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ABSTRACT

Observations of large concentrations of ice particles in the dissipating stage of warm-based pre-
cipitating shallow cumulus clouds point to the limitations of scientists’ understanding of the physics of
such clouds and the possible role of cloud dynamics. The most commonly accepted mechanisms of ice
splinter production in the riming process have limitations to properly explain the rapid production of ice
bursts. A more detailed description of the temporal and spatial evolution of hydrometeors and their
interaction with cloud condensation nuclei and ice nuclei is needed to understand this phenomenon.
A cloud model with bin-resolved microphysics can describe the time-dependent evolution of liquid
droplets and ice particles and provide insights into how the physics and dynamics and their interaction
may result in ice initiation and ice multiplication. The authors developed a 1.5-dimensional non-
hydrostatic convective cloud and aerosol interaction model with spectral (bin) microphysics. The
number and mass concentrations of aerosols, including ice nuclei and cloud condensation nuclei, were
explicitly followed. Since both in situ observations of bioaerosols and laboratory experiments pointed
to efficient nucleation capabilities at relative warm temperatures, it was assumed that ice-nucleating
bioaerosols are involved in primary ice particle formation in condensation and immersion modes.
Results show that bioaerosols can be the source of primary ice pellets, which in turn lead to high ice
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concentrations.

1. Introduction

Ice formation in both deep and shallow cumulus clouds
impacts the atmospheric circulation through its impact
on precipitation, on diabatic heating, and on the earth’s
radiation budget because of the differences of the
optical properties of water and ice particles. Although
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shallow cumulus clouds are widespread in the tropics
and subtropics (Rangno and Hobbs 2005; Masunaga
and Kummerow 2006; Warren et al. 2007), the ice for-
mation mechanism in warm-based precipitating shal-
low cumulus clouds (WPSCCs) is not well understood
(Rangno and Hobbs 2005).

The rapid formation of exceptionally high ice particle
concentrations in WPSCCs has often been observed in
both maritime and continental regions (Koenig 1963;
Mossop 1968; Hobbs and Rangno 1998; Baker 2001).
However, concentrations of ice nuclei (IN) in the at-
mosphere that are active at relatively warm tempera-
tures are very low (Mohler et al. 2007). Mechanisms
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other than primary ice formation must play an impor-
tant role in the ice formation of a WPSCC (Rangno
and Hobbs 2005). To elucidate ice multiplication in
WPSCCs, we should resolve two related scientific is-
sues: 1) the evolution of cloud droplet spectra in cu-
mulus clouds and 2) the possible candidates for IN
and ice nucleation mechanisms triggered by them in
WPSCCs.

Ice formation in WPSCC:s is strongly related to their
cloud droplet spectra (Hobbs and Rangno 1998). Ob-
servations show that cumulus cloud droplet spectra are
broader than those predicted by condensational growth
in an adiabatically ascending parcel that is only driven
by buoyancy. However, both buoyancy and pressure
perturbations determine the development of cumulus
clouds (List and Lozowski 1970; Yau 1979; Schlesinger
1980; Zhao and Austin 2005). Therefore, it is necessary
to simulate the impact of pressure perturbations on the
droplet spectral evolution in cumulus clouds. Sun et al.
(2010) found that the cloud droplet spectrum evolution
of WPSCC:s is favorable for ice multiplication through
the Hallett-Mossop (H-M) mechanism in the simula-
tions with perturbation pressures considered. However,
little is known about the candidates of IN and ice nu-
cleation mechanisms in WPSCCs. Even though Ariya
et al. (2009) proposed that ice-nucleating bioaerosols
may act as IN to trigger the ice multiplication in
WPSCCs, there is much we still do not know about the
minimum concentration of bioaerosols and the prev-
alent nucleation mode required to trigger ice multi-
plication in WPSCCs. Condensation freezing may
play an important role in the primary ice formation of
WPSCCs in addition to immersion freezing, which is
considered only as an nucleation mode in the simu-
lations for such clouds (Ariya et al. 2009; Sun et al.
2010). The sources and chemical compositions of IN
in the atmosphere have been a puzzling issue for
several decades, and there is still much to be learned
in this area. Evidence keeps emerging in favor of both
mineral and carbonaceous origins of ice nuclei. In situ
observations further showed that biological particles
dominate the carbonaceous fraction in some regions
(Pratt et al. 2009; Prenni et al. 2009). Soil dust and
biological particles are the predominant IN active at
relatively warm temperatures (Phillips et al. 2009;
Pratt et al. 2009).

The main components of mineral dusts have different
ice-forming capabilities. The temperatures at which ice
starts to be nucleated by silicate particles range between
—10° and —20°C, and other particles, such as kaolinite
and montmorillonite, have an ice initiation temperature
as cold as —35°C via the deposition mode when ice su-
persaturation is greater than 10% (Welti et al. 2009).
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Connolly et al. (2009) found that mineral dusts from
Asia, the Sahara Desert, and Arizona are not active as
IN at temperatures warmer than —12°C. In recent
years, airborne IN observed in the atmosphere have
been mainly associated with mineral dusts (DeMott
et al. 2003; Richardson et al. 2007; Klein et al. 2010;
Chouetal.2011). However, using an atmospheric lidar,
Ansmann et al. (2008) suggested that dust aerosols may
not be effective as IN at temperatures warmer than
—18°C, since ice particles at warmer temperatures were
not found at the top of altocumulus clouds at locations
close to the Sahara. Even though a recent observation
showed that Saharan dust aerosols transported to
central Europe can initiate ice particles at tempera-
tures as warm as —8°C (Klein et al. 2010), mineral
particles may only be partial contributors and not the
dominant sources of atmospheric IN at relatively warm
temperatures (warmer than —10°C). Biological parti-
cles have been identified as a widespread source of IN
in almost all climates (Szyrmer and Zawadzki 1997;
Sun 2008) in both continental regions (Pratt et al. 2009;
Prenni et al. 2009) and oceanic regions (Knopf et al.
2011). Bioaerosols collected in precipitation show
high nucleation capacities at relatively warm tem-
peratures (Christner et al. 2008). Bowers et al. (2009,
2010) further found airborne bacteria acting as IN at
temperatures above —10°C. The ubiquity and the high
ice-nucleating ability of bioaerosols may render them
as an important player in cloud ice formation at rela-
tively warm temperatures. DeMott and Prenni (2010)
suggested that carbonaceous aerosols acting as IN in
clouds warmer than —15°C are likely to be airborne
biological particles. Note that there is a large variety
of biological particle concentrations (Burrows et al.
2009). We still do not know the potential roles for bi-
ological particles in atmospheric processes (Morris
et al. 2011). Recent studies found that biological ice
nucleus concentrations are not important on the global
scale in cloud formation (Hoose et al. 2010a; Sesartic
et al. 2011). However, their roles in atmospheric pro-
cesses may be important on a small scale and at warm
temperatures.

Considering the direct and indirect evidence de-
scribed above, we suggest that likely candidates for
efficient IN at warm temperatures in the atmosphere
might be bioaerosols and that they might be expected
to play an important role in ice crystal formation in
WPSCCs. However, little is known about ice initiation
mechanisms of ice-nucleating bioaerosols in WPSCCs
and the relationship between huge concentrations of
ice particles in WPSCCs (Rangno and Hobbs 2005)
and the low concentrations of biological IN in the at-
mosphere (Hoose et al. 2010b,a).
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To accomplish this, it is necessary to numerically
simulate how the ice nucleation by ice-nucleating
bioaerosols occurs in WPSCCs microphysically and
dynamically. Diehl and Wurzler (2010) used an air
parcel model to simulate ice nucleation by bacteria
with bin microphysics. Phillips et al. (2009) investi-
gated the role of bioaerosols in ice formation with bulk
microphysics. Parcel models are dynamically too sim-
ple to describe the cloud droplet spectrum evolution of
cumulus clouds because the most important property
of the air continuity cannot be considered in such
models. Furthermore, bulk microphysics cannot micro-
physically describe the evolution of the IN-containing
cloud droplet spectra properly. To overcome these
problems within current computation limitations, we
use a two-cylinder time-dependent cloud and aerosol
interaction model that incorporates explicit micro-
physical processes for cloud condensation nuclei
(CCN) and IN. Section 2 provides the dynamical
framework of the model. Section 3 describes micro-
physical processes of the model. Section 4 presents the
model setup. Section 5 describes simulations based on
a parameterization that is constrained by observa-
tions. Section 6 presents a sensitivity study of the ef-
fects of aerosol concentrations on ice formation in
WPSCCs. Section 7 presents results based on a pa-
rameterization constrained by results from laboratory
experiments.

2. Dynamical framework

To study ice nucleation and ice multiplication, not
only is high resolution of the particle size bins necessary
to adequately describe the distributions of aerosol par-
ticles (CCN and IN) and water droplets and ice particles,
but also the mass of CCN or IN in hydrometeors should
be followed. Since such requirements need an explicit
treatment of the hygroscopic growth of aerosols from
the nanometer size range of dry aerosols to the milli-
meter size range of hydrometeors, we had to choose
a 1.5-dimensional (1.5D) Eulerian model due to the
current limited computational resources. The model
described here has been used to simulate ice formation
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in WPSCCs (Ariya et al. 2009; Sun et al. 2010). The
more detailed description is needed to clarify the ad-
vantages and the disadvantages of this model. The first
1.5D cylindrical model was presented by Asai and
Kasahara (1967) to investigate the influence of the
compensating downward motions on cumulus cloud
formation and evolution. In such a model, two circular
concentric air columns describe the updraft/cloud region
(inside column) and the compensating downward-motion
region (outside column). A 1.5D model allows us to de-
scribe the exchange processes between the lateral sides of
the two cylinders. Holton (1973) further developed a pa-
rameterization method to include perturbation pressure
ina 1D model. Yau (1980) presented a method to include
explicit computation of perturbation pressure. Including
perturbation pressure resolved the modeling problem of
unrealistically large gradients of vertical velocities at the
tops of simulated cumulus clouds. We further assume that
horizontally, the vertical wind velocities are distributed
sinusoidally in order to allow for a vortexlike circulation
at the cloud top (Zhao and Austin 2005). Vertical eddy
fluxes were also calculated in order to consider the changes
of the vertical distribution of heat, momentum, aerosols,
and hydrometeors induced by wind velocity deformation
and thermal instability. The ratio of the horizontal size
of the updraft region and that of the compensating
downward-motion region impacts the evolution of the
simulated cumulus clouds (Yau 1980). The radii ratio of
the two cylinders has been specified to be 0.16 (Ariya
et al. 2009; Sun et al. 2010). We performed many sensi-
tivity tests and compared model runs with observations
of the Cooperative Convective Precipitation Experiment
(CCOPE) case (19 July 1981) (Dye et al. 1986). The radii
ratio of 0.25 can result in a good agreement between the
observations and the simulations.

The dynamics of this model are shown in Fig. 1a.
Lateral exchanges between the two cylinders are al-
lowed through the horizontal velocity u. The vertical
wind velocities w, and w,, are horizontally distributed
sinusoidally. The equations in the inner cylinder are
written as follows:

a. Vertical motions
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b. Thermodynamic equation
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where a is the inside radius, b is the outside radius, the
ratio of a and b is 0.25, we assumed that a is 1.5 km for
warm-based shallow convection, variables with the
subscript a represent variables of the inner cylinder,
variables with the subscript b represent variables be-
tween the inner cylinder and outer cylinder, o’ is set
to 0.1 (Asai and Kasahara 1967), and fy.yicc denotes the
number density distribution function of water droplets
or ice crystals. Also, w denotes the vertical velocity,
U. watjice 15 the terminal velocity of hydrometeors, 6 is the
potential temperature, 6, is the virtual potential temper-
ature, and g, is the mixing ratio of water vapor. The bar
above a symbol denotes the average values over the inner
cylinder domain and over a domain between the inner
cylinder and the outer cylinder. The variables with a tilde
represent the effect of dynamic entrainment. The variable
7' denotes the deviation of nondimensional pressure from
the basic state; pg and 6 are the base-state air density and
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potential temperature for a hydrostatic atmosphere, re-
spectively; T is the base-state temperature; ¢, is the spe-
cific heat of dry air at constant pressure; g is the
acceleration of gravity; L is the specific latent heat released
in phase changes; and K,, and K, represent the eddy
viscosity coefficients of momentum and heat, respectively.
In the above equations on the right-hand side, the first
term represents the vertical flux divergence; the second
term represents the lateral exchanges, in which hori-
zontal advection can be performed; the third term is the
lateral eddy flux; and the fourth term is the vertical
subgrid eddy flux. In Eq. (1), the fifth term represents the
vertical pressure gradient force of the nondimensional
pressure perturbation and sixth term is the buoyancy
force. In Egs. (2)-(4), the fifth term represents the
variable changes due to microphysical processes. The
explicit solutions of the perturbation pressure and
the vertical eddy fluxes are described by Sun (2008).

3. Microphysical processes

The microphysical processes of this model especially
focus on the interactions between aerosols and clouds.
The properties of the atmospheric aerosol are much
more complicated than can be described faithfully in
cloud models. It is plausible that a considerable portion
of aerosols in the atmosphere are suitable candidates for
CCN. IN that are active at temperatures warmer than
—35°C, however, can only come from a very small
fraction of those aerosols that contain insoluble sub-
stances. It is impossible to track the proportions of CCN
and IN in each hydrometeor. Instead, we define two
functions, f(m, m,p) and g(m, my). The former is the
concentration of hydrometeors (either water or ice) of
mass m that contain any particle (solid or dissolved)
(e.g., ammonium sulfate and/or IN) of mass m,p; for
most hydrometeors m,,, will be the CCN mass. The latter
is the concentration of hydrometeors of m that contains
an ice nucleus of mass my, regardless of the total particle
mass in the hydrometeor. So, g(m, my) is a subset of
f(m, m,;,). The meaning of functions used in our model
with a fixed-bin scheme is described in Table 1.

In this model, the sizes of cloud droplets growing from
haze droplets and raindrops growing via the warm-rain
process are determined by condensation, evaporation,
and stochastic collision and coalescence (Leroy et al.
2006; Sun 2008). The ice-phase microphysics includes
nucleation, deposition, sublimation, aggregation, rim-
ing, and melting. Since we focus on ice nucleation and
ice multiplication, ice particles are characterized as
small spherical ice particles, including frozen cloud
droplets (diameters less than 20 um) and newly pro-
duced spherical ice splinters (Choularton et al. 1978),
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FIG. 1. (a) Schematic view of the cloud (radius a; @ = 3.0 km for deep convection, a = 1.5 km for shallow
convection) and subsidence (radius b — a; b = 12.0 km for deep convection, b = 6.0 km for shallow con-
vection) columns for a 1.5D model. (b) The vertically staggered grid of two cylinders showing full levels and

half levels.

with an assumed lognormal size distribution (standard
deviation ¢ is 1.15; the mean radius r,, is 5.0 um); co-
lumnar ice particles (see Hobbs and Rangno 1990, their
Fig. 6) (diameters from 20 to 100 um of size bins); and
spherical ice particles [see Hobbs and Rangno (1990),
their Fig. 6] (diameters from 100 to 600 um of size bins).
For the size bins of ice particles between 600 and
5000 um, ice pellets have been implemented into the
model for the simulations of WPSCCs. The ice spectrum
of these shapes and types is presented by a 1D spectral
function in our model. The density of ice particles has
been assumed to be 0.9 cm 3. With these prescribed
characteristics, the diffusional and rime growth rates of
ice particles with different shapes can be used to de-
termine the ice particle mass increase as a spherical body
with a normalized bulk density of 1.0 g cm * in each
size bin. In the size range of columnar ice particles
(20-100 wm), the axis ratio is assumed to change si-
nusoidally with the mass increase to keep the spectral
distribution of ice particles continuous, with a maxi-
mum ratio of 10.

a. Microphysical processes for CCN

The hygroscopic growth of CCN is described as a con-
tinuous process through which haze drops become acti-
vated to form cloud drops. In this study, we further assume
that CCN are predominantly composed of ammonium

sulfate and that the impurity effect on cloud droplet ac-
tivation (Sun and Ariya 2006) is ignored if aerosols con-
tain other soluble or insoluble substances. Cloud droplets
grow by condensation and collision—coalescence; mean-
while, some supercooled water droplets can also trans-
form into ice particles. Water droplets can freeze in
three ways in our model: the nucleation of cloud and
rain droplets by IN, the freezing of rain droplets by
collision with ice splinters, and the collision of haze
droplets and cloud droplets with ice particles with
equivalent spherical water droplet diameters greater
than 100 um (riming process). The whole process for
the evolution of the water droplet and ice particle dis-
tributions (appendix A) is described in Egs. (5) and (6),
respectively:

TABLE 1. Number distribution functions used in the 1.5D model.

Total bins of
hydrometeors

Total bins of

Functions aerosols

90 mass bins of ammonium 130 mass bins of

fwater(m> Ny, )
P

sulfate water drops
fice(m, myp) 90 mass bins of ammonium 130 mass bins of
sulfate ice particles

130 mass bins of
water drops
130 mass bins of
ice particles

Zwater(M, mn) 90 mass bins of ice nuclei

Gice(m, myN) 90 mass bins of ice nuclei
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b. Microphysical processes for IN

Heterogeneous freezing of ice in laboratory experiments
can occur in association with IN, via condensation, immer-
sion, deposition, and contact mechanisms. It is not feasible to
include all these nucleation mechanisms in our simulations.
Since only a small fraction of aerosols in the atmosphere are
IN and their aged surfaces are always covered with soluble
substances (Chen et al. 1998; Zhang and Carmichael 1999;
Clarke et al. 2004; Sun and Ariya 2006; Pratt et al. 2010)
and heterogeneous ice nucleation rarely occurred below
water saturation (Heymsfield and Miloshevich 1993;
Mohler et al. 2005; Dymarska et al. 2006), we consider that
IN catalyzing ice formation through immersion freezing
and condensation freezing are a part of the CCN distri-
bution and are only distinguished from CCN by their extra
property of nucleating ice as defined in the function of
g(m, myy). We further assume that IN are composed of
a single kind of particle with soluble material on its surface.
There are two ways that hydrometeors can contain IN in
our model: one way is that IN become activated as cloud
droplets and another way is that IN are captured by hy-
drometeors by Brownian motion and by hydrodynamic
capture (Sun 2008). To follow the distribution of particles
that contain IN, we have the following equations that are
equivalent to those for the whole hydrometeor distribution:

6gwat(l/n’ mIN) _ agwat
ot mic ot condensation/evaporation
_ 98ice _ 98yt
ot ice nucleation ot riming
+ agwat + agwat
ot coalescence ot melting
™)
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ot aggregation ot melting
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The detailed description of the above expressions can be
found in appendix B.

c. Parameterizations of heterogeneous ice nucleation
and ice multiplication

We selected two specific parameterizations of het-
erogeneous ice nucleation for ice formation compari-
sons in WPSCCs. One parameterization that provides
dependencies on the chemistry and surface area of IN
has an observational constraint (Phillips et al. 2008). The
second is based on laboratory observations (Diehl and
Wurzler 2004).

1) OBSERVATIONAL CONSTRAINT
PARAMETERIZATION

Phillips et al. (2008) proposed an empirical parame-
terization of heterogeneous ice nucleation through de-
position, condensation, and immersion freezing for dust/
metallic aerosols (DM), inorganic black carbon (BC),
and insoluble organic particles (O) in which bacteria are
assumed to be the ice-nucleating material. The number
of active IN per kilogram of air for each kind of aerosol
nin.x is determined by air temperature, supersaturation
with respect to ice, nucleation threshold temperature,
fractional contribution of this kind of IN to the mea-
sured total IN concentrations, concentrations, and size
distributions of a particular species of insoluble aerosol.
A detailed description of the parameterization is given
by Phillips et al. (2008). In our simulations, we only
consider ice nucleation at water supersaturation.

2) LABORATORY-BASED PARAMETERIZATION

The immersion freezing mode is one ice initiation
mechanism that is relevant to this study. We simulated
ice nucleation in the immersion freezing mode with the
parameterization of Diehl and Wurzler (2004). The
immersion freezing rate of IN is based on the semi-
empirical method, defined as

R(m,m) = —aB, V.

wopepla(Ty~ T (9)

h,i

where a is equal to 0.82 °c 1 Varop is the volume of the
water droplet; T} is equal to 273.16 K; By,; is a constant
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representing the ice-nucleating capability of IN, which
relates the median freezing temperature 7, (Diehl and
Wurzler 2004) and the volume of the drops Virop
(Pruppacher and Klett 1997); and dT/dt is the rate of
temperature change of the cloud parcel. The tempera-
ture changes of saturated air parcels follow the modified
pseudomoist adiabat (Taylor 1989).

d. Ice multiplication

Laboratory experiments have documented the de-
pendence of secondary ice production rates on tem-
perature, the water drop spectrum, and riming rate
(Mossop 1976, 1978b,a; Heymsfield and Mossop 1984),
and the results have been expressed mathematically in
various ways (Mossop 1978b; Harris-Hobbs and Cooper
1987; Cardwell et al. 2003). We have implemented the
parameterization of secondary ice production of Harris-
Hobbs and Cooper (1987) in the present model (see
appendix C).

4. Model setup
a. Finite-difference scheme

The numerical transport algorithm adopted is the
Multidimensional Positive Definite Advection Trans-
port Algorithm (MPDATA) with the nonoscillatory
option (Smolarkiewicz and Grabowski 1990; Schir and
Smolarkiewicz 1996). Our model employs second-order-
accurate MPDATA for both momentum and scalar
variables involved in the dynamics and microphysics of
hydrometeor growth. The number density distribution
of aerosol particles, water droplets (including aerosol
particles), and ice crystals are described by two number
density distribution functions—fyaer(Inm) and fico(Inm)—
with respect to the natural logarithm of mass (Leroy et al.
2006). Aerosol particles have 90 bins with a radius from
80 X 1077 to 2.36 X 10> um, and hydrometeors and
aerosols together have 130 bins with a radius from
8.0 X 107%t02.4 X 10* wm, so that the minimum mass of
aerosols m,po is 2.0 X 10718 g.

The time step is 2 s, and a time-splitting procedure is
applied in the numerical transport algorithm for both
dynamical processes and microphysical processes in
order to guarantee the Courant-Friedrich-Levy crite-
rion.

b. Initial conditions

The initial thermodynamic conditions for the simula-
tions of WPSCCs are the same as those used by Yau
(1980) to represent an idealized sounding to simulate
cumulus clouds. The temperatures at the sea surface and
at the cloud base (800 m) are 24° and 17°C, respectively.
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FIG. 2. Typical maritime aerosol distribution and multiplied aerosol
distributions for simulations.

The ambient temperature lapse rate is 6°C km ™' above
the cloud base. To initiate convection we use a pertur-
bation of vertical velocity. The initial vertical velocity
impulse below cloud base is assumed to be

w;=sin(”—2), :=H, (10)

H

where H is the height of the cloud base.

Figure 2 shows the size distribution of maritime
aerosols (O’Dowd et al. 1997) together with multiples of
the distributions. The concentration of maritime aerosol
C, represents a clean ocean region; the threefold in-
crease in the maritime aerosol concentration C, repre-
sents a clean continental region; the sixfold increase in
the maritime aerosol concentration C; represents
a slightly polluted continental environment; the twel-
vefold increase in the maritime aerosol concentration C,
represents a medium-polluted continental region; and
the twenty-fourfold increase in the maritime aerosol
concentration Cs represents a heavily polluted conti-
nental region as may, for example, be found in response
to biomass burning (Jayaratne and Verma 2001). A 6-
times maritime aerosol concentration (Cs) is used as the
control case study. The initial aerosol concentrations in
all cases decreased exponentially with height above
cloud base. Aerosols with diameters greater than 10 wm
are not included in the simulations. The initial size of
drops is determined by classical Kohler theory. The
maximum size of haze drops is calculated by assuming
equilibrium at 99% relative humidity at the cloud base.
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5. Simulations based on the parameterization
constrained by observations

In the parameterization scheme of Phillips et al.
(2008), IN are dust particles, soot/black carbon, and bio-
aerosols represented by bacteria. The proportional
contribution of each aerosol type to IN has been as-
sumed to have a constant value that is independent of
temperature and humidity. The relative contributions of
dust and soot were set at %3 and /3 — 0.06 [see Phillips
et al. (2008), their Fig. 2], respectively. The estimate of
the bacterial fraction, 0.06, was derived from the com-
parison of the total IN concentration predicted by the
parameterization of Meyers et al. (1992) at —30°C with
the bacterial IN concentration that was estimated with
a given concentration of bacterial cells, the fraction of
the ice-nucleating bacteria of 1% (Lindemann et al.
1982), and the freezing fraction of cells belonging to the
ice-nucleating bacteria of 0.1 at the same temperature
(Vali et al. 1976; Gross et al. 1983).

Since we focus on the study of ice initiation and ice
multiplication in WPSCCs in which cloud-top temper-
atures are around —10°C, the concentration of IN at
—10°C in the atmosphere should be the upper bound on
the ice nucleus concentrations and hence ice initiation at
temperatures warmer than —10°C. The concentration of
IN active at temperatures warmer than —10°C is nor-
mally less than 0.3 L™! [see Eidhammer et al. (2009),
their Fig. 7]. Berezinski et al. (1988) observed an IN
concentration of 0.27 L™! at —10°C. Therefore, we as-
sumed that the initial concentrations of bioaerosols, in-
cluding non-ice-nucleating bioaerosols, are equal to
different multiples of the concentration of IN at —10°C,
which vary in the in situ observation range (Burrows
et al. 2009; Després et al. 2012). Furthermore, the im-
pacts of concentrations of ammonium sulfate on ice
formation should be also evaluated, since the size dis-
tribution and concentrations of cloud droplets impact
the ice multiplication. Therefore, experiments listed in
Table 2 include tests for concentrations of bacteria and
concentrations of ammonium sulfate. We used the ex-
periment E, as a control run for our study.

Note that both the initial size distribution of IN and
their hygroscopicity influence their collision efficiencies
with hydrometeors. The size distribution (Tong and
Lightart 2000) and the activation of bacteria as CCN
(Franc and DeMott 1998) are taken into account in our
study. The size distribution of IN is selected to be
a combination of two measured bacterial lognormal size
distributions (Qian et al. 1995; Tong and Lightart 2000):
for single cells, o is 1.35 and r,,, is 0.78 um; for clusters,
o = 135 and r,, = 1.97 um. This size distribution of
bacteria results in the minimum bacterial mass my to be
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TABLE 2. Experimental simulations.

Total concentration Concentration of

Case of aerosols bacteria (L 1)
E, Cs 027
E, Cs 5% 027
Es Cs 25 % 027
E4 Cs 50 X 0.27
Es Cs 100 X 0.27
E¢ C 50 X 0.27
E, G 50 X 0.27
Es C,y 50 x 0.27
Eo Cs 50 X 0.27

2.048 X 10~ g. The concentrations of single-cell par-
ticles and cluster-cell particles occupy 40% and 60% of
the total bacterial particles, respectively.

a. Time evolution of selected variables

The time evolution of vertical velocities and rainwater
contents are shown in Fig. 3a. A significant feature of the
results is the weak vertical gradient of vertical velocity
compared with other studies using a similar dynamical
framework (Asai and Kasahara 1967, Taylor 1989;
Leroy et al. 2006). The strong gradient of vertical ve-
locity found in previous studies resulted from in-
adequate treatment of the pressure perturbation (Sun
2008). In this study, we took account of the impact of
rotation of the airflow on the perturbation pressure with
an assumption that horizontal and vertical velocities are
distributed sinusoidally. Furthermore, the gradient
force of dynamic perturbation pressure (perturbation
pressure induced by dynamic field) leads to acceleration
at the cloud top and may speed up warm-rain formation
(Sun 2008). A rainwater content greater than 0.1 g m >
appears within 35 min after the convection initiation
with a multiplied maritime aerosol concentration (6 X
217 cm ) (Fig. 3a). Liquid water converts into ice water
in the cloud dissipating stage (Fig. 3b). The maximum
ice water content reaches 0.5 m . Figure 4 shows the
spatial and temporal evolution of water drop concen-
trations. The maximum cloud droplet concentration
reaches 600 cm > (Fig. 4a). At the top of the cloud,
there is a high concentration band of small raindrops
(Fig. 4a). Correspondingly, the maximum concentration
of bacteria-containing cloud droplets is 0.0025 cm >
(Fig. 4b). The spatial and temporal distribution of bacteria-
containing raindrop concentrations is almost the same
as that of the total raindrop concentrations, which
means that all raindrops with a diameter greater than
2 mm contain bacteria. Bacteria are scavenged by rain-
drops through both nucleation and impaction scavenging.
However, the maximum concentration of bacteria-
containing small raindrops is less than that of total
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small raindrops during most time periods. Therefore,
some small raindrops do not contain bacteria in this
simulation with an initial bacterial concentration of
13.5L"" in which the concentration of ice-nucleating
bacteria is 0.135 L', Figure 5 shows the primary ice
nucleation rate and the ice splinter production rate. The
primary ice nucleation occurs both at the cloud-top in-
terface of cloud-clear air through the condensation
freezing mode and in the cloud through the immersion
freezing mode. The maximum primary ice nucleation rate
(MPINR) only reaches 1.038 X 107> L™! s~ 1. However,
the maximum ice splinter production rate (MISPR)
reaches 1.206 L™ " s~ . These results indicate that the ice
multiplication dominates ice formation in WPSCCs.

cm’
800 = T T T T T T T T T T T T T T T —
]
6.00 i 600
. i 1 500
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= 400
£ 400 | -
2 300
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In the subfreezing region, the maximum concentration
of ice particles containing bacteria reaches 1.0 L™ " in the
dissipating stage (Fig. 6a). Bacteria-containing ice parti-
cles include bacteria-containing primary ice particles and
bacteria-containing secondary ice particles. Bacteria-
containing primary ice particles refer to ice particles nu-
cleated by ice-nucleating bacteria and subsequent rimed
ice particles resulting from collisions with cloud droplets
and raindrops. Bacteria-containing secondary ice parti-
cles refer to ice particles nucleated by ice splinters that
subsequently rimed with bacteria-containing water drops.
Since in the parameterization scheme of Phillips et al.
(2008) bacteria include ice-nucleating bacteria and nonice-
nucleating bacteria, IN-containing ice particles refer to
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FIG. 4. Spatial and temporal evolution of water drop concentrations in different size categories in the inner cylinder

for the case E4. (a) Cloud drops with diameters > 1.0 wm (cm ™, shaded area), small raindrops with diameters >
600 wm (L', dashed lines), and raindrops with diameters > 2 mm (L™ !, solid lines). (b) Bacteria-containing cloud
droplets with diameters > 1.0 um (cm >, shaded area), bacteria-containing small raindrops with diameters >
600 um (L', dashed lines), and bacteria-containing raindrops with diameters > 2 mm (L™, solid lines).
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rate (L' s7", solid lines) in the inner cylinder for the case Ey.

the ice particles containing ice-nucleating bacteria that
may initiate ice formation or be scavenged by secondary
ice particles. Concentrations of ice particles as large as
155 L™ ! appeared in the dissipating stage (Fig. 6a), im-
plying that a low concentration of IN can trigger ice
multiplication. The primary nucleation of ascending
small raindrops produces rimers (Fig. 6b) that result in
ice crystal bursts via the H-M mechanism (Sun et al. 2010).
The ice crystal multiplication process is directly influ-
enced by the concentration of ice pellets. The initiation
time and concentration of primary ice pellets are two
determining factors that affect the production of ice
bursts. These two factors are determined by both the
production of primary ice particles and the evolution of
raindrops. The concentration of primary ice pellets at
the beginning of ice formation may be approximately
estimated from the comparison between the total ice
pellet concentration and the IN-containing ice pellet
concentration. If the difference between them is small,
then we can conclude that they represent the concen-
tration of primary ice pellets that include ice pellets from
small raindrop nucleation by ice-nucleating bacteria and
from small raindrop nucleation by IN-containing ice
particles. If the concentration of total ice pellets is highly
greater than that of IN-containing ice pellets, then the
production of the secondary ice pellets nucleated by
the ejection of ice splinters becomes pronounced. Since
bacteria-containing secondary ice pellets only occur when
ice splinters collide with bacteria-containing raindrops or
in a collision of secondary ice pellets with interstitial bac-
teria and bacteria-containing particles, bacteria-containing
ice pellets may be regarded as bacteria-containing pri-
mary ice pellets or IN-containing ice pellets when the
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total concentration of ice pellets is close to that of bacteria-
containing ice pellets. Hence, we can use the concentration
of bacteria-containing ice pellets instead of IN-containing
ice pellets to determine the primary ice pellets in the ice
initiation stage. Figure 6b shows the evolution of the
concentration of the bacteria-containing ice pellets and
the total concentration of ice pellets. In the dominant
stage of the primary ice production, there is little dif-
ference between them and their concentrations are far
less than the concentration of ice-nucleating bacteria.
However, in the dominate stage of secondary ice pro-
duction, the concentration of the total ice pellets is much
greater than that of the bacteria-containing ice pellets.
The ice pellet band is finally formed through the nu-
cleation of the small raindrop band and then the sec-
ondary ice production rate reaches its maximum value.
These results indicate that a high concentration of ice
particles can occur in WPSCCs when primary ice pellets
appear even though their concentrations may be far less
than those of ice-nucleating bacteria.

b. The impact of ice nucleus concentration on ice
crystal multiplication

The production of primary ice pellets is influenced by
the concentration of IN active at temperatures above
—10°C. There are large uncertainties in the measure-
ment of IN in this temperature range (Mohler et al.
2007), and the concentration of IN may be lower than
the value we used in the simulation described above. To
show the impact of ice nucleus concentration on ice
bursts, we simulated the ice formation process with
different ice nucleus concentrations (Table 2). The
highest bacterial concentration is 27 L™', among which
the concentration of ice-nucleating bacteria is 0.27 L™
and the lowest bacterial concentration is 0.27 L7,
among which the concentration of ice-nucleating bac-
teria is 0.0027 L™! at —10°C. Table 3 shows the maxi-
mum ice particle concentrations, MPINR and MISPR
values. The ice multiplication process occurred in all the
simulations. The MPINR values increase with an in-
crease of bacterial concentration. However, the MISPR
values change slightly with an increase of bacterial
concentration. These results indicate that ice multipli-
cation in WPSCCs is insensitive to the concentration of
IN. Figures 6¢ and 6d show the maximum concentration
of ice particles and ice pellets in the simulation with
a bacterial concentration of 0.27 L™'. The maximum
concentration of bacteria-containing ice particles is
0.02 L™" (Fig. 6¢), which includes both ice particles that
contain and do not contain ice-nucleating bacteria.
We also simulated this case with the riming process
omitted. The results show that the concentration of ice
particles and the concentration of bacteria-containing
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FIG. 6. Spatial and temporal evolution of small raindrops, ice particles, and ice pellets in the condensation and
immersion freezing modes in the inner cylinder for cases (a),(b) E4 and (c),(d) E;. (a),(c) Ice particles (L ™", shaded
area) and bacteria-containing ice particles (L ™!, solid lines). (b),(d) Small raindrops (L ™!, dotted lines) and ice pellets

(L™, solid lines), and bacteria-containing ice pellets (L~

ice particles are the same and only reach 3.0 X
10~* L™! because there is no secondary ice particle
formation. These results indicate that out of the initial
ice-nucleating bacteria concentration of 2.7 X
1073 LY, a concentration of 3.0 X 1074 L' was
activated. The maximum concentration of activated
ice-nucleating bacteria in experiment E; may be ap-
proximately one-tenth of their initial concentration or
even less due to the scavenging of secondary ice par-
ticles. The small raindrop band is also nucleated even
though the MPINR value is as low as 1.7 X 107> L' s7!
(Fig. 6d).

Table 3 in the experiments from E; to Es demon-
strates that there is little difference in the maximum
concentration of ice crystals for different bacterial con-
centrations if ice multiplication occurs. Our simulations
also show that the impact of ice nucleus concentration
on the ice concentration in WPSCCs is little if the small
raindrop band reaches the ice multiplication tempera-
ture zone.

!, shaded area).

6. Sensitivity study of the effects of aerosol
concentrations on ice formation in WPSCCs

The impacts of aerosols on the microphysics of deep
convective clouds have been studied in recent years
(Khain and Pokrovsky 2004; Khain et al. 2004, 2005; Cui
et al. 2006; van den Heever et al. 2006; Lee et al. 2009).

TABLE 3. Simulation results.

Maximum ice
Case concentration (L™') MPINR (L™'s™!) MISPR (L™ 's™})

E, 139.243 1.741 x 107° 1.239
E, 146.904 8.661 X 107° 1.249
Es 153.175 5419 x 10°* 1.219
E4 155.337 1.038 x 1073 1.206
Es 157316 1.954 x 1073 1.198
E, 0.098 8.901 x 10~* 8.853 x 107*
E, 30.011 9347 x 10* 0.300
Es 261.551 1138 x 1073 1.654
E, 549.649 1.063 X 1073 5.099
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FIG. 7. Spatial and temporal evolution of water drop concentrations in the inner cylinder for the cases of (a) Eq,
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lines).

However, high concentrations of ice crystals have been
observed in the dissipating stage of WPSCCs (Mossop
1985; Hobbs and Rangno 1985; Rangno and Hobbs
1991; Blyth and Latham 1993; Rangno and Hobbs 2005).
The role of aerosols in these clouds will be quite dif-
ferent than that in deep convective clouds. For example,
the H-M mechanism is not a dominant source of ice
particles in deep clouds, but it may be a dominant pro-
cess in WPSCCs.

Ice crystal bursts occur in both maritime and conti-
nental WPSCCs even though the aerosol concentrations
in them are different (Hallett et al. 1978; Hobbs and
Rangno 1985; Rangno and Hobbs 1991; Blyth and
Latham 1993; Rangno and Hobbs 2005). High aerosol
concentration has not been observed to delay ice for-
mation in continental WPSCCs. Teller and Levin (2006)
showed that polluted shallow cumulus clouds may have
high concentrations of ice particles. These facts suggest
the importance of improving our understanding of

the relationship between aerosol concentration and ice
formation. The sensitivity simulations were run for five
different scenarios of aerosol concentrations. These
five cases are characterized as different air pollution
situations.

a. Effect on cloud drop spectra and precipitation

The spatial and temporal evolution of cloud drop
spectra depends on both cloud microphysics and dy-
namics and the interaction between them. For the same
meteorological conditions, since water vapor supplies
will be basically unchanged, an increase in cloud con-
densation nucleus concentration will result in a decrease
in cloud drop sizes. Consequently, the height of the
centers of maximum concentration of large cloud drops
(diameters greater than 24 um) increases with in-
creasing aerosol concentration (Fig. 7). However, the
concentration of large droplets increases with an in-
crease of aerosol concentration and then decreases with
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FIG. 8. Spatial and temporal evolution of vertical velocity (m s, solid and dash lines) and rainwater content
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a further increase of aerosol concentration. Both the
lowest concentration and highest concentration of
aerosols result in low concentrations of large cloud
drops. The decrease in size of cloud droplets leads to
a delayed appearance of drizzle drops (diameters
greater than 100 wm) and decreased concentrations of
them (Fig. 7). As a result, both concentrations of rain-
drops and the rainwater content decrease with in-
creasing concentrations of CCN beyond some optimum
value, and precipitation is delayed (Figs. 3a, 4a, 7, and 8).
An increase of aerosol concentration with multiples of
the maritime aerosol concentration can suppress pre-
cipitation in WPSCCs (Figs. 3a and 8). This result is
consistent with that of 3D simulations for such clouds
(Feingold et al. 2005; Khain et al. 2008).

b. Effect on ice crystal spectra

With an increase in aerosol concentration, the con-
centration of ice pellets generated by the freezing of
raindrops may decrease due to the decrease in the

concentrations of raindrops (diameters greater than
600 um) (Fig. 7). However, ice multiplication is also
highly related to the concentration of cloud droplets
available to be rimed by ice pellets. Table 3 in the ex-
periments from E¢ to Eg shows that the maximum con-
centration of ice particles increases with an increase in
concentration of CCN with little changes in MPINR and
big changes in MISPR. The total concentration of large
ice particles (diameters greater than 150 wm) increases
through the riming process when high concentrations of
cloud drops are present in the clouds (Fig. 9). The con-
centrations of ice crystals are not proportional to those
of ice pellets and increase with increasing concentrations
of CCN. This is because ice splinter production rates
increase with the increasing concentrations of cloud
droplets if the cloud droplet spectra still meet the re-
quirements of the mechanism, even though the ice pellet
concentrations decrease. Figure 8 also shows the con-
centration of ice crystals with diameters less than 20 um,
which includes primary ice crystals from condensation
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FIG. 9. Spatial and temporal evolution of ice particle concentrations in the inner cylinder for the cases of (a) Eg,
(b) E5, (c) Eg, and (d) Ey in different size categories. Small ice concentration (diameter < 20 um) (L ™!, shaded area)
and large ice concentration (diameter > 150 wm) (L™, solid lines).

freezing at the cloud top, ice splinters produced in the
zone, and small melted ice particles near the cloud base.
The maximum values of ice splinter concentrations in-
crease from 1.0 X 10 to 1.0 L™". Since high aerosol
concentrations result in high concentrations of cloud
drops, the ice splinter production rates for the cases with
higher aerosol concentrations are larger than those for
the cases with smaller ones if the cloud drop-size dis-
tribution meets the requirements for the mechanism to
be effective. However, it should be noted that there
must be an aerosol concentration limit beyond which
riming efficiencies are reduced, so that the mechanism
becomes ineffective.

c. Effect on the ice water content and dynamics

With the concentration of the riming-dominant ice
particles increasing (Fig. 9), the ice water contents increase
with an increase of the aerosol concentration. The maxi-
mum ice water content increases from 0.07 to more than
1.7 g m ™ in continental polluted conditions. The resulting
increase in latent heat release leads to strengthened

updrafts in the upper part of clouds (Fig. 8). In addi-
tion, there are small increases in updraft at lower levels
in the cloud due to reduced precipitation drag in the
simulations with higher aerosol concentrations. How-
ever, with a low concentration of aerosols, more pre-
cipitation drag leads to a strong downdraft, which in
turn triggers a relatively strong secondary convection
(Fig. 8). The interaction between aerosols and cumulus
clouds is a process involving both microphysics and
dynamics. The impact of aerosols on the microphysics
and precipitation has been understood in combination
with the dynamical fields of cumulus clouds (Khain
et al. 2005; Tao et al. 2007; Khain et al. 2008). It should
be noted that ambient wind shear has not been con-
sidered in our 1.5D model. It should also be noted that
the temperature of cloud base is more than 15°C in our
case study. If the height of cloud base increases, then
the concentration of raindrops is expected to decrease,
the precipitation efficiency of such WPSCCs will be
lower than those of the thicker WPSCCs we simulated,
and the ice concentration will also decrease.
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7. Simulations based on a laboratory constraint
parameterization

Diehl and Wurzler (2004) proposed a parameteriza-
tion constrained by results from laboratory experiments
for different IN acting via the immersion freezing mode.
The freezing of a water drop containing a specific ice
nucleus is independent of the size of the IN and is based
on a median freezing temperature that was derived from
laboratory experiments. The Diehl and Wurzler pa-
rameterization is a function of temperature, ice nucleus
composition, droplet volume, the cooling rate of clouds,
and the concentration of soluble material in cloud
droplets. It should be noted that insoluble aerosols im-
plemented into the model only refer to ice-nucleating
aerosols and exclude non-ice-nucleating aerosols in this
parameterization scheme. We repeated the experiment
of E, with a concentration of ice-nucleating bacteria of
0.135 L' and the IN only acting through the immersion
freezing mode.

Different nucleation modes can lead to different
concentrations of primary ice particles in different re-
gions of cumulus clouds. Figure 10 shows ice particle
concentrations from this simulation. The maximum
concentration of total ice particles and bacteria-containing
ice particles reaches 140 and 0.002 L™! (Fig. 10a), re-
spectively. Note that ice formation at the cloud top is
delayed due to the absence of condensation nucleation.
The maximum concentrations of both ice particles and
bacteria-containing ice particles are less than those from
the simulation that includes both condensation nucleation
and immersion nucleation in the experiment E, with the
observational-constraint parameterization approach. This
result is consistent with the simulation with a parcel

! solid lines). (b) Small raindrops (L'
solid lines), and bacteria-containing ice pellets (L ™",

, dotted lines) and ice pellets
shaded area).

model [see Eidhammer et al. (2009), their Fig. 7]. The
parameterization of Diehl and Wurzler (2004) might
underestimate ice concentrations at relatively warm
temperatures. This result further indicates that con-
densation freezing at cloud top is also an important
pathway for ice formation in cumulus clouds.

The above-mentioned modeling results imply that ice-
nucleating bioaerosols can trigger the ice multiplication
process in WPSCCs under different assumed ice nucleation
parameterizations. However, ice multiplication in WPSCCs
is also determined by many other factors (Sun et al. 2010),
among which a small raindrop band plays a very important
role. The concentration of small raindrops and the location
of the small raindrop band are determined by both dy-
namical and microphysical processes. The initial tempera-
ture and humidity profiles and the environmental wind field
all impact raindrop formation. Therefore, further in situ
observations are needed in future.

8. Conclusions

We simulated ice initiation and ice multiplication in
WPSCCs. Our results indicate that ice multiplication in
these kinds of clouds can be explained by the H-M
mechanism. The impacts of various microphysical pro-
cesses on this mechanism have been evaluated. Different
ice initiation mechanisms, ice nucleus concentrations, and
concentrations of CCN all affect the ice multiplication
process. However, a supercooled small raindrop band
plays a central role in ice multiplication (Sun et al. 2010).
The formation of raindrops and their subsequent freezing
is a precondition for ice crystal bursts in WPSCCs. The
idea of nucleation of supercooled raindrops to accelerate
ice multiplication was proposed by Hallett et al. (1978)
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several decades ago. Sun (2008) further proposed that
there should be an upward-moving small raindrop band
within cumulus clouds. Other factors affect the timing
and the magnitude of ice multiplication.

The involvement of the ice multiplication mechanism
leads to an additional way of ice formation in WPSCCs.
An increase in the concentration of CCN in these kinds
of clouds does not necessarily delay ice formation, even
though the sizes of cloud drops become smaller. More-
over, the undelayed onset of ice crystal formation results
in the formation of a greater ice water content through
the riming process because more cloud drops are avail-
able at subfreezing heights. As a result, the development
of clouds will be strengthened because of more latent
heat release compared to clouds forming in environ-
ments with smaller concentrations of CCN. Therefore,
the thermodynamic effect (Hegerl et al. 2007; Romps
and Kuang 2010) that impacts the development of deep
cumulus clouds is still meaningful for WPSCCs, but the
mechanisms are different. Furthermore, an increase in
the concentration of CCN can weaken the secondary
convection, since the compensating downdraft of the
initial convection will become less strong due to a re-
duced warm-rain precipitation drag.

Ice concentrations in WPSCCs are related to the
concentrations of both CCN and IN. Ice-nucleating
bacteria can trigger ice multiplication even though their
concentrations are very small. Other ice-nucleating
bioaerosols, such as fungi, pollen, and leaf debris, may
also trigger ice multiplication (Sun 2008) even though
there are no reports of in situ observations of their
concentrations. Ice-nucleating bioaerosols dominate ice
initiation at temperatures warmer than —8°C. Therefore,
any parameterization of ice formation should consider
bioaerosols’ effects on ice formation.

Our findings concerning the evolution of cumulus
cloud spectra and the ice initiation and multiplication
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processes are based on a 1.5D nonhydrostatic convective
cloud and aerosol interaction model. It should be em-
phasized that the 1D framework imposes some con-
straints on the generality of our results. A 1D framework
cannot consider the impacts of environmental wind shear
on the evolution of cloud drop spectra. Environmental
wind shear can strengthen the lateral entrainment.
Depending on whether the entrained air is dry or wet may
affect the microphysics in different ways. Furthermore,
there is evidence that a thin subsiding shell surrounds the
cumulus cloud boundary (Rodts et al. 2003). Our model
has only a simplified vortex circulation at cloud top and
lateral mixing, which impacts the cloud physics. These
deficiencies should be addressed in future studies, in-
cluding numerical experiments in the framework of a 3D
cloud model with bin-resolved microphysics.
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APPENDIX A

Explicit Expression for Microphysical Processes
of CCN

With specific expressions for the microphysical pro-
cesses of CCN, the number density distributions of hy-
drometeors with water mass m and CCN mass m,p,
fwat(m, myp) and fice(m, m,,) are calculated by numerical
integration of the following two equations:

- fwat (m’ map)Rhetero (m)

K(m', m)fice(m’,m;p) dmgp dm’

_ J fwat(m’map)J K(m,m')fwat(m"m’ap) dm;p dm'

- m;\p)K(m —m',m")f. (', m;p) dm,, dm'’

(A1)
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where mjc. is the minimum mass of ice crystals, 7ggrop 1S
the minimum mass of water drops, and m1,p5 is the
minimum mass of CCN in all ice and water particles; R(m)
is the drop freezing rate for a drop with water mass
m; k is the collection kernel between the two particles
(Sun 2008). Es is the sticking efficiency between the two
ice particles; we assumed that Es is 0.3 given by Latham
and Saunders (1970). The flux method for finding the
numerical solution of the stochastic collection process of
the masses of both aerosol and water is presented by
Bott (2000). This method is based on the assumption
that the probability for the collision of two hydrome-
teors (ice or water) only depends on the water mass of
them. However, in our simulations, the collection kernel
between two hydrometeors depends on both their water
mass and aerosol mass, which may slightly impact the
aerosol redistribution after a collision. We assumed that
the ice nucleation capabilities for drops with identical
water mass but with different masses of CCN are the
same. Under such an assumption, we can derive the
freezing rates of drops containing CCN through that of
drops containing IN as follows:

Jo Ry etero (1 M) 8 0 (M mpy) dimyg

Rhetero(m) = 00
Jo f(m,map) dmap

(A3)

M= Mo [Map ™ Mapo
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+ " Map o ot ) E ’ "Ndm' dm'
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APPENDIX B

Explicit Expression for Microphysical
Processes of IN

To determine changes in gy.(m, myy) and gic.(m, my)
due to riming and coalescence in which IN and IN-
containing hydrometeors may collide with IN-free hy-
drometeors, we assumed that my in gwa(m, m)/
gice(m, mpy) is equal to zero if water droplets/ice particles
contain no IN as shown:

gwat(m’mIN = O) = J fwat(m’m;p) dm;lp

mapl)

- J gwat(m’miN)dmiN (Bl)
m

INO

gice(m’mIN = 0) = J fice(m’mglp) dm;p
m

ap0

I,

MNo

8ice (m’ miN) dmiN ’ (B2)

where my is the mass of the smallest ice nucleus.

For the hydrometeors containing IN with mass mn #
0, gwar(m, min) and gic.(m, myn) are calculated by nu-
merical integration of the following equations:
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APPENDIX C where E(R, r) is the collision efficiency between large ice

Parameterization Scheme for the Secondary Ice
Production Rate

The secondary ice production rate parameterized by
Harris-Hobbs and Cooper (1987) is determined as follows:

P=crn| | smmr P v
AN ER.) dR dr (cn)
AT)=—(T+3)2, —3>T= —5C (2)
F(T)=(T+8)3, —5°=T> —8§C (C3)

f(T)=0, otherwise, (C4)

particles and cloud drops; R, V(R), and N(R) are re-
spectively the equivalent radius, terminal velocity, and
size spectrum for large ice particles r, v(r), and n(r) are
respectively the cloud droplet radius, terminal velocity,
and size spectrum; and g(R) represents the importance
of small cloud particles (5 < diameter < 13 um) in the
ice multiplication process, shown as

g(R)=G_5/G, (C5)

G = Jn(r)rZE(R, r)dr, (C6)

where the limits of integration cover radii from 2.5 to
6.5 um for G, = G413 and cover all droplet sizes for G, =
G, Cis a constant, and C = 0.21.
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The above-mentioned production rate of secondary
ice particles P is determined according to the assump-
tion that ice fragments are produced when large droplets
(>24.0 um in diameter) strike a portion of the rimed ice
pellet’s surface where small droplets (<13.0 um) have
accreted (Mossop and Wishart 1978). We applied this
method in our modeling study.
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