per second in maritime
clouds (e.g., Heymsfield et al. 2009, their Fig. 1), and
typically does not exceed 0.5%. Given these low values,
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FIG. 1. The conceptual scheme of droplet spectra formation
in deep convective clouds [after Pinsky and Khain (2002), with
changes explained in the text].

only CCN with radii larger than 0.02 mm are activated
at the cloud base. The droplets formed near the cloud
base trigger the formation of the first mode in droplet
size distribution (DSD) and play a dominant role in
warm rain formation. Above the local supersaturation
maximum near the cloud base Sw decreases with height
but then begins growing again during in-cloud ascent
because of an increase of the vertical velocity with increasing height.
In case the value of Sw in the updraft exceeds the local
maximum reached below, a new portion of CCN of
smaller size is activated, giving rise to formation of the
second mode of DSD. According to observations (Warner
1969a,b; Prabha et al. 2011) and simulations (Pinsky and
Khain 2002; Segal et al. 2003), the second mode (i.e.,
bimodal DSD) forms at a few hundred meters to a few
kilometers above cloud base. In zones of efficient interdrop collisions and rapid rain fallout, the droplet concentration decreases and the vertical velocity increases.
Therefore, Sw can dramatically increase, triggering a new
portion of the smallest CCN to be activated, producing
small droplets at heights of about 6 km above the cloud
base. Since the process of in-cloud nucleation of droplets
often takes place at high supersaturation, nucleation of
the smallest droplets is accompanied by their fast growth.
As a result, the gaps between the modes can disappear,
leading to a unimodal DSD with a dispersion of 0.2–0.3,
containing the smallest droplets at high levels aloft. Indeed, in-cloud activation of droplets can occur continuously over a deep layer of the cloud updraft in which
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the vertical velocity increases with height, causing a
monotonic increase in supersaturation with height.
This process was investigated in detail by Prabha et al.
(2011), who analyzed in situ measurements in premonsoon and monsoon clouds over central India.
In the present study, we argue that all the phenomena
mentioned above—formation of small supercooled droplets at temperatures below 2208C, formation of high
concentration of ice crystals in anvils of deep convective
clouds, and lightning in extremely maritime clouds in
the hurricane eyewall—can be caused by the same
mechanism of in-cloud droplet nucleation. The rise in
Sw can be caused by an increase in the vertical velocity
above cloud base and the depletion of cloud droplets
caused by the coalescence during deep maritime ascent
(Ochs 1978; Pinsky and Khain 2002; Phillips et al. 2005).
Pinsky and Khain (2002) showed that the combined effects of vertical velocity increase and the depletion of
cloud droplets by coalescence can lead to formation of
three-mode DSDs.
The hypothesis of in-cloud nucleation in air ascending
from the cloud base implies the existence of supersaturations exceeding the local maximum at cloud base. The
values of supersaturation in clouds are impossible to
measure. It is known, however (Squires 1952; Korolev
and Mazin 2003), that in warm and mixed-phase clouds
supersaturation rapidly tends to a quasi-steady value of
Sqs (t) 5 A(W/4pnm rNd ), where A is the coefficient
slightly depending on temperature, nm is the coefficient of
molecular diffusion of water vapor, Nd is droplet concentration, r is the mean droplet radius, and W is the vertical
velocity. For instance, at Nd ; 5 2 10 cm23 within the
zone of efficient collisions and just above it, at rd ; 20 mm
and W ; 12 m s21, supersaturation may even exceed
15%–20% (Korolev and Mazin 2003). The values of Sqs
reaching 8% were calculated using in situ measurements
in polluted premonsoon and monsoon clouds over central India during the Cloud Aerosol Interaction and
Precipitation Enhancement Experiment (CAIPEEX;
Prabha et al. 2011). Fukuta (1993) found that theoretically
supersaturation may exceed 10% in cumulus clouds.
The hypothesis of in-cloud nucleation in air ascending
from the cloud base also implies the existence of very
small CCN with radii below about 0.02 mm, which cannot be activated at the cloud base of maritime clouds and
ascend within updrafts above cloud base. According to
Pruppacher and Klett (1997) and Levin and Cotton
(2009), the concentration of activated CCN in the maritime atmosphere increases monotonically with Sw increasing up to 8%. The radius of soluble CCN that can
be activated at Sw of 8% is about 0.003 mm. The dependence of CCN concentration on supersaturation is
traditionally described by the semiempirical formula

Nccn 5 No Skw ,
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(1)

where Nccn is the concentration of activated AP at supersaturation Sw (%) with respect to water, and No and k
are measured parameters. The slope parameter k varies
from 0.3 to 1.3 in different zones over the ocean (see
Pruppacher and Klett 1997). According to Pruppacher
and Klett (1997), the averaged value of k for all maritime clouds is close to 0.9, which indicates the existence
of a significant amount of small CCN in the maritime
atmosphere. According to Hudson and Yum (2002) and
Levin and Cotton (2009), the typical value of k is close to
0.3, which also indicates the existence of small CCN, but
with concentration lower than the data reviewed by
Pruppacher and Klett (1997). The data obtained by
Levin and Cotton (2009) correspond to remote maritime
conditions.
Small aerosols less than 15 nm were directly observed
in the free troposphere over the remote Pacific (Clarke
and Kapustin 2002). The small CCN belonging to the
Aitken mode can be of continental nature (e.g., originating from fossil fuel combustion or Saharan dust,
which is typically slightly hygroscopic) (e.g., Twohy et al.
2009). Such CCN are often found in convective storms
near the eastern African coast as well and in storms and
hurricanes reaching the American coast, or they can
form via various chemical reactions over the sea (Covert
et al. 1992; Hobbs 1993; Pruppacher and Klett 1997;
Clarke and Kapustin 2002). Significant concentrations
(of a few hundred cubic centimeters) of CCN with radii
ranging from 0.002 to 0.03 mm in the marine atmosphere
were reported by Jaenicke (1993).
Many numerical simulations of aerosol effects on cloud
microphysics, dynamics, and precipitation [see overviews
by Levin and Cotton (2009) and Khain (2009)] were
carried out under different No values varying between
a few tens and several thousand per cubic centimeter.
The role of the slope parameter is typically not discussed,
being implicitly assumed not to be decisive. However, in
several studies the slope parameter was assumed to decrease rapidly with increasing Sw, which substantially
decreases the concentration of the smallest CCN and,
correspondingly, the efficiency of in-cloud nucleation.
In many mesoscale models and in global circulation
models the nucleation of cloud droplets is assumed to
be restricted to the cloud-base level.
The main goal of the present study is to show that
small CCN can dramatically modify the microphysics
and dynamics of maritime deep convection, where supersaturation can be very high in convective updrafts.
It is also shown that in maritime clouds the combined
effect of the smallest CCN and GCCN increases the
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concentrations of supercooled droplets aloft and of ice
crystals in cloud anvils. In addition, the development of
deep clouds within polluted air was simulated to compare the ice concentration simulated by the model with
that observed by Heymsfield et al. (2009) near the
western coast of Africa. Numerical simulations are
performed using an updated version of the Hebrew
University Cloud Model (HUCM).

2. Model description
The HUCM is a 2D mixed-phase model with spectral
bin microphysics based on solving a system of kinetic
equations for size distribution functions for water drops,
ice crystals (plate, columnar, and branch types), aggregates (snow), graupel, and hail/frozen drops, as well as
APs (Khain et al. 2004, 2008a). Each size distribution is
described using 43 doubling mass bins allowing the
simulation of hailstones with diameters up to 6.8 cm.
The minimum particle mass is equal to that of a droplet
with a radius of 2 mm. The radii of dry APs serving as
CCN range from 0.003 to 2 mm. Ice particles are characterized by their mass and shape. To improve the representation of melting as well as riming by snow, several
auxiliary size distributions have been recently introduced:
(a) distributions of liquid water mass within snow, graupel, and hail and (b) distributions of rimed masses in
snowflakes. The model is specially designed to take into
account the AP effects on the cloud microphysics, dynamics, and precipitation. The initial (at t 5 0) CCN size
distribution is prescribed. At t . 0, the prognostic equation for the size distribution of nonactivated CCN is
solved. Using the Sw values, the critical CCN radius is
calculated according to Kohler theory. CCN with radii
exceeding the critical value are activated and new droplets are nucleated. The corresponding bins of the CCN
size distribution then become empty.
The primary nucleation of each type of ice crystals is
performed within its own temperature range following
Takahashi et al. (1991). The dependence of the ice nuclei
concentration on supersaturation over ice is described
using an empirical expression suggested by Meyers et al.
(1992) and applied using the semi-Lagrangian approach
(Khain et al. 2000), allowing us to use the diagnostic
relationship within a time-dependent framework. Production of secondary ice is treated according to Hallett
and Mossop (1974). The rates of inhomogeneous and
homogeneous drop freezing were represented following
Vali (1994) and Pruppacher (1995), respectively. The
homogeneous freezing takes place at temperatures of
about 2388C. Freezing of cloud droplets used in the
model leads to formation of platelike crystals; freezing
of raindrops leads to hail formation. The diffusional
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growth/evaporation of droplets and the deposition/
sublimation of ice particles are calculated using the
analytical solutions for supersaturation both over water
and over ice. To increase the accuracy of supersaturation
calculations, the equation for diffusion growth/evaporation
was solved using a variable time step, which in some
cases was decreased down to 0.1 s. The efficient and
accurate method of solving the stochastic kinetic equation
for drop collisions, suggested by Bott (1998), was extended to an equation system calculating water–ice and
ice–ice collisions. The model uses height-dependent
drop–drop and drop–graupel collision kernels following
Khain et al. (2001a) and Pinsky et al. (2001). To calculate
the turbulence-induced enhancement factors for collisions between droplets, the values of dissipation rate
and Reynolds number were calculated at each grid point
and at each time step. These values taken from the
lookup tables presented by Pinsky et al. (2008) were
used to calculate enhancement factors of interdroplet
collisions. As a result, the time- and space-dependent
kernels of interdroplet collisions were used for simulation of raindrop formation. Ice–ice collection rates are
assumed to depend on temperature (Khain and Sednev
1996; Pruppacher and Klett 1997). A detailed melting
procedure with calculation of liquid water fractions
within melting aggregates, graupel, and hail is included
following Phillips et al. (2007b). To control the transition
of snow (aggregates) to graupel by riming snow, the bulk
density was calculated for each mass bin. If the bulk
density exceeded 0.2 g cm23 (i.e., became close to that
of graupel), the snow from this bin was converted into
graupel with the bin of the same mass.
To determine the snow bulk density in each mass bin,
the rimed fraction of snow in each bin was recalculated
at each time step. Implementation of time- and spacedependent bulk density of snow required recalculation
of the collision kernels due to the changes in particle size
and fall velocity. The fall velocity of rimed snow was
calculated by interpolation (proportionally to the bulk
density) between dry snow velocity and hail velocity of
the same mass. The bulk density of graupel was set equal
to 0.4 g cm23, which is the mean graupel density observed in cumulus clouds (Pruppacher and Klett 1997).
As for gradual changes of bulk density of graupel during
riming, these will be accounted for in the next model
version. Advection of scalar values is performed with
the positively defined conservative scheme proposed by
Bott (1989).
Several issues regarding utilization of the 2D version
of this cloud model are to be clarified. It is clear that any
2D simulations are inevitably idealized, which imposes
certain limits on simulations. For instance, splitting of
supercell storms can be simulated using 3D cloud models
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only, while simulation of clouds or squall lines can be
performed with 2D models. A significant advantage of
2D models is the option of using very fine resolution (in
our case, the grid spacing is 50 m in both directions). This
resolution rate is necessary for an accurate description of
microphysical models, for an accurate calculation of supersaturation and its variability within clouds, and so on.
The 2D model used in this study has a significant number
of size distributions allowing a description of microphysics
based on the first principles. The model was tested against
multiple observations. For instance, it reproduces the
evolution of size distributions over height as measured
in situ in the field experiment in the Amazon region
[Large-Scale Biosphere–Atmosphere Experiment in
Amazonia—Smoke, Aerosols, Clouds, Rainfall, and Climate (LBA-SMOCC)] (e.g., Khain et al. 2008a). This
finding can serve as a validation of the model.
Generally, 3D cloud models have an advantage as
regards model geometry, while their microphysics is
inevitably simplified due to computer limitations and to
grid spacing substantially larger than that used in our 2D
model. To the best of our knowledge, the existing 3D
models have never been validated by comparison of
simulated droplet size distributions with DSD obtained
in situ at several heights including the levels of first
raindrop formation. The main objective of the present
paper is the description of the fine processes of formation
of supercooled droplets and ice crystals at the upper
cloud levels. This can be achieved only with a high model
resolution. We believe that the results obtained using the
2D model provide an adequate—at least qualitatively
adequate—description of these physical processes.

3. The experimental design
All the runs were performed within a 2D computational
domain 26.5 km 3 16 km and a grid spacing of 50 m in
both the horizontal and vertical directions. This resolution
is close to that used in large-eddy simulation (LES)
models and allows simulation of supersaturation and its
variations at high accuracy.
The main goal of the simulations was to investigate
the effects of small CCN that can be activated at supersaturation exceeding 0.7%–1%. Three main sets of
simulations were performed. The purpose of the first set
of simulations is to investigate the role of small CCN in
creation of supercooled water droplets at upper cloud
levels and of high concentration of ice crystals in cloud
anvils of deep convective clouds. In this set of simulations,
the value of No was assumed equal to 100 cm23, which
is typical of maritime convection. The value of the
slope parameter was assumed equal to 0.9. To show
the role of the smallest CCN, two simulations—the
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TABLE 1. Parameters of the initial CCN spectra in the simulations.

Expt

N0
(cm23)

k

E100_S
E100_NS
E100_SG
E100_NS_G
E3500_S
E3500_NS

100
100
100
100
3500
3500

0.9
0.9
0.9
0.9
0.9
0.9

Minimum Maximum Concentration
CCN
CCN
of CCN with
radius . 1 mm
radius
radius
(mm)
(mm)
(cm23)
0.003
0.0125
0.003
0.0125
0.006
0.015

2
2
2
2
2
2

0.2
0.2
0.6
0.6
7.0
7.0

maritime small-CCN case, E100_S, and the maritime
small CCN-free, E100_NS (S denotes the presence of
small CCN, while NS denotes the absence of the smallest
CCN)—are compared. In E100_S run, the minimum
CCN radius was assumed equal to 0.003 mm, while in
E100_NS the minimum CCN radius was assumed equal
to 0.0125 mm, which corresponds to the absence of CCN
at Sw $ 1%.
The second set of simulations aimed at the investigation
of the combined effect of the smallest CCN aerosols and
GCCN. This set consists of two simulations. One is
E100_S_G in which the CCN size distribution was similar
to that in E100_S with one exception: the concentration
of GCCN with radii exceeding 1 mm was increased to be
3 times as large as that in E100_S. The other simulation,
E100_ NS_G, is similar to E100_ NS with one exception:
the concentration of GCCN with radii exceeding 1 mm
was increased threefold.
The purpose of the third set of simulations was to investigate the effects of small CCN in clouds developing in
polluted air. In these simulations, No was assumed equal
to 3500 cm23 and slope parameter k 5 0.9 was used. In
the first simulation of this set, referred to as E3500_S, the
minimum radius of CCN was assumed equal to 0.006 mm.
In the second simulation, the minimum CCN radius was
assumed equal to 0.015 mm, which corresponds to the
absence of CCN at Sw $ 0.7%. The parameters of all the
simulations are presented in Table 1.
The maximum dry CCN radius in the model is 2 mm.
These largest CCN give rise to wet particles (droplets)
of 10 mm in radius at 100% relative humidity. No
GCCN with dry radii larger than 2 mm were allowed.
The parameters of No and k, as well as the constraints
mentioned above, were applied to calculate the initial
size distributions of CCN using the algorithm described
by Khain et al. (2000). The initial size distributions of
CCN in all the simulations are shown in Fig. 2. These
size distributions were assumed within the lower 2-km
layer. Above this level, the CCN concentration in each
mass bin was decreased exponentially over height at
a characteristic spatial scale of 1.5 km.
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FIG. 2. The initial size distributions of aerosols near the surface in
different simulations.

In some studies (e.g., Warner 1973) the formation of
bimodal DSDs is attributed to mixing of clouds with
their environment. Warner (1973) obtained his results
using a 1D Lagrangian parcel model, where mixing immediately affects the microphysics of the entire cloud.
In a multidimensional model with a realistic dynamics,
the situation is more complicated. The model used in the
present study allows both mixing of clouds with the
environment and a lateral penetration of CCN into
clouds at higher levels. Moreover, advection of CCN by
the velocity field can increase the concentration of CCN
(including small CCN) at upper levels. It means that the
aerosol and dynamical conditions of E100_NS do not
exclude the possibility of in-cloud nucleation at significant distances above cloud base. We hypothesize that
small CCN ascending from the cloud base play the major
role in production of supercooled droplets and ice
crystals in cloud anvils. This assumption agrees with
modeling results obtained by Phillips et al. (2005), as
well as with the observations made by Heymsfield et al.
(2009), who found the maximum concentrations of supercooled droplets and crystals formed by homogeneous
freezing to be located within cloud cores and in the
vicinity of cloud cores.
As the basis for the thermodynamic conditions, the
sounding data observed during Day 261 of the Global
Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE) 1974, as applied in many simulations of deep tropical convection, were used (e.g., Ferrier
and Houze 1989). Such soundings resemble the thermodynamics typical of tropical oceans during hurricane

season (Jordan 1958). The sounding indicates 90%
humidity near the surface. The freezing level is at
4.2 km. The atmosphere is relatively unstable under
these conditions, so the maximum vertical velocity in
the simulated clouds is about 16–18 m s21; to simulate especially strong maritime clouds (with vertical
updrafts of 25 m s21 at about 10-km height), which
produce crystals at the high concentrations reported
by Heymsfield et al. (2009), the profile of the dewpoint was changed as shown in Fig. 3 (dashed line).
According to Jorgensen et al. (1985) and Jorgensen
and LeMone (1989), these convective clouds fall within
the top 5% of the most intense maritime clouds. The
wind shear was assumed to be 2 m s21 in the lowest 6-km
layer. Above 6 km, the background wind was assumed to
be 2 m s21. This wind shear allowed simulation of clouds
with quite strong vertical velocities and formation of new
convective clouds near the primary cloud, which is a typical feature of maritime convection. Clouds simulated at
this wind shear values did not reach lateral boundaries
during their lifetime, thus allowing us to evaluate effects
of small aerosols on rain accumulated at the surface.
Clouds were triggered using a temperature heating of
a triangle form with a maximum of 0.0058C s21 at the
center of the model domain at the height of 100 m. The
heating decreased exponentially over below height till
2-km level. Above this level the heating was set equal
to zero. The horizontal extension of the heating zone
was 2 km, and the duration of heating was 1200 s. This
kind of convective triggering is obviously, idealized. Deep
convective clouds in the tropics and in eyewalls of TC are
triggered dynamically by air convergence within in the
boundary layer, caused by downdrafts of neighboring
clouds or by other factors. However, for the model
geometry used, the utilization of the initial heating is a
simpler way of simulation. The main requirement with
such heating is to create updrafts at cloud base of a few
meters per second in agreement with the wind updrafts in
a vigorous maritime convective clouds observed during
the Tropical Ocean and Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE) (Heymsfield et al. 2009, their Fig. 1).

4. Results of simulations
a. Role of small CCN
In this section we will compare the results of simulations E100_S and E100_NS (in the latter run the CCN
size distribution does not contain CCN with radii lower
than 0.015 mm). During the first 20 min of cloud evolution, the fields of droplet concentration Nd, cloud
water content (CWC; droplets with radii below 40 mm),
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FIG. 3. Vertical profiles of temperature and dewpoint used in the simulations. Dashed line
shows profile of dewpoint used to increase the instability of the atmosphere to simulate deep
convective clouds.

rainwater content (RWC), and vertical velocity are
quite similar in all the simulations. The cloud base is
located at about 1-km altitude. The maximum Nd are
about 110 cm23, the maximum CWC reaches 2.4 g m23,
and rain forms at 2.5-km altitude (i.e., 1.5 km above the
cloud base). Collection of cloud droplets by raindrops
leads to a substantial decrease in Nd and in CWC substantially near the 3-km level. At higher levels, the
monotonic decrease in Nd and CWC over height ceases.
The mechanism of this effect is illustrated in Fig. 4
showing the fields of cloud droplet number concentration, RWC, W, and Sw in E100_S at t 5 1860 s. Figure 5
(left panels) shows the CWC in E100_S. Figures 4 and 5
demonstrate that in E100_S the zone of new droplet
concentration and CWC appears just above 4.5 km. The
zone of new CWC is located slightly above the level of
the RWC maximum and coincides with a sharp increase
in vertical velocity over height up to 10 m s21 at 5-km
altitude. This increase in the vertical updrafts above the
roughly 5-km level is typical of maritime clouds (e.g.,
Petersen et al. 1999) and can have several causes, including the instability of the atmosphere, rain unloading,
and the start of ice processes accompanied by latent heat
release due to freezing. In E100_S the maximum Sw
in this region exceeds about 8%–10%. As discussed
above, such supersaturation is not unusual, especially

in maritime clouds. According to the Kohler law, at Sw of
8% the soluble CCN with dry radii as small as 0.003 mm
are activated. Therefore, an intense in-cloud nucleation
takes place above 4.4-km altitude.
In E100_NS, the absence of CCN with radii below
0.0125 mm does not allow nucleation of a significant
amount of cloud droplets. The absence of intense incloud nucleation leads to an increase in supersaturation
up to about 30% in this run (not shown). The difference
in CWC values between these runs increases with time
(Fig. 5). One can see that whereas in E100_S the regions
with a significant CWC arise within the 6–8-km layer, in
E100_NS the CWC above 6 km is quite low.
Figure 6a shows DSD at different points in the E100_S
cloud. (These points are marked with circles in Fig. 5).
One can see droplets with diameters as small as 5 mm
at numerous cloud levels. New droplets with diameters
of 5 mm arise at z 5 5.8 km. At the height of 8.5 km the
DSD again contains small droplets with diameters of
5 mm, while such droplets were absent at 6.75 km. In
most cloud zones located at large distances above the
cloud base, DSDs contain droplets smaller than those
near cloud base (at 1.6 km). We see, therefore, that the
process of in-cloud nucleation is widespread in maritime clouds, at least according to these simulations
performed.
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FIG. 4. Fields of CWC, RWC, W, and supersaturation at t 5 1860 min in E100_S simulation. Horizontal dashed lines show the level of
increase in supersaturation and in-cloud nucleation.

It is noteworthy that supersaturation in mixed-phase
clouds is determined by the liquid phase (Korolev and
Mazin 2003). Since riming decreases the concentration
of supercooled droplets, it should lead to an increase in
supersaturation. It means that the conceptual scheme of
in-cloud nucleation presented in Fig. 1 should be extended
to the mixed-phase case where droplet concentration
decreases and supersaturation increases due to riming
during ascent. The newly nucleated droplets rapidly grow
at high supersaturation values. As a result, the gaps
between different modes seen in Fig. 1 disappear, and
despite the presence of in-cloud droplet nucleation,
DSDs become unimodal with a relative dispersion of
0.2–0.4. In E100_NS the DSDs in the lowest roughly
2 km above cloud base are quite similar to those in
E100_S. Higher up, DSDs in E100_NS show much
lower CWC and actually do not reveal existence of
small droplets above altitude of 6 km (Fig. 6b). These
DSDs show that cloud nucleation in E100_NS is much
less pronounced than in E100_S cloud.
Figure 7 shows the vertical profiles of the maximum
values of Nd, LWC, total ice content, and ice crystal

concentration in clean air simulations with small CCN
(E100_S), without small CCN (E100_NS), in the presence of high concentration of both low and GCCN
(E100_SG), and with high concentration of GCCN but
without small CCN (E100_NS_G).
In E100_S the droplet concentration is larger than in
E100_NS. There are three peaks of droplet concentration in E100_S at altitudes of 4.5, 6.5, and 9 km. We
attribute these peaks to in-cloud nucleation. At the same
time the droplet concentration in E100_NS rapidly decreases over height above 5.5 km. Results of E100_S
agree well with results of observations (Heymsfield et al.
2009), indicating the appearance of a peak of droplet
concentration above 8-km level. Liquid water content is
also larger in E100_S than in E100_NS. A rapid decrease
in LWC above 6 km can be attributed to riming caused by
collisions of water drops with ice particles of various kinds.
The total mass ice content has its maximum at 8 km. The
vertical profiles of ice crystal concentration reveal a dramatic difference between E100_S and E100_NS: whereas
at about 10-km altitude the peak of the time-averaged
concentration of ice crystals is 6.5 cm23 in E100_S, it is
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FIG. 5. Fields of CWC in (a),(c) E100_S and (b),(d) E100_NS at t 5 (top) 1860 and (bottom) 2280 s.

about 1 cm23 in E100_NS. This is due to fewer supercooled droplets in the upper half of the mixed-phase
region where the smallest aerosols are not present and
hence homogeneous freezing is drastically reduced.
Note that the conditions of E100_NS do not exclude
in-cloud nucleation altogether; rather, they significantly
decrease its intensity. Peaks in the droplet concentration

with increasing of height above 3.5-km altitude in
E100_NS (Fig. 7a) can be accounted for by three factors.
First, only CCN with radii below 0.0125 mm are eliminated in E100_NS, so that smaller CCN can be activated.
Second, the simulations with resolution of 50 m reproduce separate bubbles in cloud structure that ascend
along different trajectories and have different histories

FIG. 6. Droplet size distributions in (a) E100_S and (b) E100_NS (b) at t 5 2280 s in points marked in Fig. 5 by circles.
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FIG. 7. Vertical profiles of the maximum values of (a) droplet concentration, (b) LWC, (c) total ice content, and
(d) ice crystal concentration in the simulations with low CCN concentration (N0 5 100 cm23). The profiles are
obtained by averaging over the time period of 2520–2880 s.

of supersaturation. In some bubbles having low updraft
velocity at cloud base, CCN larger than 0.0125 mm in
radii can be activated at high levels. Third, CCN are
transported by the velocity field, so small CCN can ascend from below, starting at, say, 2-km altitude (i.e.,
above cloud base) upward, and penetrate cloud bubbles
at higher levels (or produce new cloud elements by activation). The main conclusion is that the concentration
of supercooled droplets in E100_S is significantly higher
than in E100_NS, which indicates the role of small CCN
in production of supercooled droplets and ice crystals.
Figures 8a–c shows the fields of concentration of
platelike crystals in, respectively, E100_S, E100_NS, and
E100_SG at t 5 2760 s, when the cloud top is above
10 km (the level of homogeneous freezing). One can see
a dramatic difference in the ice crystal concentrations in
cases of significant and low amounts of small CCN. The

area covered by ice crystals in E100_S is also larger than
that in E100_NS. Figure 8d shows the time dependence
of the maximum concentration of plate crystals forming
by homogeneous freezing in all clean air simulations.
One can see that in E100_S the cloud reaches the level
of homogeneous freezing earlier than in E100_NS, and
the ice crystal concentration in E100_S is substantially
larger during the entire simulation. Size distributions of
platelike crystals at levels between 10 and 11 km show
the maximum at diameters of about 70 mm, indicating
that these crystals are comparatively small [in agreement with the observations made by Heymsfield et al.
(2009)].
The analysis shows that graupel mass content is larger
in E100_S than in E100_NS (an example of the fields of
graupel mass contents in these simulations is shown in
Fig. 9). We attribute this difference to the fact that in
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FIG. 8. (a)–(c) Fields of plate crystal concentration in (a) E100_S, (b) E100_NS, and (c) E100_SG. (d) The time
dependences of the maximum concentration of plate crystals in different simulations.

E100_S liquid water content at upper levels is higher,
which leads to a larger graupel mass formed by riming.
The effect of GCCN requires a separate analysis. In
simulation E100_NS_G that was free of small aerosols,
an increase in the GCCN concentration leads to changes
in cloud microphysics that agree with the widely accepted
scenario described in the introduction when warm rain
rapidly forms and collects cloud droplets. As a result,
above 8 km LWC becomes negligible in E100_NS_G.

The maximum concentration of ice crystals at the 10-km
level was about 1 cm23 in E100_NS_G (i.e., an order of
magnitude less than in E100_S). The graupel mass was
also significantly lower than in E100_S. The vertical profiles in E100_NS are quite close to those in E100_NS_G.
In the presence of small CCN the effect of GCCN
changes dramatically. The fields of droplet concentration, vertical velocity, RWC, and supersaturation in
E100_SG resemble those plotted for E100_S (Fig. 4),

FIG. 9. Fields of graupel mass contents in simulations (left) E100_S and (right) E100_NS at t 5 3300 s.
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FIG. 10. Fields of droplet concentration, RWC, W, and supersaturation in E100_SG simulation at t 5 1860 min.

with some important differences shown in Fig. 10: the
increase in concentration of GCCN intensifies the formation of warm rain, accelerating the decrease in the
droplet concentration with height. This decrease leads to
a more intense in-cloud nucleation and successive drop
growth by condensation (accompanied by latent heat
release). Rapid unloading accompanied by formation of
new droplets leads to an increase in vertical velocity
maximum to 14 m s21 at z 5 5 km (as compared to
12 m s21 in E100_S) and an increase in supersaturation
up to 12%–15% (as compared to 8% in E100_S). In the
presence of small CCN this increase in supersaturation
leads to intensification of in-cloud nucleation aloft. As
a result, the E100_SG cloud is the most intense one.
Figures 7 and 8 show that in E100_SG the droplet concentration, LWC, total ice content, and concentration of
ice crystals are higher than in other simulated clouds
developing in clean air. The graupel mass content is also
significantly higher in E100_SG as compared to E100_
NS_G. As will be shown below, an increase in GCCN
concentration in the presence of small CCN leads to
a significant increase in precipitation. Thus, the results
show the existence of a synergetic effect of GCCN and
small aerosols that leads to cloud intensification.

b. The effects of small CCN on the lightning
probability
A detailed simulation of the processes of charge separation and lightning formation was beyond the scope of
this paper. To evaluate the probability of lightning, the
accumulated number of collisions (without coalescence)
between ice crystals and graupel per unit of volume was
calculated. The graupel–ice crystal collisions at a particular time step were taken into account if the supercooled LWC at this grid point exceeded 0.1 g m23. The
accumulated number of ice–graupel collisions in the
presence of LWC is referred to as the lightning potential
(LP). The LP used in this study is quite similar to that
successfully applied by Khain et al. (2010) to characterize the location and intensity of lightning in a landfalling hurricane. We assume that larger values of LP
correspond to higher rates of charge separation and
a higher probability of lightning. Figure 11 shows the LP
in E100_S, E100-NS, and E100_SG. Figure 11d presents
the evolution of the lightning potential in the simulations.
Comparison of the LP fields shows that an increase
amounts CCN leads to an increase in the lightning
probability by increasing the concentration of supercooled

Unauthenticated | Downloaded 01/09/23 11:54 PM UTC

2800

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 69

FIG. 11. Lightning potential in (a) E100_S, (b) E100_NS, and (c) E100_SG. (d) Time dependence of maximum values
of lightning potential in different simulations. Lightning potential in E100_NS_G is close to that in E100_NS.

droplets, as well as the concentration of ice crystals and
graupel. Figure 11 shows also that the lightning potential in
E100-SG is larger than in other simulations for the reasons
discussed above. We suppose that this result can explain
the intense lightning observed in eyewalls of hurricanes
during their mature stage when production of GCCN is
a maximum and a huge amount of GCCN enters clouds via
the cloud base.

c. The effect of small AP on microphysics of polluted
clouds
In this section we compare the results in two simulations
E3500_S and E3500_NS in which clouds were developed
in highly polluted atmosphere. The thermodynamic conditions in these simulations were the same as those in
E100 simulations.
Supersaturation with respect to water in polluted clouds
is lower than that in clouds developing in clean air.
Because of the lower supersaturation, the first raindrops
form at higher altitudes, which agrees with observations
(e.g., Freud et al. 2008). Indeed, the simulations show
that supersaturation with respect to water in polluted

clouds does not exceed about 1% below a 5–7-km altitude.
In the ascent above this level the process of raindrop formation and riming leads to a decrease in CWC and droplet
concentration. At the same time, the vertical velocities
increase with increasing height. As a result, Sw grows
above 7-km altitude, reaching a maximum of about 3% in
E3500_S and of 20% in E3500_NS. The difference in the
values of supersaturation is attributed to the efficient incloud nucleation followed up by diffusional growth of new
droplets in E3500_S at high levels. The higher maximum
value of Sw in E3500_NS can be attributed to the lower
concentration of cloud droplets in this simulation.
The existence of in-cloud nucleation is clearly seen in
Fig. 12 showing the vertical profiles of (a) maximum
droplet concentration, (b) CWC, (c) LWC, and (d) total
ice content in the E3500_S and E3500_NS simulations at
t 5 2700–3300 s. One can see that in E3500_S (where the
amount of small CCN is higher) the concentration of
droplets and CWC is higher than in E3500_NS above
6 km (Fig. 12a). The CWC above 5 km level is also
larger in E3500_S (Fig. 12b). Note that higher supersaturation leads to more efficient collisions and larger

Unauthenticated | Downloaded 01/09/23 11:54 PM UTC

SEPTEMBER 2012

2801

KHAIN ET AL.

FIG. 12. Vertical profiles of (a) maximum droplet concentration, (b) CWC, (c) LWC, and (d) total ice content in
simulations E3500_S and E3500_NS averaged over the time period 2700–3000 s.

LWC (due to rain drops) in E3500_NS at z ; 6 km than
in E3500_S. Intense riming at this level leads also to
larger graupel content in E3500_NS than in E3500_S at
z ; 6–7 km. Thus, the difference between the microphysical structures of clouds developing in polluted air in
the presence and absence of small aerosols is less pronounced than the difference in the case of clouds developing in clean air. We attribute this effect to the fact
that in clouds developing in polluted air droplets are
small and warm rain is suppressed both in cases with and
without smallest CCN. As a result, droplets ascend to
a high level and participate in ice processes in both cases,
leading to nearly similar vertical profiles of total ice
content (Fig. 12d). The microstructure of polluted clouds
in the presence and absence of small aerosols differs
largely in concentration of small supercooled droplets at
the upper levels (Fig. 12a), as well as in concentration of
ice crystals above the level of homogeneous freezing.
Figure 13 shows the fields of plate crystal concentration
in (left) E3500_S and (right) E3500_NS at t 5 3300 s. In
E3500_S the concentration of crystals is 350 cm23 at
12 km, in agreement with the measurements performed
by Heymsfield et al. (2009) in highly polluted clouds. In
E3500_NS the maximum concentration of ice crystals is
40–50 cm23.

Figure 11d shows that the lightning potential in E3500_S
is larger than in all the other simulations. In E3500_S the
simulated concentration of small CCN is higher than in the
other simulations.

d. Effect of small CCN on cloud dynamics and
accumulated rain
According to the results of simulations, the differences
in concentration of small CCN affect cloud dynamics,
microphysics and precipitation amount.
Figures 14a and 14b show the vertical profiles of
maximum vertical velocity in clouds developing in a
clean atmosphere and polluted air, respectively. The
profiles are averaged over the time period of several
minutes. One can see that in clouds developing in a clean
atmosphere small CCN significantly increase the maximum speeds of the cloudy updrafts and increase the
height of the maxima by about 2 km. This can be attributed to larger latent heat release during the diffusional
growth of droplets nucleated via in-cloud nucleation, as
well as to higher intensity of riming accompanied by
latent heat of freezing. The profiles in runs with small
CCN taken into account resemble those presented by
Heymsfield et al. (2009, their Fig. 1a), also indicating the
maxima at the 10-km level. In agreement with the results
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FIG. 13. Fields of plate crystals concentration in (left) E3500_S and (right) E3500_NS at t 5 3300 s. Note that scales in
the panels are different.

reported by Petersen et al. (1999), vertical velocity in
clouds developing in clean air increases strongly with
increase of altitude above the roughly 5–6-km level. In
clouds developing in polluted air effects of small aerosols
on dynamics is not pronounced. Vertical velocity maximum takes place at 10 km both in E3500_S and in
E3500_NS. The weak dynamical effect of small CCN in
these cases agrees with the small differences in microstructure of clouds in these simulations (see Fig. 12).
Figure 15 shows the time evolution of accumulated
rain in different experiments. One can see that, in clean
air, rain at the surface begins earlier because of faster
formation of raindrops by coalescence. Accumulated
rain in polluted clouds was found to be larger than that
from clouds developing in a clean atmosphere largely
because of the more efficient ice processes (Khain 2009).
Small CCN lead to an increase in surface precipitation as
the accumulated rain in E100_S is larger than that in

E100_NS. The synergetic effect of small CCN and GCCN
is also seen in the precipitation amount, since the increase
in the concentration of GCCN in the presence of small
CCN in E100_SG leads to a significant increase in precipitation. At the same time, unlike in E100_NS, a similar
increase in GCCN concentration in the absence of small
CCN in E100_NS_G does not increase accumulated rain.
In case of high CCN concentrations (polluted clouds),
the number of small CCN is also higher than in clean air.
Precipitation in E3500_S and E3500_NS was found to be
quite similar in spite of the higher droplet concentration
and higher CWC at upper levels in E3500_S. This result
can be attributed to the fact that in the simulations with
high CCN concentrations, the concentration of drops is
high both in E3500_S and E3500_NS. As a result, supersaturation below 6–7 km remains low and many
droplets ascend in updrafts to higher levels. In E3500_S,
the in-cloud nucleation increases droplet concentration,

FIG. 14. Vertical profiles of maximum values of vertical velocity in clouds developing in (a) a clean atmosphere and
(b) polluted air. The profiles are obtained by averaging over the time period 3000–3300 s.
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FIG. 15. Time dependencies of space-averaged accumulated rain at
the surface in different simulations.

which decreases supersaturation, thus retarding droplet
growth. In E3500_NS, the supersaturation is higher and
ascending droplets grow faster, efficiently producing
graupel and hail by riming. As a result, the amount of
graupel in E3500_NS was found to be a little larger than
in E3500_S, which leads to slightly larger accumulated
rain.

5. Discussion and conclusions
This study was motivated by observations of very high
ice crystal concentrations in anvils of strong maritime
clouds. The phenomenon of intense lightning in eyewalls of hurricanes despite the presence of huge GCCN
concentrations also required an explanation. The simulations with a mixed-phase cloud microphysics model
with a resolution of 50 m and accurate calculation of
cloud supersaturation, conducted in this study, show
that all these phenomena can be explained by in-cloud
nucleation of small droplets at temperatures below
about 2208C. It is shown that in maritime clouds, the
efficient production of warm rain leads to a decrease in
droplet concentration aloft, which is often accompanied
by an increase in vertical velocity due to atmospheric
instability, unloading precipitation, and ice formation.
As a result, supersaturation in maritime clouds can exceed 8%–10%. To be efficient, in-cloud nucleation requires a significant concentration of small Aitken mode
CCN with diameters below about 0.03–0.05 mm. It is
shown that in cases where the vertical velocity in clouds
reaches about 25 m s21 at z ; 10 km and the slope parameter k 5 0.9, in-cloud nucleation at several kilometers above cloud base can produce ice crystals of about
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5–15 cm23 concentration by homogeneous freezing of
small cloud droplets. This value of the slope parameter
is typical of maritime conditions, according to Hobbs
(1993) and Pruppacher and Klett (1997). Ice crystals
of said concentration at anvil levels were measured
in maritime clouds of the corresponding intensity by
Heymsfield et al. (2009).
These conclusions are broadly consistent with the
conceptual scheme (Fig. 1) and with the findings of a
number of studies, including Pinsky and Khain (2002)
and Segal et al. (2003), whose simulations demonstrated
that in-cloud nucleation far above cloud base plays
a crucial role in formation of structure of mixed-phase
clouds. Phillips et al. (2005) showed that in-cloud nucleation of droplets far above cloud base produced most
of the supercooled droplets freezing homogeneously. It
is usually assumed that the effects of small CCN and
GCCN are opposite: while small CCN tend to delay the
warm rain formation, GCCN accelerate it. This study
shows that small CCN activated at significant distances
above the cloud base and GCCN can ‘‘unite’’ in a synergetic effect, fostering formation of new droplets at
higher levels via in-cloud nucleation. GCCN also foster
formation of warm rain, which then is unloaded from the
updrafts and accelerates them, leading to a higher supersaturation in clouds aloft and to a greater production
of supercooled droplets at upper levels via in-cloud
nucleation. As a result, both the concentration of small
droplets aloft and the concentration of ice crystals in
cloud anvils forming by homogeneous freezing increases
if the CCN spectrum at cloud base contains both Aitken
CCN and GCCN. This synergetic effect leads to convective invigoration and increases accumulated rain at
the surface. An increase in GCCN concentration in
simulations without small CCN (no in-cloud nucleation)
leads to a decrease in supercooled water, as well as to a
low concentration of ice crystals at the upper cloud levels,
which agrees with the widely accepted interpretation of
the role of GCCN.
The process of in-cloud nucleation allows one to explain the formation of high concentrations of ice crystals,
the high optical depth of anvils in deep tropical clouds,
and the accompanying cirrus clouds in the ITCZ. It also
explains the lightning in very strong convective clouds in
the ITCZ over the oceans. The synergetic effect of the
smallest CCN and GCCN allows one to explain the formation of lighting in extremely maritime clouds in eyewalls of hurricanes where spray drops with radii up to
several tens of microns reach the cloud base.
In our simulations focusing on the effects of the smallest
CCN penetrating through cloud base, the roles of both
of vertical velocity and cloud depth were of the utmost
importance. In supplementary simulations (not discussed
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in the paper) for which the original sounding data were
used, the maximum vertical velocity of 18 m s21 was
reached near 8.5–9 km, but not at 10 km. In this case the
concentration of ice crystals in cloud anvils was an order
of magnitude less than in the case with the maximum
vertical velocity of 25 m s21at 10 km. The lightning potential was lower by order of magnitude accordingly. In
supplementary simulations where the relative humidity
was decreased to get the maximum vertical velocity of
10–13 m s21, the concentration of ice crystals produced
largely by primary ice nucleation in cloud anvils was
about 100 L21. The concentration of supercooled droplets above 8 km was negligible. The cloud top was at
about 10 km altitude or lower, and the lightning potential
was negligibly small. This is in agreement with findings by
Black and Hallett (1999) showing that lightning in hurricane clouds is possible if the vertical velocity exceeds
13 m s21. As regards the main factors leading to lightning, the ‘‘dynamical’’ and ‘‘aerosol’’ hypotheses are
widely discussed in the literature (e.g., Williams and
Stanfill 2002; Williams et al. 2004, 2005; Sherwood et al.
2006). In the first case, the vertical velocity is considered
as the major factor; in the second case the aerosol effects
are assumed to be dominating. The results of the present
study suggest a synergetic effect of these two factors. A
high vertical velocity leads to a high supersaturation and
to nucleation of small aerosols aloft needed for creation
of supercooled droplets. At the same time, in-cloud nucleation increases vertical velocity, supposedly due to
extra latent heat released in droplet diffusion growth and
riming. We would like to stress that charge separation is
a result of the microphysical processes inside clouds (e.g.,
graupel–ice crystal collisions). Storm electrification is not
directly caused by vertical velocity, wind shear, and other
dynamical factors. The role of the dynamical factors is to
create favorable conditions for intensification of the microphysical processes of charge separation.
The in-cloud nucleation can be responsible for the
well-known experimental fact that DSDs at most vertical levels reveal the existence of very small droplets with
diameters below 10 mm. Because in the deep layers the
updraft speed tends to increase with increasing height,
supersaturation increases continuously over height, leading to nearly permanent in-cloud droplet activation. Thus,
we can expect the presence of very small droplets in the
DSD over much of the cloudy updraft, even though each
small droplet becomes quickly larger than 10 mm because
of condensation. This statement apparently agrees with
the in situ measurements of the smallest droplets obtained in the LBA-SMOCC field experiment (Andreae
et al. 2004; Freud et al. 2008) performed up to heights of
4.5 km, as well as in CAIPEEX (2009) (Prabha et al.
2011) where premonsoon and monsoon clouds in central

VOLUME 69

India were measured up to heights of 7 km. The existence
of small droplets in the DSD within a deep layer is one of
the main reasons of significant DSD dispersion (;0.3)
and wide occurrence of bimodal and multimodal DSD
(Prabha et al. 2011). It is also shown that small aerosols
allowing nucleation of droplets a few kilometers above
cloud base boost the speed of the cloudy updraft and lead
to precipitation enhancement in maritime clouds. Thus,
small aerosols can contribute to an increase in vertical
velocity in TC eyewall clouds.
The present study shows that the smallest CCN can
play an important role in microphysics of clouds developing in highly polluted atmosphere where No is high.
Supersaturation in polluted clouds is much lower than in
clouds developing in clean air. At the same time, at cold
temperatures the concentration of droplets decreases as
a result of collisions of cloud droplets with raindrops and
ice particles. This can lead to an increase in supersaturation by up to several percent and to in-cloud nucleation at heights above 6–7 km. According to the results
obtained in this study, at the same high value of No (if it
is high), the concentration of ice crystals in cloud anvils
can vary from several tens to several hundreds per cubic
centimeter depending on the concentration of small
CCN at cloud base. Assuming that small CCN exist
within the CCN spectra, we found concentrations of ice
crystals of 350 cm23 in cloud anvils, accounted for by
homogeneous freezing of the numerous supercooled
small droplets at about 10-km altitude, with is in agreement with the results obtained by Heymsfield et al.
(2009). An increase in No without changing the value of
the slope parameter also leads to an increase in the
concentration of the smallest CCN. Thus, in studies
where only No was increased, an increase in the concentration of small CCN was guaranteed. For instance,
substantial masses of supercooled water were measured by Rosenfeld and Woodley (2000) at the temperature 237.58C in Texas summertime clouds. These
cloud droplets gave rise to formation of about 500 cm23
ice crystals in cloud anvils due to homogeneous freezing.
Such concentrations of supercooled droplets and ice
crystals were simulated by Khain et al. (2001b) using
the earlier version of the HUCM. The interpretation
then given for the numerical results stated that droplets
in polluted continental clouds remain small and do not
collide with ice particles during their ascent from cloud
base up to the homogeneous freezing level. With the
new finding of this study, we suppose that in-cloud
nucleation could have played an important role in the
case of Texas clouds.
It seems, therefore, that small aerosols causing in-cloud
nucleation is the important factor of DSD formation for
wide range of conditions from clean maritime (eyewalls
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of TC) to extremely polluted continental clouds (premonsoon clouds in India). This enhances the requirements
on measurements of aerosols in atmosphere. The range
of supersaturation variations in the laboratory should be
increased to measure the concentration of particles that
can be activated at supersaturations as high as 5%–10%
and even higher. The vertical variation of the droplet
concentration throughout the depth of the troposphere
must also be measured.
Two main sources of small CCN over the ocean can be
assumed. One source is related to the chemical reactions
involving trace gases condensing to form ‘‘secondary’’
ultrafine particles (the Aitken mode), which may later
grow due to condensation or by collisions between APs
and then create the accumulation mode. Clarke and
Kapustin (2002) analyzed aerosol observations from the
field campaigns over the Pacific Ocean and reported the
existence of ultrafine aerosols with sizes smaller than
0.01 mm in the upper troposphere, especially near the
outflow from deep convection (e.g., near the ITCZ). The
authors assumed that these small APs, apparently generated in the outflow aloft, should subside through the
free troposphere and may be eventually entrained into
the boundary layer and into deep clouds through their
lateral boundaries. The important role of such entrainment was stressed by Fridlind et al. (2004) and Phillips
et al. (2005). These secondary sources of ultrafine aerosols
were also observed in the marine boundary layer (e.g.,
Covert et al. 1992). As to the second source of small
aerosols, we hypothesize that they can be of continental
nature and penetrate the air over the ocean with the intrusion of African dust and creating favorable conditions
for lightning in ITCZ near the African coast (Chronis et al.
2007). Since CCN represents only a soluble fraction of AP,
dust particles that are not small can activate just like small
CCN. Observations of Saharan dust over the eastern Atlantic by Twohy et al. (2009) confirm that the slightly
hygroscopic nature of the dust means that it turns into
CCN, with a fraction of the dust size distribution activated
at cloud base. To answer the question as regards the nature and amount of small aerosols in the maritime tropical
atmosphere, more microphysical measurements of deep
marine clouds and aerosol spectra in the zones of lightning
over the ocean are required. The existence of the bimodal
cloud droplet spectra in zones of high updrafts in cloud
cores would be consistent with the role of small aerosols.
If the role of small aerosols is as important as this
study suggests, many concepts concerning the role of
sea spray, giant CCN, and so on can be reconsidered, at
least as far as the microphysics of deep convective
clouds developing over the oceans is concerned.
Note that the effects from in-cloud nucleation of
droplets discussed in the present study could not be

found in most numerical models with bulk microphysics,
partially because they perform nucleation at cloud base
only. We suppose that a description of in-cloud nucleation has to be included in meteorological models [e.g., as
done in the double-moment bulk scheme by Phillips et al.
(2007a, 2009)] for better understanding of aerosol effects.
The conclusions reached regarding the aerosol effects on
precipitation from maritime clouds should possibly be
revised to take into account the role of smallest aerosols.
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