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a b s t r a c t 

The below-cloud aerosol scavenging process by precipitation is one of the most important mechanisms to remove aerosols 
from the atmosphere. Due to its complexity and dependence on both aerosol and raindrop sizes, wet scavenging process 
has been poorly treated, especially during the removal of fine particles. This makes the numerical simulation of below- 
cloud scavenging in large-scale aerosol models unrealistic. To consider the slip effects of submicron particles, a simplified 
expression for the diffusion scavenging was developed by approximating the Cunningham slip correction factor. The derived 
analytic solution was parameterized as a simple power function of rain intensity under the assumption of the lognormal 
size distribution of particles. The resultant approximated expression was compared to the observed data and the results of 
previous studies including a 3D atmospheric chemical transport model simulation. Compared with the default GEOS-Chem 

coefficient of 0.00106 R 0.61 and the observation-based coefficient of 0.0144 R 0.9268 , the coefficient of a and b in �m = aR b spread 
in the range of 0.0002- 0.1959 for a and 0.3261- 0.525 for b over a size distribution of GSD of 1.3–2.5 and a geometric mean 
diameter of 0.01- 2.5 μm. Overall, this study showed that the scavenging coefficient varies widely by orders of magnitude 
according to the size distribution of particles and rain intensity. This study also demonstrated that the obtained simplified 
expression could consider the theoretical approach of aerosol polydispersity. Our proposed analytic approach showed that 
results can be effectively applied for reduced computational burden in atmospheric modeling. 

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

Introduction 

Aerosols can be removed extensively during the wet deposi-
tion process ( Jung et al., 2002 ), which is divided into in-cloud
and below-cloud scavenging processes ( Textor et al., 2006 ;
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Grythe et al., 2017 ; Choi et al., 2020 ;). Among these, the below-
cloud scavenging process is important to remove coarse and
fine particles from the atmosphere ( Andronache, 2003 ). 

Typically, the below-cloud scavenging process includes
three mechanisms: Brownian diffusion, interception, and im-
paction ( Slinn, 1983 ). For fine-mode particles with a particle
, Chinese Academy of Sciences. Published by Elsevier B.V. 
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ize of 0.01–1 μm in diameter, the below-cloud scavenging 
rocess is dominated by diffusion and interception mecha- 
isms ( Horn et al., 1988 ; Sparmacher et al., 1993 ). Generally,

he below-cloud scavenging represents a first-order approxi- 
ation of the particle transfer into raindrops. The governing 

quation for the wet removal process of particles is expressed 

s ( Prupaccher and Kleet, 1978 ; Seinfeld and Pandis, 2016 ): 

∂n ( d p , t ) 
∂t 

= �( d p ) · n ( d p , t ) (1) 

here, d p is the diameter of the particle collected, �( d p ) scav- 
nging coefficient, and n(d p ,t) is the number size distribution 

f the particles. �( d p ) is defined as: 

( d p ) = 

∞ ∫ 
0 

K ( D d ) E ( d p , D d ) dD d (2) 

here, D d is the diameter of a raindrop collecting, K ( D d ) is the
ollision kernel, and E ( d p ,D d ) is the collection efficiency. 

Here, the collision kernel is defined as follows: 

 ( D d ) = 

πD 

2 
d 

4 
U ( D d ) n ( D d ) , (3) 

here U ( D d ) is the fall velocity of a raindrop with diameter D d 

nd n ( D d ) is the number size distribution of raindrops. 
One of the most widely used expressions for the scav- 

nging process has been given by Slinn (1983) . According to 
linn (1983) , the collection efficiency, which considers three 
article removal mechanisms (diffusion, interception, and im- 
action) can be described as follows: 

 ( d p , D d ) = 

4 
ReSc 

[ 
1 + 0 . 4 Re 1 / 2 Sc 1 / 3 + 0 . 16 Re 1 / 2 Sc 1 / 2 

] 

+ 4 
d p 
D d 

[
μa 

μw 

+ 

(
1 + Re 1 / 2 

) d p 
D d 

]
+ 

(
St − S ∗

St − S ∗ + 2 / 3 

)3 / 2 

(4) 

here, Re = 

D d U(D d ) ρa 
2 μa 

, Sc = 

μa 
ρa D di f f 

, 

t = 

2 τU ( D d ) 
D d 

, S ∗ = 

1 . 2 + 1 / 12 ln ( 1 + Re ) 
1 + ln ( 1 + Re ) 

 diff = 

k b T C c 

3 πμa d p 
, C c = 1 + 2 . 493 

λ

d p 
+ 0 . 84 

λ

d p 
exp 

(
−0 . 435 

λ

d p 

)

here, Re is the Reynolds number of a raindrop, Sc is the 
chmidt number of the particle, ρa (g/cm 

3 ) is the density of 
he particle, μa and μw 

(g/(cm · sec) are the viscosity of air and 

ater drop, respectively, D diff (cm 

2 /sec) is the vapor diffusivity,
 c is the Cunningham slip correction factor ( Gussman, 1969 ; 
inds, 1998 ), τ is the relaxation time, k b (g cm 

2 /(K ·sec 2 )) is
oltzmann’s constant, λ is the mean free path (cm), and T is 
he temperature (K). Numerous studies have parameterized 

he scavenging coefficient as a function of rain intensity (R) 
 Jylhä, 1991 ; Laakso et al., 2003 ; Okita et al., 1996 ; Wang et al.,
014 ; Xu et al., 2017 ; Choi et al., 2020 ). Here, the collection ef-
ciency is dependent on raindrop and particle sizes. However,
here are discrepancies in scavenging coefficients among pre- 
ious studies, and only few studies have considered the size 
ependency of the scavenging coefficient ( Jung et al., 2002 ; 
ae et al., 2006 , Bae et al., 2010 ). 

Over the past few decades, several studies have mea- 
ured the wet scavenging coefficient using field measure- 
ents ( Jylhä, 1991 ; Okita et al., 1996 ; Laakso et al., 2003 ;
ndronache, 2004 ; Wang et al., 2014 ; Xu et al., 2017 ). These
eld measurements have used precipitation intensity, cloud- 
ase height, and the ratio between the sulfate concentration 

n aerosols and rainwater ( Okita et al., 1996 ; Andronache, 2004 ;
amagata et al., 2009 ; Xu et al., 2019 ). 

According to previous studies, washout rates by rain de- 
ived from field measurements show differences by a factor 
f 10 to 100 compared to the values acquired from theoretical 
alculations ( Wang et al., 2010 , 2014 ; Luo et al., 2019 ). For ex-
mple, the rain washout rate for water-soluble aerosols mea- 
ured by Laakso et al. (2003) was 20 times larger than that 
alculated using semi-empirical parameterizations ( Luo et al.,
020 ). Therefore, Luo et al. (2019) recommended that the em- 
irical scavenging coefficients should be used for simulating 
ashout by rain. 

These existing formulae from observations usually do not 
onsider polydisperse size distribution. However, the scav- 
nging coefficient strongly depends on size distribution. This 
akes the scavenging coefficient-rain intensity parametriza- 

ion from observation results case-dependent. 
Jung et al. (2002) derived analytic solutions for polydisperse 

article dynamics using a wet removal process through a the- 
retical approach. Jung et al. (2003) also developed an expres- 
ion for the scavenging coefficient as a function of the col- 
ection efficiency, the terminal velocity of raindrops, and rain- 
rop and particle size distributions. However, the parameters 
f the raindrop size distribution used by Jung et al. (2002 , 2003 )
ere not sensitive to changes in the rain type or the rain inten-

ity. Bae et al. (2006) developed expressions of the scavenging 
oefficient for polydisperse aerosols by considering the rain 

ntensity using the moment approach under the assumption 

f lognormal rain and aerosol size distributions. These distri- 
utions were based on the collection efficiency developed by 
linn (1983) . Although Bae et al. (2006) considered the polydis- 
erse rain and aerosol size distributions, the expression was 
oo complex for practical applications, especially when the 
unningham correction factor was required for a small-sized 

egime wherein the particle size was less than 0.1 μm in diam- 
ter. Moreover, the lognormal rain distribution assumption is 
ot widely applied compared to the widely used raindrop size 
istributions, such as the Marshall–Palmer (M–P) raindrop size 
istribution. 

Although many scavenging-related studies exist, physical 
echanisms that control the scavenging process have not 

een clearly understood. Additionally, its parameterization is 
hallenging because the corresponding mechanisms are com- 
lex owing to their dependence on aerosol and raindrop size 
istributions, especially for fine particles. Theoretically, the 
aindrop diameter should be size-resolved to better simulate 
eal settings. Therefore, a more simplified expression for the 
cavenging coefficient, which can consider polydisperse rain 

nd aerosol size distributions, is required. 
The other issue for simulation of the scavenging process 

s to reduce the computation burden. The other removal pro- 
ess, such as dry deposition, is computed only for particles 
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Table 1 – Comparison of the C c expressions. 

Reference Cc expression 

Hinds(1998) 1 + 2 . 493 λ
d p 

+ 0 . 84 λ
d p 

exp ( −0 . 435 λ
d p 

) 

Hinds(1998) 1 + 3 . 34 λ
d p 

Lee and Liu (1980) 1, for large particles with a 

continuum-flow-regime assumption ( 
d p 
λ

�1); 

3 . 34 λ
d p 

, for very small particles ( 
d p 
λ

�1); 

3.69 ( 
d p 
λ

) 
1 / 2 

, for particles with intermediate 
sizes. 

Jung et al. (2020) , 
This study 

C 2 / 3 c = { 0 . 6 ( d p 
λ

) 
0 . 1 

} 
2 / 3 

{ 1 + 

2 
3 ( 3 . 34 λ

d p 
) } 
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C  
very near the ground. However, wet deposition is computed at
all heights ( Loosmore, et al., 2004 ). 

This computational issue becomes more serious when
considering polydisperse aerosols and drop size distribution. 

In this study, we try to obtain new analytic expression for
scavenging coefficients and collection efficiency for diffusion
and interception dominant region that is more simple and can
reduce the computational burden in simulating polydisperse
aerosol size distribution as well as polydispersed raindrop size
distribution than previous studies. We compared our theoreti-
cally derived expression (size resolved scavenging coefficient-
rain intensity relation) with the existing observation-based
expression. Finally, 3D model simulation results were ana-
lyzed using these obtained expressions. 

1. Parameterization of the below-cloud 

scavenging coefficient 

1.1. Analytic expression for below-cloud scavenging 
coefficient for polydisperse aerosols 

1.1.1. Collection efficiency and approximation of Cunningham
slip correction factor 
The scavenging coefficient Eq. (2) can be obtained by multiply-
ing collection efficiency ( Eq. (4) ), collision kernel ( Eq. (3) ) and
integrating over particle diameter. As a formula described in
Eq. (4) , integration on Eq. (2) cannot be obtained analytically.
The main reason for the difficulty in obtaining analytic ex-
pression is the complex formula of Cunningham slip correc-
tion factor ( C c ). 

By introducing collection efficiency based on the simple ex-
pression ( Jung et al., 2002 ) and adapting the approximation of
 c , we can obtain an analytic expression of the scavenging co-

efficient for polydisperse aerosol size distribution. 
The collection efficiency in the diffusion ( E D ) and intercep-

tion regions ( E R ) can be expressed as follows ( Jung et al., 2002 ):

E D ( d p , D d ) = 2 

( √ 

3 π
4 Pe 

) 2 / 3 [
( 1 − α) ( 3 σ + 4 ) 

J + σK 

]1 / 3 

(5)

E R ( d p , D d ) = 

[
( 1 − α) 
( J + σK ) 

]
d p D 

−1 
d + 

[
( 1 − α) ( 3 σ + 4 ) 

2 ( J + σK ) 

]
d 2 p D 

−2 
d (6)

where, Pe = 

D d U( D d ) 
D di f f 

, σ is the viscosity ratio of water to air, J =
1− 6 

5 α
1 
3 + 

1 
5 α

2 , K = 1− 9 
5 α

1 
3 +α+ 

1 
5 α

2 , and α and Pe are the pack-
ing density and Peclet number, respectively. By using packing
density, the effects of flow due to neighboring droplets can be
considered (Lee et al., 1978; Jung and Lee, 1998 ; Ardon-Dryer
et al., 2015). In this study, we assume the packing density ( α)
to be 0 under the assumption that the flow of raindrops is not
affected by neighboring droplets. However, this neighboring
collector effect can be usefully applied to concentric collector
systems such as a granular filter or heavy precipitation (Lee
et al., 1978; Jung et al., 2000). The collection efficiency due to
diffusion increases as the particle diameter decreases. More-
over, the collection efficiency due to interception increases as
the particle diameter increases. 

Here, for the diffusion region in Eq. (5) , Pe and a related
variable D diff can be expressed as a function of C c , which is
closely linked to the aerosol diameter. Because of the com-
plexity in the expression of Pe and E D ( d p , D d ) with the con-
sideration of polydispersity in C c , a simple and accurate ex-
pression to describe the scavenging coefficient in the diffusion
dominant region is required, which has been explained in de-
tail in Appendix. Thus, in this study, a simplified expression
for the scavenging coefficient in the diffusion region was de-
veloped by adopting C c approximation and the M–P raindrop
size distribution. 

When the size of aerosol particles in a medium ap-
proaches the mean free path of gas molecules, discontinuities
in the medium should be considered, The Cunningham cor-
rection factor explains these discontinuities ( Gussman, 1969 ;
Hinds, 1998 ). Many studies have been carried out to charac-
terize the slip correction factor as a function of the Knudsen
number. Several experimental investigations were performed
to obtain empirical equations of the slip correction factor for
a wide range of Knudsen numbers. Table 1 shows the compar-
ison of the C c expressions. 

The general form of C c can be expressed as follows
( Hinds, 1998 ): 

 c = 1 + 2 . 493 
λ

d p 
+ 0 . 84 

λ

d p 
exp 

(
−0 . 435 

λ

d p 

)
(7)

However, this expression is complex and requires
simplification for parameterization studies ( Hinds, 1998 ;
Sorensen and Wang, 2000 ; Jung et al., 2020 ). Many studies
have showed a variety of C c expressions ( Lee and Liu, 1980 ;
Allen and Raabe, 1985 ; Hinds, 1998 ; Schmid et al., 2002 ;
Jung et al., 2020 ). 

One of the simplified expressions for C c that is frequently
used in many studies is as follows ( Lee and Liu, 1980 ;
Hinds, 1998 ): 

 c ∼= 

1 + 3 . 34 
λ

d p 
, (8)

This simplified expression for C c is accurate enough com-
pared to the original expression ( Lee and Liu, 1980 ). However,
to integrate C c over polydispersed aerosol size distribution
using the moment formula under the assumption of a log-
normal size distribution, a more simplified expression is re-
quired ( Jung et al., 2020 ). Lee and Liu (1980) approximated the
 c for three different size ranges, as shown in Table 1 . Although
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Fig. 1 – Comparison of the collections efficiency due to 

diffusion ( E(d p , D d ) ) as a function of the particle diameter 
obtained in this study with the Slinn’s collection efficiency 

( C c = 1, C c as an exact solution and approximated C c from 

this study). 
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hese approximations showed good correlations with the orig- 
nal equation make it possible to integrate collection efficiency 
nd scavenging coefficient over polydisperse size distribution,
he approximated equations are valid only for the given size 
onditions and require different approximations in other size 
anges. Additionally, the original and simplified C c from previ- 
us studies ( Lee and Liu, 1980 ; Hinds, 1998 ) have limitations in
epresenting the collection efficiency due to diffusion and the 
cavenging coefficient for polydisperse aerosol analytically. 

In this study, to address these limitations, we used a more 
implified expression for the slip correction efficiency, which 

an cover all size ranges as one expression ( Jung et al., 2020 ).

 c = 

{ 

0 . 6 
(

d p 
λ

)0 . 1 
} {

1 + 

2 
3 

(
3 . 34 

λ

d p 

)}3 / 2 

(9) 

By applying Eq. (9) to Eq. (5) , the subsequent collection ef- 
ciency due to diffusion can be expressed as a linear polyno- 
ial equation of the particle diameter ( d p ). 

 D ( d p , D d ) = 

(
ξ1 d 

−3 / 5 
p + ξ2 d 

−8 / 5 
p 

)
D 

−2 / 3 
d (10) 

here, 

1 = 2 

( √ 

3 π
4 

) 2 / 3 [
( 1 −α) ( 3 σ+ 4 ) 

J + σK 

]1 / 3 

0 . 6 2 / 3 
(

1 
λ

)1 / 15 ( kT 

3 πμU ( D d ) 

)2 / 3 

2 = 2 

( √ 

3 π
4 

) 2 / 3 {
2 
3 

( 3 . 34 λ) 
}[

( 1 − α) ( 3 σ + 4 ) 
J + σK 

]1 / 3 

0 . 6 2 / 3 
(

1 
λ

)1 / 15 ( kT 

3 πμU ( D d ) 

)2 / 3 

For interception, the collection efficiency can be described 

s: 

 R ( d p , D d ) = ξ3 d p D 

−1 
d + ξ4 d 2 p D 

−2 
d (11) 

here ξ3 = [ ( 1 −α) 
( J+ σK ) ] , 

4 = 

[
( 1 − α) ( 3 σ + 4 ) 

2 ( J + σK ) 

]

One of the important factors that affect the scavenging of 
erosols by rain is its fall velocity. The general expression for 
he fall velocity is a power law type function of the drop diam- 
ter (D d ) ( Jung et al., 2002 ): 

 ( D d ) = γ D 

β

d , (12) 

here γ and β are constants. 
By applying Eq. (10) , the resultant collection efficiency can 

e rewritten as follows: 

 D ( d p , D d ) = 

(
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

− 2 
3 ( 1+ β ) 

d (13) 

here 

′ 1 = 2 

( √ 

3 π
4 

) 2 / 3 [
( 1 − α) ( 3 σ + 4 ) 

J + σK 

]1 / 3 

0 . 6 2 / 3 
(

1 
λ

)1 / 15 ( kT 
3 πμγ

)2 / 3 
′ 2 = 2 

( √ 

3 π
4 

) 2 / 3 {
2 
3 

( 3 . 34 λ) 
}[

( 1 − α) ( 3 σ + 4 ) 
J + σK 

]1 / 3 

0 . 6 2 / 3 
(

1 
λ

)1 / 15 ( kT 
3 πμγ

)2 / 3 

Fig. 1 shows the collection efficiency, which is related to 
iffusion ( E D ( d p , D d ) ) and a function of the particle diameter 
or different C c values. For C c = 1 (neglecting the Cunningham 

lip effect), the exact solution ( Eq. (7) ), and the approximated 

alues from this study ( Eq. (9) ) were compared. Here, the drop
iameters ( D d ) of each of 0.1 mm and 1 mm were considered. 

According to Fig. 1 , the approximated collection efficiency 
n this study showed good agreement with the exact solution.
owever, the discrepancy between the approximated and the 
xact solutions increased as the particle diameter decreased.
ig. 2 shows a comparison of the collection efficiency between 

linn’s formula as shown in Eq. (4) and this study Eqs. (5) and
 (6) ). The drop diameters of 0.1 mm and 1 mm were compared.
s shown in Fig. 2 , both Slinn’s formula and this study showed
 similar tendency and were comparable to each other. Ac- 
ording to Fig. 2 , the collection efficiency from Slinn’s for- 
ula showed a higher value compared to that observed in this 

tudy. 

.1.2. Scavenging coefficient 
rom Eqs. (2) , (11) , (12) and (13) , the scavenging coefficient for
olydisperse rain and aerosol distribution is given as follows: 

( d p ) = 
∫ ∞ 

0 

π

4 
D 2 d U ( D d ) E ( D d , d p ) n ( D d ) dD d 

= 
∫ ∞ 

0 

π

4 
D 2 d U ( D d ) 

{ (
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

− 2 
3 ( 1+ β ) 

d + ξ3 d p D −1 
d + ξ4 d 2 p D 

−2 
d 

} 
n ( D d ) dD d 

= 
∫ ∞ 

0 

γπ

4 

{ (
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

1 
3 ( β+4 ) 

d + ξ3 d p D 
β+1 
d + ξ4 d 2 p D 

β

d 

} 
n ( D d ) dD d (14) 

Despite many raindrop measurement techniques, it is still 
ifficult to directly measure the raindrop size distribution 
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Fig. 2 – Comparison of the collection efficiency in 

association with diffusion and interception between Slinn’s 
formula in Eq. (4) and this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with precision; however, rain intensity can be easily mea-
sured ( Kathiravelu et al., 2016 ). Thus, various scavenging co-
efficients, expressed as constants or functions of the precipi-
tation intensity, are used in regional or mesoscale Lagrangian
and Eulerian models to describe the precipitation and the
wet removal of pollutants ( Bae et al., 2006 ; Seinfeld and Pan-
dis, 2016 ). 

There are three most widely used raindrop size distribu-
tions: Gamma distribution, Marshall-Palmer (M-P) distribu-
tion, and log-normal size distribution (; Ekerete et al., 2015 ).
In this study, we considered the M-P drop size distribution.
Although the M–P distribution has been proposed several
decades ago and have several limitations regarding its accu-
racy compared with measurement studies, it remains one of
the most common and classical raindrop size distributions
( Croft et al., 2009 ; Liu et al., 2018 ). 

The M-P distribution is an exponential size distribution, in
which the number concentration decreases exponentially as
the drop diameter increases. 

The M–P raindrop size distribution can be expressed as
( Marshall and Palmer, 1948 ): 

n ( D d ) = N 0 e 
−4 . 1 R −0 . 21 D d (15)

Here, N 0 is the number concentration parameter (8000
m 

−3 mm 

−1 ) and R is rain intensity (mm/hr). 
The scavenging coefficient for the M–P raindrop size distri-

bution can be obtained as follows: 

�( d p ) = 

∫ ∞ 

0 

γπ

4 

{ (
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

1 
3 ( β+4 ) 
d + ξ3 d p D 

β+1 
d + ξ4 d 2 p D 

β

d 

}
N 0 e −4 . 1 R −0 . 21 D d dD d (16)

Subsequently, the final scavenging coefficient can be ex-
pressed as follows: 

�( d p ) = φ1 ( R, β ) d 
− 3 

5 
p + φ2 ( R, β ) d 

− 8 
5 

p + φ3 ( R, β ) d p + φ4 ( R, β ) d 2 p (17)
where 
φ1 ( R, β ) = 

γπ
4 N 0 ξ ′ 1 f 1 ( R, β ) , φ2 ( R, β ) = 

γπ
4 N 0 ξ ′ 2 f 1 ( R, β ) ,

φ3 ( R, β )= 

γπ
4 N 0 ξ3 f 2 ( R, β ) , and φ4 ( R, β )= 

γπ
4 N 0 ξ4 f 3 ( R, β ) . 

According to Kessler (1969) , the raindrop fall velocity is ex-
pressed as γ = 130 and β = 0.5. If we follow Kessler’s parame-
terization of the fall velocity of the raindrop, which is propor-
tional to the square root of the drop diameter ( β = 0 . 5 ), f 1 , f 2 ,
and f 3 can be approximated as the power of rain intensity (R). 

f 1 ( R, β ) = 

∫ ∞ 

0 
D 

1 
3 ( β+4 ) 
d e −4 . 1 R −0 . 21 D d dD d 

∼= 

0 . 0391 R 

0 . 525 

f 2 ( R, β ) = 

∫ ∞ 

0 
D 

β+1 
d e −4 . 1 R −0 . 21 D d dD d 

∼= 

0 . 0387 R 

0 . 5234 

f 3 ( R, β ) = 

∫ ∞ 

0 
D 

β

d e 
−4 . 1 R −0 . 21 D d dD d 

∼= 

0 . 1068 R 

0 . 315 (18)

It should be noted that the approach from this study can
also consider other raindrop size distribution, such as Gamma
and lognormal raindrop size distributions. For example, the
Gamma raindrop size distribution can be expressed as below:

n ( D d ) = N 0 D 

δ
d e 

−�D d (19)

Here, δ is the shape distribution parameter and � is the
slope parameter for Gamma raindrop distribution. 

The scavenging coefficient for the Gamma raindrop size
distribution can be obtained as follows: 

�( d p ) = 

∫ ∞ 

0 

γπ

4 

{(
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

1 
3 ( β+4 ) + δ
d + ξ3 d p D 

β+ δ+1 
d + ξ4 d 2 p D 

β+ δ
d 

}

N 0 e 
−�D d dD d (20)

For lognormal raindrop size distribution, Eq. (14) can be ex-
pressed as follows: 

�( d p ) = 

∫ ∞ 

0 

γπ

4 

{ (
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
D 

1 
3 ( β+4 ) 
d + ξ3 d p D 

β+1 
d + ξ4 d 2 p D 

β

d 

} 
n ( D d ) dD d

= 

(
ξ ′ 1 d −3 / 5 

p + ξ ′ 2 d −8 / 5 
p 

)
X 1 

3 ( β+4 ) + ξ3 d p X β+1 + ξ4 d 2 p X β (21)

where X k is the kth moment for lognormal raindrop size distribution. 

X k = 

∫ ∞ 

0 
D 

k 
d n ( D d ) dD d = X 0 D 

k 
g exp 

[
k 2 

2 
ln 2 ( GSD Drop ) 

]
(22)

where D g and GSD Drop are the geometric mean diameter and geometric
standard deviation of rain drop size distribution, respectively, and X 0 rep-
resents the total number of droplets. 

Fig. 3 shows the �( d p ) as a function of the particle diameter
and rain intensity. The M–P rain size distribution along with
rain intensities of 0.1, 1 , 10 , and 100 mm/hr are considered.
As shown in Fig. 3 , the scavenging coefficient decreased as the
rain intensity decreased. Fig. 3 also shows that the scaveng-
ing coefficient decreased as the particle diameter increased
because of the diffusion mechanism in the submicron region.
For larger-sized regime where the particle diameter was larger
than several microns in diameter, the scavenging coefficient
increased as the particle diameter increased owing to inter-
ception. 

For polydisperse aerosols, the resultant governing equation
of the wet removal process can be expressed based on Eq. (1) as
follows: 

−
∫ ∞ ∂n ( d p ) 

d d p = 

∫ ∞ 

�( d p , R ) n ( d p ) d d p (23)

0 ∂t 0 
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Fig. 3 – Mass scavenging coefficient obtained in this study 

as a function of particle diameter and rain intensity. 
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.1.3. Scavenging coefficient for polydisperse aerosols 
n this study, the lognormal size distribution was assumed 

or polydisperse aerosols. By introducing the representation 

f moment equations for the lognormal distribution, the k th 

oment ( M k ) can be expressed as ( Jung et al., 2002 ): 

 k = 

∫ ∞ 

0 
d k p n ( d p ) d d p = M 0 d 

k 
g exp 

[ 

k 2 

2 
ln 2 ( GSD ) 

] 

(24) 

here, d g and GSD are the geometric mean diameter and geo- 
etric standard deviation, respectively. M 0 represents the to- 

al number of particles and (π/ 6) M 3 is the total volume con- 
entration. 

Based on Eqs. (16) –(18) and (23) , the subsequent number- 
ean scavenging coefficient can be described as follows: ∫ ∞ 

0 

∂n ( d p ) 
∂t 

dd p = 

∫ ∞ 

0 
�( d p , R ) n ( d p ) dd p 

= φ1 ( R, β ) M −3 / 5 + φ2 ( R, β ) M −8 / 5 

+ φ3 ( R, β ) M 1 + φ4 ( R, β ) M 2 (25) 

The scavenging coefficient is based on the aerosol number 
ize distribution. However, in many observations, the scaveng- 
ng coefficient has been described based on the mass size dis- 
ribution. 

The mass-mean scavenging coefficient ( �m 

) can be ob- 
ained using Eq. (25) , 

∫ ∞ 

0 

πρp 

6 
d 3 p 

∂n ( d p ) 
∂t 

d d p = 

∫ ∞ 

0 

πρp 

6 
d 3 p �( d p , R ) n ( d p ) dd p = 

πρp 

6 [ φ1 ( R, β ) M 3 −3 / 5 + φ2 ( R, β ) M 3 −8 / 5 + φ3 ( R, β ) M 3+1 + φ4 ( R, β ) M 3+2 ] ∫ ∞ 

0 
πρp 

6 d 3 p n ( d p ) d d p 
∞ ∫ 

0 

πρp 

6 
d 3 p n ( d p ) d d p . (26) 

The resultant expression can be expressed as 

∂C 
∂t 

= 

[ 
φ1 ( R, β ) M 12 

5 
+ φ2 ( R, β ) M 7 

5 
+ φ3 ( R, β ) M 4 + φ4 ( R, β ) M 5 

] 
M 3 

C = �m C

(27) 
Here, 

m 

= 

[ 
φ1 ( R, β ) M 12 

5 
+ φ2 ( R, β ) M 7 

5 
+ φ3 ( R, β ) M 4 + φ4 ( R, β ) M 5 

] 
M 3 

. 

(28) 

For multimodal aerosol, the scavenging coefficient can be 
xpressed as follows: 

∂C 

∂t 
= −

∑ 

i 

∂ C i 

∂t 
= 

∑ 

i 

�m,i C i . (29) 

here 

m,i = 

[ 
φ1 ( R, β ) M 12 

5 ,i 
+ φ2 ( R, β ) M 7 

5 ,i 
+ φ3 ( R, β ) M 4 ,i + φ4 ( R, β ) M 5 ,i 

] 
M 3 ,i 

. (30) 

The moment expression M k in Eq. (24) is based on the num- 
er size distribution ( Jung et al., 2002 ; Bae et al., 2006 ). The d g in
q. (24) is the number-mean geometric mean diameter. The re- 
ation between the geometric volume-mean ( d gv ) and number- 

ean ( d g ) diameter can be expressed as follows: 

 gv = d g exp 

[ 
3 ln 2 ( GSD ) 

] 
(31) 

.2. Newly derived scavenging coefficient-rain intensity 
arameterization for polydisperse aerosol 

he resultant mass scavenging coefficient in Eq. (27) , was a 
unction of d g , GSD, and rain intensity, and it could be param-
terized to a greater degree that could enhance the applicabil- 
ty of the coefficient in measurement and model studies. 

The conventional expression for the aerosol-scavenging 
oefficient can be expressed as a power of rain intensity. 

m 

= a × R 

b (32) 

The resultant Eq. (32) was simplified as a function of the 
onventional scavenging parameterization in the form of the 
ower of rain intensity. 

Based on the theoretical expressions in Eqs. (27) - (30) , the 
oefficients a and b in Eq. (32) could be estimated by the re-
ression of the polydisperse aerosol size distribution. 

For the polydisperse aerosol size distribution in the range 
f 0.01–1 μm with a geometric standard deviation of 1.3–2.5,
he resultant coefficients a and b could be approximated as a 
unction of d g (in μm) and GSD and parameterized as follows: 

 = a 11 d 
−a 12 
g + a 21 d 

a 22 
g 

 = b 11 d 
−b 12 
g (33) 

here, 

 11 = −1 . 5 × 10 −5 GSD + 4 . 1 × 10 −5 , a 12 = −0 . 042 GSD + 1 . 2447 , 

 21 = 2 × 10 −5 GSD 

8 . 1029 , a 22 = 0 . 9776 GSD 

0 . 5774 , 

 11 = −0 . 1321 GSD + 0 . 6755 b 12 = 0 . 073 GSD − 0 . 079 . 
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Table 2 – Size resolved below-cloud scavenging coefficient parameters a and b ( �m 

= aR 

b , h 

–1 ) estimated based on Eq. (33) 
in the text. 

(a) a values 
σ g d g 1.3 1.5 1.7 1.9 2.1 2.3 2.5 

0.01 0.0101 0.0074 0.005 0.0032 0.0021 0.0013 0.0009 
0.03 0.002 0.0015 0.001 0.0007 0.0005 0.0004 0.0003 
0.05 0.001 0.0008 0.0006 0.0004 0.0003 0.0003 0.0004 
0.07 0.0007 0.0005 0.0004 0.0003 0.0003 0.0003 0.0005 
0.1 0.0004 0.0004 0.0003 0.0003 0.0003 0.0004 0.0007 
0.2 0.0002 0.0002 0.0002 0.0003 0.0004 0.0008 0.0019 
0.3 0.0002 0.0002 0.0002 0.0004 0.0006 0.0014 0.0037 
0.4 0.0002 0.0002 0.0003 0.0005 0.001 0.0023 0.0061 
0.5 0.0002 0.0002 0.0004 0.0006 0.0013 0.0033 0.0091 
0.6 0.0002 0.0003 0.0004 0.0008 0.0018 0.0045 0.0127 
0.7 0.0002 0.0003 0.0005 0.001 0.0023 0.0059 0.0169 
0.8 0.0003 0.0004 0.0006 0.0012 0.0028 0.0075 0.0217 
0.9 0.0003 0.0004 0.0007 0.0014 0.0034 0.0093 0.0272 
1 0.0003 0.0005 0.0008 0.0017 0.0041 0.0112 0.0332 
1.5 0.0005 0.0008 0.0015 0.0033 0.0084 0.0239 0.0724 
2 0.0007 0.0011 0.0023 0.0053 0.0142 0.0412 0.1266 
2.5 0.0009 0.0016 0.0033 0.0079 0.0214 0.0632 0.1959 

(b) b values 
σ g d g 1.3 1.5 1.7 1.9 2.1 2.3 2.5 

0.01 0.525 0.525 0.525 0.525 0.525 0.5249 0.5244 
0.03 0.525 0.525 0.5249 0.5248 0.524 0.5211 0.5111 
0.05 0.525 0.5249 0.5247 0.5239 0.5209 0.5113 0.4881 
0.07 0.5249 0.5247 0.5242 0.5222 0.5157 0.4987 0.4674 
0.1 0.5247 0.5243 0.5228 0.5182 0.5057 0.4804 0.4441 
0.2 0.523 0.5206 0.514 0.4993 0.4736 0.4389 0.4022 
0.3 0.5199 0.5146 0.5028 0.4815 0.4507 0.4151 0.3816 
0.4 0.5158 0.5078 0.4921 0.467 0.4342 0.3993 0.369 
0.5 0.5114 0.5011 0.4825 0.455 0.4215 0.388 0.3605 
0.6 0.5068 0.4947 0.474 0.445 0.4114 0.3795 0.3532 
0.7 0.5024 0.4887 0.4664 0.4365 0.4032 0.3727 0.3496 
0.8 0.4981 0.4831 0.4596 0.4291 0.3963 0.3673 0.3459 
0.9 0.494 0.478 0.4535 0.4226 0.3904 0.3628 0.343 
1 0.4901 0.4732 0.4479 0.4168 0.3853 0.3591 0.3405 
1.5 0.4732 0.4533 0.426 0.3956 0.3678 0.3466 0.3328 
2 0.4597 0.4383 0.4107 0.3819 0.3573 0.3397 0.3286 
2.5 0.4486 0.4264 0.3991 0.3722 0.3503 0.3353 0.3261 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A1 shows a 11 , a 12 , b 11 , and b 12 for the parameterization
of a and b in Eq. (33) . 

The resultant parameters in Eq. (33) could describe �m 

as
a function of the geometric standard deviation and geometric
mean diameter with a simplified expression. Table 2 shows
the size resolved below-cloud scavenging coefficient param-
eters a and b ( �m 

= aR 

b , h 

–1 ). As Table 2 shows, the analytic
estimation showed a value range of 0.0002–0.1959 for 0.01–2.5
μm d g and 1.3–2.5 of GSD. Coefficient b was in the range of
0.3261–0.525. This coefficients spreads over wide ranges with
the order of magnitude (in case of a ), but comparable with
the reported coefficients in the previous studies ( Okita et al.,
1996 ; Baklanov and Sørensen, 2001 ; Andronache, 2003 ) which
will be discussed in Table 3 . Fig. 4 shows the comparison
of the parameters of the scavenging coefficients ( a and
b , where �m 

= aR 

b ) for polydisperse size distribution be-
tween the regression-derived estimation and the simple
approximated parameterization from Eq. (33) . As shown in
Fig. 4 , the parameterized coefficients ( a and b ) from
Eq. (33) agreed well with the regression-estimated coun-
terparts. The coefficient a increased as d g decreased for the
diffusion-dominant regime and d g increased for the inter-
ception dominant region. These tendencies showed different
values depending on the GSD. The coefficient b decreased as
d g and GSD increased. 

The obtained resultant analytic expressions in Eqs. (32) and
(33) were parameterized approximations based on the theo-
retical study. Fig. 5 shows a comparison of the below-cloud
scavenging coefficient for the polydisperse size distribution
as a function of rain intensity. The mass scavenging efficien-
cies with different d g of 0.01 μm, 0.1 μm, and 0.5 μm and
GSDs of 1.5, 2.0, and 2.5 were compared. As shown in Fig. 5 ,
the mass scavenging coefficients increased as the rain inten-
sity increased and this increase in the coefficient depended
on the size distribution. For d g = 0.01 μm, the mass scaveng-
ing coefficient increased as d g decreased. When GSD = 1.5,
the mass scavenging coefficient increased as d g decreased. For
example, the scavenging coefficient increased as the particle
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Table 3 – Below-cloud scavenging coefficient ( �m 

, hr –1 ) expressed as aR 

b (where the rainfall rate R is in mm/hr). 

A b Reference Note 

0.36 0.67–0.76 Okita et al. (1996) Experimental estimation for total wet scavenging by 
Okita et al. (1996) 

0.24 0.7 Andronache (2003) Urban. Cases with coarse mode. Calculations are based on 
the aerosol types by Jaenicke (1993) 

0.07308 0.543 Choi et al. (2020) 
1.26 0.78 Scott (1982) Model calculated in-cloud scavenging coefficient for 

aerosol particles grown at the size of cloud droplet with 
d p = 10 μm particle 

0.9 0.61 Xu et al. (2017) NO 3 
−, Field measurement (Beijing, China) 

0.2736 0.8 Xu et al. (2017) SO 4 
2 −, Field measurement (Beijing, China) 

0.396 0.52 Xu et al. (2017) NH 4 
+ , Field measurement (Beijing, China) 

0.025 0.92 Jylhä (1999) Model calculated values for particles with diameters in the 
range 
[0.3–0.9] μm and assumed E = 0.02 

0.3024 0.79 Baklanov and Sørensen (2001) Theoretical calculation ( d p < 1.4μm) 
0.00106 0.61 GEOS-Chem Fine mode 
1.57 0.79 GEOS-Chem Coarse mode 
0.0144 0.9268 This study (from PM 10 observation) 
0.0074 0.525 This Study (Analytic) d g0 = 0.01 μm, GSD = 1.5 
0.0002 0.5011 d g0 = 0.5 μm, GSD = 1.5 
0.0016 0.4264 d g0 = 2.5 μm, GSD = 1.5 
0.0009 0.5244 d g0 = 0.01 μm, GSD = 2.5 
0.0091 0.3605 d g0 = 0.5 μm, GSD = 2.5 
0.1959 0.3261 d g0 = 2.5 μm, GSD = 2.5 

Fig. 4 – Parameters of scavenging coefficients ( a and b , 
where �m 

= aR 

b ) for polydisperse size distribution. 
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iameter decreased in the diffusion-dominant regime. How- 
ver, the scavenging coefficient increased as the particle diam- 
ter increased for the interception and impaction dominant 
egimes. 

. Observation-based scavenging coefficient 
nd 3D model simulation 

n this study, we compared our result with the previous exper- 
mental and theoretical studies. We also compared our results 
ith the observation. 

If it is assumed that the scavenging coefficient is con- 
tant with respect to time, the equation of the scavenging 
oefficient is defined as follows ( Sperber andHameed, 1986 ; 
aakso et al., 2003 ). 

m 

= 

1 
t 

ln 
(

C t 

C 0 

)
(34) 

here C 0 and C t are the mass concentration of the particles 
efore ( C 0 ) and after ( C t ) the precipitation starts, and t is a
ime when the precipitation starts. In this study, scavenging 
oefficients were calculated based on measurements from 5 
ajor cities (Seoul, Pusan, Gwangju, Daejeon, Daegu), in Ko- 

ea. From January to March 2019, hourly PM 10 observations 
rom each air pollution monitoring station were matched with 

earby weather monitoring stations in the cities of Korea, only 
f the distance between an air pollution station and the near- 
st weather stations was less than 7.5 km. 

A total of 52 precipitation cases were observed at five 
eather stations, and their precipitation intensity ranged 

rom 0.086 to 4 mm/hr, as shown in Fig. A2. The probabil- 
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Fig. 5 – Comparison of the mass scavenging coefficient as a function of rain intensity with different geometric standard 

deviations and geometric mean diameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Comparison between the obtained and 

observation-based scavenging coefficient as a function of 
rain intensity based on Eq. (35) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ity density function graph of precipitation intensity shows
a right-skewed distribution. Winter was partially included in
the period; thus, there was relatively less precipitation owing
to the characteristics of precipitation in Korea. Thus, weak in-
tensity precipitation cases were measured frequently. For all
rainfall cases, the scavenging coefficient was calculated using
Eq. (34) and related to the rainfall intensity at the time. In this
study, the median of the scavenging coefficients was used be-
cause the median of the scavenging coefficients had less vari-
ation and was less sensitive to possible sudden changes in air
masses, comparing with mean as an ensemble mean statistic
for scavenging coefficients ( Laakso et al., 2003 ). As shown in
the results of Table A1, rainfall intensity was divided into four
bins to calculate the median value of each bin. 

Based on the measurement data, the resultant median
scavenging coefficients ( �m 

, hr –1 ) can be expressed as a func-
tion of the rain intensity: 

�m 

= 0 . 0144 R 

0 . 9268 (35)

Fig. 6 shows an observation-based scavenging coefficient
as a rain intensity. The scavenging coefficient between cur-
rent study and Laakso et al.(2003) was compared. The scav-
enging efficiency calculated in Fig. 6 is based on the approach
of Laakso et al. (2003) . However, because of the limitation of
available data during the precipitation events, scavenging co-
efficient in Fig. 6 is from the PM 10 measurement data. It should
be noted that the discrepancy between these results can be
from many factors including size region considered. As shown
in Fig. 6 , both studies showed a similar trend; however, the
findings of this study had a lower value than that reported by
Laakso et al. (2003) . 

Table 3 shows the comparisons of the below-cloud scav-
enging coefficient ( �m 

, hr –1 ) expressed as aR 

b in the current
and previous studies. Here, the rainfall rate R was expressed
in mm h 

–1 . The coefficients a and b had various ranges de-
pending on conditions, such as location, precipitation period,
size distribution, and other physical assumptions. 
Fig. 7 shows the comparison of the mass scavenging coeffi-
cient as a function of rain intensity for polydisperse size distri-
bution between the present and previous studies. The rain in-
tensity (x-axis) is expressed as log scale in order to investigate
wide ranges of rain intensity. The observation and results in
the present study with several different size distributions (d g

of 0.3 μm with GSD of 1.5 and d g of 1.5 μm with GSD of 2.5) were
compared with the results in Jylhä (1999) , Choi et al. (2020) , and
GEOS-Chem model parameters ( Wang et al., 2011 ). As shown
in Fig. 7 , the results of the previous studies showed a large vari-
ation. The results in the present study also showed a variation
of the mass scavenging coefficient with the size distribution. 

In this study, the sensitivity of PM 2.5 concentrations to dif-
ferent wet scavenging coefficients was tested using a 3D global
atmospheric chemical transport model (Geos-Chem). The de-
tailed conditions with description for Geos-Chem simulation
are found in the Appendix ( Liu et al., 2001 ; The International
GEOS-Chem User Community, 2021 ). Fig. 8 shows the total pre-
cipitation and the PM 2.5 concentrations during precipitation
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Fig. 7 – Comparison of the mass scavenging coefficients 
obtained in this study and previous studies as a function of 
rain intensity for polydisperse size distributions. 
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vents with different scavenging coefficients selected from 

able A2. Fig. A3 presents this tendency in East Asia. The scav- 
nging coefficients ( �m 

) of 0.0144R 

0.9268 for case 1 ( Eq. (33) ),
.0272R 

0.343 for case 2, and 0.0724R 

0.3328 for case 3 were com- 
ared with the default GEOS-Chem coefficient of 0.00106R 

0.61 .
n cases 2 and 3, we tried to show how the change of geometric 

ean diameter affects the scavenging coefficient at the same 
SD. We assume GSD of 2.5 to represent wide distribution case 
s a single source mode ( Horvarth et al., 1990 ) and d g of 0.9 and
.5 μm to represent particle modes change. Since the model 
ses the assimilated meteorology, the total precipitation ob- 
ained from the model and observations were in well agree- 

ent. However, the GEOS-Chem default model overestimated 

he overall PM 2.5 in South Korea. Table A3 shows the observa- 
ig. 8 – Total precipitation during March 20 [6:00 UTC] – 21 [6:00 U
ver the period (right). Gridded values are GEOS-Chem model ou
ircles represent surface observations from Air Korea sites listed
ion sites used in comparison with the GEOS-Chem modeled 

recipitation and PM 2.5 for the precipitation event. Thus, when 

sing the derived coefficients, the spatial distribution of PM 2.5 

hanges considerably. 
As shown in Fig.8 , case 3, which uses a coefficient derived 

or d g = 1.5 μm and GSD = 2.5, reproduces the closest PM 2.5 to
he observations among all cases. The best performing coef- 
cient can vary by region depending on the size distribution 

f polydisperse aerosols. Therefore, a set of coefficients with 

anges for d g and GSD as proposed in this study can be used for
laborating PM 2.5 estimation by combining with a module cal- 
ulating aerosol size distributions (e.g., TOMAS in GEOS-Chem 

 Lee et al., 2009 )) in a 3D CTM. 

. Conclusions 

he wet deposition process has an important computational 
ssue. The other removal process, such as dry deposition, is 
omputed only for particles very near the ground. However,
et deposition is computed at all heights ( Loosmore and Ced- 

rwall, 2004 ). This computational issue becomes more serious 
hen considering polydisperse aerosols and drop size distri- 
ution. Theoretically, the raindrop diameter should be size- 
esolved to better simulate real settings. When considering 
olydispersed raindrop size distribution, collection efficiency 
nd scavenging coefficient have a complex functional relation 

ith aerosol size distribution. These complexities increase the 
omputational burden, thereby prolonging numerical calcula- 
ion. 

For these reasons, many 3-D CTMs (e.g., CAMx, Unified Re- 
ional Air-Quality Modelling System, etc) apply the monodis- 
erse method scaled by precipitation intensity to calculate 
he raindrop diameter owing to the computational burden 

 Wang et al., 2010 ; Lu and Fung, 2018). These below-cloud 
TC], 2019 (left), and PM 2.5 mass concentration averaged 

tput using different scavenging coefficients in Table S2 and 

 in Table S3. 
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scavenging parameters in large-scale aerosol models is un-
realistic owing to the lengthy computational time involved.
The estimates of below cloud scavenging in global or chem-
istry transport models made crude approximations regard-
ing the size distribution of the raindrops or the rainfall rate
estimates (Gong et al., 2003; Jacobson, 2003; Loosmore and
Cederwall, 2004 ; Tost et al., 2006; Henzing et al., 2006 ; Feng,
2007; Berthet et al., 2010 ; Seinfeld and Pandis, 2016 ). For
these reasons, many studies have described the size-resolved
aerosol load as a diagnostic variable and were confined to
precipitation-free episodes, so that wet removal can be ne-
glected (Schulz et al., 1998; Collins et al., 2001; Vignati et al.,
2001; Henzing et al., 2006 ). 

In this study, we developed an analytic solution for the
below-cloud scavenging process of polydisperse fine mode
aerosols, including Aitken and accumulation modes, where
the diffusion and interception mechanisms were dominant.
Based on the collection efficiency determined by Jung and
Lee (1998) and the consideration of the C c factor with simple
approximation ( Jung et al., 2020 ), the scavenging coefficient
was derived with the M–P raindrop and lognormal aerosol size
distributions. Based on the derived analytic solution, we ap-
proximated the scavenging coefficient to be a power of the rain
intensity for polydisperse aerosols. The parametrized coeffi-
cients a and b were expressed as a function of the geometric
mean diameter and the GSD of the aerosol size distribution.
Here, coefficients a and b for the scavenging coefficient as a
power function of rain intensity were derived from the linear
regression of the theoretical scavenging coefficients for poly-
disperse aerosols. The approximated expression obtained was
compared with observations in the previous studies. Further,
a comparison of the mass concentration during precipitation
between the different scavenging coefficients was also con-
ducted using a 3D model simulation. 

The resultant expressions from our study are as follows:
i) scavenging coefficient at particle diameter Eq. (17) ), ii) the
number mean ( Eq. (25) ) and mass mean scavenging coeffi-
cient ( Eqs. (28) and ( (30) ) for polydispersed aerosol, and (iii)
aerosol size distribution dependent scavenging coefficient
as a function of rain intensity ( Eqs. (32) and (33) ). These
newly derived expressions can make the integration of poly-
disperse raindrops and aerosol size distribution analytically,
which consequently reduces computational time in large-
scale models. These expressions can also be conveniently
compared with observation-based scavenging coefficient by
considering polydisperse aerosol size distribution. Compar-
ison showed that the scavenging coefficient could vary ac-
cording to the size distribution and other factors related to
aerosol scavenging. Subsequently, the resulting simple ex-
pression can be effectively used to simulate the change in
polydispersed aerosol size distribution during precipitation.
Though the obtained expression was developed with the
M–P raindrop and lognormal aerosol size distributions, as
shown, the approach can be applied to different raindrop size 
distribution. 

Becuse of many factors which affect aerosol scavenging
during the precipitation, it is still challenging to demon-
strate the reliability of this study and generalize the the-
oretical solutions to spatial-temporally different scavenging
cases. In order to show the validity of the solution, a more
observational-based comparison with various precipitation
cases should be conducted and this has remained for further 
study. 
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