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Abstract

The life time of atmospheric aerosols is highly affected by in-cloud scavenging pro-
cesses. Aerosol mass conversion from aerosols embedded in cloud droplets into
aerosols embedded in raindrops is a pivotal pathway for wet removal of aerosols in
clouds. The aerosol mass conversion rate in the bulk microphysics parameterizations5

is always assumed to be linearly related to the precipitation production rate, which in-
cludes the cloud water autoconversion rate and the cloud water accretion rate. The
ratio of the aerosol mass concentration conversion rate to the cloud aerosol mass
concentration has typically been considered to be the same as the ratio of the precip-
itation production rate to the cloud droplet mass concentration. However, the mass of10

an aerosol embedded in a cloud droplet is not linearly proportional to the mass of the
cloud droplet. A simple linear relationship cannot be drawn between the precipitation
production rate and the aerosol mass concentration conversion rate. In this paper, we
studied the evolution of aerosol mass concentration conversion rates in a warm rain for-
mation process with a 1.5-dimensional non-hydrostatic convective cloud and aerosol15

interaction model in the bin microphysics. We found that the ratio of the aerosol mass
conversion rate to the cloud aerosol mass concentration can be statistically expressed
by the ratio of the precipitation production rate to the cloud droplet mass concentration
with an exponential function. We further gave some regression equations to determine
aerosol conversions in the warm rain formation under different threshold radii of rain-20

drops and different aerosol size distributions.

1 Introduction

Aerosol scavenging is an important issue related to aerosol indirect and direct effects
on climate and aerosol effects on precipitation. In-cloud aerosol scavenging includes
in-cloud nucleation scavenging and in-cloud impaction scavenging. In-cloud nucleation25

scavenging is a dominant process of aerosol scavenging in the atmosphere (Schu-
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mann, 1991), which refers to the processes of aerosol activation as cloud condensation
nuclei (CCN) and ice nuclei (IN). Aerosol mass conversion from aerosols inside cloud
droplets into aerosols inside raindrops is a key pathway for wet removal of aerosols in
cumulus clouds. It is therefore crucial to be able to represent the physical conversion
processes of aerosol mass from aerosols inside cloud droplets into aerosols inside5

raindrops through the stochastic coalescence process in atmospheric models.
Estimates of the aerosol mass concentration conversion rates in the warm rain for-

mation are essential for numerical modeling studies in climate change, precipitation
prediction and air pollution evaluation. To determine aerosol mass transfer between
cloud hydrometeors in the cumulus cloud simulations with the bin microphysics has10

always been treated as an indispensable procedure after every collision between them
(Flossmann et al., 1985; Chen and Lamb, 1994; Kogan et al., 1995; Ackerman et al.,
1995; Feingold et al., 1996; Xue et al., 2010; Ovchinnikov and Easter, 2010; Lebo
and Seinfeld, 2011). However, such an estimation in the simulations with the bulk mi-
crophysics is only considered when precipitation-sized hydrometeors occur. The latter15

approach in terms of the aerosol mass concentration conversion rates involves the cal-
culations of the nucleation scavenging efficiency and the precipitation production rate,
both of which have descended from the work of Junge and Gustafson (1957). The
efficiency of nucleation scavenging is used to determine the aerosol mass concentra-
tion in hydrometeors (Liu and Wang, 1996). The precipitation production rate refers to20

the cloud liquid water content conversion rate from cloud droplets to drizzle or rain-
drops through the autoconversion and accretion processes. An explicit determination
of the mass conversion rates for both aerosols and cloud droplets may be possible
in some models with the bin microphysics in which the aerosol mass and the water
mass in each of hydrometeors are both explicitly followed. The computation limitation25

impedes the application of such a treatment of microphysics into two or three dimen-
sional models. Therefore, mass conversion rates for aerosols and hydrometeors are
both still necessarily handled implicitly within the bulk microphysics (Gong et al., 2007;
Ivanova and Leighton, 2008; Croft et al., 2010; Kazil et al., 2011). The autoconversion
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rate and the accretion rate have been applied to express a conversion rate of cloud
droplets to drizzle by the cloud-to-rain autoconversion (Seifert and Beheng, 2001) and
a conversion rate of cloud droplets to raindrops by the rain accretion (Cohard and Pinty,
2000; Seifert and Beheng, 2001), respectively.

The autoconversion rate has been parameterized in different ways (Berry, 1968;5

Kessler, 1969; Manton and Cotton, 1977; Baker, 1993; Beheng, 1994; Rotstayn, 1997;
Khairoutdinov and Kogan, 2000; Cohard and Pinty, 2000; Seifert and Beheng, 2001;
Liu and Daum, 2004). Berry (1968) proposed an autoconversion scheme as a func-
tion of the number concentration of cloud droplets, the mixing ratio of cloud water and
the diameter dispersion of cloud droplets. Kessler (1969) proposed one expression10

which assumes autoconversion rates linearly dependent on the cloud liquid water con-
tent. Manton and Cotton (1977) suggested that autoconversion rates are related to
the cloud droplet concentration, the drop mean volume radius, the mean droplet colli-
sion efficiency and the threshold radius. In recent decades, autoconversion rates have
been parameterized in terms of the cloud droplet number concentrations (Baker, 1993;15

Rotstayn, 1997; Khairoutdinov and Kogan, 2000) and the spectral dispersion (Beheng,
1994; Cohard and Pinty, 2000; Seifert and Beheng, 2001; Liu and Daum, 2004).

Different autoconversion parameterizations must result in different autoconversion
rates of cloud droplets. The autoconversion rates determined by different schemes can
vary up to three orders of magnitude (Cotton and Anthes, 1989; Wood and Blossey,20

2005). However, all autoconversion parameterizations try to describe a part of the co-
alescence process of cloud droplets. This process can be derived from the Stochastic
Collection Equation (SCE) (Pruppacher and Klett, 1997):

RAuto =
1
2

ma∫
m0

ma∫
m0+ma−m

g(m)K (m,m′)(m+m′)g(m′)dm′dm (1)

ma =
4
3
πr3

a ·ρwater (2)25
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where K (m,m′) is the collection kernel and g(m) is the cloud droplet distribution func-
tion. ma is the separation mass between cloud droplets and drizzle, ra is the separation
radius.

The above equation reflects the dependence of autoconversion rates on the separa-
tion radius. Values of the separation radius have been assumed to be different radii in5

various parameterization schemes. The smallest threshold radius has been defined
at 25µm (Khairoutdinov and Kogan, 2000). The largest threshold radius has been
assumed to be 50µm (Berry and Reinhardt, 1974; Beheng and Doms, 1986). How-
ever, the value of the separation radius is often set to 40µm in many studies (Beheng
and Doms, 1986; Beheng, 1994; Cohard and Pinty, 2000; Seifert and Beheng, 2001;10

Franklin, 2008; Kogan, 2013).
The accretion rate has been parameterized as a function of the liquid water content

of rain including drizzle, the liquid water content of cloud droplets, the concentration of
raindrops, the collision efficiency between cloud droplets and raindrops. Kessler (1969)
proposed that accretion rates are proportional to the mixing ratio of cloud droplets and15

the mixing ratio of raindrops. Wisner and Myers (1972) and Orville and Kopp (1977)
proposed that accretion rates are related to the liquid water content of cloud droplets,
the concentration of raindrops and the collision efficiency between cloud droplets and
raindrops.

Different accretion schemes also result in different accretion rates in bulk micro-20

physics. The accretion rate can also be expressed in the SCE (Pruppacher and Klett,
1997):

RAccr =

ma∫
m=m0

∞∫
m′=ma

g(m)K (m,m′)mg(m′)dm′dm (3)

The parameterizations of autoconversion and accretion processes will indirectly af-
fect the modeling of wet removal of aerosols because this removal process is often25

scaled by the precipitation production rates in aerosol–cloud interaction models with
25485
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bulk microphysics. Application of different parameterizations of the precipitation pro-
duction rates into in-cloud aerosol nucleation scavenging models must result in differ-
ent aerosol mass conversion rates. Furthermore, there is also a question with whether
a simple proportional relationship can be drawn between the precipitation production
rates and the rates of aerosol mass conversion from cloud droplets into raindrops,5

since there may not be a direct relationship between cloud water mass and aerosol
mass amongst the cloud droplets. Even though the parameterization schemes of the
precipitation production rates themselves highly impact the estimation accuracy of wet
removal of aerosols, it may be another factor involved in this estimation accuracy that
we always took the intensity of the aerosol mass concentration conversion rate (the10

ratio of the aerosol mass concentration conversion rate to the aerosol mass concen-
tration inside cloud droplets) as the intensity of the conversion rate of the cloud droplet
mass concentration (the ratio of the precipitation production rate to the cloud droplet
mass concentration). It should be noted that the aerosol mass inside a cloud droplet is
not linearly proportional to the mass of the cloud droplet. The aerosol mass fraction of15

a cloud droplet directly depends on the initial aerosol size distribution and the factors
impacting the cloud droplet growth, such as aerosol concentrations.

To understand aerosol mass transfer, and then to improve the aerosol conversion al-
gorithm in the warm rain formation, it is necessary to simulate the evolution of aerosol
particle spectra regulated by cloud droplet spectra in a convection with bin micro-20

physics. This paper has three objectives. First, we have done some simulations to
elucidate the temporal and spatial evolution of the autoconversion rates and the accre-
tion rates of aerosol particles and that of the corresponding rates for cloud droplets in
the warm rain formation. Second, we compare different approaches to represent the
aerosol mass conversion in response to the cloud droplet conversion and to figure out25

an optimum algorithm under conditions of different aerosol concentrations and of differ-
ent threshold radii of raindrops. Finally, we further evaluate the impacts of the aerosol
size distributions on the aerosol mass conversions.
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2 Explicit algorithms for the cloud droplet conversions and the aerosol
conversions in the warm rain formation

The ratio of the cloud water autoconversion rate to the cloud droplet mass concentra-
tion Rc-auto (the intensity of the cloud water autoconversion rate) can be described as
follows:5

Rc-auto =
1
2

∫ma
m0

∫ma
m0+ma−mg(m)K (m,m′)(m+m′)g(m′)dm′dm∫ma

m0
mg(m)dm

(4)

The ratio of the cloud water accretion rate to the cloud droplet mass concentration
Rc-accre (the intensity of the cloud water accretion rate) can be described as follows:

Rc-accre =

∫ma
m=m0

∫∞
m′=ma

g(m)K (m,m′)mg(m′)dm′dm∫ma
m=m0

mg(m)dm
(5)

The ratio of the total conversion rate of the cloud droplet mass concentration to the10

cloud droplet mass concentration Rc-conv (the intensity of the precipitation production
rate) is given as follows:

Rc-conv = Rc-auto +Rc-accre (6)

Aerosols can be transferred from aerosols inside cloud droplets into aerosols inside
drizzle or raindrops when collisions between water drops occur. For the autoconversion15

of cloud droplets to drizzle, the ratio of the aerosol mass concentration autoconversion
rate to the aerosol mass concentration inside cloud droplets Ra-auto (the intensity of the
aerosol autoconversion rate) can be expressed as follows:
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Ra-auto =

1
2

∫ma
m0

∫ma
m0+ma−m

∫mp∞
mp0

∫mp∞
mp0

f (m,mp)K (m,m′)(mp +m′
p)f (m′,m′

p)dm′
pdmpdm′dm∫ma

m0

∫mpa

mp0
mpf (m,mp)dmpdm

(7)

where mp0 is the minimum mass of aerosols inside cloud droplets, and mp∞ is the
maximum mass of aerosols inside cloud droplets. f (m,mp) is the number distribution
function of cloud droplets with water mass m, which contains aerosol mass mp.

As for the accretion of cloud droplets to drizzle and raindrops, the ratio of aerosol5

mass concentration accretion rate to the aerosol mass concentration in cloud droplets
Ra-accre (the intensity of the aerosol accretion rate) can be expressed as follows:

Ra-accre =

∫ma
m0

∫∞
ma

∫mp∞
mp0

∫mp∞
mp0

f (m,mp)K (m,m′)mpf (m′,m′
p)dm′

pdmpdm′dm∫ma
m0

∫mpa

mp0
mpf (m,mp)dmpdm

(8)

In order to study aerosol conversions in the warm rain formation, we also defined the
aerosol conversion ratio Ra-conv (the intensity of the aerosol conversion rate) including10

both the aerosol accretion ratio and the aerosol autoconversion ratio as follows:

Ra-conv = Ra-auto +Ra-accre (9)

3 A cumulus cloud model and gravitational–hydrodynamic collisions

We used a 1.5-D cumulus cloud spectral model (Sun et al., 2012a) to study aerosol
conversions in the different stages of the warm rain formation. This model can explic-15

itly determine aerosol mass transfer after collisions between all kinds of hydrometeors
in the simulations of cumulus clouds. We assumed that ammonium sulfate is the only
CCN in our simulations. The aerosol redistribution algorithm after a collision follows the
method of Bott (2000). The algrithm of the stochastic collision and coalescence follows
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the approach of Monier et al. (2006). The number density distribution of aerosol parti-
cles and water droplets (including aerosol particles) are described by a number den-
sity distribution function f (lnmwater, lnmaerosol,z) with respect to the natural logarithm of
mass. f (lnmwater, lnmaerosol,z)d lnm is the number of hydrometeors per unit volume with
masses in the interval between the lnm and lnm+dlnm. In a three dimensional dis-5

crete mass grid coordinate, f (j , i ,k ) is used to represent f (lnmwater, lnmaerosol,z)d lnm,

j and i are the mass grid with mwater/aerosol(j +1/i +1) = 21/4mwater/aerosol(j/i), yielding
a doubling of the particle mass after four grid cells. Aerosol particles have 180 bins
with radius from 8.0×10−3 to 2.42×102 µm, and water drops have 240 bins with radius
from 8.0×10−3 µm to 7.74×103 µm.10

In this model the collision processes includes both the collisions between aerosols
and water droplets and the collisions of themselves. The collisions occur mainly through
Brownian motion and hydrodynamic capture (Koziol and Leighton, 2007). As for a grav-
itational–hydrodynamic collision, which is a dominate collision way between water
droplets, the hydrodynamic interaction between them impacts their collision efficiencies15

because their relative motion modifies the drag forces of particles. The accurate way to
determine their collision efficiencies can be performed by a direct simulation of the mo-
tion for two spheres in the flow field generated by both of them. However, it is not easy
to obtain a solution by this way. According to some studies (Beard, 1974; Koziol and
Leighton, 2007), this issue can be largely simplified for the collisions between small20

particles and large particles. Beard (1974) simplified the two-sphere problem by as-
suming that the smaller particle moves in the flow field generated by the larger particle;
the weak flow field generated by the smaller particle can be neglected. This method is
reasonable under the conditions in which the collecting droplet diameters range from
80µm to 1200µm, the size of collected particles is larger than 1µm, and their ratio of25

radii is less than 0.1. This simplified approach can be used to simulate the large and
giant aerosol scavenging process by rain droplets (Pflaum and Pruppacher, 1979; Hall,
1980). But this treatment is not reasonable for simulating warm-rain initiation, in which
the beginning sizes of coalescence nuclei are normally smaller than 70µm. Beard and
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Ochs (1993) suggested that the most appropriate treatment for the flow around inter-
acting spheres should include both viscous and inertial terms in the Navier–Stokes
equation for the warm-rain initiation problem, such as the approach of Klett and Davis
(1973). Hall (1980) summarized the collision efficiency derived by various authors as
a function of drop sizes. These data on the collision efficiency were used in our model.5

4 A simulation of the warm rain formation

The initial size distribution and concentration of aerosols will dominate the evolution of
cloud droplet spectra and then affect the warm rain formation. However, a large variety
of aerosol size distributions and concentrations have been observed in different places
(Whitby, 1978; Fitzgerald, 1991; O’Dowd et al., 1997; Vakkari et al., 2013). To study10

the aerosol mass conversion, numerical sensitivity experiments are needed under dif-
ferent aerosol size distributions and concentrations (Fig. 1). Therefore, we first simulate
aerosol mass transfer under the condition of the same aerosol size distribution which
is a combination distribution of two aeorosl size distributions given by Fitzgerald (1991)
and O’Dowd et al. (1997) and of the different aerosol concentrations of the test cases15

employed by Sun et al. (2012a) (Table 1). We further examine the effects of different
aerosol size distributions on aerosol conversions with single lognormal aerosol distri-
butions (Nenes and Seinfeld, 2003) and triple lognormal aerosol distributions (Whitby,
1978) (Table 1). Single-modal cases SM1, SM2, and SM5 have the same standard
deviation and mean dry diameter, but their total number concentration varies from ma-20

rine aerosol concentrations to continental aerosol concentrations. The case SM3 with
a small standard deviation represents a much narrower size distribution compared with
other single-modal cases. The mean diameter moves from 0.02µm of SM1 to 0.2µm of
SM4, representing an aerosol concentration increase in large sizes, as the total number
concentration remains unchanged. Trimodal cases cases TM1-M, TM1-C, TM1-B, and25

TM1-U are representative of marine, clean continental, average background, and ur-
ban aerosol concentrations and distributions, repectively. We chose an idealized case
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of cumulus clouds (Yau, 1980; Sun et al., 2012a) to simulate the warm rain formation.
Since we only focus on aerosol conversions in the warm rain formation, the ice phase
has not been considered in all our simulations. Table 2 shows numerical test cases
with different concentrations of ammonium sulfate particles, different separation radii of
raindrops and different aerosol size distributions.5

Figure 2a shows the temporal and spatial evolution of cloud liquid water content and
vertical velocity for the case E1. The maximum values of cloud liquid water content and
vertical velocity reach 3.5gm−3 and 7.6ms−1, respectively. The warm rain occurs at
the simulation of 50 min, which results from the stochastic collision and coalescence
processes between water drops. Figure 2b presents the evolution of mass concentra-10

tion of ammonium sulfate. As for warm-based precipitating cumulus clouds, the in-cloud
aerosol scavenging is mainly involved in the warm rain formation. The evolution of the
ammonium sulfate mass concentrations shows that in-cloud aerosols dissolved or at-
tached on raindrops fall from the cloud to the ground in the simulation. The evolution of
the mass concentration of ammonium sulfate quite matches the trajectory of raindrops.15

The high centre of the mass concentration of ammonium sulfate is also the high centre
of rain water content (Fig. 2b). Flossmann et al. (1985) found that the main aerosol
mass concentration is always associated with the main cloud liquid water content. Our
results further show that the main aerosol mass concentration may be coincident with
the main rain water content in the warm rain formation.20

The coincidence of the high aerosol mass concentration with the high rain water con-
tent in the early precipitation stage is partly due to the aerosol size distribution of the
case E1. Even though the number concentration of large aerosol particles is normally
small compared with the total number concentration of aerosols, their mass concentra-
tion occupies a relatively high proportion of the total mass concentration. The aerosols25

with large sizes will be activated firstly and then grow into large cloud droplets. As
a result, the large nucleated cloud droplets with relatively high mass concentrations of
ammonium sulfate may readily act as rain embryos to initiate the collision and coales-
cence processes. Therefore, the unit of rain water content should contain more aerosol
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mass than that of cloud liquid water content in the early developing stage of cumulus
clouds. On the other hand, the raindrop sedimentation itself can redistribute the spatial
aerosol mass concentration. The aerosol mass concentration inside water drops in the
trajectories of raindrops will be enhanced due to an additional aerosol mass concentra-
tion inside raindrops. The phenomena of the falling raindrops containing high aerosol5

mass concentrations and the small aerosol mass concentrations over the upper part
of the cloud (Fig. 2b) indicate that the most of large aerosols in the cloud have been
scavenged.

5 Ammonium sulfate conversions in the warm rain formation

The conversion rates of water mass and of aerosol mass can be determined by a com-10

parison of the mass redistributions for both water drops and aerosols inside them after
one time step of the stochastic collision and coalescence processes. The conversion
rates determined by this approach can reflect aerosol mass conversions and water
mass conversions from cloud droplets into raindrops in the whole possible coales-
cence processes between cloud droplets and raindrops and even among themselves.15

We termed this method as the complete coalescence approach (CCA). However, we
also need to know aerosol autoconversion rates and aerosol accretion rates for any mi-
crophysics schemes with the bulk microphysics parameterizations. Therefore, we need
further to resolve the Eqs. (1) and (3). It should be emphasized that Eqs. (1) and (3)
only describe the growth rates of some prescribed water drops with radii greater than20

the threshold radius at the expense of cloud droplets with radii less than this radius for
a specific cloud spectrum. Therefore, Eqs. (1) and (3) cannot represent the description
of the whole stochastic coalescence processes for one cloud droplet spectrum. The
solutions to Eqs. (4), (5), (7) and (8) cannot account for the effects of the evolution of
cloud droplet spectra on the aerosol conversions completely. The latter approach may25

approximately represent aerosol mass conversions and water mass conversions in the
warm rain formation. The solutions to Eqs. (4), (5), (7) and (8) are called approximate

25492

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25481–25536, 2013

Aerosol conversion
parameterizations in
warm rain formation
of cumulus clouds

J. Sun et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

conversions as a result of the partial coalescence approach (PCA). The difference of
these two approaches will be compared in our simulations.

Figure 3a shows the ratios of Ra-conv to Rc-conv by the complete coalescence ap-
proach. We can find that these ratios vary between 0.48 and 5.4 during the warm rain
formation process. Note that these ratios are larger than 1.0 at the beginning of precipi-5

tation production and less than 1.0 at the early precipitation stage. Figure 3b shows the
spatial and temporal evolution of Ra-conv and Rc-conv. The variation of Ra-conv matches
that of Rc-conv quite well when both of them are greater than 10−3 s−1. The difference
between Ra-conv and Rc-conv becomes prominent during the early developing stage of
the cloud while Ra-conv and Rc-conv are both less than 10−3 s−1 before the simulation10

of 35 min. The intensity of the precipitation production rate Rc-conv and the intensity of
the aerosol conversion rate Ra-conv are both highly related to the prescribed threshold
diameter of raindrops. The high concentrations of raindrops with the threshold diame-
ter of 80µm and of 100µm appear at the upper part of the cloud (Fig. 3c). Whereas,
the high concentrations of raindrops with the threshold diameter of 50µm occurs in the15

most parts of the cloud. As a result, the distributions of the ratios of Ra-conv to Rc-conv in
the cloud must be different under the different scenarios of the threshold diameter for
raindrops. These differences will be discussed the Sect. 7.

Figure 4a shows three kinds of conversion ratios determined by the partial coales-
cence approach. The ratios of Ra-conv to Rc-conv with this scheme are generally larger20

than those calculated by the complete coalescence approach. The minimum ratio of
Ra-conv to Rc-conv during the early precipitation stage becomes larger than 1.0. Com-
paring Figs. 3b and 4b, we can find that the larger intensity of the ammonium sulfate
conversion rate with this scheme result in slightly overestimated ammonium sulfate
conversion ratios in the cloud. This overestimates are mainly due to the lack of consid-25

eration for the coalescence processes within every time step between cloud droplets
in which their combined radii after coalescence are less than the threshold raindrop
radii, which leads to the number concentrations of large cloud droplets with low mass
concentrations of ammonium sulfate become low. As a result, the concentration of the
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large cloud droplets involving in autoconversion processes with the scheme of PCA
possibly excludes those containing relatively low mass concentrations of ammonium
sulfate.

It is worth noting that the autoconversion ratios are much larger than 1.0 and the
accretion ratios are around 1.0 in the cloud (Fig. 4a). These results are very different5

from what we have assumed that both of those ratios are equal to 1.0. We also found
that the evolution of the autoconversion of cloud water is not always coincident with that
of the accretion of cloud water, which means that the accretion rate of cloud droplets is
not always proportional to the autoconversion rate of cloud droplets. Cloud droplet au-
toconversion mainly occurs in the upper part of the cloud (Fig. 4c) due to cloud droplet10

spectrum broadening (Sun et al., 2012b). The maximum value of the autoconversion
rates of cloud droplets reaches 0.0006gm−3 s−1. However, large cloud water accre-
tion rates also appear in the low part of the cloud when precipitation occurs (Fig. 4c).
The maximum value of the accretion rates of cloud water reaches 0.0065gm−3 s−1.
The maximum value of the precipitation production rates reaches 0.0084gm−3 s−1. The15

temporal and spatial evolutions of such conversion rates of cloud water determine those
of ammonium sulfate. Corresponding, there is a band of large ammonium sulfate auto-
conversion rates in the upper part of the cloud (Fig. 4d). The maximum of the autocon-
version rates of ammonium sulfate mass concentration reaches 5.0×10−7 gm−3 s−1.
On the other hand, large ammonium sulfate accretion rates appear to increase the20

aerosol conversion in the middle and the low part of the cloud (Fig. 4d). The maximum
of the accretion rate of ammonium sulfate mass concentration is 1.0×10−6 gm−3 s−1.
The accretion rate of ammonium sulfate is also not always proportional to the autocon-
version rate of ammonium sulfate.

To study the evolution of the autoconversion and the accretion, we further plot the25

number distributions of water drops and of ammonium sulfate particles at the two dif-
ferent developing stages of the cloud (Fig. 5). Comparing Fig. 5a and b, we can find
that the size distributions of ammonium sulfate particles in the different altitudes have
been changed little after cloud droplet nucleation took place during the early develop-
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ing stage of the warm rain formation, since condensation rather than coalescence is
a dominant growth process for most cloud droplets in this stage. During the late devel-
opment stage, since most cloud droplets are involved in the collision and coalescence
processes in the upper part of the cloud (Fig. 5c), the size distributions of ammonium
sulfate particles have largely been changed after raindrops were produced (Fig. 5d).5

Ammonium sulfate masses inside water drops have been converted from small masses
into large masses in the upper part of the cloud. We know that autoconversion is a pro-
cess that rain embryos with diameters normally greater than 50µm initiate collisions
to catch other cloud droplets to produce raindrops with diameters greater than their
threshold values. Since the condensation rate of each cloud droplet is inversely pro-10

portional to its radius, the water mass differences between cloud droplets in the same
levels will get smaller and smaller after their nucleation, while their aerosol masses
have been changed slowly and even remained unchanged if there are no collisions
between them. On the other hand, the initial aerosol size distribution determines not
only the potential concentration of cloud droplets but also that of rain embryos. The15

large aerosols will readily be the candidates of CCN to grow up to rain embryo sizes.
Therefore, as for the aerosol size distribution of the case E1, a low number concen-
tration of large aerosols contains a high mass concentration of aerosols even though
the mass concentration of rain embryos may be relatively low (Fig. 6a and b). As a re-
sult, for each autoconversion coalescence process of rain embryos during the cloud20

developing stage, the ratio of the coagulated aerosol mass to the total aerosol mass
of cloud droplets should be larger than the ratio of their coagulated water mass to
the total water mass of the cloud droplets. Therefore, the ratios of Ra-auto to Rc-auto
are much larger than 1.0 in the cloud (Fig. 4a) and the maximum ratio can reach
23.561 under the aerosol size distribution of E1. The changes of this ratio in the dif-25

ferent stages of the warm rain formation reflect the evolutions of both the cloud droplet
spectra and the spectra of ammonium sulfate inside cloud droplets. Under the same
atmospheric conditions, the evolution of the cloud droplet spectra is determined by the
aeosol size distribution, which includes the aerosol concentration and the aerosol dis-
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tribution shape. Therefore, the initial aerosol size ditribution dominates the evolution of
the ratio of Ra-auto to Rc-auto, which can even be less than 1.0 in the mature stage of
the cloud with a low concentration of aerosols at the upper part of the cloud and in the
developing stage of the cloud with an aerosol distribution shape different from the case
of E1. We will discuss these two scenarios in Sects. 8 and 9.5

Accretion is a process that raindrops collide with cloud droplets to coalesce into
larger raindrops. In contrast to autoconversion, a large number of cloud droplets with
high water mass concentrations compared with low water mass concentrations of rain
embryos will be converted into raindrops in the accretion processes (Fig. 6c), which
also means that a large number of cloud droplets with relatively low aerosol mass10

concentrations compared with high aerosol mass concentrations of rain embryos will
be transferred into raindrops (Fig. 6d). As a result, the ratios of Ra-accre to Rc-accre
are generally smaller than those of Ra-auto to Rc-auto. The maximum ratio of Ra-accre
to Rc-accre only reaches 1.83 in the simulation.

We noticed that the conversion ratios of Ra-conv to Rc-conv are far larger than 1.015

when the autoconversion process is a prevailing conversion process and are less than
or around 1.0 when the accretion process is a predominant process and the autocon-
version process can be negligible (Figs. 3a, 4a and c). A conversion ratio of Ra-conv to
Rc-conv is determined by both of the ratio of Ra-auto to Rc-auto and the ratio of Ra-accre to
Rc-accre. By the definitions of these three kinds of conversion ratios, if the cloud droplet20

autoconversion rate Rc-auto is much larger than the cloud droplet accretion rate Rc-accre,
the conversion ratio of Ra-conv to Rc-conv can be approximately expressed by the con-
version ratio of Ra-auto to Rc-auto; if the cloud droplet autoconversion rate Rc-auto is much
smaller than the cloud droplet accretion rate Rc-accre, the conversion ratio of Ra-conv to
Rc-conv can be approximately expressed by the conversion ratio of Ra-accre to Rc-accre.25

Therefore, the maximum ratio of Ra-conv to Rc-conv can even reach 5.995 during the
early developing stage with nearly the same value as that of Ra-auto to Rc-auto.
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6 Parameterizations of ammonium sulfate conversions in the warm rain
formation

The precipitation production rates are normally determined by means of the autocon-
version rates and the accretion rates in the bulk microphysics. As for the study of
aerosol conversions, the aerosol conversion rates are calculated through the precip-5

itation production rates, the cloud water mass concentrations and the aerosol mass
concentrations inside cloud droplets. Therefore, we need to find relationships between
Ra-conv/auto/accre and Rc-conv/auto/accre to determine the conversion rates of aerosols from
cloud droplets to raindrops in the different conversion ways.

Figure 7a shows a relationship between Ra-conv and Rc-conv in the warm rain formation10

by the complete coalescence approach. The maximum of Ra-conv is 0.0054s−1. The
maximum of Rc-conv reaches 0.0035s−1. The ratios of these two variables become far
away from 1.0 when the ratios of the cloud droplet conversion rate to the cloud water
mass concentration (Rc-conv) are less than 1.0×10−6 s−1 (Fig. 3a and b). Ra-conv within
the whole domain of its variation can be expressed by Rc-conv using a power regression15

function with a correlation coefficient of 0.9954:

Ra-conv = 1.0390R0.9758
c-conv (10)

Note that the above regression function averages the large values and the small values
of Ra-conv when it is less than 1.0×10−5 s−1, which means that the strong intensity of the
aerosol conversion rate during the early developing stage of the cumulus cloud forma-20

tion and the weak intensity of the aerosol conversion rate during the early precipitation
stage will be adjusted by this regression equation.

Figure 7b shows a relationship between Ra-conv and Rc-conv in the warm rain formation
by the partial coalescence approach for bulk microphysics parameterizations. Ra-conv
can be expressed by Rc-conv with a correlation coefficient of 0.9907:25

Ra-conv = 1.3698R0.9725
c-conv (11)

25497

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25481–25536, 2013

Aerosol conversion
parameterizations in
warm rain formation
of cumulus clouds

J. Sun et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Comparing the above equation with the Eq. (10), the intensity of the aerosol conversion
rate determined by the partial coalescence approach are slightly larger than those by
the complete coalescence approach. The above regression equation can also be ex-
pressed by means of autoconversion and accretion separately. As for the autoconver-
sion process (Fig. 7c), Ra-auto can be expressed by Rc-auto with a correlation coefficient5

of 0.9768:

Ra-auto = 15.487R1.093
c-auto (12)

The above regression equation indicates that the ratios of Ra-auto to Rc-auto are much
larger than 1.0 when the intensity of the cloud water autoconversion rate (Rc-auto) be-
comes large. Correspondingly, as for the accretion process (Fig. 7d), Ra-accre can be10

expressed by Rc-accre with a correlation coefficient of 0.9996:

Ra-accre = 1.1027R0.9888
c-accre (13)

Comparing Fig. 7c with Fig. 7d, the ratios of Ra-auto to Rc-auto are more dispersive than
those of Ra-accre to Rc-accre even for the same intensity of the precipitation production
rate, which reflects a broad range of aerosol masses in the rain embryos.15

7 Sensitivity study of the effects of rain threshold radii on aerosol conversions

Different threshold radii of raindrops even for the same evolution of cloud droplet spec-
tra must result in different mass conversion rates of cloud droplets and of aerosols
inside them. Therefore, it is necessary to study aerosol conversions under different
schemes of raindrop separation radii for bulk microphysics parameterizations. Note20

that such threshold-radius dependent conversions is also due to aerosol transfer from
cloud droplets into raindrops in the stochastic collision and coalescence processes.

Figure 8a shows the ratios of Ra-conv to Rc-conv with the threshold radius of 25µm
by means of both the complete coalescence approach and the partial coalescence
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approach. The maximum ratio of Ra-conv to Rc-conv is 17.451 by the partial coalescence
approach. The large ratios of Ra-conv to Rc-conv appear to occur at low altitudes in which
the dominant conversion process should be autoconversion. These results indicate that
the smaller threshold radius results in larger autoconversion rates of cloud droplets in
the early growth stage of cloud droplets around the cloud base. The ratios of Ra-auto5

to Rc-auto are also much larger than 1.0 in the cloud. The maximum ratio of Ra-auto
to Rc-auto reaches 29.037. Meanwhile, the maximum ratio of Ra-accre to Rc-accre only
reaches 2.263. As far as we know, rain embryos are essential in the autoconversion
process. The rain separation radius of 25µm leads to the radii of rain embryos to be
less than 25µm, which means that collection efficiencies between rain embryos and10

small cloud droplets in such autoconversion processes become weak. The maximum
autoconversion rate of cloud water reaches 0.0002gm−3 s−1, which is less than that
with the raindrop separation radius of 40µm.

Figure 9 shows relationships between aerosol conversions and cloud water conver-
sions based on the raindrop separation radius of 25µm. The linear regression equa-15

tions are given in Table 3. The prominent feature of this scenario is that the ratios of
Ra-auto to Rc-auto vary more dispersively, which is caused by a broad range of aerosol
concentrations in rain embryos. Some rain embryos contain small aerosol mass con-
centrations while others contain large aerosol mass concentrations. As a result, the
small rain separation radius results in a low regression coefficient for autoconversion20

and even weakens the regression coefficient for the combined conversion of autocon-
version and accretion (Table 3).

Figure 10a shows the ratios of Ra-conv to Rc-conv with the threshold radius of 50µm.
The large ratios of Ra-conv to Rc-conv based on the complete coalescence approach only
appear to occur at the early developing stage. The ratios of Ra-auto to Rc-auto are nor-25

mally larger than 1.0 in the cloud (Fig. 10b). But the maximum ratio of Ra-auto to Rc-auto
is less than those with the low threshold radii. Correspondingly, the larger threshold
radius results in higher regression coefficients for aerosol conversions (Fig. 11).
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The above simulation results indicate that the threshold radius highly affects aerosol
conversions. The low radius leads to high autoconversion rates for both of cloud
droplets and aerosols at low altitudes above the cloud base in the developing stage of
the cloud. However, the intensity of the aerosol mass conversion rate is larger than that
of the cloud water mass conversion rate at such places. On the other hand, the high5

threshold radius can reduce the maximum intensity of the aerosol mass conversion
rate. Furthermore, the aerosol mass conversion rate becomes much more dependent
on the cloud water mass conversion rate with the high threshold radius.

8 Sensitivity study of the effects of aerosol concentrations on aerosol
conversions10

The initial concentration of CCN will highly affect the spatial and temporal evolution
of cloud droplet spectra (Sun et al., 2012a). The evolution of cloud droplet spectra
is initially controlled by the condensation process and then predominantly regulated by
the collision and coalescence processes. On the other hand, a fluctuation of the aerosol
number concentration may also result in a change of the aerosol mass distribution.15

Therefore, it is necessary to study aerosol conversions in response to a change of the
aerosol concentration under the same aerosol distribution shape.

We simulated the warm rain formation under different number concentrations of am-
monium sulfate (Table 2). The regression equations for various types of aerosol conver-
sions are given in Tables 3 and 4. The intensity of the aerosol conversion rate increases20

with an increase of the aerosol concentration (Table 3). The intensity of the aerosol ac-
cretion rate also increases with an increase of the aerosol concentration (Table 3).
However, the intensity of the aerosol autoconversion rate increases with an increase
of the aerosol number concentration and then decreases with a further increase of the
aerosol number concentration. This phenomenon mainly results from the changes of25

the cloud droplet spectra due to aerosol concentration variations.
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Figure 12 shows the evolution of large cloud droplet concentrations and of ratios of
Ra-auto to Rc-auto with the rain separation radius of 40µm in the simulations with different
aerosol concentrations. We found that the ratios of Ra-auto to Rc-auto are highly related
to the evolution of both the concentration of cloud droplets with diameters greater than
25µm and the concentration of cloud droplets with diameters greater than 50µm. As5

far as we know, an autoconversion process of cloud droplets with the rain threshold
radius of 40µm involves a collision between a rain embryo with diameters greater than
40µm and a collected cloud droplet with diameters greater or less than 40µm. For
such collisions, the optimum coalescence occurs between a collector with diameters
greater than 50µm and a collected cloud droplet with diameters greater than 25µm10

(Hall, 1980). Therefore, the concentrations of cloud droplets with such sizes should
affect the cloud droplet autoconversion and also the aerosol mass autoconversion.
The concentration of cloud droplets with diameters greater than 25µm increases with
an increase of the aerosol concentration and then decreases with a further increase of
the aerosol concentration, which is highly related to the tendency of the ratio of Ra-auto15

to Rc-auto. However, the evolution of the ratio of Ra-auto to Rc-auto is directly determined by
the evolution of both the cloud droplet mass spectra and of the aerosol mass spectra.
Given the aerosol size distribution of E4 with a low concentration, the cloud droplet
spectra will be rapidly broadened to large sizes. As a result, the mode diameter of
the mass distribution of cloud droplets exceeds 50µm at the upper part of the cloud20

in the late developing stage. As a result, the ratios of Ra-auto to Rc-auto can be less
than 1.0 (Fig. 12a), which is due to the mass concentration of coagulated drizzles
occupying a high fraction of the total cloud droplet mass concentration while the mass
concentration of coagulated aerosols occupying a relatively low fraction of the total
aerosol mass concentration. Whereas, the high ratios of Ra-auto to Rc-auto appear in25

the early developing stage of the cloud since the mass concentration of coagulated
drizzles takes a fraction of the total cloud droplet mass concentration to a low level, but
the mass concentration of coagulated aerosols has a high fraction of the total aerosol
mass concentration.
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9 Sensitivity study of the effects of aerosol size distributions on aerosol
conversions

To simulate aerosol–cloud interaction with the bulk microphysics and then evaluate
aerosol effects on precipitation, pollution and climate, it is necessary to establish a re-
lationship between the intensity of aerosol mass concentration conversion rate and the5

intensity of the conversion rate of the cloud droplet mass concentration under widely-
employed aerosol size distributions. The above modeling results show that the intensity
of the aerosol mass concentration conversion rates is dependent on the evolution of
both the cloud droplet mass spectra and the mass spectra of aerosols inside cloud
droplets. The temporal and spatial evolution of the cloud droplet spectra is also highly10

regulated by the initial concentration of aerosols and their mass spectra. Therefore, not
only aerosol concentrations but also aerosol distribution shapes should impact aerosol
conversions. The numerical experiments for the different initial aerosol size distribu-
tions are essential to illustrate the effects of the aerosol size distribution on the warm
rain formation and aerosol conversions.15

9.1 The effects of aerosol size distributions on the warm rain formation

Variation of the aerosol concentration with the same size distribution shape highly af-
fects the evolution of the cloud droplet sepectra and then impacts the warm rain for-
mation (Sun et al., 2012a). Figure 13 shows the evolution of the cloud liquid water
content and of the rain water content in the simulations with the various aerosol size20

distributions. The warm rain formation has been delayed and the total precipitation
amount decreases while the cloud liquid water content increases when the concentra-
tion of aerosols increases under the single log-normal size distributions with the same
mean diameter and the same standard deviation (see Fig. 13a, b and e). Moreover, the
different size distribution shapes even with the same aerosol concentration may also25

influence the warm rain formation. Comparing Fig. 13a with Fig. 13d for the same con-
centration of aerosols, we found that precipitation occurs earlier in the simulation with
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the small geometric mean diameter than that with the large geometric mean diameter
under an assumption that the geometric standard deviations of the two log-normal dis-
tributions are the same. Given the same geometric mean diameter, precipitation also
occurs earlier in the simulation with the small geometric standard deviation than that
with the large geometric standard deviation (see Fig. 13b and c). Furthermore, the5

warm rain formation can be delayed not only in the simulation with the same aerosol
concentration but also in the simulation with a lower aerosol concentration in which the
geometric mean diameter of aerosols is larger than that of the aerosol size distributions
with a higher aerosol concentration (comparing Fig. 13d with b and c). These results
are all due to the different concentrations of cloud droplets to be nucleated even under10

the same condition of the initial aerosol concentration because the more aerosols will
be activated if the concentration of the large aerosols becomes higher. Note that the
high concentration of aerosols does not always mean that the low precipitation amount
will be produced since the precipitation production rates highly depend on the total ac-
tivated aerosols, hence a higher concentration of aerosols can also result in a lower15

concentration of cloud droplets if their mean diameter and standard deviation are less
than those of the aerosol size distributions even with relatively lower concentrations
of aerosols (see Fig. 13e and h). Therefore, it is worth noting that aerosol distribution
shapes can also impact the warm rain formation.

We need an alternative size distribution parameter, which can represent characteris-20

tics of the size distribution shape instead of the geometric mean diameter and the ge-
ometric standard deviation for studies of both the warm rain formation and the aerosol
mass conversions. The mode diameter of the mass distribution for log-normal size dis-
tributions is a function of the geometric mean diameter and the geometric standard
deviation. We derived the mode diameter of the mass distribution for log-normal size25

distributions (see Appendix). We further calculated the aerosol mode diameters of the
mass distributions adopted in the simulations (Table 1). With aerosol concentrations
increasing (see Fig. 13a, b and e), the warm rain formation has been delayed and the
total precipitation amount decreases if the aerosol mode diameters of the mass distri-
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butions are the same (Table 1). With aerosol mode diameters increasing (comparing
Fig. 13a with d and c with b), the warm rain formation has been also delayed and the
total precipitation amount decreases if aerosol concentrations are the same.

As for the trimodal aerosol distributions (Table 1), since there is no big difference
for the geometric mean diameters and the geometric standard deviations in the same5

mode of the trimodal aerosol distributions (Table 1), the aerosol concentration will dom-
inate the speed of the warm rain formation (see Fig. 13f–i). The above results indicate
that both the aerosol concentration and the aerosol distribution shape highly affect pre-
cipitation production rates.

9.2 The effects of aerosol size distributions on aerosol conversions10

Different aerosol size distributions not only determine different precipitation production
rates in the warm rain formation but also simultaneously lead to different aerosol mass
concentration conversion rates. Since the evolution of mass distributions can reflect the
speeds of mass conversions for both cloud droplets and aerosols, comparisons for their
mass distributions may allow us to elucidate the rule of the mass conversions and also15

understand the dependence between aerosol mass conversions and precipitation pro-
duction rates. Figure 14 shows the mass distributions of ammonium sulfate particles
in the experimental simulations at 42.5min. Different initial aerosol size distributions
result in different aerosol mass redistributions at the same time of the simulations. Fig-
ure 15 shows the mass distributions of water drops in the experimental simulations20

at the same time. The vertical locations of the new generated modes of the aerosol
mass distributions match those of the mass distributions of water drops at the same
time of the simulations. Different precipitation production rates obviously cause different
aerosol conversion rates and then impact aerosol scavenging. Moreover, the precipita-
tion production rates are in essence determined by both the aerosol concentrations and25

the initial aerosol size distributions. Therefore, the relationship between the intensity of
the aerosol mass concentration conversion rates and the intensity of the precipitation
production rates should vary with different initial aerosol size distribtutions.
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Simulating with a single log-normal aerosol size distribution which only contains a nu-
clei mode with a relatively wide size range for cases of SM1, SM2 and SM5, we found
that an increase of the aerosol concentration could also delay the aerosol scaveng-
ing (Fig. 14a, b and e) and the warm rain formation (Fig. 15a, b and e). Since such
a size distribution shape makes the aerosol mass of the distribution concentrated on5

the middle sizes of aerosols with a mode diameter of 0.25µm, a low number concen-
tration of large aerosols also contains a low mass concentration of aerosols. On the
other hand, relatively low concentrations of aerosols accelerate the cloud droplet spec-
tra broadening. The cloud droplet mode diameters of the mass distributions can even
exceed 50µm (Fig. 15a and b), which means the mass concentration of rain embryos10

occupy a high fraction of the total mass concentration of cloud droplets. Therefore, for
each autoconversion coalescence process of rain embryos, the raio of the coagulated
aerosol mass to the total aerosol mass of cloud droplets may be smaller than the ratio
of their coagulated water mass to the total water mass of the cloud droplets. The ratios
of Ra-conv to Rc-conv are all less than 1.0 for the low aerosol concentration cases of SM115

and SM2 (Fig. 16a and b). Correspondingly, both the ratios of Ra-auto to Rc-auto and the
ratios Ra-accre to Rc-accre are less than 1.0 (Table 4). A huge increase of the aerosol con-
centration can result in the ratios of Ra-conv to Rc-conv are greater than 1.0 when Rc-conv

is less than 10−7 s−1 (Fig. 16e). Meanwhile, the ratios of Ra-auto to Rc-auto can exceed
1.0. These results indicate that the aerosol concentration increase can enhance the20

intensity of the aerosol mass concentration conversion rates for a single nuclei-mode
distribution of aerosols.

Simulating with a narrow aerosol size range for the case of SM3, we found that the
ratios of Ra-conv to Rc-conv are also less than 1.0 due to the large cloud droplet mode
diameter of the mass distribution (Fig. 15c) and the small aerosol mode diameter of25

the mass distribution (Fig. 14c). Note that the relationship between Ra-conv to Rc-conv
becomes stronger than that in the simulations with the large mode diameter of the
aerosol mass distribution (Fig. 16c). These results further verify that the intensity of the
aerosol mass concentration conversion rates is normally less than the intensity of the
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precipitation production rates under a single nuclei-mode distribution of aerosols with
the exception in a huge concentration of aerosols. The lower mode diameter of the
aerosol mass distribution will be utilized in the simulations for the warm rain formation,
the higher the correlation between Ra-conv/auto/accre to Rc-conv/auto/accre we will obtain.

Simulating with a single accumulation-mode aerosol size distribution of the case5

SM4, which has the same aerosol concentration as the case SM1, we found that the
large aerosol mode diameter of the mass distribution causes relatively higher concen-
trations of cloud droplets to be activated than those in the simulation of the case SM1
with the small aerosol mode diameter (comparing Fig. 14a and d). The large cloud
droplet mode diameter at the cloud top can also result in the ratios of Ra-conv to Rc-conv10

less than 1.0. However, the small cloud droplet mode diameter in the most part of the
cloud and the large aerosol mode diameter both lead to the ratios of Ra-conv to Rc-conv
greater than 1.0 in the early developing stage of the warm rain formation (Fig. 16d).
Therefore, the ratios of Ra-conv to Rc-conv becomes more dispersive and their regression
correlation becomes weak. These results further indicate that the aerosol mode diame-15

ter of the mass distribution highly affects the warm rain formation and the aerosol mass
conversions even under low aerosol number concentrations.

As far as trimodal aerosol distributions are concerned, since the combined mode
diameters of the aerosol mass distributions also depend on the number concentration
of aerosols in each mode (Fig. 14f–i), both the combined mode diameter and the to-20

tal number concentration of aerosols affect the warm rain formation and the aerosol
conversions. As for a large combined single-mode diameter and a low number concen-
tration of the case TM1-M (Fig. 14f), the cloud droplet spectra will be readily broadened
to large sizes at the upper part of the cloud (Fig. 15f). As a result, the ratios of Ra-conv to
Rc-conv are less than 1.0 in such places where Rc-conv is larger than 10−6 s−1 (Fig. 16f).25

Comparing Fig. 14d and f, we found that the large single-mode diameter of the
aerosol mass distribution with a relatively high concentration of aerosols results in the
warm rain formation more rapidly than the small mode diameter of the mass distribution
does even with a low concentration of aerosols, which means that the low concentra-
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tion of cloud droplets will be activated if the largest-mean-diameter mode dominates
the combined mode of the aerosol mass distribution. These results further indicate that
the warm rain formation favours the aerosol size distributions with both the small and
large single-narrow mode diameters of the mass distributions, such as the cases with
a diameter less than 0.1µm (Fig. 14c) or greater than 10.0µm (Fig. 14f).5

Moreover, if the combined aerosol mass distributions have double modes or one
largely broadened mode, such as the cases of TM1-C and TM1-B (Fig. 14g and f),
the cloud droplet spectra will be narrow and the warm rain formation will be delayed
(Fig. 15g and f). The narrow cloud droplet spectra in the early developing stage of
the cloud lead to the ratios of Ra-conv to Rc-conv far larger than 1.0 (Fig. 16g and f).10

Furthermore, the extremely narrow cloud droplet spectra resulting from an extraordi-
nary aerosol concentration may cause precipitation not to occur (Fig. 13i), such as the
case of TM1-U. Both the single median-diameter mode of the aerosol mass distribution
(Fig. 14i) and the narrow cloud droplet spectra (Fig. 15i) cause the ratios of Ra-conv to
Rc-conv to become more dispersive (Fig. 16i).15

10 Discussions and conclusions

We used an aerosol and cloud interaction model with the bin microphysics to study the
aerosol mass conversions from inside cloud droplets into inside raindrops, which have
been defined by the different threshold rain radii in the bulk microphysics. The water
drop spectra have commonly been separated into the cloud droplet spectra and the20

raindrop spectra for the calculation simplicity in the bulk microphysics. The autoconver-
sion and accretion processes therefore have been applied to characterize the formation
and the growth of raindrops. The speed of the warm rain formation depends on both the
autoconversion rate and accretion rate of cloud droplets. The mass concentration con-
version rates of aerosols from inside cloud droplets into inside raindrops have usually25

been scaled by the autoconversion rates and accretion rates of cloud droplets. Such
approaches to determine the precipitation production rates and aerosol mass concen-
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tration conversion rates in the bulk microphysics must have some descrepancies from
those to be calculated with the bin microphysics. Such descrepancies may come from
the methodology of the precipitation production rates themselves, the schemes of the
precipiation production rates in the bulk microphysics and the present approach to de-
termine the aerosol mass conversions. Therefore, we evaluated the differences in the5

conversion rates for both cloud droplets and aerosols between the complete coales-
cence approach concerning the stochastic collision and coalescence processes and
the partial coalescence approach regarding the predefined rain formation processes
according to the definition in the bulk microphysics. We further parameterized the
aerosol mass concentration conversions considering different aerosol concentrations10

and different aerosol size distributions.
In the bulk microphysics, since the mass distribution of water drops has always been

considered to be composed of two modes, which represent cloud droplets and rain-
drops, respectively, the collection processes of water drops consist of the relatively
independent processes of autoconversion, accretion, cloud-droplet self-collection and15

raindrop self-collection (Beheng and Doms, 1986; Beheng, 1994; Seifert and Beheng,
2001) or the relatively independent processes of accretion and self-collection in which
autoconversion is included (Cohard and Pinty, 2000). However, the collection pro-
cesses of water drops should be viewed as a result of random collisions for the evolu-
tion of an entire droplet spectrum rather than as the growth of a subset of drops (Rogers20

and Yau, 1989). Therefore, both the intensity of the precipitation production rate and
the intensity of the aerosol mass concentration conversion rate are different between
the complete coalescence approach and the partial coalescece approach. Our study
showed that the intensity of the precipitation production rate with the latter approach
is slightly overestimated at the early developing stage, and also the intensity of the25

aerosol conversion rate is slightly overestimated in the whole process of the warm rain
formation. Furthermore, the intensity of the aerosol mass concentration conversion rate
cannot be the same as the intensity of the precipitation production rate.
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The intensity of the aerosol mass concentration conversion rate depends on the in-
tensity of the precipitation production rate. Such a dependence varies with the thresh-
old radius of raindrops and the aerosol size distribution, which includes the aerosol
number concentration and the aerosol size distribution shape. The intensity of the pre-
cipitation production rate itself depends on the evolution of the mass spectra of water5

drops. The threshold radius of raindrops divides the mass spectra of water drops into
the mass spectra of cloud droplets and the mass spectra of raindrops. The intensity
of the autoconversion rate of cloud droplets directly relys on the evolution of the mass
spectra of cloud droplets. The intensity of the accretion rate of cloud droplets depends
on the evolution of the mass spectra of both cloud droplets and raindrops. The evolu-10

tion of the mass spectra of cloud droplets is mainly determined by the concentration of
cloud droplets to be activated. In other words, both the concentration and the size distri-
bution shape of aerosols dominate the intensity of the precipitation production rate. The
intensity of the aerosol mass concentration conversion rate reflects the evolution of the
aerosol mass spectra, which can change when the coalescence of water drops occurs.15

Both the intensity of the aerosol autoconversion rate and the intensity of the aerosol
accretion rate are directly related to the evolution of the mass spectra of aerosols only
inside cloud droplets, which is regulated by the intensity of the autoconversion rate of
cloud droplets and the intensity of the accretion rate of cloud droplets for a specific ini-
tial mass spectra of aerosols for the lognormal size distributions of ambient aerosols,20

respectively.
The initial mass spectra of aerosols not only affect the intensity of the aerosol mass

concentration conversion rate and the intensity of precipitation production rate but also
impact the ratio between them. Since the large cloud droplets can be the candidates
of rain embryos to trigger the autoconversion process, the larger the mode diameter25

of the initial mass spectra of aerosols is, the higher the intensity of the aerosol mass
concentration autoconversion rate becomes. Under such a scenario, the higher cloud
droplet concentration will be nucleated and the mode diameter of the mass spectra of
cloud droplets becomes smaller. As a result, the intensity of the autoconversion rate
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of cloud droplets becomes weaker, and the ratio of the intensity of the aerosol mass
concentration conversion rate to the intensity of precipitation production rate may get
much larger than 1.0. On the contrary, the smaller the mode diameter of the initial mass
spectra of aerosols is, the lower the intensity of the aerosol mass concentration auto-
conversion rate becomes. Under such a scenario, the lower cloud droplet concentration5

will be nucleated and the mode diameter of the mass spectra of cloud droplets be-
comes larger. Consequently, the intensity of the autoconversion rate of cloud droplets
becomes larger, and the ratio of the intensity of the aerosol mass concentration con-
version rate to the intensity of precipitation production rate even gets less than 1.0.
Therefore, the mode diameter of the initial mass spectra of aerosols should dominate10

the relationship between the intensity of the aerosol mass concentration conversion
rate and the intensity of precipitation production rate.

Moreover, the threshold rain radius itself arbitrarily determines the onset of the auto-
conversion process. The dependence of the intensity of the aerosol mass concentration
conversion rate on the intensity of precipitation production rate would be weakened if15

the small threshold rain radius were implemented in the bulk microphysics. Since the
concentration of aerosols directly affects the concentration of cloud droplets to be nu-
cleated, the mode diameter of the mass spectra of cloud droplets decreases with an
increase of the concentration of aerosols. Therefore, the ratio of the intensity of the
aerosol mass concentration autoconversion rate to the intensity of cloud droplet au-20

toconversion rate should also increase provided that the autoconversion rate of cloud
droplets does not decrease, hence a remarkble decrease of the concentration of large
cloud droplets due to a largely increased aerosol concentration can absolutely result in
that ratio to become small. Furthermore, since the cloud droplet spectra vary with the
different developing stages and the different altitudes of the clouds, the ratio of Ra-auto to25

Rc-auto may change sharply. On the contrary, since the accretion rate of cloud droplets
is less dependent on the mode diameter of the mass distribution of cloud droplets, the
ratio of Ra-accre to Rc-accre is normally close to 1.0, and Ra-accre is much more dependent
on Rc-accre.
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Application of the above aerosol conversion rules during the precipitation production
processes into any cloud-aerosol interaction models should result in the coincidence of
the high aerosol mass concentration with the high rain water content at the early pre-
cipitation stage. In order to reflect this property of the aerosol wet removal in the warm
rain formation for the bulk microphysics parameterizations, the aerosol mass conver-5

sion parameterizations are necessary to be developed. Some regression equations for
aerosol mass conversions have been established and may represent the aerosol mass
conversion rules under different aerosol size distributions. These parameterizations
can be applied into climate models, air pollution models and mesoscale models, all of
which involve the precipitation production and the aerosol scavenging to study the is-10

sues related to aerosol topics. Furthermore, the updraft velocities and supersaturations
both should be explicitly determined in those models rather than some models with the
certain assumed values. However, the adopted scheme of the precipitation production
rates in the bulk microphysics is another important factor to impact the aerosol wet
removal. Hence, comparing the current bulk microphysics parameterizations for the15

precipitation production rates with the bin microphysics by means of this cloud-aerosol
interaction model will be done in future.

Appendix A

Mode diameter of the mass distribution for the log-normal distribution

We assumed that one particle distribution to consider adopting is the log-normal20

distribution:

f (lnD) =
dN

dlnD
=

N0√
2π lnσ

e

(
− 1

2

(
ln(D/Dg)

lnσ

)2
)

(A1)
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where f is the log-normal size distribution function, N is the concentration of particles,
D is the diameter of particles, σ is the geometric standard deviation, Dg is the geometric
mean diameter, N0 is the total number of particles per unit volume.

We can get the mass distribution as follows:

g(lnD) =
dM

dlnD
=

√
π
2

ρN0D3

6lnσ
e

(
− 1

2

(
ln(D/Dg)

lnσ

)2
)

(A2)5

where g is the mass distribution function, M is the mass concentration of particles, ρ is
the density of particles.

The mode diameter of the mass distribution should satisfy:

∂ ln(g(lnD))

∂ lnD
= 0 (A3)

We can obtain the mode diameter Dm:10

Dm = Dge3(lnσ)2
(A4)
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Table 1. Size distribution parameters for experimental simulations (N: number concentration
in cm−3; Dg: mean diameter in µm; σ: standard deviation); Dm: mode diameter of the mass
distribution. The plot of the aerosol size distributions is given in Fig. 1.

Mode 1 Mode 2 Mode 3

Test case N1 Dg,1 σ1 Dm,1 N2 Dg,2 σ2 Dm,1 N3 Dg,3 σ3 Dm,1

E4 133 0.06 1.9 0.21 70 0.2 1.9 0.69 3 2 2.0 8.45
SM1 200 0.02 2.5 0.25
SM2 1000 0.02 2.5 0.25
SM3 1000 0.02 1.5 0.03
SM4 200 0.2 2.5 2.48
SM5 10 000 0.02 2.5 0.25
TM1-M 340 0.010 1.6 0.02 60 0.070 2.0 0.30 3.1 0.62 2.7 11.96
TM1-C 1000 0.016 1.6 0.03 800 0.068 2.1 0.35 0.72 0.92 2.2 5.94
TM1-B 6400 0.016 1.7 0.04 2300 0.076 2.0 0.32 3.2 1.02 2.16 6.04
TM1-U 106 000 0.014 1.8 0.04 32 000 0.054 2.16 0.32 5.4 0.86 2.21 5.67
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Table 2. Experimental simulations for different threshold radii of raindrops, different aerosol
concentrations and different aerosol size distributions.

Case Concentration of aerosols (cm−3) Threshold radius of raindrops (µm)

E1 6×217 40µm
E2 6×217 25µm
E3 6×217 50µm
E4 217 40µm
E5 3×217 40µm
E6 12×217 40µm
E7 24×217 40µm
SM1 200 40µm
SM2 1000 40µm
SM3 1000 40µm
SM4 200 40µm
SM5 10 000 40µm
TM1-M 403 40µm
TM1-C 1800 40µm
TM1-B 8703 40µm
TM1-U 138 005 40µm
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Table 3. Regression equations for the intensity of the aerosol conversion rate and the intensity
of the precipitation production rate.

Case Regression equations with the CCA Regression equations with the PCA

E1 Ra-conv = 1.0390R0.9758
c-conv , R = 0.9954 Ra-conv = 1.3698R0.9725

c-conv , R = 0.9907
E2 Ra-conv = 0.6755R0.8865

c-conv , R = 0.9766 Ra-conv = 1.0824R0.9216
c-conv , R = 0.9530

E3 Ra-conv = 1.0406R0.9848
c-conv , R = 0.9971 Ra-conv = 1.5426R0.9933

c-conv , R = 0.9941
E4 Ra-conv = 0.5511R0.9062

c-conv , R = 0.9854 Ra-conv = 0.6919R0.8953
c-conv , R = 0.9840

E5 Ra-conv = 0.8348R0.9521
c-conv , R = 0.9923 Ra-conv = 0.9687R0.9332

c-conv , R = 0.9867
E6 Ra-conv = 1.2804R0.9956

c-conv , R = 0.9969 Ra-conv = 1.9389R1.0119
c-conv , R = 0.9948

E7 Ra-conv = 1.3585R1.0061
c-conv , R = 0.9976 Ra-conv = 2.2990R1.0397

c-conv , R = 0.9941
SM1 Ra-conv = 1.2549R1.1083

c-conv , R = 0.9951 Ra-conv = 1.3391R1.1305
c-conv , R = 0.9910

SM2 Ra-conv = 1.2163R1.1000
c-conv , R = 0.9951 Ra-conv = 1.4107R1.1254

c-conv , R = 0.9901
SM3 Ra-conv = 1.3203R1.1044

c-conv , R = 0.9981 Ra-conv = 1.4049R1.1360
c-conv , R = 0.9940

SM4 Ra-conv = 0.3652R0.8854
c-conv , R = 0.9753 Ra-conv = 0.3737R0.8691

c-conv , R = 0.9676
SM5 Ra-conv = 0.6331R1.0392

c-conv , R = 0.9883 Ra-conv = 0.9265R1.0437
c-conv , R = 0.9929

TM1-M Ra-conv = 0.3243R0.8396
c-conv , R = 0.9777 Ra-conv = 0.2908R0.8219

c-conv , R = 0.9668
TM1-C Ra-conv = 0.2021R0.7846

c-conv , R = 0.9505 Ra-conv = 0.2412R0.7569
c-conv , R = 0.9463

TM1-B Ra-conv = 0.2540R0.8239
c-conv , R = 0.9587 Ra-conv = 0.8059R0.8648

c-conv , R = 0.9535
TM1-U Ra-conv = 0.0733R0.8131

c-conv , R = 0.8925 Ra-conv = 16.4710R1.1000
c-conv , R = 0.9457

CCA: complete coalescence approach; PCA: partial coalescence approach.
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Table 4. Regression equations for autoconversion processes and accretion processes.

Case Regression equations for Regression equations for
autoconversion processes accretion processes

E1 Ra-auto = 15.4870R1.093
c-auto, R = 0.9768 Ra-accre = 1.1027R0.9888

c-accre, R = 0.9996
E2 Ra-auto = 25.368R1.1268

c-auto , R = 0.8527 Ra-accre = 0.9242R0.9670
c-accre, R = 0.9991

E3 Ra-auto = 7.8092R1.0553
c-auto , R = 0.9780 Ra-accre = 1.1625R0.9939

c-accre, R = 0.9997
E4 Ra-auto = 1.8635R0.9650

c-auto , R = 0.9817 Ra-accre = 0.9137R0.9900
c-accre, R = 0.9997

E5 Ra-auto = 7.8254R1.0368
c-auto , R = 0.9775 Ra-accre = 1.0281R0.9893

c-accre, R = 0.9997
E6 Ra-auto = 15.4700R1.1209

c-auto , R = 0.9806 Ra-accre = 1.2830R0.9937
c-accre, R = 0.9997

E7 Ra-auto = 8.0669R1.0974
c-auto , R = 0.9794 Ra-accre = 1.3856R0.9974

c-accre, R = 0.9996
SM1 Ra-auto = 1.0577R1.1350

c-auto , R = 0.9682 Ra-accre = 0.8582R1.0245
c-accre, R = 0.9970

SM2 Ra-auto = 1.6989R1.1473
c-auto , R = 0.9769 Ra-accre = 0.8504R1.0268

c-accre, R = 0.9974
SM3 Ra-auto = 1.4126R1.1300

c-auto , R = 0.9967 Ra-accre = 0.7777R1.0055
c-accre, R = 0.9986

SM4 Ra-auto = 0.4940R0.9111
c-auto , R = 0.9526 Ra-accre = 0.8161R0.9957

c-accre, R = 0.9995
SM5 Ra-auto = 0.9413R1.0050

c-auto , R = 0.9769 Ra-accre = 0.6694R1.0008
c-accre, R = 0.9975

TM1-M Ra-auto = 0.1960R0.8363
c-auto , R = 0.9420 Ra-accre = 0.9014R0.9947

c-accre, R = 0.9997
TM1-C Ra-auto = 1.6428R0.8648

c-auto , R = 0.9598 Ra-accre = 1.0879R0.9804
c-accre, R = 0.9952

TM1-B Ra-auto = 53.4529R1.0408
c-auto , R = 0.9733 Ra-accre = 1.0661R0.9923

c-accre, R = 0.9997
TM1-U Ra-auto = 232.8746R1.1752

c-auto , R = 0.9786 Ra-accre = 0.7362R0.9855
c-accre, R = 0.9989
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Fig. 1. Different aerosol distributions from Whitby (1978), Nenes and Seinfeld (2003) and Sun
et al. (2012a) for numerical experiments.
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Fig. 2. Temporal and spatial evolution of the simulated cumulus cloud for the case E1. (a) Verti-
cal velocities (ms−1) (solid and dashed lines) and liquid water content (in gm−3) (shaded area);
(b) rain water content (in gm−3) (solid lines) and ammonium sulfate mass content (mgm−3)
(shaded area).
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Fig. 3. Spatial and temporal evolution of ammonium sulfate and cloud water conversions with
the complete coalescence approach for the case E1. (a) Ratio of Ra-conv to Rc-conv (shaded area);
(b) Ra-conv (s−1) (shaded area) and Rc-conv (s−1) (solid lines); (c) water drop concentrations
in different size categories: cloud droplets with diameters > 50.0µm (cm−3) (dashed lines),
drizzle drops with diameters > 80.0µm (cm−3) (solid lines), and drizzle drops with diameters
> 100.0µm (cm−3) (dotted lines).
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Fig. 4. Spatial and temporal evolution of ammonium sulfate and cloud water conversions
with the partial coalescence approach for the case E1. (a) Ratio of Ra-conv to Rc-conv (shaded
area), ratio of Ra-auto to Rc-auto (dotted lines), and ratio of Ra-accre to Rc-accre (dashed lines);
(b) Ra-conv (s−1) (shaded area) and Rc-conv (s−1) (solid lines). (c) Precipitation production rates
(gm−3 s−1) (shaded area), autoconversion rates (gm−3 s−1) (dashed lines) and accretion rates
(gm−3 s−1)(solid lines) of the cloud liquid water content; (d) autoconversion rates (gm−3 s−1)
(shaded area) and accretion rates (gm−3 s−1) (solid lines) of the ammonium sulfate mass con-
centration.
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Fig. 5. Number distributions of ammonium sulfate particles and of water droplets as a function
of height f (lnmwater, lnmaerosol,z) (numbercm−3 (lnmwater/ lnmaerosol)

−1) at 30 min (a, b) and at
42.5 min (c, d) for the case E1: (a, c). With respect to lnmwater, (b, d). With respect to lnmaerosol.
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Fig. 6. Mass distributions of water droplets and of ammonium sulfate particles as a function of
height g(lnmwater,z) (gm−3 (lnmwater)

−1) and g(lnmaerosol,z) (mgm−3 (lnmaerosol)
−1), respectively,

at 30 min (a, b) and at 42.5 min (c, d) for the case E1.
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Fig. 7. Illustrations of linear regressions for the case E1. (a) The linear regression of ln(Rc-conv)
and ln(Ra-conv) with the complete coalescence approach. (b) The linear regression of ln(Rc-conv)
and ln(Ra-conv) with the partial coalescence approach. (c) The linear regression of ln(Rc-auto)
and ln(Ra-auto). (d) The linear regression of ln(Rc-accre) and ln(Ra-accre).

25527

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25481/2013/acpd-13-25481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25481–25536, 2013

Aerosol conversion
parameterizations in
warm rain formation
of cumulus clouds

J. Sun et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 8. Spatial and temporal evolution of ammonium sulfate and cloud water conversions for the
case E2. (a) Ratio of Ra-conv to Rc-conv with the complete coalescence approach (shaded area),
and ratio of Ra-conv to Rc-conv with the partial coalescence approach (dotted lines); (b) ratio of
Ra-auto to Rc-auto (shaded area) and ratio of Ra-accre to Rc-accre(dotted lines).
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Fig. 9. The meaning of these plots is the same as Fig. 7 but for the case E2.
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Fig. 10. The meaning of these plots is the same as Fig. 8 but for the case E3.
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Fig. 11. The meaning of these plots is the same as Fig. 7 but for the case E3.
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Fig. 12. Spatial and temporal evolution of large cloud droplet concentrations and of ratios of
Ra-auto to Rc-auto in different concentrations of ammonium sulfate particles for the cases of E4
(a), E5 (b), E1 (c), E6 (d) and E7 (e). Ratios of Ra-auto to Rc-auto (shaded area), cloud droplets
with diameters > 25.0µm (cm−3) (dotted lines) and cloud droplets with diameters > 50.0µm
(cm−3) (solid lines).
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Fig. 13. Temporal and spatial evolution of liquid water content (in gm−3) (shaded area) and
Rain water content (in gm−3) (solid lines) with different initial aerosol size distributions. (a) For
the case SM1. (b) For the case SM2. (c) For the case SM3. (d) For the case SM4. (e) For the
case SM5. (f) For the case TM1-M. (g) For the case TM1-C. (h) For the case TM1-B. (i) For the
case TM1-U.
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Fig. 14. Mass distributions of ammonium sulfate particles as a function of height g(lnmaerosol,z)
(mgm−3 (lnmaerosol)

−1) at 42.5 min. (a) For the case SM1. (b) For the case SM2. (c) For the
case SM3. (d) For the case SM4. (e) For the case SM5. (f) For the case TM1-M. (g) For the
case TM1-C. (h) For the case TM1-B. (i) For the case TM1-U.
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Fig. 15. Mass distributions of water drops as a function of height g(lnmwater,z)
(gm−3 (lnmwater)

−1) at 42.5 min. (a) For the case SM1. (b) For the case SM2. (c) For the case
SM3. (d) For the case SM4. (e) For the case SM5. (f) For the case TM1-M. (g) For the case
TM1-C. (h) For the case TM1-B. (i) For the case TM1-U.
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Fig. 16. Illustrations of linear regressions of ln(Rc-conv) and ln(Ra-conv) with the complete coales-
cence approach for the experimental cases (a) For the case SM1. (b) For the case SM2. (c)
For the case SM3. (d) For the case SM4. (e) For the case SM5. (f) For the case TM1−M. (g)
For the case TM1-C. (h) For the case TM1-B. (i) For the case TM1-U.
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